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Editorial on the Research Topic

Negative Regulators of Innate Immunity and their Role in Host Responses to Injury
and Infection

INTRODUCTION

Every cell type can sense danger and at the same time display a plethora of different mechanisms
that allow it to maintain or restore homeostasis. It is not surprising that immune cells that in their
function per se are sensitive to danger signals play a predominant role in keeping the immune
balance. Cells use various extra- and intracellular factors to regulate inflammation making it a
central component of the system that orchestrates the immune responses since a tightly regulated
immune system provides stability through constancy. Efficient and adequate regulation of immune
responses requires various modulatory mechanisms that trigger allostasis, defined as the ability to
accomplish stability through change. Defective immune responses frequently lead to severe (1)
autoinflammatory or (2) autoimmune reactions that may both be systemic or tissue-specific.
Autoinflammatory disorders are characterized by self-directed inflammatory responses and acute
inflammation as a consequence of the unregulated innate immune system. Autoimmune diseases
result from the loss of immune tolerance against self-antigens. They are characterized by the
existence of autoreactive T and B cells and are often described as triggered by the impairment of
adaptive immunity alone. In both cases, a lack of negative regulation of immune responses might be
responsible for the onset of inflammatory disease. Conserved regulatory mechanisms modulate the
immune response and bridge the gap between innate and adaptive immunity as they can terminate
first inflammatory responses and initiate subsequent development of adaptive immunity. The
uncontrolled influx and activation of the immune cells associated with the production of pro-
inflammatory cytokines might, in consequence, lead to a prolonged presentation of intracellular
antigens, and the development of autoantibodies against particular cell compartments are produced
are often the cause of severe diseases. Despite a significant number of experimental studies the
complex mechanisms of immune dysregulation are not well understood. This Frontiers Research
Topic represents a collection of articles that focused on innate and adaptive mechanisms that
contribute to local homeostasis and tissue-specific responses to the infection, injury,
and inflammation.
org March 2022 | Volume 13 | Article 89191915
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HOMEOSTASIS, ALLOSTASIS, AND THE
KEY ROLE OF NEGATIVE REGULATORS
OF INFLAMMATION

Wang and Liu reviewed the role of a key molecule in the
complement system C4 in infections and autoimmune
diseases. The authors gave a comprehensive overview of the
regulation of complement C4 activation and presented the
immunomodulatory role of C4 linking microbial infections
and autoimmune disorders. Supino et al. focused on the
negative regulation of the IL-1 system. The IL-1 family of
cytokines and receptors is associated with a broad spectrum of
immunological and inflammatory responses. They discussed the
hallmarks of two key regulatory receptors of the IL-1 system, IL-
1R2, the first decoy receptor identified, and IL-1R8, a pleiotropic
regulator of different IL-1 family members and co-receptor for
IL-37, the anti-inflammatory member of the IL-1 family.

Nucleotide‐binding oligomerization domain (NOD)‐like
receptors (NLRs) are a specialized group of cytosolic pattern
recognition receptors (PRRs) that represent a crucial component
of the host innate immune system. They include NLRA, NLRB,
NLRC, NLRP, and NLRX superfamilies and are responsible for
monitoring the intracellular microenvironment, mediating
inflammation, and pathogen clearance (1). Quenum et al.
demonstrated the importance of nucleotide-binding leucine-
rich repeat-containing receptor (NLR) family protein-5
(NLRC5) in liver homeostasis. The authors proved that
NLRC5 regulated hepatic inflammatory response upon injury
but did not affect liver fibrosis. Moreover, NLRC5-deficient livers
showed increased phosphorylation of the NF-kB subunit p65
increased expression of F4/80 (Adgre1), a marker of tissue-
resident macrophages. Further supporting the role of NLRs in
homeostasis and inflammation, Kastelberg et al. focused on
Nlrx1 as a critical regulator of immune signaling in pulmonary
fungal infection using the clinically relevant fungus Aspergillus
fumigatus. They showed that loss of Nlrx1 resulted in a decreased
ability of host cells to process A. fumigatus conidia in a cell type-
specific manner and limited ability to generate superoxide and/or
generic reactive oxygen species during specific responses to
fungal PAMPs. They proved that during fungal pulmonary
infections Nlrx1 is responsible for the regulation of cell
metabolism by affecting the glycolysis process. Besides NLRs,
innate immune cells are equipped with a set of other cytosolic
sensors so-called inflammasomes, which are responsible for the
detection of pathogens and danger signals. Chowdhury et al.
dedicated their experimental undertake to a mechanism that
restricts non-canonical inflammasome activation. They elegantly
demonstrated that the caspase-11 inflammasome in mouse and
human macrophages (Mf) is negatively controlled by the zinc
(Zn2+) regulating protein, metallothionein 3 (MT3). MT3
enhanced intracellular Zn2+ resulting in inhibition of the
TRIF-IRF3-STAT1 pathway and restricting of caspase-11
effector function. Other regulatory mechanisms involved in
controlling inflammation and immunity to pathogens refer to
immune responses against viruses and parasites. Peng et al.
identified pleckstrin homology-like domain, family A, member
Frontiers in Immunology | www.frontiersin.org 26
1 (PHLDA1) as a negative regulator of LPS-induced
proinflammatory response. This study evidenced that PHLDA1
suppresses TLR4/MyD88 signaling pathway using the
interaction with Toll Interacting Protein (TOLLIP).

Lee et al. investigated the expression of ephrinA1/ephA2 in
normal mucosa and inflamed sinonasal mucosa of chronic
rhinosinusitis (CRS) patients. The authors described a novel
role of ephrinA1/ephA2 signaling in antiviral innate immune
response in the sinonasal epithelium. They proved that
rhinovirus (RV) infection or poly (I:C) treatment induced
chemokine secretion which was attenuated by ephA2 inhibitor.
The production of antiviral mediators including type I and type
III IFNs enhanced upon blocking ephA2 suggesting its role as a
negative regulator of antiviral immunity. Kalia et al. considered
an alternative approach to highlight the importance of immune
modulation in fighting the disease. The authors investigated the
protein PbTIP from Plasmodium berghei. PbTIP is a homolog of
the human T cell immunomodulatory protein (TIP) that
suppresses host immune responses. The shed PbTIP is a
perfect example of a molecular mimic that modulates
macrophage responses during the parasitic infection increasing
the survival of the parasite.

Feng et al. investigated the mechanism by which neutrophil
extracellular traps (NETs) affect spinal cord injury (SCI). NETs
regulation is critical for neutrophils to exert their immunological
activity. They showed that neutrophils promote neuroinflammation,
whereas successful restriction of inflammation ease secondary
damage, thus hindering scar formation and improving recovery
after SCI. Both inhibitions of NETs formation by peptidylarginine
deiminase 4 (PAD4) inhibitor and disruption of NETs by DNase 1
showed positive effects.
TARGETING INFLAMMATION TO REGAIN
HOMEOSTASIS

Further articles in this Research Topic presented the anti-
inflammatory approach as target for pharmacological
intervention. Rosa-Guerrero et al. described the successful
response to high-dose intravenous immunoglobulin (IVIG)
combined with steroid pulses in the case of Covid-19
pneumonia in a single-kidney transplanted patient. The
authors described the clinical efficacy and anti-inflammatory
and immunosuppressive potential of steroids and contributed
to the special issue with an interesting example of treatment of
inflammatory disease.

Complementary to the above-mentioned work, Rossi et al.
illustrate an example of new phenotypic abnormality in four
consanguineous patients with a mutation in affecting TNFAIP3
(A20), a central negative regulator of NF-kB signaling pathway.
They identified a novel heterozygous frameshift mutation
(p.His577Alafs*95) that introduced a premature stop codon in
the zinc finger domain of A20/TNFAIP3, leading to putative
haploinsufficiency of the protein. The authors linked the
mutation to a predominantly autoimmune phenotype with
recurrent fever episodes. The mutation leads to decreased
March 2022 | Volume 13 | Article 891919
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levels of A20 in blood cells and higher levels of NF-kB
phosphorylation, as well as increased production of the
proinflammatory cytokines IL-1b , IL-6, TNF-a , and
hyperactivation of the IFNg signaling pathway.
SUMMARY AND PERSPECTIVE

Various studies challenge the role of homeostasis and
mechanisms of immune control in health and disease, as well
as their substantial potential as a target in clinical applications.
Frontiers in Immunology | www.frontiersin.org 37
Allostatic load and loss of immune homeostasis might aggravate
the tissue damage and affect the tissue repair during tissue injury.
A better understanding of molecules that modulate immune
processes could lead to the development of innovative therapies
in the future.
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Case Report: Successful Response
to Intravenous Immunoglobulin and
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The impact of Covid-19 pneumonia caused by SARS-CoV-2 on transplanted populations
under chronic immunosuppression seems to be greater than in normal population. Clinical
management of the disease, particularly in those patients worsening after a cytokine
storm, with or without allograft impairment and using available therapeutic approaches in
the absence of specific drugs to fight against the virus, involves a major challenge for
physicians. We herein provide evidence of the usefulness of high-dose intravenous
immunoglobulin (IVIG) combined with steroid pulses to successfully treat a case of
Covid-19 pneumonia in a single-kidney transplanted patient with mechanical ventilation
and hemodialysis requirements in the setting of a cytokine storm. A rapid decrease in the
serum level of inflammatory cytokines, particularly IL-6, IL-8, TNF-a, MCP-1 and IL-10, as
well as of acute-phase reactants such as ferritin, D-dimer and C-reactive protein was
observed after the IVIG infusion and methylprednisolone bolus administration with a
parallel clinical improvement and progressive allograft function recovery, allowing the
patient’s final discharge 40 days after the treatment onset. The immunomodulatory effect
of IVIG together with the anti-inflammatory and immunosuppressive potential of steroids
could be an alternative strategy to treat severe cases of Covid-19 pneumonia associated
with an uncontrolled inflammatory response in transplanted populations.

Keywords: Covid-19, SARS-CoV-2, kidney transplantation, intravenous immunoglobulin, steroids, cytokine storm,
case report
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INTRODUCTION

Although the majority of Covid-19 disease clinical
manifestations range from asymptomatic to mild respiratory
infections, an important number of patients undergo
symptomatic or severe pneumonia with acute respiratory
distress syndrome (ARDS) and concomitant life-threatening
complications (1). Solid-organ transplanted recipients comprise
a particularly vulnerable group given their increased
susceptibility to infections as a consequence of chronic
immunosuppression and coexisting conditions (2). In such a
population, frontline adopted strategies for managing the
infection, beside conventional care practice, are mainly based
on the adjustment of baseline immunosuppressive regimens with
the purpose of enhancing the host-response against the virus (3).
Unfortunately, the time-course of Covid-19 disease is known to
be highly erratic and initial therapeutic efforts are not often
enough to avoid a poor progression in susceptible individuals.
Importantly, successful treatments for patients undergoing a
critical situation secondary to infection are urgently needed.

One of the most relevant findings amongst patients with more
severe forms of the disease is the presence of high levels of
circulating cytokines and subsequent acute-phase reactants (4),
suggesting that an innate-immunological dysregulation
characterized by a massive cytokine release (so-called cytokine-
storm) may be associated with a worsening of the clinical
syndrome involving multiple organ failure and higher rates of
fatal outcomes. Accordingly, a reasonable therapeutic approach
should be addressed to limit the collateral host-tissues damage
promoted by the hyperinflammatory state, beyond the use of
drugs specifically targeting the virus or advanced life-
support measures.
CASE DESCRIPTION

During the course of the first wave of the pandemic, a 54-year-
old man with end-stage renal disease of unknown etiology,
recipient of a renal allograft in 2015 under combined
maintenance immunosuppression with prednisone, tacrolimus
(TAC) and everolimus (EVE), baseline serum creatinine of 1.2
mg/dL and estimated glomerular filtration rate of 67 mL/min,
was admitted to Emergency Room on 19th March with a 5-day
history of fever and dyspnea unresponsive to paracetamol and
levofloxacin intake (Figure 1). On examination, chest-X-ray
revealed multiple bilateral patchy ground-glass opacities. The
nasopharyngeal SARS-CoV-2 RNA-PCR was positive and the
patient was diagnosed with Covid-19 associated bilateral
pneumonia. His past medical history was remarkable for left-
native kidney radical nephrectomy in 2006 after a focal clear-cell
adenocarcinoma diagnosis; obstructive sleep apnea syndrome
managed with continuous positive airway pressure and long-
Abbreviations: ARDS, acute respiratory distress syndrome; CRRT, continuous
renal replacement therapy; EVE, everolimus; ICU, intensive care unit; IVIG,
intravenous immunoglobulin; TAC, tacrolimus; 6MP, 6-methylprednisolone.
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standing hypertension controlled with doxazosin, enalapril
and manidipine.

On admission, piperacillin-tazobactam 4/0.5 g/8h plus
azithromycin 250 mg od, and hydroxychloroquine 200 mg od
were started, whilst EVE was discontinued and TAC dose
was lowered. On day +4 after admission, lopinavir/ritonavir
400/100 mg/12h was added. On day +6, the patient evolved
into a progressive respiratory failure, requiring mechanical
ventilation in the intensive care unit (ICU). At that point, all
immunosuppression was discontinued, only maintaining
6-methylprednisolone (6MP) 40 mg IV/24h. A total of 4 doses
of lopinavir/ritonavir and 1 dose of b-Interferon (250 µg on day
+7) were given. In the first 48h at ICU, the patient’s general
condition worsened, presenting oliguric acute kidney failure with
an active urine sediment, which was treated with continuous
renal replacement therapy (CRRT). The global clinical course
linked to radiologic deterioration and biochemical findings
(ferritin > 16500 ng/mL; D-dimer 12255 ng/mL; c-reactive
protein 145.6 mg/L; lactate dehydrogenase 590 U/L; IL-6
234.7 pg/mL; Figures 2, 3) became highly suggestive of an
unbalanced systemic inflammatory response in the context of a
cytokine-storm. In this setting, a three-day consecutive course of
high-dose intravenous immunoglobulin (IVIG) 65 g/day (an
accumulated 2.2 g/kg) and 125 mg/day of 6MP were
administered (days +9, +10 and +11 since admission; Figure 1).

This cycle was followed by a rapid and significant
improvement in the pro-inflammatory profile (ferritin 1949.1
ng/mL; D-dimer 1597 ng/mL; c-reactive protein 29.9 mg/L;
lactate dehydrogenase 525 U/L; IL-6 4.1 pg/mL; Figures 2, 3)
with hemodynamic stabilization and discontinuation of CRRT
six days after IVIG plus corticosteroid pulses completion (having
received a total course of 9 days of CRRT). The patient continued
under alternative-day renal replacement therapy with
hemodialysis for another 13 days and was extubated after 23
days on mechanical ventilation, remaining up-to a total of 30
days in the ICU. Diuresis and renal function progressively
recovered, being restarted on oral prednisone and TAC on +36
day after admission, followed by EVE one week later. SARS-
CoV-2 RNA-PCR became negative on day +41. The patient was
discharged after 49 hospital days (Figure 1) with a serum
creatinine of 2.3 mg/dL, 1200 mg/L proteinuria and resumed
regular outpatient clinic reviews. The anti-HLA antibody panel
determined at the time of discharge remained negative,
suggesting the absence of humoral alloresponse. Current
general condition remains satisfactory without clinical findings
of allograft impairment (last follow-up serum creatinine was
1.65 mg/dL) or respiratory sequels.
DISCUSSION

Herein we present a case of a SARS-CoV-2 infected single-
kidney transplanted patient with ARDS and acute kidney-
allograft failure under a depleted immunosuppressant
regimen with the hallmark of associated cytokine-storm, who
was treated with high doses of IVIG and steroid pulses in an
attempt mainly to reduce the excessive inflammatory response
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but also to prevent eventual rejection damage, supported by
their well-known immunomodulatory and immunosuppressive
effects. The compassionate use of tocilizumab, an IL-6 receptor
antagonist potentially able to mitigate the cytokine release
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syndrome induced by SARS-CoV-2 (5), although being
considered, was finally dismissed due to a reasonable clinical
suspicion of concomitant bacterial infection, which
nevertheless was later discarded. Interestingly, a dramatic
FIGURE 1 | Timeline of hospitalization. CRRT, continuous renal replacement therapy; EVE, everolimus; ER, emergency room; HD, hemodialysis; ICU, intensive care
unit; IVIG, intravenous immunoglobulin; MV, mechanical ventilation; oral P, oral prednisone; TAC, tacrolimus; W/D, withdrawal; 6MP, 6-methylprednisolone.
A B
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FIGURE 2 | Acute-phase reactants levels, including ferritin (A), D-dimer (B), lactate dehydrogenase (LDH, C) and C-reactive protein (CRP, D), analyzed in serum
samples of the patient on attendance to hospital date, on admission to Intensive Care Unit (ICU) date, on the day of the intravenous immunoglobulin (IVIG) plus 6-
methylprednisolone (6MP) infusion, early (3 days) after the IVIG plus 6MP infusion and on mechanical ventilation removal. Normal range laboratory values are
displayed in broken lines. The treatment administration is indicated in a grey box. Ferritin was assessed from serum samples by sandwich immunoassay using direct
chemiluminescence technology (Atellica IM Ferritin -Fer-, ref. 10995568) on an Atellica® IM Analyzer (Siemens Healthineers Diagnostics Inc.). D-dimer was
determined from citrated plasma by automated latex enhanced immunoassay (ref. 0020008500, Instrumentation Laboratory, Werfen) on an ACL TOP 700 LAS
(Werfen). LDH was quantified from serum samples according to the proportional increase in the absorbance at 340/310 nm of NADH (Atellica CH Lactate
Dehydrogenase L-P -LDPL-, ref. 11097594) on an Atellica® CH Analyzer (Siemens Healthineers Diagnostics Inc.). CRP was measured from serum samples by latex
enhanced immunoturbidimetry assay (Atellica CH Wide Range C-Reactive Protein -wrCRP-, ref. 11097645) on an Atellica® CH Analyzer (Siemens Healthineers
Diagnostics Inc.). All the automatic assays were performed according to manufacturer instructions.
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clearance of the inflammatory cytokine network, as well as
acute-phase reactants, was observed in a short time-frame once
the treatment was administered as depicted in Figures 2, 3
respectively, with a parallel clinical improvement of the patient,
including progressive hemodynamic stabilization and gradual
recovery of renal-allograft function with neither evidence of
clinical rejection nor development of donor-specific anti-
HLA antibodies.
Frontiers in Immunology | www.frontiersin.org 411
Beyond the cytopathic organ injury caused by SARS-CoV-2
targeting ACE-2 expressing host-tissues (6), the clinical severity
was in this case exacerbated by the extensive inflammatory
damage induced by an anomalous late release of cytokines in
response to the unresolved infection (7). A progressive rise since
admission of IL-6, IL-8, IL-10, and TNF-a as well as other key
mediators (e.g., MCP-1, PAI-I or MIF) largely related with the
development of sepsis (8, 9), was found. High levels of circulating
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FIGURE 3 | Cytokine levels (pg/mL) including IL-1a, IL-1b, IL-6, IL-8, IL-10, IL-12(p70), IL-18, INF-g, MCP-1, MIP-1a, MIP-1b, TNF-a, MIF and PAI-1 (A–N),
analyzed in serum samples of the patient obtained on attendance to hospital date, on admission to Intensive Care Unit (ICU) date, on the day of the intravenous
immunoglobulin (IVIG) plus 6-methylprednisolone (6MP) infusion, early (3 days) after the IVIG plus 6MP infusion and on mechanical ventilation removal. Cytokine
measurements were retrospectively performed on -80 °C preserved samples, except for IL-6 (prospectively analyzed), using customized Milliplex® MAP kits (Panel A:
IL-1a, IL-1b, IL-6, IL-8, IL-10, IL-12(p70), IL-18, INF-g, MCP-1, MIP-1a, MIP-1b and TNF-a, ref. HCYTA-60K; Panel B: MIF and PAI-1, ref. HSP1MAG-63K; Merk-
Millipore) according to manufacturer instructions on a Luminex platform with xPONENT vs. 4.2 as acquisition and analysis software.
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inflammatory cytokines exert a pernicious effect on endothelium,
causing the disruption of its function as a barrier with the
subsequent fluid leakage to intercellular spaces and the
imbalance of homeostatic equilibrium into a procoagulant and
antifibrinolytic state, resulting in microvascular thrombosis and
organ ischemia. Moreover, this hyperinflammatory environment
promotes oxidative stress damage through an increased
production of reactive oxygen species (10). Altogether, these
systemic alterations could drive the progression of the infection
towards ARDS and acute renal-allograft failure, major
complications associated with poorer outcome in Covid-19
disease (11, 12).

Inflammatory profile normalization, before an irreversible
multi-organ impairment, is expected to be critical for recovery.
A reduction of plasma IL-6 level has been already associated with
favorable prognosis during the septic insult, whereas the
persistent overproduction of IL-10, which should act as a key
negative regulator controlling the magnitude of the response,
paradoxically seems to be the main fatality predictor by inducing
a robust immunosuppressant state (8). From this perspective, the
positive response here described was most probably linked to the
rapid decrease of both pro- and anti-inflammatory cytokines
mediated by the treatment. Despite the global decrease, some
particular behaviors were detected, as in the case of the pro-
inflammatory IL-18, which transiently increased after IVIG plus
6MP infusion (Figure 3G). This finding could partially be
explained by the lack of negative feedback as a result of the
circulating INF-g low level at that point (Figure 3H), suppressing
the expression of the high affinity IL-18 binding protein, a
physiological IL-18 inhibitor (13). In turn, the reduction of
INF-g, whose main source of production are activated T- and
NK-cells, during the first 48h in ICU before treatment, could be
secondary to the functional exhaustion of these lymphocytes (14)
after a prolonged unsuccessful response against SARS-CoV-2,
being this fact followed by or overlapped the disease progression.

It has been suggested that the mechanism by which IVIG
leads to immunomodulat ion depends on both the
immunoglobulin Fc and F(ab´)2 regions. On one hand, high-
doses of IVIG can saturate Fcg-receptors performing an
inhibitory role on innate-immune cells, decreasing their
migration capacity and responsiveness to soluble mediators
and also can sequester circulating complement molecules (15).
On the other hand, it can neutralize inflammatory cytokines and
apoptosis-inducing molecules by F(ab´) regions (15). The anti-
inflammatory and immunosuppressive effects of glucocorticoids
are mostly mediated through their receptor, an almost
ubiquitously expressed transcription factor which, upon ligand
binding, translocates towards the nucleus leading major changes
in inflammatory gene expression programs, typically due to its
physical interaction with specific DNA sequences as well as with
transcription modulators such as NF-kb or AP-1. Particularly,
on monocytes-macrophages, whose dysfunction plays a pivotal
role in the physiopathology of severe inflammation, corticoids
inhibit or down-regulate the expression of several pro-
inflammatory cytokines, limiting an overwhelming response (16).
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Regarding adaptive cellular immunity, IVIG and corticoids may
alter the balance of T-cell subpopulations to favor an anti-
inflammatory response by promoting the expansion and
enhancement of CD4+FoxP3+ regulatory T-cells and by
inhibiting the proliferation and activity of effector T-helper 1
cells (17, 18).

Further than being one of the mainstays to prevent rejection
since the inception of solid-organ transplantation, corticoids
have been widely used in managing inflammatory and
autoimmune diseases, even showing clinical benefits to treat
disseminated intravascular coagulation, sepsis or ARDS (19). In
turn, IVIG is implemented in a broad spectrum of disorders,
including some involving an uncontrolled immune response
such as Kawasaki disease or toxic shock syndrome, which
share similarities with severe Covid-19 forms (20). Despite
both drugs could offer a rationale for its use in Covid-19
disease evolving towards a severe systemic inflammatory
response, only the use of corticoids has been recommended
when supplemental oxygen was required (21). In contrast,
there is not an agreement about the feasible usefulness of IVIG
to improve clinical outcomes in SARS-CoV-2 infected patients,
notwithstanding a few publications support its effectiveness
alone or combined with corticoids in more severe cases (22–24).

In conclusion, together with previous reports, the study of this
case evinces that IVIG at immunomodulatory doses in
combination with steroids could be an alternative successful
strategy to control the cytokine-storm triggered by SARS-CoV-
2 infection, improving the course of the disease and offering
protection against immunological rejection in transplanted
patients off their maintenance immunosuppression regimes.
Since this is a single-case, more studies evaluating the
effectiveness of this therapy would be necessary to extrapolate
it to similar scenarios. Future studies designed to explore
whether the administration of IVIG-6MP at early stages of the
disease may provide a prophylactic effect by blocking the Covid-
19 progression towards an hyperinflammatory syndrome would
merit consideration, especially in view of the current lack of
efficient treatments against the virus and the delicate equilibrium
within the host immunity status required for both overcoming
the infection and avoiding allograft rejection.
PATIENT PERSPECTIVE

Being a renal transplant patient taking immunosuppressive
medication, I became very worried for my life when I was
notified to have Covid-19 disease, but also for losing my
kidney allograft. During my first days at the hospital, I rapidly
worsened and was therefore transferred to ICU under artificial
breathing. Of that horrible period, I only vaguely remember
having nightmares. After regaining consciousness, I started a
slow recovery, during which I often felt depressed and anxious,
but I finally could leave the hospital off dialysis and with my
kidney improving day by day. I am very thankful to the
cooperative and multidisciplinary work that experts in different
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areas of knowledge performed and the treatment and the
personal attention I received, and very especially to my
daughter who, being a nurse in training, stayed long days of
room isolation looking after me and working towards
my recovery.
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Complement C4, a key molecule in the complement system that is one of chief
constituents of innate immunity for immediate recognition and elimination of invading
microbes, plays an essential role for the functions of both classical (CP) and lectin (LP)
complement pathways. Complement C4 is the most polymorphic protein in complement
system. A plethora of research data demonstrated that individuals with C4 deficiency are
prone to microbial infections and autoimmune disorders. In this review, we will discuss the
diversity of complement C4 proteins and its genetic structures. In addition, the current
development of the regulation of complement C4 activation and its activation derivatives
will be reviewed. Moreover, the review will provide the updates on the molecule
interactions of complement C4 under the circumstances of bacterial and viral infections,
as well as autoimmune diseases. Lastly, more evidence will be presented to support the
paradigm that links microbial infections and autoimmune disorders under the condition of
the deficiency of complement C4. We provide such an updated overview that would shed
light on current research of complement C4. The newly identified targets of molecular
interaction will not only lead to novel hypotheses on the study of complement C4 but also
assist to propose new strategies for targeting microbial infections, as well as
autoimmune disorders.

Keywords: complement, C4, C4a, C4d, infections, autoimmune diseases
INTRODUCTION

Complement system plays a pivotal role in human innate immunity defending microbial infections,
eliminating foreign pathogens, and maintaining tissue homeostasis. The activation of the
complement system induces the increased production of cytokines, chemokines, and other innate
defense molecules. In addition, complement activation fragments (e.g., anaphylatoxin C3a and C5a)
significantly increased the recognition of antigens by follicular dendritic cells and B cells and
induced the humoral adaptive immune response and production of antibodies and reactive T cells.
Moreover, complement system functions as an effector on the clearance of soluble immune
complexes and cell debris, which otherwise could induce an immune response against auto
antigens and potentially trigger autoimmunity (1–3). Deficiency or dysfunction of the
complement system could cause infections in adult patients (4) and also predispose individuals
org July 2021 | Volume 12 | Article 694928115
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to autoimmune diseases, such as rheumatoid arthritis (RA),
systemic sclerosis, and systemic lupus erythematosus (SLE) (5).

Complement component C4 (Mw = ~200 kDa), an essential
component in complement system, plays an indispensable role in
the activation of classical and lectin complement cascades. It is a
disulfide-bonded three-chain glycoprotein, consisting of an a-
chain (95 kDa), a b-chain (75 kDa), and a g-chain (30 kDa)
(Figure 1) (6, 7). In the process of the activation of classical
complement pathway, C1q from C1 complex [C1q-(C1r)2-(C1s)2]
recognizes antigen–antibody immune complexes or certain
membrane-bound structures, e.g. C-reactive protein (CRP) or
lipopolysaccharides (LPS), resulting in the transition from C1s
zymogen to an active C1s repositions, which would be able to
interact with sulfotyrosine residues on C4 (8, 9). Similar to the
Frontiers in Immunology | www.frontiersin.org 216
activation of classical complement pathway, the lectin
complement pathway is activated by complex carbohydrate
structures and mediated via recognition molecules as mannan
binding lectin (MBL), ficolins, and collectin 10/11, leading to the
activation of mannan-associated serine protease-2 (MASP-2),
which relies heavily on its active sites, two complement control
protein (CCP) domains, and the serine protease (SP) domain for
the efficient binding and cleavage of C4 (10–12). As shown in
Figure 1, the activated C1s and MASP-2 from classical and lectin
pathways respectively cleaves the amino terminal part of the a-
chain at a single site of complement C4 to generate C4a fragment
peptide (9 kDa) and C4b (195 kDa) (13). C4b binds to target
surface via its reactive thioester, which can be inactivated to an
intermediate form iC4b by proteolytic cleavage by the serine
FIGURE 1 | Schematic illustration of fragmentation of complement C4 activation. Complement C4 (~200 kDa) is activated by the serine protease C1s or MASP2
from classical and lectin complement pathway, respectively, to form the activation fragments C4a (~9 kDa) and C4b (~191 kDa). C4b (~191 kDa) is then inactivated
and cleaved by the factor I together with cofactors to generate intermediate product iC4b and then further to generate the thioester linked C4d (~45 kDa) and C4c
(~146 kDa).
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protease factor I together with co-factor CD46 (14, 15). iC4b is
further cleaved to thioester linked C4d (45 kDa) and soluble C4c
(146 kDa), which can be used as a biomarker for complement
activation from classical and lectin pathways. Both classical and
lectin pathways lead to further activation of C2 to generate C3
convertase C4b2a, which will activate C3 to generate C3a and C3b.
C3 convertase binds to C3b to form C5 convertase that will cleave
C5 to generate C5a and C5b. C5b binds to C6, C7, C8, and C9 to
form membrane attack complexes (MAC) C5b-9 that are formed
on the surface of pathogen cell membranes. Comparing crystal
and solution structures of C4b with its paralog C3b, their
conformations are shown surprisingly conserved (16). Further
study revealed that the C3 convertases (C4b2a vs.C3bBb) from the
classical/lectin and alternative pathways are also strikingly similar,
which is in agreement with their identical functions in the cleavage
of the downstream complement proteins C3 and C5 (17).

The complete or partial deficiency of complement C4 results
in the increased risk of infection and autoimmune diseases. A
plethora of studies demonstrated that complement C4 plays an
essential role in defensing microbial infection. It is also well
established that the complete or partial deficiency of complement
C4 is associated with the increased susceptibility to infections
(18–23). In addition, the deficiency of complement C4 could
lead to various autoimmune diseases (24–33). The reduced
concentrations of C4 protein and the reduced serum
complement activity occur with the active disease in SLE (25,
34), as well as in infections (35).

In this review, we will look into the updated studies on the
role of complement C4 in infectious diseases and autoimmune
disorders. In this way, we aim to elucidate and update the
functions of complement C4 in infectious diseases and
autoimmune disorders, trying to highlight the important role
of complement C4 as a potential intervention target for the
management of those disorders.
DIVERSITY OF COMPLEMENT C4 GENES
AND PROTEINS

The human complement C4 gene (C4A and C4B genes) locus is
located in the highly polymorphic major histocompatibility
complex (MHC) class III gene region on chromosome 6, which
could be a short form (C4S, 14.6 kb) or a long form (C4L, 21 kb),
depending on the absence or the presence of the 6.36 kb
endogenous retroviral sequence HERV-K(C4) in intron 9 of
human C4 genes. Three quarters of C4 genes harbor the 6.36-kb
endogenous retrovirus HERV-K (C4) (36). Each human C4 gene
has 41 exons, which codes for a 5.4 kb transcript. C4 gene lies
within a unit of four consecutive genes known as an RCCX
module, which stands for the serine/threonine nuclear protein
kinase RP, Complement component C4, steroid 21-hydroxylase
CYP21, and extracellular matrix protein tenascin TNX (RP-C4-
CYP21-TNX) (RCCX) (37–44). An elevated level of genomic
copy number variations (CNV) was shown in MHC region III,
supposedly to present immunologic diversity (45). The
duplication of these four genes occurs as a module in the class
III region of a haplotype for the MHC. The gene copy number
Frontiers in Immunology | www.frontiersin.org 317
(GCN) of C4A genes varies from 0 to 5 and GCN of C4B genes
varies from 0 to 4. The highest total C4 gene dosage reported is 7
(46). It took a long time for scientists to make it clear on the
genetic diversity of human complement C4. The initial model
was proposed as a single locus of codominant alleles for C4A and
C4B, and later two-locus or C4A-C4B models dominated the
complement field for about two decades. Extensive molecular
and genetic studies have now provided a clear definition of
genetic structures that are responsible for C4 isotypes (C4A and
C4B) protein expression. Complement C4 protein exists as two
isotypes, C4A and C4B, which are encoded by the C4 genes (C4A
or C4B gene), and share >99% sequence identities. Five
nucleotide variations located in exon 26 confer to four isotype-
specific amino acid substitutions at positions 1101–1106
(PCPVLD for C4A and LSPVIH for C4B) and the major
structural and functional differences between the C4A and C4B
isotypes (47). C4A is named after its acidity and migrates faster
in agarose gel electrophoresis as compared to C4B that is basic
and migrates slower (47–51). In addition, C4A and C4B are
highly polymorphic with more than 40 different alleles, gene
duplications, and “null alleles” (52–55). C4A is generally
associated with the Rodgers (Rg) blood group antigens and is
more reactive with immune complex or the targets containing
free amino groups, whereas C4B is generally associated with the
Chido (Ch) blood group antigens and is more affinity to hydroxyl
groups (56). It was revealed that C4A has a longer half-life in
plasma as compared to C4B, suggesting a role of C4A in the
clearance of the immune complex and a role of C4B for
membrane attack complex formation and the defense against
bacterial pathogens (57). The individuals with long C4 genes
(C4L) have lower serum levels of complement C4 as compared
with short C4 genes (C4S) (36). C4 gene copy number variations
(CNV) are correlated to the serum levels of complement C4
protein and low C4 GCNs predisposes individuals with various
disease susceptibility (58). Low copy numbers or the deficiency of
C4 genes was reported to be one of the strongest risk factors
associated with several immune disorders, such as SLE, chronic
central serous chorioretinopathy, Behçet’s disease, and Vogt-
koyanagi-Harada disease (25, 58–63). It was also reported that
the deficiency of either C4A or C4B has been associated with the
increased susceptibility of infections (18, 64, 65). Interestingly, it
was reported by Bay et al. that low C4 gene copy numbers (< 4
total copies of C4 genes) are associated with superior graft
survival in patients transplanted with a deceased donor kidney
(66). A comprehensive review on the variations of C4 genetic
structures and proteins was presented by Blanchong CA
et al. (36).

Other causes than genetic variations also can affect the
expression or the function of complement C4. Early studies by
Goldman et al. in cultured guinea pig peritoneal cells
demonstrated that complement component can be regulated
by short-term treatment in vivo or in vitro with monospecific
antibody to individual complement components can have long-
term effects on the production of those components. Antibody
treatment induced specific suppression of C4 in peritoneal cell
monolayers. Further studies revealed that long-term C4
suppression is actively maintained by a soluble suppressor
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factor (FsC4) (67–70). Most of those experiments were carried
out in vitro cellular models from guinea pig. It is still unclear
whether this observation can be replicated in human.

Dysregulation of classic and lectin complement pathways that
complement C4 participates in can lead to complement-mediated
autoimmune diseases. C4 nephritic factor (C4Nef), first described
by Halbwachs et al. in 1980, is an autoantibody to C3 convertase
(C4b2a). C4Nef can prolong the half-life of C3 convertase by
stabilizing C4b2a and protects C4b2a against decay dissociation
by C4 binding protein (C4BP). Multiple clinical studies
demonstrated that C4NeF was associated with post-infectious
acute glomerulonephritis, systemic lupus erythematosus, chronic
proliferative glomerulonephritis and hypocomplementemic
membranoproliferative glomerulonephritis (MPGN), and
meningococcal disease (71–76).

A recent study by Battin et al. using in vitro binding screening
demonstrated that Neuropilin-1 (NRP1) acts as a receptor for
complement split products, such as C4d, C3d, and iC3b. NRP1 is
a highly conserved type 1 transmembrane protein that is involved
in the tumorigenesis, the development of cardiovascular, and
nervous systems through the interaction with vascular endothelial
growth factor (VEGF) and semaphoring 3A (Sema3A). NRP1 is
also expressed in murine immune cells and serves as a marker for
mouse Treg cells. Interestingly, NRP1 was demonstrated to bind
C4d in a concentration-dependent and saturable manner. These
data demonstrated NRP1 functions as a receptor for C4d that is
covalently bound to target surfaces during complement
activation, suggesting that NRP1 might be involved in
regulation of the process of infections and autoimmune
disorders by targeting the split product from classical or lectin
complement pathway (77).
REGULATION OF THE ACTIVATION OF
COMPLEMENT C4

Complement C4 in Microbial Infection
Complement C4 is involved in the activation of both classical
and lectin complement pathways. The classical pathway of
complement system is crucial for anti-microbial defense
through anti-pathogen antibody, which recruits C1 complex
and initiates a cleavage cascade involving C4, C2, C3, and C5
and accomplishing microbial clearance. In addition, lectin
complement pathway is also involved in the anti-microbial
defense. Recent study revealed that loss of classical pathway
results in rapidly progressing septicemia and impaired
macrophage activation, suggesting that the classical pathway is
the dominant pathway for activation of the complement system
during complement innate immunity to S. pneumoniae. In
response to microbial pathogens, lectin pathway is activated as
an innate immune response through direct binding to bacterial
surface sugar components. In contrast, the classical pathway was
an effector of adaptive immune response through activation of
antibody–antigen complexes on bacterial surfaces and plays a
vital role partially targeted by the binding of natural IgM to
bacteria (21).
Frontiers in Immunology | www.frontiersin.org 418
An early research work by Schifferli et al. demonstrated that
C4A isoform of complement C4 was more efficient than C4B
isoform in the processing of immune complexes in humans.
In contrast, hemolysis by C4B isoform was more efficient
than by C4A isoform, suggesting that both C4 isoforms are
complementary (78). A recent study by Liesmaa et al.
demonstrated that homozygous C4A deficiency in patients was
associated with the increased prevalence of lymphomas, celiac
disease, and autoimmune disease SLE. In the same study,
homozygous C4B deficiency in patients was documented to be
linked with the drug intolerance and various post-infectious
symptoms. Homozygous C4B deficiency alone is not considered
as a significant factor in causing invasive infection (79). From the
multiple studies from different laboratories, it seems still
debatable in terms of the role of homozygous C4A or C4B
deficiency in infection-proneness of an individual (64, 79–82).

Complement interfering protein (CIP) expressed on the
surface of group B. Streptococcus (GBS) enables cell adhesion
and penetration and impedes innate and adaptive immune
responses. It was found that CIP was able to interact with the
human C4b ligand and to interfere with the classical- and lectin-
complement pathways (83). Clinical Staphylococcus aureus
(S. aureus) strains can recruit complement regulator C4-binding
protein (C4BP) to S. aureus surface to inhibit C4 complement
effectors through binding significant amounts of the C4BP
from serum. The complex (S. aureus-bound C4BP) functions
as a cofactor for factor I-mediated C4b cleavage to iC4b and
C4d, which was used as a strategy by S. aureus for immune
evasion (84).

A recent study revealed that gram-negative Bordetella
pertussis could evade the attack from the human complement
system by releasing virulent protein Vag8 of B. pertussis.
Endogenously secreted and recombinant Vag8 can inhibit
complement deposition on the bacterial surface at the level of
C4b. The binding of C1 inhibitor (C1-inh) to C1s, C1r, and
MASP-2 was disrupted by the association of Vag8 with human
C1-inh, which will free active proteases to cleave C2 and C4 away
from the bacterial surface, revealing a mechanism of the unique
complement evasion strategy of B. pertussis (85).

An alkaline protease Alp1p secreted from A. fumigatus
mycelia can facilitate early immune evasion by deactivating the
complement defense in the human host, either by directly
cleaving the complement components C3, C4, and C5 or by
cleaving them to a form that is further fragmented by other
proteases (86, 87).

Some small organisms other than microbials are also involved
in the activation or the inhibition of complement systems. For
examples, complement activation-inhibition substance from
maggot excretions, which splits complement proteins C3 and
C4 in a cation-independent manner, could provide a novel
treatment for several diseases that result from the activation of
complement system (88). ES-62, a protein with an N-linked
glycan linked with phosphorylcholine (PCh) produced from
parasitic nematodes, was bound to C-reactive protein (CRP) in
normal human serum. C1q can capture ES-62-CRP to form a
larger complex ES-62-CRP-C1q in serum. Following CRP
interaction, ES-62 was able to deplete early complement
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component C4 and inhibit classical pathway activation (89). The
immune evasion strategies used by those microorganisms
aforementioned were summarized in Table 1.

It is now becoming apparent that microbial organisms
generate various mechanisms to defend the attacks from innate
immunity of complement system. Elucidation of those
mechanisms will potentially provide strategies to treat
microbial infectious diseases, as well as to explore the anti-
complement therapeutic interventions.

Complement C4 in Viral Infection
Infection of Hepatitis B
There are extensive studies on the role of complement system in
viral infections (93–95). A study by Bugdaci et al. was carried out
in 143 patients on the relationship of serum complement C4 levels
and chronic hepatitis B (CHB) infection with high transaminase
level. Serum C4 levels in patients with CHB with high
transaminase level were found significantly lower. In addition,
Child score in patients with cirrhosis inversely correlated with C4
levels, suggesting that the levels of complement C4 in plasma
significantly correlate with liver biopsy findings and may be a
useful indicator of disease activity and/or damage in patients with
CHB with high transaminase levels (96).

Infection of Hepatitis C
A study by the same research group of Bugdaci et al. on
100 patients with chronic hepatitis C found that complement
C4 levels showed significant correlation with alanine
aminotransferase but could not find any relationship between
serum complement C4 level and fibrosis (97). It remains
Frontiers in Immunology | www.frontiersin.org 519
unanswered why C4 activity was significantly lower in patients
with chronic hepatitis C virus (HCV) infections. One speculation
could be due to excessive activation of C4 protein by the
activation of classical and lectin complement pathways during
HCV infections. Several studies evaluated the expression of C4 in
terms of anti-HCV therapeutic response and disease progression
in chronic hepatitis C (CHC) patients. The studies revealed that
mRNA and protein levels of complement C4 were significantly
increased after anti-HCV treatment. A positive alteration in C4
level represents as an independent predictor for treatment
response and reflects viral clearance after anti-HCV therapy in
CHC patients (98–100). Further studies revealed that hepatitis
C virus proteins [HCV core; non-structural (NS) 5A] render
transcriptional suppression of the expression of complement C4.
Liver biopsy specimens from chronic HCV patients displayed
significantly lower levels of complement C4 mRNA as compared
to the liver tissue samples from patients with other types of liver
disease. HCV core protein was found to decrease the expression
of upstream stimulating factor 1 (USF-1), a transcription factor
essential for basal C4 expression. In addition, HCV NS5A
protein can inhibit the expression of interferon regulatory
factor 1 (IRF-1), which is important for IFNg-induced
complement C4 expression. These results highlight the roles of
HCV proteins in establishing a chronic infection through the
regulation of innate immunity by affecting the expression of
complement C4 (90).

Another study by Mawatari et al. demonstrated that HCV
NS3/4A protease could cleave the g-chain of complement C4 in a
concentration-dependent manner, suggesting that complement
C4 is a novel cellular substrate of HCV N3/4A protease,
TABLE 1 | The evasion mechanisms of microorganisms from the attack of innate immunity of complement system by targeting complement C4.

Microorganisms Molecule(s) involved Expression or Function of C4 Reference

Hepatitis C
HCV Core protein USF-1 and C4 mRNA (90)

HCV NSSA IRF-1 and C4 nRNA (90)

HCV NS3/4A Cleavage of C4 g-chain (91)

HCV NS2/NS5B Disruption of the interaction of MICA/B and NKG2D (92)

Flavivirus (DENV, WNV, YFV)
NS1 Cleavage of C4 (93)

B. Streptococus Complement interfering protein (CIP) (83)

S. aureus C4-binding protein (C4BP) (84)

B. pertussis Vag8 (85)

A. fumigatus mycelia Alkaline protease Alp1p (86, 87)

Maggot Inhibition substance of complement activation (88)

Parasitic nematodes ES-62 (89)
July 2021 | Volume 12 | Art
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which reveals new insight into the mechanisms underlying
persistent HCV infection (91).

Natural killer (NK) cells have been revealed to contribute to
regulating complement synthesis. Studies using co-culture of NK
cells (NK3.3) with human hepatoma cells (Huh7.5) expressing
HCV core or NS5A protein revealed a significantly increased
synthesis of complement C4 and C3 via increased specific
transcription factors. The regulatory activity is mediated through
a direct interaction between the hepatocyte protein major
histocompatibility complex class I-related chains A and B
(MICA/B) and NKG2D on NK cells. However, when NK cells
were co-cultured with Huh7.5 cells infected with cell culture-grown
HCV, complement C4 and C3 synthesis was impaired. MICA/B
expression in HCV-infected hepatocytes was found to be repressed
during co-culture because the HCV-associated expressions of NS2
and NS5B proteins can disable a crucial receptor ligand in infected
hepatoma cells, resulting in the disability of infected cells to
respond to stimuli from NK cells to up-regulate the expression of
complement C3 and C4 (92). This piece of data revealed that HCV
synthesizes the proteins that can down-regulate complement C4
expression to evade the attack from complement systems.

Infection With Flaviviridae and Other Viruses
Flavivirus infection, such as West Nile virus (WNV) and Dengue
virus (DENV), was restricted through an antibody-independent
fashion. N-linked glycans on the structural proteins of
flaviviruses was recognized by mannose-binding lectin (MBL),
resulting in neutralization and efficient clearance via a C3- and
C4-dependent mechanism that applied both the canonical and
bypass complement lectin activation pathways, which recognizes
terminal mannose-containing carbohydrates on the viruses
(101). A recent study by Avirutnan et al. demonstrated that
flavivirus non-structural (NS)1 protein from dengue virus
(DENV), West Nile virus (WNV), and yellow fever virus
(YFV) binds to C4 to enhance cleavage of C4 and reduce C4b
deposition and C3 convertase (C4bC2a) activity that confers to
immune evasion function for the viruses (93).

Interestingly, Puumala (PUUV) hantavirus triggers
complement system activation via the alternative pathway,
which is complement C4-independent, causing the increase of
sC5b-9 and the decrease of C3. In the acute stage of PUUV
infection, the level of complement activation correlates with
disease severity, indicating that complement activation may
contribute to the pathogenesis of acute PUUV infection (102).

A recent study by Bottermann et al. revealed a novel antiviral
mechanism that is C4-dependent and late-acting complement
components-independent. C4 inhibits human adenovirus
infection by the deposition of cleaved C4b on capsid, which
inhibits it disassembly, preventing endosomal escape and
cytosolic access (103). The mechanisms that viruses applied to
downregulate the expression or the function of complement C4
are summarized in Table 1.

Coronavirus (SARS-CoV1, SARS-CoV-2, and
MERS-CoV)
In the midst of pandemic with severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2)/COVID-19. The infection involves
Frontiers in Immunology | www.frontiersin.org 620
in multiple organs and cause striking elevations in pro-
inflammatory cytokines and high risk of thrombosis.
Numerous postmortem studies have revealed deposits of
complement fragments on interalveolar endothelial cells, high
incidence of venous thromboembolism (VTE), and diffused
microvascular thrombi with endothelial swelling with a
thrombotic microangiopathy (TMA). Preclinical studies with
SARS-CoV-1 and MERS-CoV, which have significant
homology to SARS-CoV-2, confirm that complement
activation is not only linked to virus related organ damage but
also is possible causative (104). In mouse models with infection
with MERS-CoV or SARS-CoV-1, increased tissue deposition of
C5b-9, C3b, and C4d and correlation with severity of injury were
observed. Given the fact that deficiency of complement C3, C4,
and factor B can protect mice from virus caused by lung injury,
classical, lectin, and alternative complement pathways might be
involved in mediating SARS-CoV-1 or SARS-CoV–triggered
lung injury (105, 106). In the few published post-mortem
studies of COVID-19 patients, the increased deposits of C3b,
MBL, MASP-2, C4b, and C5b-9 were observed (107, 108). It
shows excessive activation of lectin pathway, which is in line with
the fact that the spike protein in SARS-CoV-2 is heavily
glycosylated with L-fucose and mannose, which provides
recognition sites for MLB binding and causes activation of
lectin pathway (109). There is no doubt that complement C4
will be hyper-activated in SARS-CoV-2 infection. Is there any
relationship between the complement C4 activation and
COVID-19 infection caused endothelial swelling and diffused
microvascular thrombi that resemble TMA? We would speculate
that the hyperactivation of lectin pathway might cause
endothelial disruption that might be one of the mechanisms to
induce microvascular thrombi in COVID-19 patients. It remains
to be evaluated how the lectin pathway and complement
C4 activations cause endothelial swelling and diffused
microvascular thrombi.

Complement C4 Activation Under Other
Pathological Conditions
A recent study by Romano et al. revealed that anti–interleukin-6
receptor monoclonal antibody (Tocilizumab) could dramatically
decrease serum level of complement C4 in rheumatoid arthritis
patients. Neither circulating immunocomplexes nor any patients
ever displaying clinical features of immunocomplex diseases was
found. The study concluded that C4 consumption is because of
the direct action of the drug rather than immunocomplex-
induced complement activation (110).

Histone H3 and H4 can be released from the damaged or
lysed cells. One recent study by Qaddoori et al. revealed that
histone H3 and H4 strongly bind to C4b region of complement
C4, result in significant inhibition of classical and mannose-
binding lectin pathways. Histone H3 and H4 did not affect the
cleavage of C4 to C4a and C4b, indicating a possible natural
feedback mechanism to prevent the excessive injury of host cells
by the inhibition of complement activation by histones (111).

A recent study by Vogt et al., using highly specific antibody
against a cleavage neoepitope in C4d, identified pigment
epithelium-derived factor (PEDF) from synovial fluid of
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rheumatoid arthritis patients as an activator of classical
complement pathway, which belongs to the serine proteinase
inhibitor family. C1q protein can bind PEDF, in particular, head
regions of C1q, which is known to interact with other activators
of the classical pathway. The results suggested PEDF activated
classical complement and might mediate inflammatory processes
in joint (112). The interactions of virus, bacteria, and some
pathological conditions causing the consumption or inhibition of
complement C4 through classic or lectin complement pathway
are illustrated in Figure 2.

Using computational approach (protein-protein docking and
molecular dynamics simulation), a recent study tried to understand
Trypsin (Tryp)-mediated C4 activation by comparing with the co-
crystalized structure of C4-MASP2. Comparative analysis of C4
alone, C4-Tryp, and C4-MASP2 discovered the impact of Tryp on
C4 was like that of MASP2. These studies define the role of sessile
loop in the interaction with serine domain, which could be
beneficial to understand the interactions of complement C4 with
other complement components (113).

C2- and C4-Bypass Lectin Pathways
It seems that sometimes the activation of three complement
pathways is not clear-cut. Recent studies in mice established that
the complement activation via the alternative pathway requires
the presence of C4 and MBL proteins and the complement
activation by Cryptococcus spp. can take place via multiple
complement pathways (114, 115).

Although complement C4 does not directly participate in the
activation of alternative complement pathway (AP), several early
Frontiers in Immunology | www.frontiersin.org 721
studies from the 1980s to 1990s of last century demonstrated that
C4b generated from classical pathway activation could trigger the
alternative pathway without involvement of complement C2
(116–118). It was reported that MBL can activate complement
C3 and AP without the involvement of MASP-2, C2, or C4 (119,
120). A recent study by Tateishi and Matsushita demonstrated
that upon the attachment to serogroup C-specific oligosaccharide
from Salmonella, in contrast to that MBL activates the alternative
pathway via a C2-bypass pathway without the involvement of
MASP-2, C2 or C4, mannan-bound MBL can activate the
alternative pathway via a C2-bypass pathway that requires both
MASP-2 and C4, suggesting that there may be two distinct MBL-
mediated C2-bypass activation of alternative complement
pathway, depending on the ligands to which MBL binds (121).
It seems that there are some issues related to those in vitro assays.
First, those MBL preparations could possibly have the trace
contamination with MASP-2. Another question is how pure
the serum preparations with the depleted MBL, C2, or C4 can
be. The mechanism of MLB mediated C2-bypass AP activation
remains to be determined and further studies are needed to
elucidate the molecular base of MBL-mediated C2-bypass
pathways as indicated in the paper.

Several studies suggested that MLB complement pathway
could activate C3 or C5 through C4-bypass mechanisms (119,
122–125). The study in a mouse model by Schwaeble et al.
demonstrated that in the absence of complement C4, in vitro
lectin pathway-mediated activation of C3 requires MASP-2, C2,
and MASP-1/3. In a model of transient myocardial postischemic
reperfusion injury (IRI), comparing to their wild-type
FIGURE 2 | Interactions of various microorganisms (including viruses and E. coli.) and pathological conditions with complement C4 to cause consumption or inhibition
of complement C4 through classical, lectin, and undefined pathways. HCV, hepatitis V virus; HBV, hepatitis B virus; IR, ischemia reperfusion; RA, rheumatoid arthritis.
Black solid arrow represents the activation of complement C4; Blue dash line represents the inhibition of complement C4.
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littermates, infarct volumes of MASP-2-deficient mice were
smaller. However, mice deficient in complement C4 were not
protected, the observation implies the presence of a previously
undocumented C4-bypass and lectin pathway-dependent
mechanism. As monoclonal Antibody-based inhibitors of
MASP-2 and MASP-2 deficiency can also protect mice from
gastrointestinal IRI, suggesting the benefit of anti-MASP-2
antibody therapy in reperfusion injury and other lectin
pathway-mediated disorders (126). In this study, it was unclear
how the correlation between complement C3 activation by C4-
bypass lectin pathway and the disease state of infarct volume. IRI
may not be due to the complement C3 activation, but could be
attributed by MASP-2- or MASP-1-induced direct activation of
coagulation systems, leading to the formation of a fibrin clot
(127, 128). Lectin pathway complement activation plays a critical
role in contributing to ischemia reperfusion (IR) injury. One
recent study in a mouse model corroborates the effect of MASP-
2, an essential enzyme for lectin pathway, which mediates tissue
injury and renal ischemia reperfusion injury independent of
complement C4 (129). C2- and C4-bypass lectin pathways
activation are depicted in Figure 3.

Although classical and the alternative pathways can still be
activated, MASP-2 deficient mice fail to opsonize Streptococcus
Frontiers in Immunology | www.frontiersin.org 822
pneumoniae in the none-immune host and therefore are highly
susceptible to pneumococcal infection. Mouse ficolin A, human
L-ficolin, and collectin 11 in both species, but not mannan-
binding lectin (MBL), are the pattern recognition molecules that
drive lectin pathway activation on the surface of S. pneumoniae.
pneumococcal opsonization in the absence of complement C4.
This study corroborates the crucial function of MASP-2 in the
lectin pathway and underlines the prominence of MBL-
independent lectin pathway activation in the host defense
against pneumococci (130).

Recent study in mice demonstrated that MASP-2 deposits
complement C4 onto mitochondria, revealing the potential role
of the complement lectin pathway in mitochondrial immune
handling. These processes are speculated to be involved either in
the induction of problematic inflammatory reactions or in
homeostatic clearance of mitochondria (131).

As discussed above, the complement lectin pathway has a
protective function against invading pathogens and plays an
essential role in ischemia/reperfusion (I/R)-injury as well. The
serpin C1-inhibitor and aprotinin, a Kunitz-type inhibitor can
inhibit MASP-2. Recombinant tissue factor pathway inhibitor
(rTFPI) was identified as a novel selective inhibitor of MASP-2,
without disturbing the activity of MASP-1 or the classical
FIGURE 3 | Anti-inflammatory functions by complement C4 activation fragments C4a and C4d. On the surface of pathogens, the activation of complement C4 is
triggered through classical (antibody) or lectin (sugar) pathways that will activate C1s or MAPSs, which will rapidly cleave C4 to generate C4a and C4b. C4b will be
further fragmented by factor I and cofactors to generate C4d and C4c. C4b will associate with C2a to form a complement C3 cleavage enzyme (C3 convertase),
C4b2a, which will cleave C3 to generate C3a and C3b. C3b will be associated with C4b2a to converge to C5 convertase (C4bC2aC3b), which will cleave C5 to
generate C5a and C5b. C5b will associate with C6, C7, C8, and C9 to form membrane attack complexes (MAC) C5b-9 on the surface of pathogens. For the
alternative pathway, C3b is spontaneous C3 turnover or generated by classical or lectin pathways. C3b bound to factor B (B). The complex is converted by factor D
(D) to C3-cleaving enzyme C3bBb that is stabilized by properdin (P) and further form C3bBbC3b, which can cleave C5 to generate C5a and C5b. Plasma membrane
(blue) represents the surface of pathogen cells.
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pathway proteases C1s and C1r. Ex vivo assay revealed that
Kunitz-2 domain in TFPI was necessary for the inhibition of
MASP-2 activity. TFPI could be a therapeutic approach to
constraint the tissue injury in the conditions of cerebral stroke,
myocardial infarction, or solid organ transplantation (132).
THE SIGNALING PATHWAYS OF C4
ACTIVATION FRAGMENTS

C4a, one of the activation fragments of complement C4,
identified in 1979, was regarded as the third anaphylatoxin
although it is still under debate (133, 134). C4a has been
described to possess a strong chemotaxis inhibitory effect on
monocytes at the concentration as low as 10-16 M (135). C4a was
also reported to inhibit C3a-induced O2·− generation in guinea
pig macrophages, to produce immediate erythema/edema when
injected into human skin, and to induce contraction of guinea
pig ileum (133, 136). It was suggested that a function for C4a is
closely related to C3a due to its ability to desensitize the action of
C3a-induced contraction of guinea pig ileum (133). It was later
revealed that human C4a acted as an agonist for the guinea pig
but not the human C3aR receptor (137). Studies using
recombinant human C4a have also demonstrated that C4a can
impair C5a-induced neointima formation, reduce C3a- or C5a-
mediated chemoattractant and secretagogue activities in mast
cells, and prevent hyperoxic lung injury via a macrophage-
dependent signaling pathway (138–140). It remains to be
established how C4a can modulate the functions of monocytes/
macrophages to generate anti-inflammatory effects.

C4d, another cleavage product by complement C4 activation,
has long been considered as a biomarker for disease activity in
autoimmune disorders or antibody-mediated allograft rejection.
A recent study identified Ig-like transcript (ILT) 4 and ITL5v2 as
cellular receptors for C4d and interaction of C4d with ILT4
conferred a dose-dependent inhibition of TNFa and IL-6
secretion and attenuation of intracellular [Ca2+] flux in
monocytes activated via Fc-cross-linking of up to 50% as
compared to control (141). ILT4 has been involved in the
control of autoreactivity (142, 143), induction of transplantation
tolerance (144), and maintenance of feto-maternal tolerance
during pregnancy (145). Mice lack of PIR-B, the ortholog of
ILT4, suffer from autoimmune glomerulonephritis (146) and
exacerbated graft versus host disease (147). It appears that the
interactions of complement C4 activation cleavage fragments
(such as C4a and C4d) with their respective receptors plays
inhibitory roles to impede inflammatory reactions induced by
cytokines, chemokines, and other anaphylatoxins (C3a, C5a).
One interesting paradigm will be that upon complement
activation (i.e., microbial or viral infection, immunocomplex, or
apoptotic debris), complement C4 activation fragments may act
as regulators to maintain homeostasis and to contain downstream
anaphylatoxins’ proinflammatory effects, which may trigger
hyper-inflammatory reactions. The activation of complement
C4 and potential immune-regulation mechanisms of split
products from complement C4 are illustrated in Figure 3.
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COMPLEMENT C4 DEFICIENCY LINKS
INFECTIONS AND AUTOIMMUNE
DISEASES

It remains incompletely understood why total deficiencies of
some complement components are associated with some
autoimmune diseases (148). Complement C4 plays a vital role
in the activation of classical and lectin pathways and the
formation of C3 convertase, which leads to the generation of
the membrane attack complex (MAC) against microbes. It was
reported that complement C4 is protective for autoimmune
lupus disease independent of C3 in mice (30). C4(-/-) mice have
significantly more IgM anti-double-strand DNA antibodies
than C4(+/+) control mice (32). Increased frequency of C4
deficiency phenotypes was reported in IgA nephropathy and
Henoch-Schönlein purpura (HSP) (26), insulin-dependent
d i abe t e s me l l i t u s ( IDDM) (149 ) , s y s t emic lupus
erythematosus (SLE) (150, 151), repeated infections (152),
juvenile idiopathic arthritis patients (27). glomerulonephritis
(153). The lack of complement C4 can trigger inapt clearance of
apoptotic debris and stimulate chronic activation of myeloid
cells. The deficiency in complement component C4 also results
in a breakdown in the elimination of autoreactive B-cell clones
at the transitional stage, depicted by a relative increase in their
response to a series of stimuli, entering into follicles, and a
higher tendency to form self-reactive germinal centers (GCs),
allowing the maturation and activation of self-reactive B-cell
clones (154). Using two well-defined murine models to examine
complement deficiency in peripheral tolerance, the study
revealed that complement C4 protein and the receptors
CD21/CD35 are involved in negative selection of self-reactive
B lymphocytes, suggesting an immune deficiency of
complement C4 predisposes mice to SLE (29). A low serum
C4 level in patients with autoimmune disease may be due to
ongoing disease activity associated with the consumption
caused by complement activation and or it may be due to
genetic factors (155). One of the questions still remains:
whether and how does infections link to autoimmune disease
upon the deficiency of complement C4? It is speculated that C4
deficiency would negatively affect the efficiency and progression
of complement activation, decrease phagocytes functions and
the clearance of apoptotic and necrotic cells (156).

A recent study by Yammani et al. demonstrated that
complement C4 deficiency is a predisposing factor for
streptococcus pneumonia-induced anti-dsDNA IgA autoantibody
production. In a C4KO mice model, serotype 19F and virulent
serotype 3 pneumococci induce systemic anti-dsDNA IgA
production; interestingly which is more pronounced in female
C4KO mice. Further study revealed that pneumococci
pneumococcal polysaccharide (PPS) vaccination alone induced
increases in anti-dsDNA IgA levels, which can be completely
blocked by TLR2/4 antagonist, OxPAPC. Pam3CSK4, a TLR2
agonist, equally stimulated anti-dsDNA IgA production in C4KO
mice, suggesting complement C4 plays a role in subduing
autoantibody production stimulated by cross-reactive antigens
and TLR2 agonists associated with S. pneumonia (33).
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A complete analysis of the potential Epstein-Barr virus (EBV)
peptide cross-reactome has been performed to search for peptides
common to SLE-EBV and human SLE autoantigens. The study
found EBV proteome can act as an immunological potential.
Using publicly available databases, fifty-one SLE-related proteins
were analyzed for hexapeptide sharing with EBV proteome and
found 34 of hexapeptides are shared between human SLE
autoantigens and EBV proteins. Interestingly, the study also
revealed that peptide sharing mostly occurred with complement
component C4 and Interleukin-10 (IL-10). This study
demonstrated that the EBV vs. SLE autoantigens peptide
overlap and powerfully supports cross-reactivity as a major
mechanism in EBV-associated SLE etiopathogenesis (157).
Among patients with systemic lupus erythematosus (SLE), a
prevalence of HPV infection has been reported. One interesting
hypothesis is that immune responses caused by HPV infection
may interact with proteins that associate with SLE (158).

In lymphoid tissues and peripheral blood of C4KO mice, it
was discovered with the decreased frequencies of CD4+CD25+

Tregs and reduced expression of Foxp3 and TGF-b, which are
crucial for the efficient development and function of Tregs cells.
Thus, the study suggested that the association of the deficiency of
complement C4 in the classical complement pathway with the
development of autoimmune disorder might be via the role of
Tregs deficiency (159). It remains to be elucidated how the
fragments generated from complement C4 activation, such as
C4a and C4d, are regulating Tregs cells functions.
CONCLUDING REMARKS

Complement system is essential for the maintenance of
homeostasis by elimination of immune complexes, supporting
self-tolerance and anti-inflammation, and promoting tissue
repair (160, 161). While the complement activation of the
downstream of complement C3 resulting in inflammatory
molecules, such as C3a, C5a, and the membrane attack
complex (MAC), plays a less important role, the early
components of the classical pathway, such as C1q, C4, and C2,
are more critical in maintaining homeostasis and lack of some of
early components of classical pathway will predispose an
individual to autoimmune disorders. Many studies have linked
the complement C4 deficiency/partial deficiency with
autoimmune disorders. In addition, C4 deficiency is clearly
Frontiers in Immunology | www.frontiersin.org 1024
linked to the susceptibility of infections. Those observations
persuade us to speculate that infection-caused inflammation
needs the containment that requires the immune modulation
from the contribution of complement C4, otherwise it will be
aggravated under the deficiency of C4. Complement C4 is
reported to be chiefly expressed in hepatocytes, but the
upregulation of mRNA expression of complement C4 was
observed by LPS, IFNg, and interleukin-6 in other types of
cells, indicating that infection-induced cytokines could trigger
the upregulation of complement C4 expression as a feedback
regulatory response. Mounting evidence supports the
observation that infections may initiate and/or exacerbate
autoimmune reactions (162–165), which is in line with the
studies in mouse models that have established the role of
complement C4 as suppressing auto-antibody production (31–
33, 166). Nevertheless, the mechanisms of complement C4
involved in homeostasis still have been poorly addressed.
Recent studies demonstrated that complement C4 activation
fragments, like C4a and C4d, can modulate cytokines
generation from macrophages probably through their
respective receptors. One of possible mechanisms that
complement C4 mediated homeostatic process might be via its
activation fragments, which can modulate immune reactions to
restrain infection-induced hyper-inflammatory reactions
induced by cytokines and anaphylatoxin C3a and C5a (Figure 3).

Future studies are necessary to focus on the immune
regulatory functions of C4 activation fragments, which will be
explored as therapeutic targets for the treatment of infections, as
well as the autoimmune disorders.
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Neutrophil Extracellular Traps
Exacerbate Secondary Injury via
Promoting Neuroinflammation and
Blood–Spinal Cord Barrier Disruption
in Spinal Cord Injury
Zhou Feng1†, Lingxia Min1†, Liang Liang2, Beike Chen2, Hui Chen1, Yi Zhou1,
Weiwei Deng1, Hongliang Liu1* and Jingming Hou1*

1 Department of Rehabilitation, Southwest Hospital, Third Military Medical University (Army Medical University), Chongqing,
China, 2 Department of Neurosurgery, Southwest Hospital, Third Military Medical University (Army Medical University),
Chongqing, China

As the first inflammatory cell recruited to the site of spinal cord injury (SCI), neutrophils
were reported to be detrimental to SCI. However, the precise mechanisms as to how
neutrophils exacerbate SCI remain largely obscure. In the present study, we
demonstrated that infiltrated neutrophils produce neutrophil extracellular traps (NETs),
which subsequently promote neuroinflammation and blood–spinal cord barrier disruption
to aggravate spinal cord edema and neuronal apoptosis following SCI in rats. Both
inhibition of NETs formation by peptidylarginine deiminase 4 (PAD4) inhibitor and
disruption of NETs by DNase 1 alleviate secondary damage, thus restraining scar
formation and promoting functional recovery after SCI. Furthermore, we found that
NETs exacerbate SCI partly via elevating transient receptor potential vanilloid type 4
(TRPV4) level in the injured spinal cord. Therefore, our results indicate that NETs might be
a promising therapeutic target for SCI.

Keywords: spinal cord injury, neutrophils, neutrophil extracellular traps, blood–spinal cord barrier, neuroinflammation
INTRODUCTION

Spinal cord injury (SCI) is a devastating central nervous system (CNS) trauma due to its high
mobility and tremendous social and financial burden (1). Unfortunately, current treatments for SCI
are far from satisfactory (2), which should mainly be attributed to the limitations in understanding
of its pathophysiological mechanisms (1). Generally, SCI consists of primary injury and subsequent
secondary injury mechanisms (3). Primary injury refers to initial impact to the spinal cord caused by
traumatic mechanical forces, while secondary injury is known as a series of biochemical, molecular,
and cellular cascades that cause further damage (4). Since primary injury happens unexpectedly and
cannot be prevented, targeting secondary injury mechanisms is crucial for SCI treatment (5).

As the first inflammatory cell recruited to the lesion site of SCI, neutrophils play significant roles
in the secondary injury mechanisms of SCI (6). Neutrophils migrate to the injured spinal cord
within hours and peak in 1 to 3 days after SCI (7, 8). After infiltrating, neutrophils produce and
org August 2021 | Volume 12 | Article 698249130
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release pro-inflammatory mediators, oxidative enzymes (such as
myeloperoxidase; MPO), proteolytic enzymes (such as matrix
metalloproteinase-9 and elastase), and reactive oxygen species
(ROS) to promote secondary damage, thus aggravating
neurological deficit (7, 9, 10). In addition to secreting cytotoxic
products, neutrophils were recently revealed to contribute to
diverse diseases via releasing neutrophil extracellular traps
(NETs) (11), an extracellular fibrous network firstly described
by Brinkmann et al. (12). Except for CNS infections (13, 14),
NETs were also demonstrated to be implicated in ischemic stroke
(15), intracerebral hemorrhage (16), traumatic brain injury (17),
and even neurodegenerative diseases (18). However, whether
NETs contribute to pathophysiological changes in SCI
remains unclear.

Therefore, we explored whether NETs promote secondary
injury following SCI, and the potential mechanisms as to how
NETs exacerbate SCI in the present study.
MATERIALS AND METHODS

SCI Induction and Experimental Design
One hundred and ninety-eight female Sprague–Dawley (SD) rats
(250–300 g; Army Medical University) were used in the present
experimentation. All rats were maintained under a 12-h light/dark
cycle condition with free access to food and water. Animal use
protocols were approved by the Animal Care and Use Committee
of the Army Medical University (NO. SYXK20170002).

The clip-compression SCI model was induced according to a
previous method (19). Briefly, after anesthetized by pentobarbital
(40 mg/kg; intraperitoneally), animals were subjected to T9
laminectomy using aseptic techniques. Then, a clip with 50-g
closing force was used to compress the exposed spinal cord for 60
s to induce SCI. The same surgical procedure without
compression was performed in sham-operated animals.
Manual bladder emptying was carried out twice daily until the
recovery of normal bladder control.

Animals were assigned to five groups: sham controls without
spinal cord compression (sham group); SCI models with Cl-
amidine (diluted in 5% DMSO; MedChemExpress; 50 mg/kg)
treatment (Cl-amidine group); SCI models with vehicle
(corresponding dose of 5% DMSO) treatment (DMSO group);
SCI models with DNase1 (diluted in saline; Roche; 5 mg/kg)
treatment (DNase1 group); and SCI models with vehicle
(corresponding dose of saline) treatment (Saline group). For
drug administration, Cl-amidine was administered through
intraperitoneal injection after SCI induction, and DNase1 was
administered through the tail vein 1 h after SCI induction. The
dosage and timing of Cl-amidine and DNase I administration
were performed based on the previous study (17).
Immunofluorescence
Immunofluorescence labeling was performed as described
previously (20). After being deeply anesthetized, animals were
transcardially perfused with PBS and their spinal cords were
removed. Obtained samples were fixed with 4% paraformaldehyde
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and then dehydrated with 30% sucrose solution. Serial longitudinal
sections (10 mm) were prepared using a cryostat microtome. After
washing in PBS containing 0.3% Triton X-100, sections were
incubated with relevant primary antibodies at 4°C overnight.
Then, sections were washed with PBS and incubated with
appropriate secondary antibodies at 37°C for 2 h. Cell nuclei were
stained using DAPI. Finally, stained sections were viewed and
imaged under a confocal microscope (LSM-880; Zeiss). The
following primary antibodies were used: rabbit anti-
Myeloperoxidase (MPO, Abcam; 1:50), mouse anti-Histone H3
(citrulline R2+ R8 +R17) (Abcam; 1:100), mouse anti-glial
fibrillary acidic protein (GFAP) (Biosensis; 1:500), rabbit anti-
Laminin (Dako; 1:1000), mouse anti-CD31 (Abcam; 1:100), and
rabbit anti-transient receptor potential vanilloid type 4 (TRPV4)
(Abcam; 1:100).

SYTOX Orange staining was performed as previous described
(21). Sections were stained with SYTOX Orange (Molecular
Probes, Inc.) at a concentration of 5 mM for 10 min. Then,
stained sections were viewed and imaged under a confocal
microscope (LSM-880; Zeiss) after washing with PBS.

Western Blot Analysis
Western blot (WB) was performed according to a previous
method (22). Briefly, after animals were anesthetized and
decapitated, spinal cord tissues of the lesion site were removed
and collected immediately on ice (8). Then, samples were
homogenized and lysed in RIPA buffer containing protease
and phosphatase inhibitors. After centrifuging at 12,000 rpm
for 10 min at 4°C, protein concentrations were determined using
a BCA Assay Kit (Beyotime). Equal amounts of protein lysate
(20 mg) were separated by 10% SDS-PAGE electrophoresis,
followed by transferring onto PVDF membranes. After
blocking in 5% fresh-non-fat skim milk prepared in TBST for
2 h at room temperature, membranes were incubated with the
appropriate primary antibodies at 4°C overnight. Then,
membranes were incubated with corresponding HRP-
conjugated secondary antibodies for 2 h at room temperature
after washing with TBST. Finally, protein bands were visualized
with chemiluminescent HRP Substrate (Thermo Fisher) under
Western Lightning-ECL (Bio-Rad, USA). The following primary
antibodies were used: mouse anti-Histone H3 (citrulline R2+
R8 +R17) (Abcam; 1:1000), rabbit anti-ZO-1 (Abcam, 1:5000),
rabbit anti-occludin (Abcam, 1:5000), rabbit anti-transient
receptor potential vanilloid type 4 (TRPV4) (Abcam; 1:1000),
and mouse anti-GAPDH (Zen-bio, 1:5000).

Luminex Liquid Suspension Chip Assay
Luminex liquid suspension chip assay was applied to analyze
inflammatory cytokines [including tumor necrosis factor
(TNF)-a, interferon (IFN)-g, interleukin (IL)-1b, IL-6, and
IL-10], which was performed by Wayen Biotechnologies
(Shanghai, China). Briefly, samples were obtained after spinal
cord tissues from the same site of WB were lysed and
centrifugated at 10,000 rpm for 10 min. After protein
concentrations were measured, equal amount of protein
(45 mg) sample was taken to diluted to equal volume (50 ml).
Then, samples were incubated in 96-well plates embedded with
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microbeads for 1 h, after which they were incubated with
detection antibodies for 30 min. Finally, streptavidin-PE was
added into each well to be incubated for 10 min, and values were
measured by the Bio-Plex MAGPIX System (Bio-Rad).

TUNEL Staining
After washing in PBS containing 0.3% Triton X-100, sections
were incubated with the primary antibody mouse anti-NeuN
(Abcam; 1:200), which is used to mark neurons, at 4°C overnight
and then incubated with appropriate secondary antibody at 37°C
for 2 h. Subsequently, sections were incubated with TUNEL
staining mixture (In Situ Cell Death Detection Kit, TMR red;
Roche) at 37°C for 1 h. Cell nuclei were stained using DAPI.
Finally, stained sections were imaged under a confocal
microscope (LSM-880; Zeiss). TUNEL-positive cells and
neurons were counted using ImageJ software (National
Institutes of Health, USA).

H&E Staining
Firstly, sections were stained with hematoxylin for 1 min and
washed three times in distilled water. Then, sections were stained
with eosin for 2 min. Stained sections were imaged using a
light microscope.

Electrophysiological Assessment
The functional integrity of spinal pathway was evaluated by
motor evoked potentials (MEPs) according to a previous method
(23). Briefly, after being anesthetized with 1% pentobarbital
sodium (20 mg/kg; intraperitoneally), experimental animals
were implanted with four monopolar needle electrodes in
appropriate locations: one at the base of the nose (acting as the
anode), one at the midpoint between two ears (acting as the
cathode), one into the gastrocnemius muscle (recording
electrode), and the last one at the base of the tail (ground
electrode). The brain was excited by electrical pulse (intensity
10 mA; width 0.1 ms; rate 1 Hz), and the base-to-peak amplitude
of MEPs was recorded.

Behavioral Experiments
Motor function was evaluated with the Basso, Beattie, and
Bresnahan (BBB) locomotor test on days 1, 7, 14, 21, and 28
after SCI induction. Briefly, experimental animals were observed
by two evaluators to move freely in an open field for 5 min in a
blinded manner. Motor function was evaluated according to the
0–21 BBB scoring. The average score of two evaluators was
calculated to analysis.

Blood–Spinal Cord Barrier
Permeability Evaluation
Blood–spinal cord barrier (BSCB) permeability was determined
using Evans blue (EB) dye extravasation as previously described
with some modifications (24). Briefly, 24 h after SCI, 2% (w/v)
EB dye (5 ml/kg, Sigma Aldrich) solution in saline was
administered through the femoral vein. One hour later, rats
were anesthetized and perfused with saline. For extravasation
quantification, injured spinal cord was removed and weighed
immediately. Then, samples were homogenized in 400 µl of 50%
Frontiers in Immunology | www.frontiersin.org 332
trichloroacetic acid and centrifuged at 10,000 g for 30 min. After
incubating overnight at 4°C, samples were centrifuged at 10,000 g
for 30 min, and supernatants were diluted fourfold with ethanol.
Finally, fluorescence intensity was measured at 620/680 nm.
Results were express as mg dye/g tissue.

For EB fluorescence, injured spinal cord was removed, fixed
with 4% paraformaldehyde overnight, and dehydrated in 30%
sucrose at 4°C. Then, samples were sectioned into 10-mm slices
and observed using a confocal fluorescence microscope
(LSM880, Zeiss).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 8.0.
Single comparison between two groups was analyzed by two-
tailed Student’s t test. Multigroup comparisons were analyzed by
one-way analysis of variance (ANOVA) followed by Bonferroni
post hoc test. Data were presented as means ± standard deviation.
p value below 0.05 was considered statistically significant.
RESULTS

Infiltrated Neutrophils Produce NETs
in the Injured Spinal Cord
We first identified the presence of neutrophils and NETs at the
epicenter of the SCI. Neutrophils peaked at 24 h and remained
high until 3 days after SCI (Supplementary Figure 1A). At 24 h
after SCI, a large number of neutrophils that were marked with
MPO infiltrated into the injured spinal cord and produce NETs,
which was characterized by citrullinated histone H3 (CitH3)+

neutrophils (Figure 1A). Furthermore, we visualized NETs
(network of cell-free DNA structure) with SYTOX Orange
staining in the lesion site at 24 h after SCI (Figure 1B).
Quantification of the CitH3 levels at different time points in
the injured spinal cord confirmed the presence of NETs
(Figure 1B and Supplementary Figure 1B), while level of
total histone H3 expression was not changed after SCI
(Supplementary Figure 2A).

To demonstrate the effect of Cl-amidine, an inhibitor of
enzyme peptidylarginine deiminase 4 (PAD4), which is the key
enzyme mediating NETs formation, and DNase1 on restricting
NETs, we firstly excluded the effect of vehicles (DMSO and
saline) on NETs. We found that both DMSO and saline had no
significant effect on the level of CitH3 in both sham and SCI rats
(Supplementary Figures S3A, B). Administrating Cl-amidine
reduced NETs significantly after SCI (Figure 2). Similarly,
degrading NETs with DNase1 also significantly reduced the
level of NETs in the lesion site (Figure 3). Both Cl-amidine
and DNase1 administration had no significant effect on the level
of total histone H3 expression in SCI rats (Supplementary
Figures S2B, C). Although we found that the peak of NETs
was observed at 3 days after SCI, early administration of both Cl-
amidine and DNase1 also significantly reduced the NETs at later
stage (Supplementary Figure S4). These results suggest that
infiltrated neutrophils produce NETs at the epicenter after SCI,
which were prevented by both Cl-amidine and DNase1.
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Restricting NETs Attenuates
Neuroinflammation and Edema After SCI
Next, we evaluated the effect of NETs on neuroinflammation and
edema after SCI. Local pro-inflammatory cytokines, including
TNF-a, IFN-g, IL-1b, and IL-6, were increased, while anti-
inflammatory cytokine IL-10 was decreased at 24 h after SCI,
which are all reversed by both Cl-amidine and DNase1 treatment
(Figures 4A–E). Moreover, SCI-induced acute edema is also
attenuated by Cl-amidine and DNase1 (Figure 4F). Thus,
restricting NETs attenuated neuroinflammation and edema
after SCI.

Restricting NETs Reduces Cell Death
After SCI
Furthermore, we evaluated the effect of NETs on cell death after
SCI. SCI induced massive cell death at the epicenter of lesion at
24 h post-SCI, which was suppressed by both Cl-amidine and
DNase1 (Figures 5A, B). Furthermore, confocal images of co-
staining of NeuN and TUNEL indicate that both Cl-amidine and
DNase1 reduce neuron death after SCI (Figures 5A, C). This
finding suggests that NETs is an important cause of cell death
after SCI.
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Restricting NETs Reduces Scar Formation
After SCI
To evaluate the effect of NETs on chronic phase of SCI, we
assessed scarring (both glial and fibrotic) of lesion site at 28 days
after SCI. Injury-induced glial scar formation, which is indicated
by expression of GFAP, is significantly inhibited by both Cl-
amidine and DNase1 administration (Figures 6A, C). In parallel,
the amounts of laminin, which is the hallmark of the fibrotic
scars hindering axon regeneration, in the lesions are significantly
lower when NETs were restricted by Cl-amidine and DNase1
(Figures 6B, D). These results suggest that restricting NETs not
only attenuates acute injury but also reduces chronic scar
formation after SCI.

Restricting NETs Reduces Tissue Damage
and Promotes Motor Function Recovery
After SCI
To evaluate the functional consequences of NETs restriction
after SCI, we assessed functional integrity of spinal pathway by
MEPs and motor function by BBB locomotor test. Both
restricting NETs with Cl-amidine and DNase1 reduce tissue
damage in the spinal cord at 28 days after SCI (Figure 7A).
A B

C

FIGURE 1 | Infiltrated neutrophils produce NETs in the injured spinal cord. (A) Representative images of CitH3 (red) and MPO (green) double-positive cells in spinal
cord from sham-operated rats and SCI rats at 24 h after operation. Nuclear was marked with DAPI (blue). Scale bars = 100 mm. (B) Representative images of
network-like cell-free DNA structure by Sytox Orange staining. Scale bars = 200 mm. (C) Representative immunoblots and quantification of the CitH3 levels in spinal
cord of rats subjected to SCI or sham operation. GAPDH is used as a loading control. Data are presented as means ± SD of n = 9 (*p < 0.05).
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The representative records (Figure 7B) and amplitude (Figure 7C)
of MEPs indicated that restricting NETs improve the functional
integrity ofmotor pathway after SCI. Furthermore, motor function
recovery evaluated by BBB test is significantly promoted following
Cl-amidine and DNase1 treatment (Figure 7D). Taken together,
these results suggest that restricting NETs reduced tissue damage
and improved integrity of motor pathway and motor function
recovery after SCI.

NETs Promote BSCB Disruption, Which
May Be Partly Through Elevating TRPV4
Finally, we evaluated the effect of NETs on BSCB disruption and
explored possible mechanisms. Both EB fluorescence and
quantification of EB leakage indicate significant BSCB disruption
at 24 h after SCI, which is ameliorated both by inhibiting NETs
formation with Cl-amidine and degrading NETs with DNase1
(Figures 8A–C). In addition, the expression of tight junction
proteins (ZO-1, occludin) that maintain the integrity of the BSCB
is reduced after SCI, but prevented by Cl-amidine and DNase1
(Figures 8D–F).What ismore, the expression ofTRPV4 inCD-31-
marked endothelial cells at the epicenter increases significantly after
SCI, which is suppressed effectively by Cl-amidine and DNase1
Frontiers in Immunology | www.frontiersin.org 534
(Figures 9A–C). Our results suggest that NETs promote BSCB
disruption after SCI, which may be through, at least in part,
elevating TRPV4.
DISCUSSION

In the present study, we have demonstrated that infiltrated
neutrophils produce NETs in the lesion to exacerbate
secondary injury via promoting neuroinflammation and
blood–spinal cord barrier disruption after SCI. Both inhibiting
NETs formation with Cl-amidine and degrading NETs with
DNase1 reduce cell death, scar formation, and tissue damage,
ultimately promoting motor function recovery, which benefits
from alleviating neuroinflammation and blood–spinal cord
barrier disruption partly by suppressing TRPV4.

In recent years, neutrophils were demonstrated to produce
NETs in CNS under various pathological conditions to contribute
to pathophysiology (11). In agreement with previous studies
indicating the presence of NETs in stroke (15, 16) and traumatic
brain injury (17), our present study demonstrated that infiltrated
neutrophils produce NETs in the lesion after SCI.
A

B

FIGURE 2 | PAD4 inhibitor (Cl-amidine) prevents NETs formation after SCI.
(A) Representative images of CitH3 (red) and MPO (green) double-positive
cells in spinal cord from each group at 24 h after operation. Nuclear was
marked with DAPI (blue). Scale bars = 50 mm. (B) Representative
immunoblots and quantification of the CitH3 levels in spinal cord of each
group. GAPDH is used as a loading control. Data are presented as means ±
SD of n = 9 (*p < 0.05).
A

B

FIGURE 3 | DNase1 degrades NETs after SCI. (A) Representative images
of CitH3 (red) and MPO (green) double-positive cells in spinal cord from
each group at 24 h after operation. Nuclear was marked with DAPI (blue).
Scale bars = 50 mm. (B) Representative immunoblots and quantification of
the CitH3 levels in spinal cord of each group. GAPDH is used as a loading
control. Data are presented as means ± SD of n = 9 (*p < 0.05).
August 2021 | Volume 12 | Article 698249

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Feng et al. Neutrophil Extracellular Traps Exacerbate SCI
NETs are generally decorated with granular and cytosolic
proteins, proteases, and histones (12), which are induced by the
activation of PAD4 (25). The latter converts arginine to citrulline
on histones to promote chromatin decondensation (26); thus, it
is essential for NETs formation (27). Despite the fact that
neutrophil depletion is effective to block NETs formation, it is
not an ideal treatment as the accompanying high risk of infection
(17). Currently, inhibiting NETs formation with PAD4 inhibitor
and degrading NETs with DNase1 are preferable strategies to
restricting NETs (15, 17, 25). Our study corroborates the findings
of previous researchers (15, 17), demonstrating that both Cl-
amidine and DNase1 administration reduce NETs in CNS under
pathological conditions.

Cell death, especially neuronal death, is a major pathological
damage in the acute stage after SCI, which results from both
primary and following secondary injury (4). Extremely
preventing neuronal cell death is the goal of almost all
neuroprotective therapies (2). Gratifyingly, we demonstrated
that restricting NETs effectively reduces SCI-induced cell
death, mainly neurons, in the present study. In addition, scar
Frontiers in Immunology | www.frontiersin.org 635
formation at the lesion site is also a common pathological
response in SCI (28). Local scar tissue consists of two
components: fibrotic scar contains extracellular matrix proteins
(such as laminin, fibronectin, and collagen) in the lesion core,
and glial scar contains reactive astrocytes surrounding the lesion
core (28, 29). Glial scar has long been considered to be a barrier
to inhibit axonal regeneration and a potential therapeutic target
to facilitate neural repair (30, 31). In recent years, fibrotic scar
receives growing attention in CNS diseases, especially SCI (32–
34). Attenuation of fibrotic scar formation has been suggested to
be a therapeutic target to facilitate neurological function recovery
after SCI (35, 36). In our study described here, we found that
both glial and fibrotic scars are reduced via restricting NETs,
which facilitate motor function recovery ultimately after SCI.
What is more, our results indicate that NETs formation might be
a potential mechanism for how infiltrated immune cells drive
CNS fibrosis (37).

As the main early pathophysiological changes following SCI,
local neuroinflammation and BSCB disruption reinforce
mutually and promote secondary injury after SCI (1, 2, 4).
A B C

D E F

D

FIGURE 4 | Restricting NETs attenuates neuroinflammation and edema after SCI. Levels of (A) TNF-a, (B) IFN-g, (C) IL-1b, (D) IL-6, and (E) IL-10 in injured spinal cord
of each group at 24 h after SCI. (F) Water contents of injured spinal cord from each group at 24 h after SCI. Data are presented as means ± SD of n = 6 (*p < 0.05).
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FIGURE 5 | Restricting NETs reduces cell death after SCI. (A) Representative images of TUNEL (red) and NeuN (green) double-positive cells in inju
marked with DAPI (blue). Scale bars = 100 mm. Quantification of (B) TUNEL-positive cells and (C) double-positive cells in injured spinal cord of each
n = 6 (*p < 0.05).
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A

B

C

D

FIGURE 6 | Restricting NETs reduces both glial and fibrotic scar formation after SCI. (A) Representative images of GFAP (green) positive glial scar in injured spinal
cord of each group at 28 days after operation. Nuclear was marked with DAPI (blue). (B) Representative images of Laminin (red) positive fibrotic scar in injured spinal
cord of each group at 28 days after operation. Nuclear was marked with DAPI (blue). Scale bars = 100 mm. Fluorescence intensity mean value (IMV) of (C) GFAP
and (D) Laminin at the injury epicenter of each group. Data are presented as means ± SD of n = 6 (*p < 0.05).
A B

DC

FIGURE 7 | Restricting NETs reduces tissue damage and promotes motor function recovery after SCI. (A) Representative images of H&E staining performed on the
injured spinal cord section of each group at 28 days after operation. Scale bars = 2 mm. (B) Representative recording of motor evoked potentials (MEPs) of each
group at 28 days after operation. Scale: 5 mV/10 ms. (C) Amplitudes of MEPs of each group. Data are presented as means ± SD of n = 6 (*p < 0.05 versus vehicle).
(D) The BBB scores at different time points of each group. Data are presented as means ± SD of n = 6 (*p < 0.05 sham versus DMSO, $p < 0.05 sham versus
Saline, p < 0.05 CI-amidine versus DMSO, &p < 0.05 DNase1 versus Saline).
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FIGURE 8 | NETs promote BSCB disruption after SCI. (A) Representative fluorescence images of EB (red) leakage at the injury epicenter of each
(B) Fluorescence intensity mean value (IMV) of EB at the injury epicenter of each group. (C) Quantification of EB leakage at the injury epicenter of e
and quantification of the BSCB tight junction proteins (ZO-1, occludin) levels in injured spinal cord of each group at 24 h after operation. Data are p
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FIGURE 9 | NETs promote BSCB disruption through elevating TRPV4. (A) Representative images of TRPV4 (red) and CD31 (green) doubl
Nuclear was marked with DAPI (blue). Scale bars = 50 mm. (B, C) Representative immunoblots and quantification of TRPV4 levels in injured
means ± SD of n = 6 (*p < 0.05).
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Preventing neuroinflammation and BSCB disruption are
crucial strategies to block persistent secondary injury (38,
39). In the present study, we demonstrated that reducing
NETs alleviates both neuroinflammation and BSCB
disruption in injured spinal cord, hence ameliorating SCI and
promoting functional recovery. Finally, we attempted to
explore the potential mechanisms as to how NETs aggravate
BSCB disruption and demonstrated that TRPV4 is upregulated
in CD31-marked endothelial cells after SCI, which is
suppressed by both Cl-amidine and DNase1. In agreement
with our results, the nonselective cation channel TRPV4 was
proved to contribute to endothelial and secondary damage after
SCI, while inhibiting which attenuated SCI in a recent research
(29). Combined with these results, we reasonably speculate that
NETs aggravate BSCB disruption via, at least partly, elevating
TRPV4 following SCI. Meanwhile, there are several limitations
that require further studies in the present research. Firstly,
in vitro study is needed to further confirm whether NETs
damage endothelial cells through TRPV4 elevation. Secondly,
whether NETs aggravate SCI through other mechanisms is
worth investigating. Finally, all these results need to be verified
in various models in the future.

In summary, our data demonstrated that NETs aggravate
neuroinflammation and BSCB disruption, which may be partly
via elevating TRPV4, to exacerbate secondary injury after SCI,
while both inhibiting NETs formation and degrading NETs
alleviate injury and promote motor function recovery
(Figure 10). Therefore, our findings demonstrated that NETs
may be a potential therapeutic target for SCI.
Frontiers in Immunology | www.frontiersin.org 1140
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FIGURE 10 | Mechanism of neutrophil extracellular traps (NETs) exacerbates secondary injury after spinal cord injury. Infiltrated neutrophils produce NETs, which
subsequently promote neuroinflammation and blood–spinal cord barrier disruption to aggravate spinal cord edema and neuronal apoptosis partly via elevating
transient receptor potential vanilloid type 4 (TRPV4) level following SCI in rats. Both inhibition of NETs formation by peptidylarginine deiminase 4 (PAD4) inhibitor and
disruption of NETs by DNase 1 alleviate secondary damage and promote functional recovery after SCI.
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NLRC5 Deficiency Deregulates
Hepatic Inflammatory Response
but Does Not Aggravate Carbon
Tetrachloride-Induced Liver Fibrosis
Akouavi Julite I. Quenum1†, Akhil Shukla1†, Fjolla Rexhepi1, Maryse Cloutier1,
Amit Ghosh1, Thomas A. Kufer2, Sheela Ramanathan1,3 and Subburaj Ilangumaran1,3*

1 Department of Immunology and Cell Biology, Faculty of Medicine and Health Sciences, Université de Sherbrooke,
Sherbrooke, Canada, 2 Department of Immunology (180b), Institute of Nutritional Medicine, University of Hohenheim,
Stuttgart, Germany, 3 Centre de Recherche du Centre Hospitalier Universitaire de Sherbrooke (CR-CHUS),
Sherbrooke, Canada

The nucleotide-binding leucine-rich repeat-containing receptor (NLR) family protein-5
(NLRC5) controls NF-kB activation and production of inflammatory cytokines in certain
cell types. NLRC5 is considered a potential regulator of hepatic fibrogenic response due
to its ability to inhibit hepatic stellate activation in vitro. To test whether NLRC5 is critical to
control liver fibrosis, we treated wildtype and NLRC5-deficient mice with carbon
tetrachloride (CCl4) and assessed pathological changes in the liver. Serum alanine
transaminase levels and histopathology examination of liver sections revealed that
NLRC5 deficiency did not exacerbate CCl4-induced liver damage or inflammatory cell
infiltration. Sirius red staining of collagen fibers and hydroxyproline content showed
comparable levels of liver fibrosis in CCl4-treated NLRC5-deficient and control mice.
Myofibroblast differentiation and induction of collagen genes were similarly increased in
both groups. Strikingly, the fibrotic livers of NLRC5-deficient mice showed reduced
expression of matrix metalloproteinase-3 (Mmp3) and tissue inhibitor of MMPs-1
(Timp1) but not Mmp2 or Timp2. Fibrotic livers of NLRC5-deficient mice had increased
expression of TNF but similar induction of TGFb compared to wildtype mice. CCl4-treated
control and NLRC5-deficient mice displayed similar upregulation of Cx3cr1, a monocyte
chemoattractant receptor gene, and the Cd68macrophage marker. However, the fibrotic
livers of NLRC5-deficient mice showed increased expression of F4/80 (Adgre1), a marker
of tissue-resident macrophages. NLRC5-deficient livers showed increased
phosphorylation of the NF-kB subunit p65 that remained elevated following fibrosis
org October 2021 | Volume 12 | Article 749646142
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induction. Taken together, NLRC5 deficiency deregulates hepatic inflammatory response
following chemical injury but does not significantly aggravate the fibrogenic response,
showing that NLRC5 is not a critical regulator of liver fibrosis pathogenesis.
Keywords: NLRC5, NF-kB, liver fibrosis, carbon tetrachloride, hepatic stellate cells
INTRODUCTION

Fibrotic diseases of the liver, as well as that of other organs such as
lungs, kidneys, heart and pancreas, arise from chronic
inflammation that causes perpetual tissue damage (1). Persistent
inflammation deregulates the tissue repair process and leads to
progressive replacement of the parenchymatous cells with
abnormal extracellular matrix (ECM), which compromises organ
functions andnecessitates organ transplantation in advanced stages
of disease (2). Impressive progress has beenmade in understanding
the cellular components, their secretory products and molecular
pathways offibrogenesiswith the goal offindingways tohalt disease
progression aswell as promotefibrosis resolution and restorationof
tissue homeostasis (3–5). Despite the limited success of available
treatments targeting various molecules of the fibrogenic signaling
pathways, this approach remains the mainstay for finding new
strategies to treat fibrotic diseases (6, 7).

Liver fibrosis often results from chronic hepatitis virus
infections, alcohol abuse and from obesity-associated fatty liver
disease (8–10). Chronic inflammatory stimuli that accompany
these conditions induce pro-inflammatory cytokines and
chemokines from injured hepatocytes and liver-resident
macrophages (Kupffer cells) that promote recruitment of
circulating monocytes and their differentiation towards pro-
inflammatory macrophages (11, 12). This inflammatory response
activates hepatic stellate cells (HSC), which are also directly
activated by injured hepatocytes, resulting in HSC proliferation
and differentiation towards myofibroblasts that express a-smooth
muscle actin (aSMA) (13). Growth factors and the profibrogenic
cytokine transforming growth factor beta (TGFb) secreted by pro-
inflammatory macrophages induce fibroblast proliferation and
ECM deposition to facilitate wound healing and tissue repair.
Pro-resolution macrophages also produce ECM remodeling
enzymes such as matrix metalloproteinases (MMP) to resolve the
fibrous scar tissue. However, incessant inflammatory stimuli
establish a feed forward loop of pro-inflammatory and pro-
fibrogenic processes (4). Progressive replacement of the liver
parenchyma with fibrous scar tissue results in an end-stage
disease called cirrhosis (9, 11). In addition to being a major cause
of global healthcare burden and mortality, cirrhosis promotes the
development of hepatocellular carcinoma (HCC), one of the most
commonand lethal cancersworldwide (14–18).HCC takes decades
to present clinical symptoms and is often diagnosed in late stages,
for which there are very few therapeutic options (19). AsmostHCC
cases arise from cirrhotic livers, therapeutic targeting of molecules
and cells that promote hepatic fibrogenesis is considered a
sferase; CCl4, carbon tetrachloride; ECM,
tellate cells; MMP, matrix metalloproteinase;
IMP, tissue inhibitor of MMP.
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promising avenue to halt HCC development and progression, in
addition to improving liver functions (20–23).

Members of the nucleotide binding and oligomerization
domain (NOD)-like receptors (NLRs) constitute a family of
cytosolic pattern recognition receptors that play a key role in
inflammatory responses (24). The NLR proteins are further
classified based on their N-terminal domains into NLRA,
NLRB, NLRC and NLRP subgroups, each with one or more
members, and most of them harboring C-terminal leucine-rich
repeats (24, 25). Whereas certain members of NLRP (NLRP1,
NLRP3) and NLRC (NLRC4) subfami l i es ac t iva te
inflammasomes and induce production of pro-inflammatory
cytokines IL-1b and IL-18, certain members of the NLRC
family (NOD-1, NOD-2) activate the nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-kB) to induce the
expression of genes coding for these pro-inflammatory cytokines
(24, 26). NLRA and NLRC5 function as transcriptional activators
of MHC class-II and class-I genes, respectively, and thus are
respectively known as class-II transactivator (CIITA) and class-I
transactivator (CITA) (27). NLRC5 has also been implicated in
regulating inflammatory response similarly to NLRC3 and
NLRX1, both of which contain poorly defined N-terminal
domains (24, 28–33). Over expression and knockdown studies
have shown that NLRC5 inhibited LPS-induced NF-kB
activation and induction of TNFa, IL-6, RANTES (CXCL5)
genes and IL-1b secretion (28, 29, 34).

Given the prominent role of inflammatory cytokine signaling
in liver fibrosis and TNFa-induced NLRC5 expression in the
human HSC cell line LX-2, Li and colleagues investigated the role
of NLRC5 in modulating the fibrogenic response in HSCs (35–
37). Stable NLRC5 expression in LX-2 cells was shown to
increase TNFa-induced IL-6 and IL-1b mRNA expression,
whereas siRNA-mediated NLRC5 knockdown diminished this
response, although these effects did not affect IL-6 or IL-1b
protein expression (35). This study also reported that NLRC5
knockdown increased TNFa-induced IkB phosphorylation,
nuclear localisation of the p65 component of NF-kB and
phosphorylation of SMAD3, a key transcription factor
activated by the profibrogenic cytokine TGFb, suggesting an
anti-fibrogenic role for NLRC5 (35). The same group also
reported elevated NLRC5 expression in human fibrotic livers
and that stable NLRC5 expression in LX-2 cells upregulated
TGFb-mediated induction of aSMA and collagen 1a1 (36).
However, knockdown of NLRC5 was shown to increase TGFb-
mediated apoptosis of LX-2 cells despite increasing the
phosphorylation of NF-kB, SMAD2 and SMAD3 (36).
Following experimental hepatic fibrogenesis in C57BL/6 mice,
increased NLRC5 expression was observed in the fibrotic livers
that coincided with collagen 1a1 and aSMA expression and all
October 2021 | Volume 12 | Article 749646
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three genes showed diminished expression during fibrosis
resolution (37). Inhibition of LX-2 cell activation by a mixture
of methylxanthine, dexamethasone and insulin, which inhibits
TGFb-mediated upregulation of aSMA and collagen 1a1 also
inhibited NLRC5 induction in LX-2 cells (37). Based on these
findings, Li and colleagues proposed an anti-fibrogenic role for
NLRC5 in a negative feedback manner, following its induction in
HSCs by TNFa and TGFb. Here, we sought genetic evidence for
this hypothesis by evaluating liver fibrosis induced by carbon
tetrachloride (CCl4) in NLRC5-deficient mice.
METHODS

Mice
Nlrc5-/- mice in C57BL/6N background, generated by crossing
Nlrc5-floxedmice with CMV-Cre mice, were a generous gift from
Dr. Dana Philpott (38). Wildtype C57Bl/6N mice were used as
controls. Both groups of mice were bred and housed in ventilated
cages on the same housing unit throughout the experiment. The
experiments were done as and when the knockout mice became
available. Therefore, the numbers of mice used per group in
different experiments was variable and are indicated in the
corresponding figure legends. All experimental protocols on
animals were carried out with the approval of the Université
de Sherbrooke Animal Ethics Committee (Protocol # 2018-2083,
359-18C).
Liver Fibrosis Induction by
Carbon Tetrachloride
Liver fibrosis was induced as we have described previously (39).
Male mice were used for liver fibrosis induction as female sex
hormones diminish inflammatory cytokine production in the
liver (40). Briefly, CCl4 (Sigma-Aldrich, Oakville, ON) diluted in
corn oil (1:3) was injected via intraperitoneal (i.p) route (0.5ml
CCl4 per gram body weight) twice a week for five weeks. Three
days after the last treatment, mice were euthanized, blood
collected by cardiac puncture and liver tissues resected. Serum
was separated and kept frozen at -80°C. Liver pieces were snap
frozen and stored at -80°C for gene and protein expression
studies and hydroxyproline assay. For histopathology analyses,
3-4 cubic mm size liver pieces from 4-5 different locations of the
same liver were fixed for 12-16 hours in 4% paraformaldehyde
solution and embedded in paraffin on the same tissue block.
Serum ALT and Liver
Hydroxyproline Assays
Serum alanine transaminase (ALT) levels were measured using a
kinetic assay (Pointe Scientific Inc, Brussels, Belgium) following
manufacturer’s instructions. Hydroxyproline content was
measured as described previously (39). Ten mg of liver tissue,
homogenized in 1 mL of 6N HCl using the bead mill MM 400
(Retsch, Hann, Germany), was transferred to glass tubes, topped
up with 2 mL of 6N HCl and the tubes were kept on a heat block
Frontiers in Immunology | www.frontiersin.org 344
for 16h at 110°C to hydrolyze proteins. After filtering the
hydrolysate through Whatman #1 filter paper, aliquots were
evaporated on a heat block and the residues were dissolved in
50% 2-propanol. Hydroxyproline standards and samples,
distributed in a 96-well microtiter plate, were oxidized by
adding chloramine T (Sigma-Aldrich; dissolved in 50%
isopropanol and adjusted to pH 6.5 with acetate/citrate buffer).
Following incubation at room temperature for 25 min, Ehrlich
reagent [p-dimethylaminobenzaldehyde dissolved in n-
propanol/perchloric acid (2:1)], was added and the samples
incubated at 50°C for 10 min for color development.
Absorbance at 550 nm was measured using the SPECTROstar
Nano (BMG Labtech, Germany) spectrophotometer.
Histology and Immunohistochemistry
Liver sections were deparaffinized, rehydrated, and stained with
hematoxylin and eosin (H&E) or Sirius red following standard
procedures. For immunohistochemical detection of aSMA,
rehydrated liver sections immersed in citrate buffer (pH 6.0)
were given intermittent microwave treatment to retrieve
antigenic epitopes. Following incubation in 3% hydrogen
peroxide for 10 min to inhibit endogenous peroxidase activity,
sections were blocked with 5% BSA in Tris-buffered saline (TBS)
containing 20% Tween-20 (TBS-T). Slides were incubated
overnight at 4°C with a rabbit mAb against mouse aSMA (Cell
Signaling Technology, Cat #19245S) diluted in blocking buffer,
washed and then incubated with horseradish peroxidase (HRP)-
conjugated secondary Ab for 1 h. After thorough washing, a
substrate solution containing 3,3’-diaminobenzidine (DAB;
Sigma-Aldrich; 30 mL chromogen diluted in 1 mL of DAB
liquid buffer) was added for 10 min. The sections were
counterstained with hematoxylin and mounted with a
coverslip. Images of the stained sections, digitized using the
NanoZoomer Slide Scanner (Hamamatsu Photonics, Japan),
were analyzed by the NanoZoomer Digital Pathology software
NDPview2.0. Sirius red staining and aSMA-positive areas were
quantified using the NIH ImageJ software (version 1.53e). Data
from six randomly selected fields from different liver pieces for
each of the three mice per group were used for quantification.
Gene Expression Analysis
Total RNA from frozen tissues was extracted using QIAzol Lysis
Reagent (Qiagen, Toronto, Ontario, Canada), according to the
manufacturer’s instructions. cDNA was synthetized from 1µg of
purified RNA using QuantiTect® reverse transcription kit
(Qiagen, Toronto, Ontario, Canada). Quantitative RT-PCR
amplification reactions were carried out in CFX Connect Real-
Time PCR Detection System (Bio-Rad, Canada) or QuantStudio
3 Real-Time PCR System (Thermo Fisher Scientific, Canada)
using SYBR Green Supermix (Bio-Rad, Mississauga, Ontario,
Canada). The expression of indicated genes was measured using
primers listed in Supplementary Table S1. Gene expression
levels between samples were normalized based on the Cycle
threshold (Ct) values compared to housekeeping gene 36B4 and
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the fold induction was calculated using the vehicle (oil)-treated
wildtype mice as controls.

Enzyme Linked Immunosorbent Assay
(ELISA)
Serum TNF protein levels were quantified using a sandwich ELISA
kit from eBioscience (Cat # 88-7324) following manufacturer’s
instructions. Capture Ab diluted in coating buffer was added to
high protein-binding 96-well plates (Nunc Maxisorp®) and
incubated overnight at 4°C. After washing with PBS-0.05% Tween-
20 (wash buffer), the plates were blocked with assay diluent for 1 h at
room temperature. Serum samples diluted 1:1 in assay diluent and
serial dilutions of recombinant TNF standard were added in
duplicates, and plates were incubated at room temperature for 2 h.
After thorough washing, biotinylated detection antibody was added
for 1 h followed by the addition of avidin-HRP for 30 min. After
thorough washing, tetramethylbenzidine substrate solution was
added for 15 min and color development was measured at 450 nm
using SPECTROstar Nano. The values were plotted against the
standard curve to calculate TNF protein levels in serum.

Western Blot
Mice liver tissue samples were taken in a 2 mL round bottom
tube and homogenized using bead mill MM 400 (Retsch, Hann,
Germany) containing TNE buffer (50mM Tris-HCl, 150mM
NaCl, 1mM EDTA; pH 8.0) supplemented with phosphatase
and protease inhibitor cocktails (Roche, Indianapolis, IN). TNE
buffer containing detergents (0.2% SDS, 1% sodium
deoxycholate and 1% Triton-X) was added in equal volumes
into the homogenates and kept on rocker for 30 min at 4°C.
Lysate was centrifuged for 20 min at 15,000 ×g and the
supernatant collected. Protein concentration was determined
using RC-DC Protein Assay Kit (Bio-Rad, Mississauga, ON).
Protein samples containing 30-50 µg proteins were
electrophoresed on SDS-PAGE gels and analysed by Western
Blot. Primary Ab used are listed in Supplementary Table S2.
HRP-conjugated anti-mouse or anti-rabbit secondary antibodies
and enhanced chemiluminescence reagents (ECL) were from GE
Healthcare Life Sciences (Pittsburg, PA). Images of western blot
were captured by the VersaDOC 5000 imaging system (Bio-Rad).

Statistical Analysis
The numbers of mice in experimental and control groups for the
two genotypes of mice in each experiment are indicated in
corresponding figure legends. Data were analyzed using the
GraphPad Prism9 (San Diego, CA). Statistical significance was
calculated by two-way ANOVA with Tukey’s post-hoc test.
p values <0.05 were considered significant.
RESULTS

Loss of NLRC5 Does Not Exacerbate Liver
Damage Caused by Chemical Injury
TNFa, expressed by macrophages and hepatocytes in response to
toll-like receptor signaling, contributes to liver fibrosis by
Frontiers in Immunology | www.frontiersin.org 445
activating HSC and immune cells (12). Loss of TNF receptor
TNFR1 attenuates liver fibrosis induced by CCl4 or bile duct
ligation, accompanied by reduced expression of Col1a1 and Il6
genes and decreased NF-kB activation in liver tissues as well as in
isolated HSCs (41, 42). NF-kB signaling promotes cell survival
and proliferation of not only hepatocytes but also HSCs (42–44).
As NLRC5 knockdown in HSCs was shown to increase NF-kB
signaling (35), we examined whether NLRC5 deficiency
promoted liver fibrosis in vivo. To this end, we induced liver
fibrosis by intraperitoneal administration of CCl4 in NLRC5-
deficient and control mice for five weeks. Alterations in liver
function were evaluated and histological and molecular changes
were assessed. As shown in Figure 1A, both wildtype andNlrc5-/-

mice showed comparable levels of liver damage as revealed by
elevated serum levels of alanine transaminase (ALT).
Hematoxylin and eosin-stained liver sections showed similar
features of hepatocyte damage and mononuclear cell infiltration
in both wildtype and Nlrc5-/- mice (Figure 1B). Together these
results indicated that loss of NLRC5 does not increase hepatocyte
damage induced by chronic chemical injury.
CCl4-Induced Liver Fibrosis in
NLRC5-Deficient Mice Is Comparable
to Wildtype Mice
Next, we compared the extent of liver fibrosis in CCl4-treated
Nlrc5-/- and control mice. Sirius red staining of collagen fibers
revealed comparable pattern and distribution of fibrotic areas in
Nlrc5-/- and wildtype mice that was also confirmed by
quantification of the stained areas (Figures 2A, B). Moreover,
measurement of hydroxyproline, which is enriched in connective
tissue collagen fibers (45), was increased in CCl4-treated wildtype
mice (Figure 2C). Interestingly, Nlrc5-/-mice treated with vehicle
(corn oil, control) showed significantly elevated hydroxyproline
content compared to wildtype mice. Because of such elevated
hydroxyproline content in Nlrc5-/- mice, the CCl4-mediated
increase in this group was not statistically significant, even
though these levels are appreciably higher than in CCl4-treated
wildtype mice (Figure 2C). These observations suggested that
NLRC5 deficiency may augment certain aspects of the hepatic
fibrogenic response that is not discernible in the presence of
strong fibrogenic inducers such as CCl4.
CCl4-Induced Hepatic Myofibroblast
Differentiation Is Similar in NLRC5-
Deficient and Wildtype Mice
As fibrogenesis is mainly driven by HSCs activation and their
differentiation to myofibroblasts (13), we evaluated the expression
of the Acta2 gene coding for aSMA and that of Pdgfb coding for
platelet-derived growth factor beta, a mitogen for HSC. The
induction of Acta2 was significantly high in CCl4-treated wildtype
mice livers but showed only marginal increase inNlrc5-/-mice. On
the other hand, Pdgfb upregulation was significantly elevated in the
livers of CCl4-treated Nlrc5-/- mice but less prominently in control
mice (Figure 3A). However, the upregulation of Acta2 and Pdgfb
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genes was not significantly different between CCl4-treated wildtype
and Nlrc5-/- mice. Moreover, immunohistochemical staining of
aSMA in the liver sections from vehicle- or CCl4- treated mice
showed a comparable increase in pattern and staining of
myofibroblast distribution in CCl4- treated wildtype and Nlrc5-/-

mice that was also confirmed by digital quantification of the stained
areas (Figures 3B, C). These findings indicated that NLRC5
deficiency does not markedly affect myofibroblast differentiation
during chemically induced liver fibrosis.
Similar Induction of Collagens but
Differential Induction of ECM Remodelling
Enzymes in NLRC5-Deficient and
Control Livers
Consistent with the comparable levels of myofibroblast
differentiation in Nlrc5-/- and wildtype mice livers following CCL4
treatment, genes encoding the fibrillar collagens, collagen 1a1 and
collagen 3a1 (46) were strongly induced in both groups
(Figure 4A). Similarly, the gene coding for the ECM modifying
enzyme MMP2 and tissue inhibitor of MMPs-2 (Mmp2, Timp2),
which respectively exert anti- and pro-fibrogenic roles in liver
fibrosis (47–49), were strongly upregulated by CCL4 treatment in
bothNlrc5-/- and control mice livers (Figure 4B). However,Mmp3
and Timp1 genes, whose impact on liver fibrosis is controversial or
unclear (49), were strongly induced in wildtype mice livers but
showed significantly lower or negligible induction in NLRC5-
Frontiers in Immunology | www.frontiersin.org 546
deficient livers (Figure 4B). These findings indicate that NLRC5
deficiency does not appreciably affect the induction of many
fibrogenic response genes and that the observed differences
caused by NLRC5 deficiency are not strong enough to influence
the severity of liver fibrosis.
Fibrotic Livers of NLRC5-Deficient Mice
Show Increased TNF Expression
Liver fibrosis establishes feed forward loops involving pro-
inflammatory and profibrogenic cytokine gene expression by
immune cells and their recruitment by chemokines (50, 51). To
determine how NLRC5 deficiency affects these processes, we first
evaluated the expression of candidate genes implicated in these
processes. NLRC5-deficient livers displayed a significantly higher
induction of the pro-fibrogenic tumor necrosis factor gene Tnf
(Figure 5A). Serum TNF levels were elevated in both control and
Nlrc5-/- mice following CCl4 treatment (Figure 5B). Notably,
vehicle-treated Nlrc5-/- mice displayed appreciably higher levels
of TNF than control mice. The interleukin-1b gene Il1b did not
show appreciable induction following CCl4 treatment in control
livers but was significantly elevated in NLRC5-deficient livers
due to lower expression in the oil-treated group (Figure 5A). The
transcript levels of IL-6, a survival cytokine, was appreciably
lower in Nlrc5-/- livers (Figure 5A). The Tgfb gene coding for the
key fibrogenic cytokine transforming growth factor beta showed
comparable upregulation in both groups following CCl4
A B

FIGURE 1 | Loss of NLRC5 does not exacerbate liver damage caused by chemical injury. (A) Serum ALT levels in NLRC5-deficient and control mice following 5
weeks of treatment with CCl4 or corn oil (vehicle). Data shown are mean ± standard error of mean (SEM) from 4-5 mice per group from two separate experiments.
Statistical significance was calculated by two-way ANOVA with Tukey’s post-hoc test: ***p < 0.001, ns, not significant. (B) Images of hematoxylin and eosin-stained
sections of the livers, representative of 4-6 mice per group are shown. Magnified images (right) show comparable changes in hepatocyte morphology and
mononuclear cell infiltration (arrows) in CCl4-treated NLRC5-deficient and control livers.
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treatment (Figure 5C). On the other hand, the antifibrogenic
interferon gamma gene Ifng was appreciably reduced in wildtype
livers following CCl4 treatment, whereas Nlrc5-/- livers showed a
significant upregulation (Figure 5C). These findings indicate
that NLRC5 deficiency did cause an upregulation of hepatic Tnf
gene expression and systemic TNF protein levels, but this did not
result in increased liver fibrosis.

Increase inF4/80 Positive Cells in
NLRC5-Deficient Livers
The key producer cells of TNF during liver fibrosis are activated
liver-resident Kupffer cells and monocyte-derived macrophages,
which are recruited by chemokines expressed in the inflamed liver
(51). As NLRC5-deficient mice showed elevated TNF expression,
we evaluated the gene expression of the macrophage recruiting
chemokine CCL2 (macrophage chemoattractant protein-1) and
the T cell chemoattractant CCL5, as well as CX3CR1, the receptor
for CX3CL1 (fractalkine) expressed on monocyte-derived
macrophages and required for their homeostasis (52, 53).
Whereas the expression of Ccl2 and Ccl5 showed only marginal
induction in both wildtype and Nlrc5-/- livers, Cx3cr1 was strongly
upregulated in both groups (Figure 6A). Next, we examined the
gene expression of macrophage markers CD68 and F4/80
(ADGRE1) and T lymphocytes markers CD3ϵ and CD8a. As
Frontiers in Immunology | www.frontiersin.org 647
shown in Figure 6B, the fibrotic livers of both control and
NLRC5-deficient mice showed increased expression of Cd68 and
Adgre1, and the latter was significantly higher in Nlrc5-/- livers.
Whereas F4/80 is highly expressed in tissue-resident macrophages,
CD68 is expressed in both tissue-resident and infiltrating
macrophages (54, 55). The T cell marker transcript levels were
not markedly altered by CCl4 treatment in both groups of mice.
These findings suggest that NLRC5 deficiency increases the
activation of liver-resident macrophages, which presumably
contributes to elevated Tnf expression.

NLRC5-Deficient Livers Display Elevated
Levels of p65 Activation
Finally, we examined the protein expression of molecules
associated with fibrosis and signaling events reported to be
regulated by NLRC5 in whole liver homogenates. CCl4-treated
wildtype and Nlrc5-/- mice livers showed increased levels of aSMA
and MMP2 compared to vehicle-treated control groups
(Figure 7A), reflecting the increased transcript levels of Acta2
and Mmp2 genes in the fibrotic livers (Figures 3A, 4B). Notably,
phosphorylation of the p65 subunit of NF-kB, which occurs
downstream of diverse inflammatory signaling pathways
including TNF (56), was found to be elevated in vehicle-treated
Nlrc5-/- mice livers compared to wildtype control mice and this
A B

C

FIGURE 2 | CCl4-induced liver fibrosis in NLRC5-deficient mice is comparable to wildtype mice. (A) Sirius red-stained sections of oil- or CCl4- treated control and
NLRC5-deficient livers at low (left) and high (right) magnifications. Data shown are representative of 4-5 mice per group from two independent experiments.
(B) Quantification of Sirius red-stained area. Six randomly selected fields from liver pieces collected from different locations of each of the three mice per group were used
for quantification. (C) Hydroxyproline content of livers from oil (n=3-4) or CCl4-treated (n=4-7) control and NLRC5-deficient mice. Data shown in (B, C) are mean ± SEM.
Two-way ANOVA with Tukey’s post-hoc test: *p < 0.05, **p < 0.01, ns, not significant.
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p65 phosphorylation was sustained following CCl4 treatment, with
a concomitant decrease in total IkB (Figure 7B). This observation
is consistent with the findings in the HSC cell line LX-2 following
NLRC5 knockdown (37). However, phosphorylation of SMAD3,
which occurs downstream of TGFb signaling and reported to be
reduced by NLRC5 knockdown in LX-2 cells (36), was reduced in
Nlrc5-/- mice livers with or without CCl4 treatment, whereas
phosphorylation of SMAD2 was comparable to control mice
livers (Figure 7C). These results indicate that NLRC5 deficiency
deregulates NF-kB activation and may also modulate the SMAD
signaling pathway in the liver.
DISCUSSION

The growing healthcare burden of fibrotic diseases can be partly
attributed to increased lifespan and the associated inflammaging
as well as various lifestyle factors such as obesity and alcohol
Frontiers in Immunology | www.frontiersin.org 748
overuse. In addition to these factors, the limited progress in
therapeutic control of the fibrogenic cascade has strengthened
the efforts to understand the various molecular players with the
goal of identifying potential pharmacological targets (5–7, 14,
57–60). Even though C57BL/6 mice are less susceptible than
Balb/c mice to CCL4-induced liver fibrosis, various gene
knockout mice in the C57BL/6 background have immensely
contributed to the molecular understanding of liver fibrosis
pathogenesis (61). Inflammatory cytokines such as TNFa and
the fibrogenic cytokine TGFb play key roles in the pathogenesis
of liver fibrosis (41, 42, 62–64). IFNg, which exerts antifibrogenic
activity (65, 66), is a strong inducer of NLRC5 (67). The reports
on NLRC5-mediated regulation of NF-kB and SMAD activation
downstream of TNFa and TGFb, respectively, in the human
HSC cell line LX-2 raised the possibility that NLRC5 could be an
important regulator of liver fibrosis and NLRC5-deficient mice
would be useful to identify and characterize new drug targets to
treat liver fibrosis. Our findings indicate that even though
A

B C

FIGURE 3 | CCl4-induced myofibroblast differentiation is similar in NLRC5-deficient and wildtype livers. (A) Induction of Acta2 and Pdgfb genes in fibrotic livers.
Quantitative RT-PCR analysis of 8-10 mice from two independent experiments. (B) Immunohistochemical staining of aSMA in oil- or CCl4- treated control and
NLRC5-deficient mice livers. Representative liver sections from 4-5 mice per group from two independent experiments are shown. (C) Quantification of aSMA-
stained areas. Six randomly selected fields from liver pieces collected from different locations of three mice per group were used for quantification. Data shown in
(A, C) are mean ± SEM. Two-way ANOVA with Tukey’s post-hoc test: **p < 0.01; ***p < 0.001; ns, not significant.
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NLRC5 likely regulates these signaling events in the liver at
steady state and after tissue injury, loss of these NLRC5-mediated
regulatory mechanisms does not exacerbate liver fibrosis.

Our finding that NLRC5-deficient livers show increased
phosphorylation of p65/RelA concurs with the previous reports
on the regulatory functions of NLRC5 on NF-kB, although there
are controversies about its universality (33). Initial studies showed
that LPS-induced NF-kB activation was attenuated by NLRC5
overexpression whereas an inverse effect was observed by siRNA-
mediated knockdown of NLRC5 in HEK293T cells expressing
TLR4, in the murine macrophage cell line RAW264.7 and in
mouse embryonic fibroblasts (MEF) (28, 29, 34). Mechanistically,
Frontiers in Immunology | www.frontiersin.org 849
NLRC5 mediated this inhibition by interacting with IkB kinases
IKKab, thereby preventing them from being activated by NEMO
downstream of LPS-induced TLR4 signaling (29). This inhibition
was reported to be dynamically regulated by LPS-induced K63-
linked polyubiquitination of NLRC5 and its deubiquitination by
USP14 (29, 68). Subsequent studies using bone marrow-derived
macrophages (BMDM), dendritic cells (BMDC) and peritoneal
macrophages from four independently generated Nlrc5-/- mice
showed that NLRC5 deficiency did not affect LPS-induced
inflammatory cytokine production, although Tong et al.,
reported increased NF-kB activation and TNFa production in
MEFs and BMDM following LPS stimulation (69–72). It has been
A

B

FIGURE 4 | Similar induction of collagens but differential induction ECM remodelling enzymes in NLRC5-deficient and control livers. RNA extracted from liver tissues
from the indicated groups of mice were evaluated for the expression of (A) collagen (Col1a1, Col3a1) and (B) ECM remodelling enzymes (Mmp2, Mmp3, Timp1,
Timp2) by qRT-PCR. Data shown are mean ± SEM; n= 6-10 mice for each group collected from 2-3 independent experiments. Two-way ANOVA with Tukey’s post-
hoc test: *p < 0.05; ***p < 0.001; ****p < 0.0001; ns, not significant.
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suggested that differential ubiquitination of NLRC5 in different
cell type may account for such differences (68). Nonetheless,
elevated levels of phospho-p65 in NLRC5-deficient livers
(Figure 7B) and increased expression of TNF following fibrosis
induction (Figures 5A, B) confirmNLRC5-mediated regulation of
NF-kB in vivo. This regulation may occur in hepatic macrophages,
stellate cells and hepatocytes as all of them respond to TLR
agonists (73). This possibility is supported by the elevated
transcript levels of the tissue-resident macrophage marker F4/80
(Adgre1) (54) in the fibrotic livers of NLRC5-deficient mice
(Figure 6B). NF-kB is also activated by TNFa (56) and both
TLR and TNFa signaling pathways converge on the IKKabg
complex regulated by NLRC5 (56, 68, 73). Thus, the elevated levels
of phospho-p65 observed in NLRC5-deficient livers could result
from both gut-derived TLR agonists and the resultant induction of
TNFa in hepatic macrophages.

Intriguing differences were observed between NLRC5
knockout and wildtype mice livers in the induction of genes
Frontiers in Immunology | www.frontiersin.org 950
coding for the ECM modulating enzymes. Whereas Mmp2 and
Timp2 genes are upregulated following CCl4 treatment in both
wildtype and NLRC5-deficient livers, Mmp3 and Timp1 genes
were not significantly induced in the absence of NLRC5
(Figure 4B). TIMP1 is an inhibitor of MMPs and thus
promotes fibrogenesis but is not required to induce liver
fibrosis (74). Hence, the reduced Timp1 expression in NLRC5-
deficient mouse livers is non-consequential on fibrosis
development. However, Timp1 is known to be induced by
TNFa (75), and hence reduced Timp1 transcript levels in
NLRC5-deficient mouse livers despite elevated levels of TNFa
and NF-kB activation is intriguing.

Even thoughNLRC5 does not directly activate inflammasomes,
it is reported to interact with NLRP3 and contribute to
inflammasome activation and IL-1b production in the human
monocyte cell line THP-1 (76). However, peritoneal macrophages
from NLRC5 knockout mice did not show any change in IL-1b
production compared to wildtype macrophages (69, 72). Besides,
A

B C

FIGURE 5 | Fibrotic livers of NLRC5-deficient mice show increased TNF expression. (A) Hepatic RNA from the indicated groups of mice were tested for the
expression of pro-inflammatory cytokine genes Tnf, Il1b and Il6 by qRT-PCR; n= 7-11 mice for each group from 2-3 independent experiments. (B) ELISA
quantification of serum TNF levels; n=4 mice per group. (C) Expression of pro-fibrogenic (Tgfb) and anti-fibrogenic (Ifng) cytokine genes in the liver tissue samples
used in (A). Data shown are mean ± SEM; Two-way ANOVA with Tukey’s post-hoc test: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant. For
certain comparisons, significance values are indicated.
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IL-1b does not figure predominantly in the pathogenesis of
chronic liver diseases including liver fibrosis (77). Negligible
changes in Il1b transcript levels (Figure 6A) and comparable
level of liver fibrosis in NLRC5-deficient livers (Figure 2) suggest
that NLRC5-dependent NLRP3 inflammasome activation plays
little pathogenic role in liver fibrosis induced by chemically
induced hepatocyte injury.

IFNg is considered an anti-fibrogenic cytokine in the liver, but
strain-dependent differences and pro-fibrogenic role in certain
experimental models have been reported (65, 66, 78, 79). In the
liver, IFNg is produced by activated NK cells and T cells.
Whereas IFNg expression is significantly downmodulated
following CCl4 treatment in wildtype mice livers, and opposite
trend was observed in NLRC5-deficient mice. The reduced Ifng
transcript levels in vehicle-treated Nlrc5-/- mice and its
upregulation following fibrogenic stimuli suggest that NLRC5-
dependent MHC-I expression may modulate the activation of
immune cells under sterile inflammatory settings.

Li and colleagues have implicated NLRC5 in regulating
signaling pathways activated by the key fibrogenic cytokine
TGFb, as NLRC5 knockdown in LX-2 cells enhanced TGFb-
induced phosphorylation of the activating SMADs SMAD3 and
SMAD2, and increased expression of aSMA and collagen 1a1
genes (36). We did not find increased SMAD phosphorylation in
the livers of CCl4-treated NLRC5-deficient mice compared to
wildtype mice although Tgfb gene was induced to a similar extent
Frontiers in Immunology | www.frontiersin.org 1051
in both groups. On the other hand, SMAD3 phosphorylation was
diminished in NLRC5-deficient livers (Figure 7C). Even though
the relatively high proportion of hepatocytes (60-80%) in the
liver could mask any small difference in protein expression and
their modification in a small proportion of HSCs, comparable
levels offibrosis induction in NLRC5-deficient and wildtype mice
argues against the possibility of NLRC5-mediated modulation of
TGFb response impacting hepatic fibrogenesis.

Overall, our findings support the regulatory role of NLRC5 on
NF-kB activation and TNF expression and suggest that this
function may have a homeostatic role in restraining hepatic
cellular activation by gut-derived TLR ligands. However, this
NLRC5-mediated regulation is neither sufficient nor essential to
overcome strong inflammatory and fibrogenic signaling such as
the one induced by chronic chemical injury, as NLRC5-deficient
and wildtype control mouse livers develop comparable levels of
fibrosis. It is possible that adaptive repair mechanisms might
have attenuated the increased inflammatory response in NLRC5-
deficient mice, obscuring its effect after 5 weeks of CCl4
treatment. Therefore, it will be worthwhile to evaluate the
effect of NLRC5 deficiency at early stages of acute injury. As
TNF signaling plays a crucial pathogenic role in obesity-
associated hepatic inflammation and hepatocarcinogenesis
(10), the constitutively elevated p65 phosphorylation NLRC5-
deficient livers also warrants further investigations into possible
regulatory functions of NLRC5 on NF-kB activation and TNF
A

B

FIGURE 6 | Increased expression of F4/80 gene in the fibrotic livers of NLRC5-deficient mice. RNA extracted from liver tissues from the indicated groups of mice
were evaluated for the gene expression of (A) chemokines (Ccl2, Ccl5, Cx3cr1) and (B) the markers of macrophages (CD68, F4/80) and T lymphocytes (CD3ϵ,
CD8a). Data shown are mean ± SEM; n= 7-11 mice for each group from 2-3 independent experiments. Two-way ANOVA with Tukey’s post-hoc test: *p < 0.05;
***p < 0.001; ****p < 0.0001; ns, not significant. For certain comparisons, significance values are indicated.
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production under milder but chronic inflammatory conditions
such as the one associated with diet-induced fatty liver disease
and HCC development.
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FIGURE 7 | NLRC5-deficient livers display elevated levels of phospho-p65 and diminished levels of phospho-SMAD3. Liver tissue homogenates from control and NLRC5
-deficient livers following treatment with CCl4 or corn oil were evaluated for the expression of the indicated proteins associated with liver fibrosis (A), NF-kB signaling (B) and
TGFb signaling (C). At least four samples for each group frommore than two experiments were tested, and representative data for two mice per group are shown.
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The Nlr family member X1 (Nlrx1) is an immuno-metabolic hub involved in mediating
effective responses to virus, bacteria, fungi, cancer, and auto-immune diseases. We have
previously shown that Nlrx1 is a critical regulator of immune signaling and mortality in
several models of pulmonary fungal infection using the clinically relevant fungus Aspergillus
fumigatus. In the absence of Nlrx1, hosts produce an enhanced Th2 response primarily by
CD103+ dendritic cell populations resulting in enhancedmortality via immunopathogenesis
as well as enhanced fungal burden. Here, we present our subsequent efforts showcasing
loss of Nlrx1 resulting in a decreased ability of host cells to process A. fumigatus conidia in a
cell-type-specific manner by BEAS-2B airway epithelial cells, alveolar macrophages, bone
marrow-derived macrophages, but not bone marrow-derived neutrophils. Furthermore,
loss of Nlrx1 results in a diminished ability to generate superoxide and/or generic reactive
oxygen species during specific responses to fungal PAMPs, conidia, and hyphae. Analysis
of glycolysis andmitochondrial function suggests that Nlrx1 is needed to appropriately shut
down glycolysis in response to A. fumigatus conidia and increase glycolysis in response to
hyphae in BEAS-2B cells. Blocking glycolysis and pentose phosphate pathway (PPP) via 2-
DG and NADPH production through glucose-6-phosphate dehydrogenase inhibitor
resulted in significantly diminished conidial processing in wild-type BEAS-2B cells to the
levels of Nlrx1-deficient BEAS-2B cells. Our findings suggest a need for airway epithelial
cells to generate NADPH for reactive oxygen species production in response to conidia via
PPP. In context to fungal pulmonary infections, our results show that Nlrx1 plays significant
roles in host defense via PPP modulation of several aspects of metabolism, particularly
glycolysis, to facilitate conidia processing in addition to its critical role in regulating
immune signaling.

Keywords: NLRX1, aspergillus fumigalus, glycolysis, nod-like proteins, defense, fungi, reactive oxygen species,
NADPH oxidase
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INTRODUCTION

Aspergillus fumigatus is a clinically relevant, fungal pathogen that
causes a wide variety of pulmonary disease manifestations. As an
opportunistic pathogen, A. fumigatus relies on inherent
deficiencies in the host immune system to facilitate disease (1).
These clinically identified defects are often associated with an
inability by the host to appropriately recruit innate immune cells,
primarily macrophages and neutrophils, in order to identify,
process, and clear the fungus (1). While much focus has been
placed on macrophages and neutrophils, the importance of
dendritic cell subsets, airway epithelial cells, and T cells as
orchestrators of the innate and adaptive immune system has
become evident (2–7). There has also been substantial effort to
understand intra- and intercellular communication within and
among host cell populations that facilitates these processes. Our
prior work identified the host nod-like receptor X1 (Nlrx1) as a
critical regulator of defense and immune signaling that
functioned in a cell- and context-specific manner (6). Here, we
expand on aspects of that work using a variety of in vitro cell
models and Nlrx1 knockouts to unravel novel aspects of defense
responses and metabolism that are fungal morphotype, host cell
type, and Nlrx1 dependent.

Studies to dissect defense responses to A. fumigatus have been
primarily pursued in macrophages, neutrophils, and airway
epithelial cells. Macrophages rapidly ingest A. fumigatus
resting or swollen conidia via receptor-mediated phagocytosis
followed by phagosome acidification and reactive oxygen species
production (8–11). This process has been shown to be dependent
upon LC3-associated phagocytosis, NOX2 NADPH oxidase
complex, and enhancement of glycolysis (8–10). Neutrophils
have also been shown to rapidly internalize and produce
superoxide, hydrogen peroxide, and hypochlorous acid in
response to resting and swollen conidia; however, the relative
production of these defense compounds was significantly lower
in resting conidia in comparison to swollen (12). Further non-
oxidative responses have also been observed (13). Responses to
the hyphal form of A. fumigatus results in the production of
neutrophil extracellular traps that are thought to ensnare the
fungus as well as allow for the generation of massive levels of
reactive oxygen species viaNADPHoxidases andmyeloperoxidase
(13, 14). Both neutrophils and macrophages provide important
examples of morphotype-specific responses by critical host cell
populations (13, 15).

In vitro internalization rates of A. fumigatus conidia by airway
epithelial cells are highly variable, ranging from 10%–50%, and
dependent on cell type (BEAS-2B, 16HBE14o-, A549, primary
bronchial, nasal, etc.) [Reviewed in (16)]. Recognition of conidia
by airway epithelial cells occurs in at least a Tlr2 manner and
involves the increased expression of Dectin-1 (17). Processing
of conidia has been shown to be dependent on host
phosphoinositide 3-kinase, flotillin-2, caveolin, and Rab5c (11).
Further several putative defensins have been identified to be
expressed in response to conidia (17). A growing body of
literature indicates that conidia are also processed extracellularly
or made inactive though the precise mechanism(s) remaining
unknown (11, 18). One study using transmission electron
Frontiers in Immunology | www.frontiersin.org 256
microscopy did not observe internalization of A. fumigatus
conidia by airway epithelial cells post challenge in immuno
suppressed mice, but rather found conidia at junction sites
between ciliated and/or goblet cells (19). Preliminary data on
the generation of reactive oxygen species have been observed
by airway epithelial cells after prolonged exposure to viable
A. fumigatus resting conidia and is dependent on Dectin-1;
however, this mechanism also remains unknown (17).

Nlrx1 is a nod-like receptor consisting of a mitochondrial
targeting signal, a nucleotide binding domain, and leucine-rich
repeat domain. Nlrx1 has been shown to be a critical regulator of
host immune and defense responses to a variety of microbial
pathogens, cancers, and auto-immune diseases [reviewed
recently in (20)]. Mechanistically, Nlrx1 appears to function as
a multi-faceted hub. A subset of Nlrx1’s functions include its
ability to bind TRAF6/2, thereby mitigating a variety of immune
signal transduction pathways (21), interact within the inner
mitochondrial membrane, thereby impacting mitochondrial
function as well as forms of reactive oxygen species production
(22–25), bind TUFM to facilitate autophagy and LC3-associated
phagocytosis (26), and insulate the DNA sensing adaptors
STING and/or MAVS to mitigate innate immune signaling to
a variety of viruses (27, 28). This diversity of concurrent
functions has made Nlrx1 a promising therapeutic target for a
variety of diseases (29, 30).

Our prior work on Nlrx1 identified the gene to be
differentially expressed during models of invasive pulmonary
aspergillosis (31). In vivo studies involving several models of
invasive pulmonary aspergillosis using Nlrx1 knockout mice
indicated enhanced fungal burden, mortality, and enhanced
immune signaling towards a detrimental Th2 response via
CD103+ dendritic cells in the absence of Nlrx1 that ultimately
resulted in immunopathogenesis-driven mortality (6). We
hypothesized that the enhanced fungal burden may function as
a double detriment to the Th2-mediated immunopathogenesis.
Here, we follow up on our prior observation of enhanced fungal
burden by determining if the loss of Nlrx1 results in enhanced
conidial survival in a variety of cell types as well as dissecting how
Nlrx1 mediates these processes. Results from this study provided
novel insight into how Nlrx1 regulates defense and metabolic
responses to A. fumigatus in a morphotype- and cell-type-
specific manner.
MATERIALS AND METHODS

Cell Extraction, Culture, and Maintenance
A. fumigatus strain Af293 was routinely cultured on glucose
minimal media at 37°C for 5–7 days. Conidia were harvested in
PBS + Tween 20 (0.1%) and passed through a 90-micron filter to
remove hyphae and particulate prior to challenge. Fresh aliquots
of A. fumigatus were taken after every fourth passage. Wild-type
and Nlrx1-deficient cells generated by CRISPR-Cas9 (DNlrx1)
BEAS-2B cells were routinely cultured at 37°C in the presence of
5% CO2 using RPMI base medium supplemented with 10% fetal
bovine serum and 1× penicillin-streptomycin (6). Wild-type and
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DNlrx1 BEAS-2B cells were grown to a maximum of 75%
confluence and discarded after their ninth passage. Wild-type
and Nlrx1 knockout (Nlrx1-/-, derived from homozygous mice)
bone marrow-derived macrophages (BMDMs) and bone
marrow-derived neutrophils (BMDNs) were extracted from
male mice between 15 and 30 weeks of age as previously
described in (32). BMDNs were immediately utilized post
purification. BMDMs were differentiated using 25 ng/ml
M-CSF. On day 6 post incubation, BMDMs were seeded at 5 ×
105 or 5 × 104 cells into 24- and 96-well plates, respectively, and
utilized the following day for challenge experiments.

Challenge Assays
Freshly harvested Af293 conidia were challenged against wild-
type and Nlrx1-deficient BMDMs, BMDNs, alveolar
macrophages, and immortalized human bronchial epithelial
BEAS-2B cells (5 × 104 96-well, 5 × 105 24-well, American
Type Culture Collection) for 3, 6, 9, 12, and/or 24 h at 37°C in the
presence of 5% CO2.

For the FUN-1 assay, conidia and mammalian cells were
incubated with calcofluor white M2R (CFWM2R, 25 mM) for 15
min to label conidia. Cells and conidia were incubated in NP-40
buffer (250 ml) plus the metabolic dye FUN-1 (2.5 mM) for 1 h at
37°C. Conidia (50,000–60,000) from independent challenges
were analyzed by flow cytometry for FUN-1 and CRWM2R
fluorescence. Positive gating was determined using conidia
challenged onto empty tissue culture wells containing
respective cell culture media. Independent experiments were
run in triplicate. All experiments were independently repeated.
Statistical difference was determined using the Kruskal–Wallis
test followed by a Dunn’s test for multiple comparisons. For
challenge assays involving inhibitors, BEAS-2B cells were
incubated for 3 h with the respective inhibitor prior to
challenge and then washed 3× to remove the inhibitor.

For the XTT cell viability assay (CyQuant), cells (5 × 104, 96-
well) were challenged for 24 h with A. fumigatus conidia, washed
with PBS, and resuspended in fresh media (100 ml). Cells were
then vigorously pipetted to lyse BEAS-2B cells as viable BEAS-2B
cells masked XTT metabolism by the fungus. No PBS wash or
vigorous pipetting was required for alveolar macrophage and
BMDM challenges. XTT solution was made fresh as per the
manufacturer’s instruction and 50 ml was added to each well.
Cells were incubated for 2–4 h at 37°C and the absorbance was
read at 450 and 660 nm (background correction). Corrected
absorbance from media only wells was subtracted from
challenges to determine specific absorbance. All experiments
were independently repeated. Statistical significance was
determined by Kruskal–Wallis test followed by a Dunn’s test
for multiple comparisons.

For the colony-forming unit assay, conidia (5 × 103) were
challenged against cells (5 × 104) for 12 h and were resuspended
in 250 ml of NP-40 buffer, plated (50 ml) onto GMM plates, and
incubated for 12–24 h at 37°C. All experiments were
independently repeated. Statistical significance was determined
by the Kruskal–Wallis test followed by a Dunn’s test for
multiple comparisons.
Frontiers in Immunology | www.frontiersin.org 357
Measurement of Reactive Oxygen Species
Production and Oxidative Stress
Wild-type and Nlrx1-deficient BEAS-2B airway epithelial cells,
BMDMs, and BMDNs (50,000 per well, 96-well plate format)
were pre-stained with ROS- and OS-specific fluorescent dyes
(Enzo scientific, ROS-ID® ROS/RNS detection kit) for 30 min
prior to challenge with fungal pathogen-associated molecular
patterns (PAMPs) curdlan (100 ng/ml, InvivoGen), zymosan
depleted (100 ng/ml, InvivoGen), zymosan (100 ng/ml,
InvivoGen), killed hyphae (100 ng/ml, laboratory derived), and
killed Af293 conidia (50,000 per well in 10 ml). Cells were
incubated at 37°C in the presence of 5% CO2 prior to and post
challenge. Fluorescence was measured for ROS production
(Excitation: 490/14, Emission: 525/20) and OS production
(Excitation: 550/20, Emission: 620/20) at 30, 60, 90, 180, 360,
and 540 min post challenge using a Cytation 5 plate reader at
37°C in the presence of 5% CO2. Experiments were conducted at
6× and repeated independently. Statistical difference was
determined using the Kruskal–Wallis test followed by a Dunn’s
test for multiple comparisons.
Modified Mitochondrial and Glycolytic
Stress Tests
Both mitochondrial and glycolytic stress tests were performed as
described by the manufacturer’s protocol (Agilent). Cells were
plated at a density of 50,000 cells per well (24-well format)
approximately 24 h prior to run. Cells were washed three
times with PBS (500 ml) and incubated for 1 h in serum and
bicarbonate free DMEM in the absence of glutamine (glycolytic)
or in the presence of 1 mM glutamine (mitochondrial) at 37°C.
After initial baseline equilibration, fungal PAMPs curdlan
(100 ng/ml) and zymosan depleted (100 ng/ml), killed
conidia (50,000), killed hyphae (100 ng/ml), and control media
were injected via port-A and allowed to mix prior to sequential
addition of compounds for glycolytic and mitochondrial
stress tests. For the mitochondrial stress test, basal respiration
was determined by averaging the oxygen consumption rate
(OCR) prior to treatment with control media. ATP production
was determined by measuring the minimal OCR post oligomycin
treatment and the average basal OCR. Maximal respiration
was calculated based on the difference in maximal OCR post
FCCP treatment and minimal OCR post oligomycin treatment.
Spare capacity was determined by the difference in average
basal OCR and the maximal OCR post FCCP treatment.
For the glycolytic stress test, glycolytic activity was determined
by the difference in basal extracellular acidification rate
(ECAR) and ECAR post glucose treatment. Glycolytic capacity
was determined by the difference in basal ECAR and ECAR
post oligomycin treatment. Glycolytic reserve was determined
by the difference in the ECAR post glucose injection and
the ECAR post 2-DG injection. All experiments were
independently repeated. N = 6. Statistical significance was
assessed by the Kruskal–Wallis test followed by a Dunn’s test
for multiple comparisons.
November 2021 | Volume 12 | Article 749504
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RESULTS

We initially set out to determine if Nlrx1 contributes to the host
cell’s ability to process A. fumigatus conidia. Our prior efforts
had indicated that loss of Nlrx1 resulted in enhanced fungal
burden in immuno-competent and suppressed mice when
inoculated with A. fumigatus (6). Loss of Nlrx1 in BEAS-2B
airway epithelial cells, alveolar macrophages, and BMDMs, but
not BMDNs resulted in significantly decreased conidial
processing using both colony-forming units 12 h post
Frontiers in Immunology | www.frontiersin.org 458
challenge as well as an XTT metabolism 24 h post challenge
(p < 0.05 where denoted by an asterisk) (Figures 1A, B, D–H).
We had previously established a flow cytometry assay to measure
conidial viability through FUN-1 fluorescence at early time
points post challenge (11). This assay also indicated that
Nlrx1-deficient BEAS-2B (DNlrx1) cells processed approximately
half as many viable conidia as wild-type cells 3 and 6 h post
challenge (p < 0.05) (Figure 1C). Our in vitro results suggest that
the contributions of Nlrx1 to fungal processing are relevant
to airway epithelial cell and macrophages, two critical cell
A B

D E

F G

H

C

FIGURE 1 | Nlrx1 mediated A. fumigatus processing occurs in a cell-type-specific manner. Viable A. fumigatus conidia were challenged against wild-type and Nlrx1-
deficient (A–C) BEAS-2B airway epithelial cells, (F, G) bone marrow-derived macrophages, (D, E) alveolar macrophages, and (H) bone marrow-derived neutrophils.
Conidial viability was assessed via (A, D, F, H) XTT viability assay 24 h post challenge, (B, E, G) the colony-forming unit assay 12 h post challenge, and (C) FUN-1+
fluorescence assay 3 h post challenge. p < 0.05, indicated by asterisk via Kruskal–Wallis test followed by a Dunn’s test for multiple comparisons.
November 2021 | Volume 12 | Article 749504
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populations involved in early response to and processing of
A. fumigatus. BMDNs did not have an altered ability to process
conidia. This finding is quite relevant as enhanced mortality and
fungal burden dependent on Nlrx1 were greater in in vivomodels
of IPA where neutrophils were depleted or rendered ineffectual
(6). It has yet to be determined if Nlrx1 impacts processing of
hyphae in these cell types.

Prior work of others indicates reactive oxygen species
production, specifically superoxide produced by NADH and
NADPH oxidases, are critical for processing A. fumigatus
conidia by macrophages (8–10). Nlrx1 has been shown to be
needed for robust generation of reactive oxygen species to combat
a variety of microbial pathogens (22–25). We sought to determine
if Nlrx1 regulated the production of general oxidative stress (ROS)
as well as specific generation of superoxide (O−

2 ) in response to A.
fumigatus. We established a time course approach (measurements
at 30, 60, 90, 180, 360, and 540 min post challenge) using cell-
stable fluorescent dyes to measure ROS as well as specific
generation of O−

2 by BEA2B airway epithelial cells (Figures 2A–D
and Supplementary Figure 1). We challenged both WT and
DNlrx1 cell populations over 12 h with killed A. fumigatus
conidia, killed hyphae, control buffer, or fungal PAMPs curdlan,
zymosan, and zymosan depleted. Both curdlan and zymosan
depleted are thought to be recognized by C-type lectin receptors
such as Dectin-1, while zymosan is recognized by both human
Tlr2 and Dectin-1. These three PAMPs are also commonly
associated with the hyphal form of A. fumigatus.

Wild-type BEAS-2B cells produced O−
2 within 30 min to the

three hyphae-associated fungal PAMPs and killed hyphae, but not
to killed conidia in comparison to control (Figure 2A). Concurrent
measurements of ROS indicated a robust response to all five stimuli
in comparison to control by 30 min, but diminished to or below
baseline levels by 60–90 min, with the exception of zymosan, which
remained elevated throughout (Figure 2B). DNlrx1 cells produced
significantly decreased amounts of O−

2 and general ROS in
response to all stimuli in comparison to WT cells (p < 0.05)
(Figures 2C, D and Supplementary Figure 1). The loss of ROS in
the absence of Nlrx1 correlated well with a decrease in conidial
processing observed during challenge assays (Figure 1). Our
findings illuminate a very exciting phenomena that BEAS-2B
airway cells do not produce detectable levels of O−

2 over control
PBS treatment in response to conidia, but do so for hyphae and
hyphae-associated PAMPs. Further elevated ROS responses, which
do occur for all five stimuli are mitigated in the absence of Nlrx1.
The decrease in ROS in the absence of Nlrx1 fit well with the
decreased processing of conidia observed by BEAS-2B cells.

We then conducted cellular ROS and OS measurements in
BMDMs using killed conidia, and fungal PAMPs (Figures 2E, F
and Supplementary Figure 2). Elevated and significant levels of
O−

2 and ROS were detected in response to all four stimuli within
30 min as expected for phagocytic cells (p < 0.05). Surprisingly,
loss of Nlrx1 resulted in similar, non-statistically significant,
levels of O−

2 and ROS in comparison to wild-type (p > 0.10). This
finding suggested that Nlrx1-dependent O−

2 and ROS production
does not meaningfully contribute to the diminished conidial
processing observed for the absence of Nlrx1 in BMDMs.
Frontiers in Immunology | www.frontiersin.org 559
We then performed similar experiments using BMDNs using
the five stimuli. BMDNs did not produce elevated O−

2 in response to
killed conidia, but did to hyphae and hyphae-associated PAMPs
(Figures 2G, H and Supplementary Figure 3). BMDNs did
produce statistically significant levels of ROS in response to
conidia (p < 0.05), but the amount was minuscule in comparison
to killed hyphae and fungal PAMPs. Loss of Nlrx1 in BMDNs did
not result in meaningful changes in ROS or OS production. Our
initial assessment of ROS and OS regulation in response to A.
fumigatus conidia and hyphae suggests that cell-type (BEAS-2B,
BMDMs, and BMDNs) and morphotype (conidia, hyphae)
responses are often, but not always, dependent upon Nlrx1
(summarized in Table 1).

Loss of Nlrx1 Results in Diminished
Mitochondrial Function in BEAS-2B Cells
Our results suggested that BEAS-2B cells were processing a
significant amount of conidia in a manner that did not involve
superoxide production, but correlated with the need to rapidly
produce alternate forms of reactive oxygen species in a Nlrx1-
dependent manner. ROS can be generated within the
mitochondria as a product of oxidative phosphorylation
(OxPhos) as well as in the cytoplasm by a variety of stress-
and defense-related enzymes. To determine if Nlrx1 was
contributing to mitochondrial ROS generation in BEAS-2B
cells via OxPhos, we conducted standard and modified
mitochondrial stress test using BEAS-2B cells pre-challenged
with killed A. fumigatus conidia, hyphae, and fungal PAMPs
curdlan, zymosan depleted, and zymosan (Figure 3).

Loss of Nlrx1 resulted in a near-complete loss of mitochondrial
ATP-linked respiration, a significantly diminished maximal
respiration and spare capacity using the standard mitochondrial
stress test (p < 0.05, Figures 3A–C, O–R). Our data suggest that
mitochondrial respiration is what we would assume to be near the
minimum possible to retain viability for DNlrx1 BEAS-2B cells. At
first impression, this would fit with the decreased production of
O−

2 and ROS. However, treatment of wild-type BEAS-2B cells with
killed hyphae resulted in significantly decreased mitochondrial
respiration, maximal respiration, and a complete lack of spare
capacity (Figures 3I, M, O–R). This suggested that the observed
increases in ROS and superoxide production in response to
hyphae by WT BEAS-2B cells was not a part of mitochondrial
OxPhos. Treatment of WT BEAS-2B cells with killed conidia or
fungal PAMPs did not appear to modulate mitochondrial
respiration, further indicating that the observed O−

2 and general
ROS responses did not correlate with changes in mitochondrial
function (Figures 3G, H, J–L, N–R). Though the decrease in ROS
andOS as well as mitochondrial function appear to correlate in the
absence of Nlrx1, the significant decrease in mitochondrial
function as measured by oxygen consumption by wild-type cells
does not fit this hypothesis, suggesting that Nlrx1 function in ROS
is occurring elsewhere or indirectly associated with its role in the
mitochondria. Our results additionally highlight a novel finding
that BEAS-2B cells respond to hyphae, but not conidia, by
immediately diminishing mitochondrial OxPhos as measured by
oxygen consumption. These unique responses fit the notion of
November 2021 | Volume 12 | Article 749504
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morphotype-specific responses by the host cell that have been
observed by our group and others.

Glycolysis Is Differentially Modulated in
Response to A. fumigatus Conidia and
Hyphae in a Nlrx1-Dependent Manner
Given the novel observation of decreased mitochondrial
respiration in response to hyphae and the lack of direct
Frontiers in Immunology | www.frontiersin.org 660
correlation between mitochondrial respiration and superoxide/
ROS production in response to A. fumigatus by BEAS-2B cells,
we thought to explore if glycolysis is perturbed in response to
A. fumigatus and if this process is dependent on Nlrx1. Early
aspects of glycolysis serve as a central conduit to the pentose
phosphate pathway, which is a critical source of NADPH utilized
by NADPH oxidases to generate ROS. When sugars are diverted
to the PPP, glycolysis can also become effectively diminished.
A B

D

E F

G H

C

FIGURE 2 | Reactive oxygen species production and superoxide production in response to A. fumigatus conidia hyphae, and a subset of fungal PAMPs is
dependent on Nlrx1. BEAS-2B airway epithelial cells were pre-stained for 30 min with cell-permeable, stable fluorescent dyes specific for (A, C, E, G) superoxide
production or (B, D, F, G) general reactive oxygen species production prior to challenge. (A, B) Wild-type BEAS-2B cells, (E, F) bone marrow-derived macrophages,
and (G, H) neutrophils were challenged for 9 h with killed A. fumigatus conidia, hyphae, and fungal PAMPs, and fluorescence was measured 30, 60, 90, 180, 360,
and 540 min post challenge. Colored asterisk (corresponding to treatment group) denotes p < 0.05 via Kruskal–Wallis test followed by a Dunn’s test for multiple
comparisons against the control. (C, D) Fluorescence emission from wild-type and Nlrx1-deficient BEAS-2B cells 30 min post challenge. Black asterisk denotes
p < 0.05 via Kruskal–Wallis test followed by a Dunn’s test for multiple comparisons against the control. Red asterisk denotes p < 0.05 between genotypes for a
given treatment group. Supplementary Figures S1–S3 show time course data for Nlrx1-deficient background compared to wild type.
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Similarly, movement of molecules into the TCA cycle can give a
false appearance that glycolysis is shut down when in fact
glycolysis is occurring just not via lactate production as
measured in the glycolytic stress test. We conducted a standard
glycolytic stress test as well as the modified form where we once
again pretreated cells with killed A. fumigatus conidia, hyphae,
and fungal PAMPs. The basal glycolytic stress test indicated that
Nlrx1-deficient cells were statistically deficient in glycolysis and
had diminished glycolytic capacity and glycolytic reserve (p <
0.05) (Figures 4A–C, O–Q). Thus, the absence of Nlrx1 also
decreases basal glycolysis function and reserve.

Surprisingly, pre-treating BEAS-2B cells with killed conidia
resulted in near-complete shutdown of glycolysis, glycolytic
capacity, and reserve during the glycolytic stress test. This
highly novel and significant finding suggests that glycolysis is
shut down in response to killed conidia (Figures 4D, E). This
shutdown may be part of a process to shunt glucose into the PPP
to facilitate NADPH production to be utilized for ROS
production, thereby reducing lactate production, which is
indirectly measured via decreased changes in pH over time
(ECAR) by the Seahorse metabolic flux analyzer. Even more
surprising, Nlrx1-deficient BEAS-2B cells did not shut down
glycolysis in response to conidia and had a similar response to
Nlrx1-deficient cells treated with control buffer (Figures 4J, N–Q).
We conclude that loss of Nlrx1 results in a failure to shut down
glycolysis in response to conidia by BEAS-2B cells. This failure to
shut down glycolysis may provide an explanation into why
enhanced conidial germination and decreased ROS production
is observed for DNlrx1 cells.
Frontiers in Immunology | www.frontiersin.org 761
Contrastingly, treatment of BEAS-2B cells with killed hyphae
prior to the stress test indicated significantly elevated glycolysis,
decreased glycolytic capacity, and a near-complete depletion of
the glycolytic reserve in comparison to control cells (p < 0.05)
(Figures 4D, E, I, M, O–Q). Nlrx1-deficient BEAS-2B cells
treated with hyphae were also elevated in glycolysis in
comparison to control treatments yet were decreased in
glycolysis activation in comparison to wild type treated with
hyphae. Both WT and Nlrx1-deficient BEAS-2B cells were
completely depleted of any glycolytic reserves, suggesting
significant bioenergetics in response to stimuli.

Treatment with curdlan and zymosan did not significantly
elevate glycolysis, but did significantly decrease glycolytic reserve
in comparison to control BEAS-2B cells (Figures 4G, H, K, L).
Ultimately, our results suggest that BEAS-2B cells activate
glycolysis and deplete reserves in response to killed hyphae
while turning off glycolysis in response to conidia. Nlrx1-
deficient cells fail to ablate glycolysis in response to conidia
and can only partially elevate glycolysis in response to
hyphae (Figure 4F).

Block-Aid of Pentose Phosphate Pathway
Reduces ROS Production and Processing
in Response to A. fumigatus Conidia
Our results from the modified glycolytic stress tests indicated
that glycolysis is significantly diminished in response to conidia
and is also controlled via a Nlrx1-dependent process or
potentially Nlrx1 directly. This finding fit well with the
observation of decreased ROS production by DNlrx1 BEAS-2B
TABLE 1 | Summary of superoxide production and ROS production and their dependency on Nlrx1 in response to A. fumigatus and fungal PAMPs.

BEAS-2B Airway Epithelial Cells

SuperoxideProduction Nlrx1Dependency ROSProduction Nlrx1Dependency

Conidia Killed - Not Applicable + Yes

Hyphae Killed + Yes + Yes
Curdlan + Yes + Yes
Zymosan + Yes + Yes
Zymosan Depleted + Yes + Yes

Bone Marrow Derived Macrophages
Superoxide
Production

Nlrx1
Dependency

ROS
Production

Nlrx1
Dependency

Conidia Killed + No + No
Hyphae Killed + No + No
Curdlan + No + No
Zymosan + No + No
Zymosan Depleted + No + No

Bone Marrow Derived Neutrophils
Superoxide
Production

Nlrx1
Dependency

ROS
Production

Nlrx1
Dependency

Conidia Killed - Not Applicable + No

Hyphae Killed + No + No
Curdlan + No + No
Zymosan + No + No
Zymosan Depleted + No + No
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cells and enhanced conidial germination. We hypothesized that
the shutdown of glycolysis was occurring to facilitate a
movement of energy towards the PPP to generate NADPH. To
test this hypothesis, we treated wild-type BEAS-2B cells with 2-
DG, an inhibitor of hexokinase and glucose-6-phosphate
isomerase, thereby inhibiting glycolysis and PPP, as well as
glucose-6-phosphate dehydrogenase inhibitor 1, an inhibitor of
the enzyme responsible for NADPH production in PPP. We also
Frontiers in Immunology | www.frontiersin.org 862
tested sodium oxamate, an inhibitor of lactate dehydrogenase,
and a combination of Rotenone/Antimycin A, potent inhibitors
of mitochondrial complex I and III, respectively.

Pre-treatment of wild-type BEAS-2B cells with either 2-DG or
glucose-6-phosphate dehydrogenase inhibitor 1 resulted in a
significantly increased percentage of metabolically viable conidia
in comparison to control and produced similar viability levels as
DNlrx (p < 0.05, Figure 5). Pre-treatment with sodium oxamate, a
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FIGURE 3 | Modulation of mitochondrial energetics within wild-type BEAS-2B cells in response to A. fumigatus conidia, hyphae, and a subset of fungal PAMPs is
dependent on Nlrx1. (A) Oxygen consumption rate (OCR, pmol/min) and (B) extracellular acidification rate (ECAR, mpH/min) for wild-type and Nlrx1-deficient (DNlrx1)
cells using a standardized mitochondrial stress test outlined in (C). Measurement of (D) OCR and (E) ECAR by wild-type BEAS-2B cells during a modified
mitochondrial stress test. The modified version of the assay provides an injection of fungal PAMPs (zymosan depleted and curdlan), killed hyphae, or killed conidia
prior to the standard test. (F) Summary of mitochondrial function, superoxide production, and general reactive oxygen species production by BEAS-2B cells in
response to killed conidia, hyphae, and fungal PAMPs zymosan depleted, and curdlan. (G–J) OCR and (K–N) ECAR by wild-type and DNlrx1 BEAS-2B cells during
a modified mitochondrial stress test using fungal PAMPs (zymosan depleted and curdlan), killed hyphae, or killed conidia. Calculated values for (O) respiration with
compound, (P) mitochondrial ATP-linked respiration, (Q) maximal respiration, and (R) spare capacity. For (O–R), black asterisk denotes p < 0.05 via Kruskal–Wallis
test followed by a Dunn’s test for multiple comparisons against the control. Red asterisk denotes p < 0.05 between genotypes for a given treatment group.
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specific inhibitor of lactate dehydrogenase, did not alter conidial
processing for WT or DNlrx1 cells (p > 0.10), while the treatment
with Rot/AntA resulted in a statistically significant increase in
conidial survival for both genotypes (p < 0.05, Figure 5). These
results fit well with our working model that glycolysis is shut down
in order to shunt glucose 6-phosphate to fuel the pentose
phosphate pathway specifically NADPH production. While our
Frontiers in Immunology | www.frontiersin.org 963
metabolic analysis via Seahorse metabolic flux analyzer did not
identify a perturbation in mitochondrial function in response to
killed conidia. Our inhibitor challenge assays suggest that loss of
basal mitochondria function results in a Nlrx1-independent
decrease in conidial viability. A summary, working model is
presented in Figure 6 for how BEAS-2B cells respond to conidia
and hyphae in a Nlrx1-dependent manner based on our findings.
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FIGURE 4 | Modulation of glycolysis within BEAS-2B in response to A. fumigatus conidia, hyphae, and a subset of fungal PAMPs is dependent on Nlrx1. (A) Extracellular
acidification rate (ECAR, mpH/min) and (B) oxygen consumption rate (OCR, pmol/min) for wild-type and Nlrx1-deficient (DNlrx1) cells using a standardized glycolytic
stress test outlined in (C). Measurement of (D) ECAR and (E) OCR by wild-type BEAS-2B cells during a modified glycolytic stress test. The modified version of the
assay provides an injection of fungal PAMPs (zymosan depleted and curdlan), killed hyphae, or killed conidia prior to the standard test. (F) Summary of glycolysis,
superoxide production, and general reactive oxygen species production by BEAS-2B cells in response to killed conidia, hyphae, and fungal PAMPs zymosan depleted
and curdlan. (G–J) ECAR and (K–N) OCR by wild-type and DNlrx1 BEAS-2B cells during a modified glycolytic stress test using fungal PAMPs (zymosan depleted
and curdlan), killed hyphae, or killed conidia. Calculated values for (O) glycolysis, (P) glycolytic capacity, and (Q) glycolytic reserve. For (O–Q), black asterisk denotes
p < 0.05 via Kruskal–Wallis test followed by a Dunn’s test for multiple comparisons against the control. Red asterisk denotes p < 0.05 between genotypes for a given
treatment group.
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DISCUSSION

Host resistance and clearance of A. fumigatus, and other
ubiquitous microorganisms inhaled into the respiratory system,
is an inherent and evolved feature with significant selection
pressure. Mucociliary clearance is thought to be a key
mechanism by which conidia and fungal particulate are
removed from the upper respiratory system. Beyond
mucociliary clearance, there exists a highly coordinated process
of inter- and intracellular signaling events leading to the
appropriate recognition, processing, containment, and eventual
clearance of A. fumigatus. Aberrations in these processes may
result in a variety of disease manifestation. Our prior results
using Nlrx1-deficient mice in models of IPA indicated enhanced
immunopathogenesis due to loss of regulation in both inter- and
intracellular signaling as well as fungus burden, thereby resulting
in a double detriment. Our in vitro studies indicate a defect in
processing and killing of conidia by Nlrx1-deficient airway
epithelial cells, alveolar macrophages, and BMDMs. This fit
well with the enhanced fungal burden observed for Nlrx1-
deficient mice in our prior studies on day 1 and day 3 post
challenge using three different models of IPA and one of
immuno-competent challenge (6).

Our results presented in this study indicate that conidia do
not induce a specific production of superoxide in BEAS-2B cells,
but rather induce general ROS production as an early burst that
may be associated with general oxidative stress or specific
production for defense purposes. The intensity of this burst
was significantly lower in DNlrx1 cells. Reactive oxygen species
can be produced as either a product or by-product of
Frontiers in Immunology | www.frontiersin.org 1064
mitochondrial function during oxidative phosphorylation (33).
ROS, specifically hydrogen peroxide, can also be produced via
NADPH-dependent DUOXs (DUOX1 and DUOX2) in a non-
phagocytic manner at the cell membrane (34). Given our prior
work and that of others on extracellular processing of conidia by
airway epithelial cells (11, 18), DUOXs are a prime candidate for
this function. DUOXs have also been previously shown to be
critical in the killing and/or immune response to a number of
microbes including Helicobacter felix, Psuedomonas aeruginosa,
Enterococcus faecalis, Candida albicans, and influenza A virus, as
well as maintaining gut and pulmonary homeostasis (35–41).
Given the lack of mitochondrial perturbation in response to
conidia as well as the Nlrx1-independent effect of Rot/AntA on
conidial processing, we suspect that the Nlrx1-dependent ROS
burst observed would therefore be due to NADPH oxidases such
as DUOXs.

Cellular NADPH can be generated from glucose-6-phosphate
dehydrogenase (G6PD) in the pentose phosphate pathway,
cytoplasmic isocitrate dehydrogenase (IDH1), and cytoplasmic
maleic enzyme (ME1) [Reviewed in (42)]. Our analysis of
glycolysis via Seahorse metabolic flux analyzer indicated that
glycolysis was significantly decreased in response to conidia by
wild-type BEAS-2B cells. One explanation to this occurrence was
the need to move molecules into the pentose phosphate pathway.
Inhibition of glycolysis and the pentose phosphate pathway via 2-
DG and the specific inhibition of G6PD via G6PDi resulted in
significant increase in conidial survival post challenge against WT
BEAS-2B cells to levels similar to the Nlrx1 knockout. Our results
in total suggest that the shutdown of glycolysis in response to A.
fumigatus conidia is regulated by Nlrx1 to shunt glucose towards
FIGURE 5 | Inhibition of glycolysis and mitochondrial function in BEAS-2B reduces early conidial processing. Wild-type and Nlrx1-deficient (DNlrx1) BEAS-2B cells were
pre-incubated with inhibitors at varying concentrations for 3 h. Cells were then washed three times with 2 × PBS to remove all inhibitors. Cells were then challenged with
AF293 for 3 h and a FUN-1+ fluorescence assay was subsequently conducted. Final concentration of inhibitors: 2-DG, 25 mM; G6PDi-1, 50 mM; Sodium oxamate (S.O.),
25 mM; Rotenone/Antimycin A (Rot/Ant), 0.5 mM. Black double asterisk denotes p < 0.05 via Kruskal–Wallis test followed by a Dunn’s test for multiple comparisons
against the control. Black single asterisk with a line across the two genotypes denotes p < 0.05 between genotypes for a given treatment group.
November 2021 | Volume 12 | Article 749504

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Kastelberg et al. Nlrx1-Regulated Defense and Metabolism
the pentose phosphate pathway to generate NADPH. This
response has not been observed for A. fumigatus conidia or
clinically relevant fungi to the best of our knowledge. How
Nlrx1 shuts down glycolysis in response to A. fumigatus conidia
is of high relevance as this cellular metabolic function is critical for
processing conidia. The increase in glycolysis and depletion of
reserves in response to hyphae suggest that metabolism is an
important component in mediating the appropriate morphotype-
specific response to A. fumigatus.

An increase in glycolysis in response to a bacteria, parasites,
and viruses has been documented for several pathosystems (43–
46). A recent study has observed enhanced glycolysis in response
to A. fumigatus conidia by macrophage cell types (8). Our results
Frontiers in Immunology | www.frontiersin.org 1165
support this connection as we noted a robust production of
superoxide and ROS by BMDMs that is Nlrx1 dependent.
Differences in the method of ROS generation between the cell
types will be exciting to explore into the future as ample prior
evidence suggests cell-specific ROS generation [reviewed in (34)].
Similarly, our work also suggests that Nlrx1 plays a critical role in
not only shutting down glycolysis when needed in response to
conidia, but also its amplification in response to hyphae. How
this contrasting modulation of glycolysis occurs will provide
unique insight into the underlying differences for these signaling
pathways in different cell types.

Much of our current study has centered around the role of an
early ROS burst in response to A. fumigatus that is dependent on
A

B

D E

C

FIGURE 6 | Simplified, working models for metabolic responses to conidia and hyphae in airway epithelial cells and their dependency on Nlrx1. (A) Simplified
representation of glycolysis, the pentose phosphate pathway, oxidative phosphorylation, ROS, and superoxide production. Modulation of these pathway in response
to (B) conidia and (D) hyphae by wild-type cells. Relative modulation of these pathways in response to (C) conidia and (E) hyphae by Nlrx1-deficient cells in
comparison to wild type.
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Nlrx1. However, it is critical to acknowledge a number of
additional non-oxidative defense strategies such as secreted
peptides and proteins (47–49) may also be differentially
expressed in a decreasing manner in the Nlrx1-deficient
background. One broad conclusion of our study is that the
functions and roles of Nlrx1 continue to extend, and these
processes, such as an absence of negative regulation of
glycolysis may also impact additional processes within the cell
such as gene expression of defense proteins.

Our preliminary work with BMDMs and alveolar
macrophages indicated that Nlrx1 is critical for conidial
processing. Macrophages rapidly internalize A. fumigatus
conidia and process conidia in a manner dependent on
NADPH oxidases as shown through p47phox deficient
macrophages and chemical inhibitors of NADPH oxidases
(10). P47phox functions as a central organizer of the NOX2
NADPH oxidase phagocytic complex that produces superoxide
(10). We observed small decreases in superoxide and ROS
production by Nlrx1-deficient BMDMs indicating that Nlrx1
may be modulating additional non-oxidative aspects of conidial
processing. Nlrx1 has been shown to facilitate LC3-associated
phagocytosis (LAP) of Histoplasma capsulatum in macrophages
via cytoplasmic interactions with TUFM/ATG5-ATG12, but not
Dectin-1/Syk-mediated ROS production (50). Loss of Nlrx1 did
not impact H. capsulatum replication, only LAP. It will be
interesting to explore if Nlrx1 regulates phagocytosis of A.
fumigatus conidia in macrophages and neutrophils and if this
process has an impact on conidial processing.

There have been a variety of reports indicating ROS
production being independent or dependent on Nlrx1.
Overexpression and targeting of NLRX1 to the mitochondria
triggered ROS production to levels similar to that produced by
TNFa treatment in HeLa cells, suggesting a dependence on
Nlrx1 (23). Concurrent overexpression of Nlrx1 and treatment
of HeLa cells with either TNFa, Shigella infection, or the viral
RNA analog polyinosinic:polycytidylic acid resulted in further
enhanced ROS production (23). Similarly, Nlrx1 overexpression
was shown to enhance Chlamydia trachomatis-induced ROS
production in HeLa cells (24). This ROS production could be
inhibited via either DPI treatment, indicating that the source was
cytoplasmic or membrane NOX and/or DUOX proteins or by
siRNA targeting either DUOX1, DUOX2, or NOX4. This finding
fits well with our hypothesis that Nlrx1 is regulating ROS
production external to the mitochondria in BEAS-2B
epithelial cells.

Conversely, loss of Nlrx1 has been shown to increase ROS
production by BMDMs in response to H. pylori that correlated
with decreased H. pylori survival post challenge (25). In animal
and cell models of ischemia–reperfusion injury reactive
oxygen species, specifically mitochondrial superoxide
production was shown to increase in the absence of Nlrx1
(51). No statistically significant or minimal decrease in ROS
production was observed in Nlrx1-/- BMDMs and neutrophils in
comparison to WT with a variety of PAMPs (LPS, TNFa, polyI:
C, Pam3Cys, and fmlp) (28). Our results were in accord with
these finding as we did not observe a Nlrx1 dependency on
Frontiers in Immunology | www.frontiersin.org 1266
superoxide or ROS production by BMDMs and BMDNs in
response to fungal PAMPs or killed conidia. Relatedly, Nlrx1
was shown to not influence Syk/NADPH mediated ROS
production in response to fungal pathogen Histoplasma
capsulatum, but Nlrx1 did modulate LC3 phagocytosis by
macrophages via cytoplasmic interactions with TUFM/ATG5-
ATG12 (50). In totality, the cell-type and morphotype specificity
to A. fumigatus and fungal PAMPs observed in our work
transcends to a wider scope and implies specific pathway level
regulation of ROS production that is dependent on cell type
and stimuli.

The function of Nlrx1 in mitochondrial respiration has also
been contrasting among studies, and recent meta-analysis
suggests a highly cell-type-specific functionality of Nlrx1 (52).
Mechanistically, Nlrx1 has been shown to translocate into the
mitochondria where it interacts with UQCRC2, a member of
complex III, and Fas-activated serine-threonine kinase family
protein-5 (FASTKD5) (22, 23, 53). The Nlrx1/UQCRC2/
Complex III is thought to impact mitochondrial ROS as well
as mitochondrial respiration (22, 23, 53). Nlrx1 binding of
FASTKD5 and mitochondrial RNA leads to an inhibition of
maturation for transcripts encoding complex I and IV
components (54). Loss of Nlrx1 results in an increased rate of
OxPhos in hepatocytes presumably due to maturation of these
transcripts (54). In epithelial cell (HEK293) models of ischemia–
reperfusion injury, loss of Nlrx1 also resulted in increased oxygen
consumption, oxidative stress, and downstream apoptosis (51).
In CD4+ T cells, activation of Nlrx1 leads to increased expression
of markers associated with oxidative phosphorylation (29). Our
results with BEAS-2B epithelial cells indicate that loss of Nlrx1
resulted in decreased oxygen consumption, mitochondrial
function, spare capacity, and maximal respiration during the
mitochondrial stress test. We also observed a decreased oxygen
consumption during the glycolytic stress test. Ultimately, these
findings add the notion of Nlrx1 being highly cell type specific in
regards to mitochondrial function.

While our hypothesis is centered on the loss of Nlrx1 resulting
in a failure to modulate pathways at the protein level, an
interesting hypothesis is that the loss of Nlrx1 has resulted in an
underlying change in gene expression that results in the loss of
signal transduction pathway components from being expressed
versus a failure for that pathway to transduce that signal in the
absence of Nlrx1. Given the observed effects of Nlrx1 on maturing
complex I and IV components as well as gene expression of
OxPhos components, this will be an important consideration in
the future (29, 54). Ongoing studies will allow us to determine if
loss of Nlrx1 changes the underlying transcriptome.

The interplay between host metabolism, immune signaling,
and cellular defense towards microbes is an exciting field of study
that presents novel therapeutic options and insight into host
biology. One aspect of the intertwined and complex nature of
these processes has been partially illuminated in the context of
Nlrx1. Why and how BEAS-2B cells decrease glycolysis in
response to conidia yet increase for hyphae will be an exciting
exploration for future studies. Furthermore, the physiological
relevance of why glycolysis is decreased by non-hematopoietic
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stem cell populations such as airway epithelial cells in response to
conidia will also be important to determine.
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Supplementary Figure 1 | Reactive oxygen species and oxidative stress
production by wild type and DNlrx1 BEAS-2B airway epithelial in response to fungal
PAMPs and A. fumigatus. Wild type and DNlrx1 BEAS-2B cells were pre-incubated
with (A–F) a fluorescent dye specific for superoxide production or (G–L) a fluorescent
oxidative stress (OS) indicator. Cells were then treated with (A, G) control PBS buffer,
(B, H) killed hyphae, (C, I) zymosan, (D, J) curdlan, (E, K) zymosan depleted, or
(F, L) killed conidia for 9hrs. Fluorescence was measured at 30, 60, 90, 180, 360,
540 min post treatment. N=6-8. Error bars denote standard deviation. All
experiments were independently repeated. P < 0.05, indicated by asterisk via
Kruskal-Wallis test followed up by a Dunn’s test for multiple comparisons.

Supplementary Figure 2 | Reactive oxygen species and oxidative stress
production by wild type and Nlrx1 deficient bone marrow derived macrophages in
response to fungal PAMPs and A. fumigatus. Wild type and Nlrx1 deficient bone
marrow derived macrophages (BMDMs) were pre-incubated with (A–F) a
fluorescent dye specific for superoxide production or (G–L) a fluorescent oxidative
stress (OS) indicator. Production of (A) superoxide and (B) reactive oxygen species
by wildtype BMDMs to stimuli (killed conidia, zymosan depleted, zymosan, curdlan,
and control PBS) over 9 hours. Wildtype and Nlrx1-/- BEAS-2B cells were then
treated with either (B, H) curdlan, (C, I) zymosan depleted, (D, J) zymosan, (E, K)
killed conidia or (F, L) control PBS buffer over 9hrs. Fluorescence was measured at
30, 60, 90, 180, 360, 540 min post treatment. N=8. Error bars denote standard
deviation. All experiments were independently repeated. P < 0.05, indicated by
asterisk via Kruskal-Wallis test followed by a Dunn’s test for multiple comparisons.

Supplementary Figure 3 | Reactive oxygen species and oxidative stress
production by wild type and Nlrx1 deficient bone marrow derived neutrophils in
response to fungal PAMPs and A. fumigatus. Wild type and Nlrx1 deficient bone
marrow derived neutrophils (BMDNs) were pre-incubated with (A–G) a fluorescent
dye specific for superoxide production or (H–N) a fluorescent oxidative stress (OS)
indicator. Production of (A, B) superoxide and (H, I) reactive oxygen species by
wildtype BMDNs to stimuli (killed conidia, zymosan depleted, zymosan, curdlan,
and control PBS) over 6 hours. Cells were then treated with (C, J) curdlan, (D, K)
zymosan depleted, (E, L) zymosan, (F, M) killed conidia or (G, N) control PBS buffer
for 6hrs. Fluorescence was measured at 30, 60, 90, 180, 360 min post treatment.
N=8. Error bars denote standard deviation. All experiments were independently
repeated. P < 0.05, indicated by asterisk via Kruskal-Wallis test followed by a
Dunn’s test for multiple comparisons.
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Non-canonical inflammasome activation by mouse caspase-11 (or human CASPASE-4/5)
is crucial for the clearance of certain gram-negative bacterial infections, but can lead to
severe inflammatory damage. Factors that promote non-canonical inflammasome
activation are well recognized, but less is known about the mechanisms underlying its
negative regulation. Herein, we identify that the caspase-11 inflammasome in mouse and
human macrophages (Mf) is negatively controlled by the zinc (Zn2+) regulating protein,
metallothionein 3 (MT3). Upon challenge with intracellular lipopolysaccharide (iLPS), Mf
increased MT3 expression that curtailed the activation of caspase-11 and its downstream
targets caspase-1 and interleukin (IL)-1b. Mechanistically, MT3 increased
intramacrophage Zn2+ to downmodulate the TRIF-IRF3-STAT1 axis that is prerequisite
for caspase-11 effector function. In vivo, MT3 suppressed activation of the caspase-11
inflammasome, while caspase-11 and MT3 synergized in impairing antibacterial immunity.
The present study identifies an important yin-yang relationship between the non-canonical
inflammasome and MT3 in controlling inflammation and immunity to gram-
negative bacteria.

Keywords: macrophage, non-canonical inflammasome, zinc, metallothionein, innate immunity, caspase-11 non-
canonical inflammasome, MT3
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GRAPHICAL ABSTRACT | The MT3-Zn2+ axis suppresses TRIF signaling resulting in decreased IRF3 phosphorylation. When MT3 is absent, TRIF-IRF3-STAT1
signaling and non-canonical inflammasome activation are exaggerated. A lack of MT3 augments immunity to gram-negative bacteria, an effect, that is further
enhanced by the combined absence of MT3 and caspase-11 in vivo. Thus, while MT3 curtails caspase-11 activation, the two molecules act together in
compromising antibacterial immunity.

Chowdhury et al. MT3 Negatively Regulates Non-Canonical Inflammasome
INTRODUCTION

Gram-negative bacteria that cause more than 30% of the total
healthcare-associated infectionsworldwideremainaglobal concern
of morbidity and mortality (1). Assembly of inflammasome
complexes during bacterial pathogenesis drives robust
inflammation and shapes antibacterial immune responses. The
non-canonical inflammasome is activated when innate immune
cells such asMf sense bacterial ligands in the cytosol (2). LPS from
bacterial cell walls enters the cytosol during bacterial escape from
vacuolesorvia ruptureofoutermembranevesicles (OMV) (3). iLPS
directly binds caspase-11, triggering the non-canonical
inflammasome cascade, followed by activation of pro-caspase-1
to caspase-1, processing of pro-IL-1b to mature IL-1b and
pyroptosis, a lytic form of programmed cell death. Activation of
gasderminD (GSDMD) by caspase-11 and caspase-1, leads to pore
Frontiers in Immunology | www.frontiersin.org 271
formation on the cell membrane facilitating the exit of IL-1b from
Mf (4). Unrestricted activation of this inflammatory cascade is a
major underlying cause of tissue damage and sepsis-associated
mortality (2). Thus, it is crucial to thoroughly understand the
molecular cues that guard against excessive activation of the
caspase-11 inflammasome. Although factors that promote non-
canonical inflammasome activation have been extensively studied,
less is known about the mechanisms that negatively regulate it.

MTs are Zn2+ regulating proteins induced by endogenous and
exogenous stimuli including cytokines, infection, oxidative stress
and heavy metals (5, 6). Intracellular availability of total Zn2+,
exchangeable Zn2+ and Zn2+ redistribution among proteins is
tightly regulated by MTs (7). Mice have 4 MT isoforms (MT1-4),
whereas more than 16 MT isoforms are present in humans (8).
Our knowledge on the role of the MT family in immune
responses largely emerges from studies on MT1 and MT2. We
November 2021 | Volume 12 | Article 755961
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and others have shown that MT1 and MT2 promote antifungal
and antibacterial immunity in Mf primarily via Zn2+

sequestration (9, 10). MT3, on the other hand, suppresses
manifestation of proinflammatory phenotypic and metabolic
changes and impairs antifungal immunity in vitro in Mf and
in vivo. Mf expression of MT3 is inducible by IL-4 stimulation.
In these cells, MT3 increases intracellular free-Zn2+, promotes
Zn2+ uptake by a prototypic intracellular pathogen and favors
microbial survival (11). Thus, MTs and their ability to regulate
Zn2+ homeostasis intricately ties Mf inflammatory responses to
antimicrobial defense.

Zn2+ is indispensable in many biochemical processes due to its
role in structural and catalytic functions of enzymes and
macromolecules. Zn2+ excess or deficiency compromises the
development and function of immune cells including monocytes
and Mf, leading to increased risk of infection (12). Zn2+ also has a
profound role as a signaling ion attributable to the transient
changes in intracellular exchangeable Zn2+. LPS triggers
increased Zn2+ import in leukocytes, monocytes and Mf (13,
14). In peripheral blood mononuclear cells (PBMCs) and human
Mf (hMf), LPS-induced Zn2+ influx promotes IL-1b production
(14). In contrast, exogenous exposure to Zn2+ in human
monocytes may reduce IL-1b production due to inhibition of
nucleotide phosphodiesterases (15). Thus, the effects of Zn2+ on
signaling and cytokine production are context and Zn2+

concentration-dependent. Changes in ion flux, specifically K+

and Cl- egress and intracellular mobilization of Ca2+ underlie
canonical nod-like receptor pyrin domain containing-3 (NLRP3)
inflammasome activation (16). Intriguingly, Zn2+ exerts disparate
effects on activation of this cascade. Long-term Zn2+ depletion
disrupts lysosomal integrity leading to increased activation of the
canonical NLRP3 inflammasome (17). On the other hand, short-
term chelation of Zn2+ attenuates the canonical pathway due to
impaired function of the pannexin-1 receptor (18).

The importance ofZn2+ regulation byMTs in thenon-canonical
inflammasome pathway remain unexplored. Given the suppressive
role of MT3 in Mf inflammatory responses (19), we hypothesized
that MT3 negatively regulates the highly inflammatory caspase-11
activation cascade. Bioinformatics analysis predicted the
involvement of MT3 in regulating non-canonical inflammasome-
associated pathways. Using a combination of protein-protein
interaction network analysis, immunological and mass-
spectrometric approaches, we demonstrate that triggering
caspase-11 activation results in a profound, gradual increase in
the Mf Zn2+ pool mediated by MT3. The increase in Zn2+

attenuates signaling via toll/interleukin-1 receptor (TIR) domain
containing adaptor-inducing interferon (IFN)b - interferon
regulatory factor 3 - signal transducer and activator of
transcription factor 1 (TRIF-IRF3-STAT1), a pathway that is
prerequisite for caspase-11 inflammasome activation (20). Zn2+

deficiencyaugments,whereasZn2+ supplementation suppresses the
non-canonical inflammasome inMf. Usingwhole-bodyMt3-/- and
myeloid-MT3-deficient mice, we elucidate that MT3 blunts non-
canonical inflammasome activation in vitro and in vivo upon
challenge with iLPS or gram-negative bacteria but not gram-
positive bacteria. Importantly, this function of MT3 is conserved
Frontiers in Immunology | www.frontiersin.org 372
in hMf. Although caspase-11 andMT3 form a negative regulatory
loop, we find that these two molecules synergize in compromising
antibacterial immunity. Our data uncover a previously unknown
yin-yang relationshipwhereby theMT3-Zn2+ axis exerts a brake on
non-canonical inflammasome activation but the functions of MT3
andcaspase-11 converge incrippling immunity to invadingbacteria
(see Graphical Abstract).
RESULTS

MT3 Suppresses Activation of the Non-
Canonical Inflammasome In Vitro
MT3 attenuates cell death in neuronal and glial cells, but the
precise underlying mechanisms are not fully understood (21). As
non-canonical inflammasome activation leads to pyroptotic cell
death, we investigated if MT3 effector function is related to
caspase-11 activation in Mf. We explored whether MT3 is
involved in inflammatory and cell-death processes using
functional enrichment analysis. We assessed protein-protein
interaction networks of MT3 in Mus musculus and Homo
sapiens using the STRING database (22). The MT3 interaction
partners significantly enriched 15 mouse and 43 human gene
ontology categories for biological processes (GO BP) related to
programmed cell death (PCD), LPS responses, signaling via
TRIF, IL-1 and type-I IFN, cytokine responses and several
immune processes. A complete network of MT3 interactions
and GO BP categories is in Table 1, Supplementary Table S1,
Supplementary Files S1 and S2. PCD and LPS responses are
linked to inflammasome activation and more specifically, TRIF
and type-I IFN signaling are tied to the non-canonical
inflammasome pathway. A lack of TRIF signaling ablates non-
canonical inflammasome activation in response to iLPS without
impacting Mf response to canonical NLRP3 triggers such as
ATP and nigericin (20). Thus, our bioinformatics analysis
together with our previously reported role for MT3 in
suppressing proinflammatory responses in Mf led us to
investigate whether MT3 negatively regulates the non-
canonical inflammasome pathway.

In Mf, exposure to iLPS triggers caspase-11 activation and
cell death by pyroptosis (2). We directly assessed if MT3
regulates non-canonical inflammasome activation using WT
and Mt3-/- mice. BMDMf were exposed to iLPS or vehicle
control and time-dependent changes in the gene expression of
Mt1, Mt2 and Mt3 were examined. Mt3 expression increased
gradually from 1 hour (h) and peaked at 48h in WT BMDMf
challenged with iLPS (Figure 1A). The expression of Mt1 and
Mt2 peaked at 6h, but receded over time in both WT and Mt3-/-

BMDMf (Supplementary Figures S1A, B). To determine
whether exogenous LPS had an effect on MT3, we stimulated
WT BMDMf with extracellular LPS (exLPS) for 48h. While iLPS
increased Mt3 expression by 10-fold, the fold increase observed
with exLPS challenge was much lower (Figure 1B).

Next, we examined if MT3 regulated non-canonical
inflammasome activation by assessing pro- and active forms of
caspase-11, caspase-1 and IL-1b in cell lysates and supernatants
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TABLE 1 | See also Supplementary Table S1 and Files S1, S2 |Protein interaction network of Mus musculus MT3 to determine functionally enriched GO BP
categories using the STRING database.

Protein-Protein Interaction Network of Homo sapiens MT3

Sl.
No

Term ID Term Description FDR Protein Labels

1 GO:0060548 Negative regulation of cell death 2.30E-10 NGFR,MT3,RIPK2,CAT,TRAF2,RIPK1,SLC40A1,SOD1,RPS27A,EGFR,APP,
ALB,SNCB,FAIM2,ERBB4,GPX4,SLC30A10,TXN,MAG,UBA52,GPX1,TRAF6,
UBC,SOD2,AKT1,IKBKG

2 GO:0043069 Negative regulation of programmed cell death 6.51E-09 NGFR,MT3,RIPK2,CAT,TRAF2,RIPK1,SLC40A1,SOD1,RPS27A,EGFR,ALB,
SNCB,FAIM2,ERBB4,GPX4,SLC30A10,MAG,UBA52,GPX1,TRAF6,UBC,
SOD2,AKT1

3 GO:0043066 Negative regulation of apoptotic process 2.32E-08 NGFR,MT3,RIPK2,CAT,TRAF2,RIPK1,SLC40A1,SOD1,RPS27A,EGFR,ALB,
SNCB,FAIM2,ERBB4,SLC30A10,MAG,UBA52,GPX1,TRAF6,UBC,SOD2,
AKT1

4 GO:0010941 Regulation of cell death 2.59E-08 TNFRSF1A,NGFR,MT3,RIPK2,CAT,TRAF2,RIPK1,SLC40A1,SOD1,RPS27A,
EGFR,APP,ALB,SNCB,FAIM2,RTN4,ERBB4,GPX4,SLC30A10,TXN,MAG,
FOXO3,UBA52,CYLD,GPX1,TRAF6,UBC,SOD2,AKT1,IKBKG

5 GO:0043067 Regulation of programmed cell death 8.35E-08 TNFRSF1A,NGFR,MT3,RIPK2,CAT,TRAF2,RIPK1,SLC40A1,SOD1,RPS27A,
EGFR,APP,ALB,SNCB,FAIM2,RTN4,ERBB4,GPX4,SLC30A10,MAG,FOXO3,
UBA52,CYLD,GPX1,TRAF6,UBC,SOD2,AKT1

6 GO:0042981 Regulation of apoptotic process 2.74E-07 TNFRSF1A,NGFR,MT3,RIPK2,CAT,TRAF2,RIPK1,SLC40A1,SOD1,RPS27A,
EGFR,APP,ALB,SNCB,FAIM2,RTN4,ERBB4,SLC30A10,MAG,FOXO3,UBA52,
CYLD,GPX1,TRAF6,UBC,SOD2,AKT1

7 GO:0010942 Positive regulation of cell death 1.84E-06 TNFRSF1A,NGFR,MT3,RIPK2,TRAF2,RIPK1,SOD1,RPS27A,APP,ERBB4,
FOXO3,UBA52,CYLD,TRAF6,UBC,SOD2,AKT1

8 GO:0035666 TRIF-dependent toll-like receptor signaling pathway 8.19E-06 RIPK1,RPS27A,UBA52,UBC,IKBKG
9 GO:0070498 Interleukin-1-mediated signaling pathway 1.00E-05 RIPK2,RPS27A,UBA52,TRAF6,UBC,IKBKG
10 GO:0045089 Positive regulation of innate immune response 2.38E-05 RIPK2,EREG,RIPK1,RPS27A,DDX58,UBA52,CYLD,TRAF6,UBC,IKBKG
11 GO:0071345 Cellular response to cytokine stimulus 3.60E-05 RTN4R,TNFRSF1A,NGFR,MT3,RIPK2,EREG,TRAF2,RIPK1,SOD1,RPS27A,

AQP4,FOXO3,UBA52,TRAF6,UBC,SOD2,AKT1,IKBKG
12 GO:1903209 Positive regulation of oxidative stress-induced cell death 4.97E-05 RIPK1,SOD1,APP,FOXO3
13 GO:0045088 Regulation of innate immune response 5.35E-05 RIPK2,EREG,RIPK1,RPS27A,APP,DDX58,UBA52,CYLD,TRAF6,UBC,IKBKG
14 GO:0002757 Immune response-activating signal transduction 0.00015 RIPK2,RIPK1,RPS27A,RNF31,DDX58,UBA52,CYLD,TRAF6,UBC,IKBKG
15 GO:0002684 Positive regulation of immune system process 0.00017 RIPK2,EREG,TRAF2,RIPK1,RPS27A,APP,RNF31,RBP4,DDX58,FOXO3,

UBA52,CYLD,TRAF6,UBC,AKT1,IKBKG
16 GO:0001959 Regulation of cytokine-mediated signaling pathway 0.00022 TNFRSF1A,RIPK2,TRAF2,RIPK1,RNF31,CYLD,IKBKG
17 GO:0006915 apoptotic process 0.00025 TNFRSF1A,NGFR,MT3,RIPK2,TRAF2,RIPK1,APP,FAIM2,RTN4,ERBB4,

FOXO3,GPX1,SOD2,AKT1,GNB1,IKBKG
18 GO:0012501 Programmed cell death 0.00031 TNFRSF1A,NGFR,MT3,RIPK2,TRAF2,RIPK1,APP,FAIM2,RTN4,ERBB4,

FOXO3,CYLD,GPX1,SOD2,AKT1,GNB1,IKBKG
19 GO:1902175 Regulation of oxidative stress-induced intrinsic

apoptotic signaling pathway
0.00032 SOD1,GPX1,SOD2,AKT1

20 GO:1902042 Negative regulation of extrinsic apoptotic signaling
pathway via death domain receptors

0.00056 TRAF2,RIPK1,FAIM2,GPX1

21 GO:0050778 Positive regulation of immune response 0.00064 RIPK2,EREG,TRAF2,RIPK1,RPS27A,RNF31,DDX58,UBA52,CYLD,TRAF6,
UBC,IKBKG

22 GO:1903202 Negative regulation of oxidative stress-induced cell
death

0.0011 TXN,GPX1,SOD2,AKT1

23 GO:2001236 Regulation of extrinsic apoptotic signaling pathway 0.0018 TRAF2,RIPK1,FAIM2,CYLD,GPX1,AKT1
24 GO:0002376 Immune system process 0.0029 TNFRSF1A,NGFR,RIPK2,TTR,CAT,NTS,HNF1A,RIPK1,SLC40A1,PRDX1,

SOD1,RPS27A,APP,RNF31,ATP7A,DDX58,AQP4,MAG,UBA52,CYLD,
SERPINA1,TRAF6,UBC,AKT1,IKBKG

25 GO:0097300 Programmed necrotic cell death 0.0034 TRAF2,RIPK1,CYLD
26 GO:0071356 Cellular response to tumor necrosis factor 0.0045 TNFRSF1A,NGFR,TRAF2,RIPK1,FOXO3,AKT1
27 GO:0032743 Positive regulation of interleukin-2 production 0.0046 RIPK2,TRAF2,TRAF6
28 GO:0032755 Positive regulation of interleukin-6 production 0.0049 RIPK2,EREG,DDX58,TRAF6
29 GO:0010940 Positive regulation of necrotic cell death 0.0062 MT3,RIPK1
30 GO:0097190 Apoptotic signaling pathway 0.0063 TNFRSF1A,NGFR,TRAF2,RIPK1,FOXO3,GPX1,SOD2
31 GO:2001233 Regulation of apoptotic signaling pathway 0.0066 TRAF2,RIPK1,SOD1,FAIM2,CYLD,GPX1,SOD2,AKT1
32 GO:2001234 Negative regulation of apoptotic signaling pathway 0.0068 TRAF2,RIPK1,FAIM2,GPX1,SOD2,AKT1
33 GO:0050852 T cell receptor signaling pathway 0.0096 RIPK2,RNF31,TRAF6,IKBKG
34 GO:0097191 Extrinsic apoptotic signaling pathway 0.0096 TNFRSF1A,TRAF2,RIPK1,FOXO3
35 GO:2001242 Regulation of intrinsic apoptotic signaling pathway 0.0096 SOD1,CYLD,GPX1,SOD2,AKT1
36 GO:0070673 Response to interleukin-18 0.01 RIPK2,AKT1

(Continued)
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of WT and Mt3-/- BMDMf challenged with iLPS. A lack of MT3
exacerbated activation of caspase-11 in cell lysates, and caspase-1
and IL-1b in culture supernatants. Pro-caspase-11, pro-caspase-
1 and pro-IL-1b proteins in cell lysates were similar between
iLPS treated WT and Mt3-/- BMDMf (Figure 1C). We further
examined combined lysate and supernatant samples and found
increased caspase-11 activation in Mt3-/- BMDMf challenged
with iLPS (Figure 1D). Thus, the differences observed were not
merely a result of reduced release of the active forms from cells,
but an increase in non-canonical inflammasome activation in
Mt3-/- BMDMf. Intracellular transfection of LPS at two different
concentrations (2 and 10 mg/ml) yielded similar results
(Figures 1C, D). We then examined the levels of IL-1a in
supernatants of WT and Mt3-/- BMDMf challenged with iLPS.
In contrast to IL-1b, IL-1a was moderately reduced in the
supernatants of Mt3-/- BMDMf (Supplementary Figures S1C,
D). We note that although IL-1a is activated by caspase-11, it is
characteristically different from IL-1b, as it exists in both
membrane-bound and secreted forms that are differentially
regulated, and both pro- and cleaved IL-1a are bioactive (23–25).

MT3 Represses CASPASE-4 Activation
and Antibacterial Resistance in Human Mf
Gram-negative bacter ia act ivate the non-canonical
inflammasome via CASPASE-4 in hMf (26). We investigated
whether human MT3, similar to mouse MT3, suppressed non-
canonical inflammasome activation and antibacterial immunity.
Human monocyte-derived Mf obtained from PBMCs were
transfected with scramble siRNA or MT3 siRNA followed by
transfection with iLPS. To assess siRNA specificity, we analyzed
the expression of MT3 and MT2A genes. MT3, but not MT2A
expression was silenced in MT3 siRNA transfected hMf
(Figure 2A). MT3 deficiency resulted in elevated activation of
CASPASE-4 and heightened release of IL-1b from hMf
(Figures 2B, C). We previously showed that a lack of MT3
increased resistance of mouse BMDMf to Escherichia coli (19).
We therefore queried whether silencing MT3 in hMf impaired
bacterial clearance in vitro. hMf treated with scramble siRNA or
MT3 siRNA were infected with E. coli K12 for 24h. MT3-
deficient hMf exerted a sharp decline in intracellular bacterial
survival compared to control hMf (Figure 2D).
Frontiers in Immunology | www.frontiersin.org 574
MT3 Dampens Antibacterial Resistance
and Caspase-11 Inflammasome Activation
In Vitro and In Vivo
We examined whether MT3 regulated antibacterial immunity
and non-canonical inflammasome activation in vitro and in vivo.
WT and Mt3-/- BMDMf were infected with E. coli. After 24h,
bacterial survival was reduced in Mt3-/- BMDMf (Figure 2E).
Next, we infected WT and Mt3-/- mice in vivo intraperitoneally
(i.p.) with E. coli for 6h. Compared to WT mice, MT3 deficiency
bolstered bacterial elimination from the blood and moderately
improved bacterial clearance in the kidney and peritoneal lavage
(Figure 2F). Caspase-11, GSDMD (N-terminal) and caspase-1
activation were heightened in kidney homogenates of infected
Mt3-/- mice compared to infected WT mice (Figure 2G). The
decrease in pro-GSDMD of Mt3-/- mice may be explained by
increased conversion of pro- to active-GSDMD form
(Figure 2G). IL-1b in the peritoneal lavage was significantly
elevated (p<0.01) and serum IL-1b exhibited a trend towards
increase in infected Mt3-/- mice compared to WT controls
(Figure 2H). To determine if this response is consistent upon
LPS challenge in vivo, we primed mice i.p. with poly(I:C) for 6h
and challenged them i.p. with ultrapure LPS. After 18h, IL-1b
was elevated in the peritoneal lavage and serum of Mt3-/- mice
compared to WT mice (Figure 2I). We further queried the
impact of MT3 on LPS-induced sepsis. WT andMt3-/- mice were
challenged with ultrapure LPS (20 mg/kg) and assayed for weight
loss, murine sepsis scores (MSS) as reported previously (27) and
survival. MT3 deficiency resulted in greater weight loss and
increased sepsis scores, but both genotypes similarly
succumbed to septic shock (Supplementary Figures S2A-C).

We then investigated whether MT3 increased susceptibility to
other gram-negative bacteria. WT and Mt3-/- mice were infected
intranasally (i.n.) with a virulent, heavily encapsulated strain of
Klebsiella pneumoniae (KP2 2-70). MT3 deficiency significantly
(p<0.05) improved K. pneumoniae clearance in the spleen, but no
changes were observed in the lung and kidney (Figure 2J). Gram-
positive bacteria activate caspase-11 via the NLRP6 inflammasome
(28). We determined whether the increased non-canonical
inflammasome activation and antibacterial resistance observed in
Mt3-/- mice extended to gram-positive bacterial infection. WT and
Mt3-/- mice were challenged subcutaneously (s.q.) with a clinical
TABLE 1 | Continued

Protein-Protein Interaction Network of Homo sapiens MT3

Sl.
No

Term ID Term Description FDR Protein Labels

37 GO:2001238 Positive regulation of extrinsic apoptotic signaling
pathway

0.0145 TRAF2,RIPK1,CYLD

38 GO:0060760 Positive regulation of response to cytokine stimulus 0.0152 RIPK2,TRAF2,DDX58
39 GO:0001819 Positive regulation of cytokine production 0.0215 RIPK2,EREG,TRAF2,RIPK1,SOD1,DDX58,TRAF6
40 GO:0002824 Positive regulation of adaptive immune response based

on somatic recombination of immune receptors built
from immunoglobulin superfamily domains

0.0476 RIPK2,TRAF2,TRAF6

41 GO:0045639 Positive regulation of myeloid cell differentiation 0.0476 RIPK1,FOXO3,TRAF6
42 GO:0031663 Lipopolysaccharide-mediated signaling pathway 0.0493 RIPK2,AKT1
43 GO:2001235 Positive regulation of apoptotic signaling pathway 0.05 TRAF2,RIPK1,SOD1,CYLD
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isolate of Group-A-Streptococcus GAS5448 (29). After 72h,Mt3-/-

mice manifested significantly (p<0.05) reduced GAS burden in the
kidney and spleen compared to WT mice. Bacterial CFUs in the
blood exhibited a similar trend (Supplementary Figure S2D).
Importantly, although Mt3-/- mice exhibited higher activation of
caspase-1 and IL-1b, the levels of active caspase-11 and pro-
caspase-11 were diminished in GAS-infected Mt3-/- mice
compared to WT mice (Supplementary Figure S2E). Thus,
although MT3 compromises resistance to both gram-negative
and gram-positive bacteria, it specifically suppresses non-
canonical inflammasome signaling in response to gram-negative
microbial triggers.
Frontiers in Immunology | www.frontiersin.org 675
Caspase-11 Synergizes With MT3 in
Impairing E. coli Clearance In Vivo
Caspase-11 is crucial in antibacterial defenses particularly against
gram-negative bacteria, although some studies have suggested a
detrimental role for caspase-11 in bacterial elimination (30–35).
MT3 suppressed antibacterial immunity as well as non-canonical
inflammasome activation. Thus, we investigated whether the
heightened immunity to E. coli in Mt3-/- mice was due to
increased non-canonical inflammasome activation. We infected
WT, Casp-11-/-,Mt3-/-, andMt3-/-Casp-11-/-mice (Supplementary
Figure S3A) i.p.with E. coli and assessed bacterial burden 6h post-
infection. Compared to WT mice, bacterial elimination was
A B

D

C

FIGURE 1 | See also Supplementary Figure S1 MT3 suppresses caspase-11 inflammasome activation in BMDMf. qRT-PCR analysis of Mt3 expression in WT
BMDMf stimulated with (A) iLPS (2 mg/ml) or vehicle control, 3-5 independent experiments and (B) exLPS (10 mg/ml) for 48h, 3 independent experiments, two-tailed t-
test. (C) Western Blots of pro- and active-caspase-11, pro-caspase-1, pro-IL1b and b-actin in cell lysates and active-caspase-1 and active-IL-1b in supernatants of WT
and Mt3-/- BMDMf stimulated with iLPS (10 mg/ml) or vehicle for 48h. Bar graphs are densitometric analysis of targets normalized to b-actin, 3-4 independent
experiments, one-way ANOVA, data are mean ± SEM. (D) Western Blots of pro- and active-caspase-11 and b-actin in lysate + supernatant samples from WT and Mt3-/-

BMDMf stimulated with iLPS (2 mg/ml) or vehicle for 48h. Bar graphs are densitometric analysis of targets normalized to b-actin. *p < 0.05, **p < 0.01, ***p < 0.001.
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enhanced in Mt3-/- and Casp-11-/- mice but this response was
further exacerbated in Mt3-/- mice lacking caspase-11
(Figure 3A). These data indicate that the combined absence of
MT3andcaspase-11 improves resistance togram-negative bacterial
Frontiers in Immunology | www.frontiersin.org 776
infection. We then analyzed caspase-11 inflammasome mediators
in kidney homogenates harvested 6h post-infection. Mice lacking
MT3, or caspase-11, exhibited elevated activation of GSDMD (N-
terminal), caspase-1 and IL-1b compared toWTmice (Figure 3B).
A B
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C

FIGURE 2 | See also Supplementary Figure S2. MT3 curtails CASPASE-4 and caspase-11 signaling and antibacterial immunity in hMf and in vivo. (A) MT3 and
MT2A expression analyzed by qRT-PCR in hMf transfected with scramble siRNA or MT3 siRNA for 24h, 3 independent experiments, two-tailed t-test. (B) Scramble
siRNA or MT3 siRNA treated hMf stimulated with iLPS (10 mg/ml) or vehicle for 48h. Immunoblots of pro-CASPASE-4 and active-CASPASE-4 in cell extracts, 3
independent experiments, one-way ANOVA. (C) Active-IL-1b measured by ELISA in supernatants of hMf treated as above, 3 independent experiments, one-way
ANOVA. (D) E. coli growth inhibition in hMf transfected with MT3 siRNA and infected with 25 E. coli (K12): 1 hMf for 24h compared to scramble siRNA treated hMf,
3 independent experiments, two-tailed t-test. (E) E. coli growth inhibition in WT and Mt3-/- BMDMf infected with 25 E. coli (K12):1 hMf for 24h, 4 independent
experiments, two-tailed t-test. (F) WT and Mt3-/- mice infected i.p. with 1X109 E. coli for 6h, log CFUs of E. coli in blood, kidney and peritoneal lavage samples,
n = 12-15 per group, two-tailed t-test. (G) Western blots of inflammasome mediators in kidney homogenates of WT and Mt3-/- mice infected as above, n = 6 per
group, two-tailed t-test. (H) WT and Mt3-/- mice infected i.p. with 1 X109 E. coli for 1h and IL-1b measured in peritoneal lavage and serum by ELISA. n = 3 per
group, two-tailed t-test. (I) WT and Mt3-/- mice primed i.p. with poly(I:C) (10 mg/kg) for 6h and challenged with LPS (2 mg/kg) i.p. After 18h, IL-1b was measured in
peritoneal lavage and serum by ELISA, n = 3/group, two-tailed t-test. (J) Bacterial growth in spleen, lung and kidney of WT and Mt3-/- mice infected i.n. with K.
pneumoniae (4 X104 CFUs/mouse) for 48h, n = 8-12 per group, two-tailed t-test, data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
November 2021 | Volume 12 | Article 755961

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Chowdhury et al. MT3 Negatively Regulates Non-Canonical Inflammasome
These changes were also observed in the Mt3-/-Casp-11-/- mice.
Since GSDMD is a target of caspase-11 as well as caspase-1 (36), an
elevation in active GSDMD may result from higher caspase-1
activation observed in mice lacking MT3, caspase-11 or both.
Caspase-8, a pro-apoptotic caspase, collaborates with caspase-11
to mediate systemic inflammation and septic shock (37, 38).
Moreover, caspase-8, in addition to caspase-1 can directly cleave
IL-1b. We therefore analyzed caspase-8 in kidney homogenates
Frontiers in Immunology | www.frontiersin.org 877
from E. coli infected WT, Mt3-/-, Casp-11-/- and Mt3-/-Casp-11-/-

mice. Caspase-11 negatively influenced the activation of caspase-8
(Supplementary Figure S3B).

The above data demonstrate that even when caspase-11 is
absent, Mt3-/- mice exert heightened levels of active caspase-1,
active IL-1b and antibacterial immunity. We therefore queried
whether improved bacterial elimination in the absence of MT3
was facilitated by the canonical NLRP3 inflammasome. WT and
A

B

C

FIGURE 3 | See also Supplementary Figure S3 Caspase-11 synergizes with MT3 in impairing bacterial clearance. WT, Casp-11-/-, Mt3-/- and Casp-11-/-Mt3-/-

mice were infected i.p. with E. coli (1 X109 CFUs/mouse) for 6h. (A) Bacterial CFUs measured in kidney, blood and peritoneal lavage, n = 3-6 per group, one-way
ANOVA. (B) Western blots of pro-GSDMD, active-GSDMD (p31), pro-caspase-1, active-caspase-1, pro-IL1b and active-IL-1b in kidney homogenates, n = 3-6 per
group, one-way ANOVA, data are mean ± SEM. (C) WT and Mt3-/- mice treated i.p. with MCC950 (1 mg/mouse) or PBS and infected i.p. with E. coli (1 X109 CFUs/
mouse) for 6h. IL1b was measured by ELISA in peritoneal lavage, n = 6 per group, one-way ANOVA, data are mean ± SEM. Bacterial CFUs in whole blood and
kidney, n = 4 per group, one-way ANOVA, data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.
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Mt3-/- mice were treated i.p. with MCC950 (NLRP3 inhibitor)
followed by infection i.p. with E. coli. Treatment with MCC950
reduced IL-1b levels and sharply blunted antibacterial resistance
in the blood and kidney of Mt3-/- mice compared to vehicle-
treated controls. Bacterial burdens were also elevated inWTmice
by NLRP3 inhibition (Figure 3C). Collectively, these data
demonstrate that MT3 negatively controls activation of the
Frontiers in Immunology | www.frontiersin.org 978
non-canonical inflammasome and that both MT3 and caspase-
11 cripple resistance to bacterial infection.

Myeloid MT3 Orchestrates Negative Control
of the Non-Canonical Inflammasome
To affirm that the effects on caspase-11 inflammasome activation
observed in the Mt3-/- mice were dependent on myeloid-MT3, we
A

B

D

C

FIGURE 4 | See also Supplementary Figure S4 Myeloid-MT3 suppresses non-canonical inflammasome activation and blunts gram-negative bacterial clearance in
vivo. (A) Generation of Mt3fl/fl mice by inserting loxp sites flanking exon 3 of the Mt3 gene using the CRISPR-Cas9 gene targeting approach. Mt3fl/fl mice crossed
with Lys2Cre mice to obtain Lys2Cre Mt3fl/fl mice. (B) Efficacy of myeloid Mt3 deletion assessed by genotyping peritoneal Mf (PMf) and BMDMf from Lys2Cre,
Mt3fl/fl and Lys2Cre Mt3fl/fl mice. Gel electrophoresis analysis demonstrating efficient deletion of the Mt3 gene from BMDMf and PMf of Lys2Cre Mt3fl/fl mice.
(C) Western blots of pro-caspase-11, active-caspase-11, pro-GSDMD, active-GSDMD (p31), pro-caspase-1, active-caspase-1, pro-IL1b and active-IL-1b in whole
kidney homogenates of mice infected as above, n = 3-5 per group, two-tailed t-test. (D) Bacterial CFUs in kidney and whole blood of Lys2Cre and Lys2Cre Mt3fl/fl

mice infected i.p. with E. coli (1 X109 CFUs/mouse) for 6h, n = 3-5 per group, two-tailed t-test, data are mean ± SEM. **p < 0.01, ***p < 0.001.
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generated mice specifically lacking MT3 in myeloid cells (Lys2Cre
Mt3fl/fl) (Figure 4A and Supplementary Figures S4A, B).
Genotyping analysis of BMDMf and peritoneal Mf (PMf) from
Lys2Cre, Mt3fl/fl and Lys2Cre Mt3fl/fl mice demonstrated efficient
removal of theMt3 gene from BMDMf and PMf only in Lys2Cre
Mt3fl/flmice (Figure 4B). To determine if myeloid MT3 deficiency
augmented non-canonical inflammasome activation in vivo, we
infected Lys2Cre and Lys2CreMt3fl/flmice i.p.with E. coli. After 6h,
Frontiers in Immunology | www.frontiersin.org 1079
caspase-11 inflammasome targets and bacterial burden were
examined in kidney and blood. Lys2Cre Mt3fl/fl mice exerted
increased activation of caspase-11, GSDMD (N-terminal),
caspase-1, and IL-1b in kidney homogenates and improved
bacterial elimination compared to Lys2Cre control mice
(Figures 4C, D). Thus, myeloid MT3 facilitates subversion of
non-canonical inflammasome activation and contributes to
antibacterial immunity in vivo.
A B

D

E

F

C

FIGURE 5 | See also Supplementary Figure S5 MT3 thwarts TRIF-IRF3-STAT1 signaling to suppress non-canonical inflammasome activation. (A) Functional enrichment
analysis of differentially expressed genes using RNA-seq data from resting WT and Mt3-/- BMDMf (NCBI SRA: PRJNA533616) (19) FDR, false detection rates. (B, C) Heat map
(left) and table (right) show differentially expressed IFN-related genes in resting Mt3-/- BMDMf compared to resting WT BMDMf obtained from RNA-seq analysis. (D) Western
blots of pIRF3, pSTAT1, STAT1, GBP2 and GBP5 in vehicle or iLPS (10 mg/ml)-treated WT and Mt3-/- BMDMf lysates, 3-4 independent experiments, one-way ANOVA. (E)
Western blots of TRIF in lysates from WT and Mt3-/- BMDMf stimulated as above, 3 independent experiments, one-way ANOVA. (F) Scramble and Ticam1 siRNA treated WT
and Mt3-/- BMDMf treated with iLPS (10 mg/ml) or vehicle for 48h. Immunoblots of TRIF (2 independent experiments), pro-caspase-11, and active-caspase-11 in lysates and
active-IL-1b in supernatants, 3 independent experiments, one-way ANOVA, data are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001; NS, not significant.
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MT3 Exerts a Brake on the TRIF-IRF3-
STAT1 Axis to Curtail Caspase-11 Signaling
Signaling via the TRIF pathway is crucial for caspase-11 activation
and synergistic engagement of the NLRP3 inflammasome leading to
activation of caspase-1 and IL-1b (20). Downstream of TRIF, IRF3
and IRF7 induce IFNb production that activates STAT1 signaling
and promotes transcription of inflammasome components
including caspase-11 and guanylate binding proteins (GBPs).
GBP2 and GBP5 facilitate LPS release into the cytosol from
intracellular vacuoles containing bacteria (39, 40). Our functional
enrichment data based on protein-protein interaction network
analyses revealed a potential involvement of MT3 in LPS, TRIF,
type-I IFN and IL-1 signaling (Table 1, Supplementary Table S1
and Supplementary Files S1, S2). We further examined our
published RNA-seq data (NCBI SRA: PRJNA533616) to
determine differentially expressed genes by comparing resting WT
andMt3-/- BMDMf (19). The derived list of differentially expressed
genes significantly enriched 12 GO BP categories directly related to
cytokine and chemokine signaling and regulation of inflammatory
responses based on DAVID functional enrichment analysis
(Figure 5A) (41). These analyses suggested that MT3 deficiency
perturbed the expression of immune-related genes even at the
resting state. We reported that a lack of MT3 augments IFNg
responsiveness (19). Herein, from our RNA-seq analysis, we
identified 20 genes related to IFN-signaling that were upregulated
in restingMt3-/- BMDMf compared to resting WT BMDMf (p adj
<0.05) (Figures 5B, C). Among these, Isg15, Mx1 and Ifit (Ifit1bl1,
Ifit3, Ifit3b, Ifit2, Ifit1, Ifit1bl2) family of genes are known targets of
type-I IFNs (42–45). These observations led us to posit that MT3
regulated the cellular response to LPS challenge by modulating the
TRIF-IRF3-STAT1 axis upstream of non-canonical inflammasome
activation. LPS engages the TRIF-IRF3-STAT1 axis via toll-like
receptor 4 (TLR4) signaling in Mf. To address this hypothesis, we
challenged WT and Mt3-/- BMDMf with iLPS or vehicle and
examined activation of the TRIF-IRF3-STAT1 pathway. Mf
lacking MT3 exerted increased activation of phospho-IRF3
(pIRF3), pSTAT1, GBP2 and GBP5 (Figure 5D). TRIF protein
levels were unaltered by MT3 deficiency (Figure 5E). Type-I IFN
signaling is required for activation of the caspase-11 inflammasome
cascade by gram-negative bacteria (20). As MT3 deficiency
augmented the expression of genes involved in IFN signaling
(Figures 5B, C), we blocked the interferon-a/b receptor (IFNAR)
1 using a monoclonal antibody prior to iLPS challenge in WT and
Mt3-/- Mf. IFNAR1 blockade resulted in decreased pro-caspase-11
(p43 subunit). Total STAT1 and pro-caspase-1 (p38 subunit) were
not greatly affected (Supplementary Figure S5). We found robust
attenuation of pSTAT1, active-caspase-11 and active-caspase-1, but
secretion of active-IL-1b in both WT and Mt3-/- Mf was increased
upon blockade of IFNAR1 signaling. This finding corresponded
with high pro-IL-1b levels in Mf treated with the IFNAR1 antibody
(Supplementary Figure S5). These data indicate that although
IFNAR1 signaling is required for fueling the non-canonical
inflammasome cascade and activation of caspase-1, pro-IL-1b and
its activation are suppressed by IFNAR1.

We queried if MT3 exerted a brake on TRIF signaling to
downmodulate non-canonical inflammasome activation. WT
Frontiers in Immunology | www.frontiersin.org 1180
and Mt3-/- BMDMf were treated with scramble or Ticam1
(gene encoding TRIF) siRNA, and challenged with iLPS
(Figure 5F). Ticam1 silencing reversed the effects of MT3
deficiency resulting in a sharp reduction in caspase-11 and IL-
1b activation in Mf (Figure 5F). These data reveal a central role
for MT3 in attenuating the crosstalk between TRIF signaling and
the caspase-11 activation cascade.

Zn2+ Flux by MT3 Drives Suppression of
the Non-Canonical Inflammasome in Mf
MTs are master regulators of intracellular Zn2+ availability and
distribution (46, 47). We determined if negative control of the
non-canonical inflammasome by MT3 was Zn2+-dependent. First,
we systematically assessed Zn2+ changes in WT and Mt3-/-

BMDMf upon challenge with iLPS over time using SEC-ICP-
MS. Activation of the non-canonical inflammasome in WT Mf
was associated with profound changes in the intracellular Zn2+

pool. iLPS exposure led to a gradual increase in total Zn2+ largely
associated with the chromatogram peak(s) between 18-21 min.
that we previously identified as MTs (Figures 6A, B) (9, 11). The
time-dependent elevation in Zn2+ corresponded with kinetics of
Mt3 induction (Figures 1A and 6A, B). Mf lacking MT3 failed to
elevate total Zn2+ and MT-associated Zn2+ in response to iLPS
(Figure 6B). In contrast to the increase in Zn2+ pool observed in
WT Mf challenged with iLPS, resting Mt3-/- Mf harbored higher
Zn2+ content that reduced over time post iLPS challenge
(Figure 6B). These data indicate that MT3 drives an elevation
in intracel lular Zn2+ in Mf during non-canonical
inflammasome activation.

Zn2+ chelation in humanmonocytes increases IRF3 activation
(48). We reasoned that if the effects of MT3 were Zn2+

dependent, altering the intracellular Zn2+ concentration will at
least in part reverse the heightened non-canonical
inflammasome signaling observed in Mt3-/- cells. To test this
postulate, we exposed WT and Mt3-/- BMDMf to increasing
amounts of ZnSO4 and challenged them with iLPS in vitro.
Exogenous ZnSO4 supplementation remarkably reduced the
ability of Mt3-/- Mf to respond to iLPS. pIRF3, pSTAT1 and
activation of caspase-11 were reduced in ZnSO4-supplemented
Mt3-/- Mf (Supplementary Figure S6A). A similar effect of Zn2+

was also observed in WT Mf (Supplementary Figure S6A). We
investigated if exposing WTMf to a Zn2+-deficient environment
would mimic the effects MT3 deficiency on the non-canonical
inflammasome. WT BMDMf were cultured in Zn2+-sufficient or
Zn2+-deficient Opti-MEMmedia prior to iLPS exposure. WTMf
exposed to a Zn2+-deficient milieu manifested higher pIRF3 and
caspase-11 activation accompanied by increased activation and
release of IL-1b (Figure 6C). The amount of TRIF, pro-caspase-
11 and pro-IL-1b were not affected by Zn2+ deficiency
(Figures 6C and Supplementary Figure S6B).

Next, we directly addressed whether Zn2+ is required for the
suppressive function of MT3 on the caspase-11 inflammasome.
We first overexpressed the MT3 gene in Mt1-/-Mt2-/- Mf and
isolated the protein. Mt1-/-Mt2-/- BMDMf were transfected with
the Mt3 overexpressing vector (pCMV6-Ac-MT3-GFP) or an
empty vector (pCMV6-Ac-GFP) control. Mt1-/-Mt2-/- Mf were
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used so as to exclude any contribution of these MTs in the MT3
purification process. The MT-associated peak from MT3-
overexpressed Mf was ident ified by SEC-ICP-MS
(Supplementary Figure S7) and collected. We complexed
Frontiers in Immunology | www.frontiersin.org 1281
MT3 with the 66Zn2+ isotope to acquire an MT3-Zn2+

saturation of 4 Zn2+ ions per MT3 (MT3-4Zn2+) and 6 Zn2+

ions per MT3 (MT3-6Zn2+). The 66Zn2+ isotope was used to
monitor changes in the ratio of 66Zn2+/64Zn2+ post-transfection
A

B

D E

C

FIGURE 6 | See also Supplementary Figures S6, 7 MT3-Zn2+ axis drives negative regulation of the non-canonical inflammasome. (A) SEC-ICP-MS of WT and
Mt3-/- BMDMf exposed to vehicle or iLPS (10 ug/ml) for the indicated time points, chromatograms depict Zn2+ distribution in cell lysates across various molecular
masses, arrow indicates Zn2+ associated with the MT-peak (18-21 min.) on the chromatogram, Y axis is off-set to allow easy comparison under the same scale.
(B) Bar graphs of total Zn2+ and MT-Zn2+ in WT and Mt3-/- BMDMf post iLPS (10 mg/ml) or vehicle exposure. Two-way t-test against respective BMDMf controls at
each time point, 3 independent experiments, data are mean ± SD. (C) WT BMDMf treated with iLPS (10 mg/ml) or vehicle for 24h in Zn2+ sufficient or Zn2+ deficient
Opti-MEM media, immunoblots of pIRF3, pro-caspase-11, active-caspase-11 and pro-IL-1b in lysates and active-IL-1b in media supernatants, one-way ANOVA,

data are mean ± SEM. (D, E) Mt3-/- BMDMf transfected with Pro-Ject™ or Pro-Ject™ complexed with apo-MT3, 4Zn2+MT3 or 6Zn2+MT3 and treated with iLPS
(10 mg/ml) or vehicle for 24h in Zn2+ deficient Opti-MEM media. (D) Chromatograms depict Zn2+ distribution in cell lysates across various molecular masses, arrow
indicates Zn2+ signal associated with the MT-peak (18-21 min.) on the chromatogram, Y axis is off-set to allow easy comparison under the same scale. (E) Western
blots of pIRF3, pro-caspase-11, active-caspase-11 and pro-IL1b in lysates and active-IL-1b in supernatants, 3 independent experiments, one-way ANOVA, data are
mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001; NS, not significant.
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of the MT3-66Zn2+ complexes in Mf. We transfected apo-MT3,
MT3-4Zn2+ or MT3-6Zn2+ into Mt3-/- BMDMf in Zn2+-
deficient media. The use of Mt3-/- BMDMf and Zn2+-deficient
media enabled exclusion of any possible contribution from
endogenous MT3 and exogenous Zn2+ in our analysis. Post-
transfection of apo-MT3 or MT3-Zn2+ complexes, Mf were
challenged with iLPS to activate the non-canonical
inflammasome. To confirm that intracellular Zn2+ changes
occurred upon transfection of the MT3- 66Zn2+ complexes, we
analyzed BMDMf lysates by SEC-ICP-MS. Mt3-/- cells
transfected with MT3-4Zn2+ and MT3-6Zn2+ but not apo-
MT3 exhibited an increase in the 66Zn2+/64Zn2+ ratio in the
MT-peak region at 18-21 mins. in the chromatogram indicating
an elevation in the intracellular 66Zn2+ isotope (Figure 6D).
These data confirm that transfection of the MT3-Zn2+ complexes
resulted in an increase in intracellular 66Zn2+ in Mf. In parallel,
we isolated cell lysates and supernatants proteins from these Mf
to determine whether apo-MT3 or the MT3-Zn2+ complexes
modulated the non-canonical inflammasome pathway.
Transfection of MT3-4Zn2+ and MT3-6Zn2+ but not apo-MT3,
dampened pIRF3, active caspase-11 and active IL-1b in response
to iLPS (Figure 6E). TRIF levels were unaffected by MT3
transfection (Figure 6E). Pro-caspase-11 and pro-IL-1b were
modestly diminished by MT3-4Zn2+ and MT3-6Zn2+ exposure,
but these changes were not significant (Figure 6E). The effect of
MT3-6Zn2+ was more profound than that of MT3-4Zn2+

indicating that a higher Zn2+ saturation on MT3 corresponded
with a stronger suppressive effect on the non-canonical
inflammasome (Figure 6E).

Taken together, these findings reveal a previously undescribed
interplay between the non-canonical inflammasome and its
negative regulator, whereby the MT3-Zn2+ axis suppresses
caspase-11 inflammasome, but the two molecules concur in
compromising immunological fitness of the host during
bacterial pathogenesis.
DISCUSSION

Human CASPASE-4 or mouse caspase-11 are inflammatory
caspases that drive cell death via pyroptosis. These caspases
directly recognize bacterial LPS in the cytosol resulting in
CASPASE-4 or caspase-11 auto-processing and synergistic
activation of the NLRP3 inflammasome that culminates in
caspase-1 activation, processing and release of IL-1b and IL-18
(2, 32). While the non-canonical inflammasome boosts host
immunological fitness to some bacterial infections, heightened
activation of this cascade poses the danger of tissue injury and
organ failure. Thus far, negative regulation of IFNb production
by prostaglandin E2, immunity-related GTPases M clade, cyclic-
adenosine monophosphate, and low dose oxidized phospholipid
oxPAPC have been shown to thwart activation of the non-
canonical inflammasome (49–52). The role of MTs in
regulating inflammasome activation pathways has largely been
unknown. Herein, we identify a previously undescribed function
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of MT3 in curtailing the highly inflammatory non-canonical
inflammasome activation cascade via Zn2+ regulation. We
demonstrate that while MT3 orchestrates negative regulation
of the caspase-11 inflammasome, the combined presence of MT3
and caspase-11 blunts resistance to E. coli infection in vivo. These
studies illuminate a central role for the MT3-Zn2+ axis in shaping
the intricate balance between host antibacterial immunity and
unrestrained inflammation.

MT1 and MT2 are ubiquitously expressed and can be induced
by infection (53–56). Initial studies on MT3 revealed tissue-
restricted expression with high levels predominantly found in the
brain tissue where it inhibits neuronal cell death (21, 57). The
immunological functions of MT3, particularly in the innate arm
have only recently been investigated (11, 19, 21). We reported that
Mt3 is inducible by the pro-resolving cytokines IL-4 and IL-13 in
Mf. One inducer of Mt3 expression is STAT6 signaling, and this
MT is crucial in shaping the phenotypic and metabolic attributes of
Mf stimulated with type-2 cytokines (11, 19). Studies on MTs in
response to exogenous LPS stimulation have largely focused on
MT1 and MT2. Monocytes and Mf induce MT1 and MT2 upon
extracellular LPS exposure (58, 59). We found that iLPS challenge
also inducedMt1 andMt2 inMf, although their expression receded
to baseline over time. In contrast, Mt3 expression gradually
increased as non-canonical inflammasome activation progressed.
Subversion of inflammatory responses in Mf by MT3 and the
delayed expression pattern in response to a non-canonical
inflammasome trigger are reminiscent of waning inflammation
after the initial peak of inflammasome activation has subsided
(19). In line with this hypothesis, protein interaction network
analysis predicted the involvement of MT3 in cellular responses
related to non-canonical inflammasome activation. Mf lacking
MT3 exerted robust activation of caspase-11, caspase-1 and IL-1b.
Similar to our observations with mouse MT3, a lack of humanMT3
exacerbated the activation of CASPASE4 and IL-1b in hMf.
Human and mouse MT3 proteins that share 86% identity thus
have consistent roles that culminate in negative regulation of the
non-canonical inflammasome cascade in Mf (60). As non-
canonical inflammasome activation progressed, MT3 guarded
against its unrestrained activation to avert potential inflammatory
damage. Together, these observations reveal a pivotal role for MT3
in curtailing the vigor of the caspase-11 activation cascade.
Although Mt3-/- mice exerted higher sepsis scores and weight loss,
they succumbed to septic shock similar to WT controls, suggesting
that a threshold level of caspase-11 activation may be sufficient to
promote sepsis-associated mortality.

In vivo, LPS released from OMV of gram-negative bacteria
triggers caspase-11 activation (2, 3). Myeloid-MT3 contributed to
averting excessive activation of caspase-11 and synergistic activation
of the canonical inflammasome in response to gram-negative
microbial triggers. MT3 compromised antibacterial resistance to
E. coli and K. pneumoniae, but this was not due to its suppressive
action on the caspase-11 inflammasome in vivo. Instead,Mt3-/- and
Casp-11-/- mice manifested improved antibacterial immunity, an
effect that was further augmented whenMt3-/- mice lacked caspase-
11. The synergism between MT3 and caspase-11 may result from
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independent or combined effects of MT3 and caspase-11 in vivo. Of
note, the activation of caspase-1 and caspase-8 in the absence of
MT3 and caspase-11 reveal that canonical inflammasome activation
was operational and both caspase-1 and caspase-8 may contribute
to IL-1b activation in vivo (38).

Mf utilize Zn2+ deprivation and Zn2+ intoxication
mechanisms as strategies for antimicrobial defense (56, 61, 62).
We previously showed that ablation of MT3 in Mf augments
immunity to Histoplasma capsulatum as well as E. coli. The
increased antimicrobial resistance in Mt3-/- Mf is at least
partially attributable to a decrease in the Mf exchangeable
Zn2+ pool and exaggerated IFNg responsiveness (11, 19).
Myeloid and non-myeloid cells may together contribute to
bacterial elimination in whole-body MT3-deficient mice.
Nonetheless, the augmented bacterial elimination observed in
Lys2Cre Mt3fl/fl mice indicates that myeloid-MT3 contributes to
the suppression of antibacterial defenses in vivo. The finding that
MT3 deficiency dually bolstered inflammasome activation and
antibacterial immunity underpins a role for this protein in
suppressing the emergence of a proinflammatory phenotype in
Mf. Our data unveil a unique crosstalk between caspase-11 and
its negative regulator, whereby although MT3 keeps caspase-11
activation under control, the two synergistically compromise
host immunological fitness to gram-negative bacterial infection.

Caspase-11 activation can have opposing effects on clearance of
different bacteria. It improves resistance to Burkholderia
thailandensis, B. pseudomallei, Brucella abortus, and Legionella
pneumophila but may compromise immunity to B. cenocepacia,
Salmonella typhimurium, E. coli, Shigella flexneri, K. pneumoniae
and gram-positive infections including Streptococcus pyogenes,
Staphylococcus aureus and Listeria monocytogenes (28, 31–33, 35,
63–69). Lipoteichoic acid from gram-positive bacteria engages the
caspase-11 inflammasome viaNLRP6 (28). Likewise, GAS infection
led to caspase-11 activation in vivo. Although MT3 exerted
disparate effects on caspase-11 activation in gram-positive and
gram-negative infections, caspase-1 and IL-1b activation was
suppressed by MT3 in both infection settings. In the context of
GAS infection, both the host and the pathogen contribute to
canonical inflammasome activation. Surface and secreted GAS
virulence factor emm, and the streptococcal pyrogenic exotoxin B
(SpeB) proteins act as second signals to activate caspase-1 signaling
(70–72). Our data do not exclude the role of pathogen-derived
factors in contributing to the increased canonical inflammasome
activation observed in Mt3-/- mice infected with GAS. Nonetheless,
our findings indicate that MT3 exerted a suppressive effect on the
canonical caspase-1 pathway activated by gram-positive bacteria,
while sparing negative regulation of the upstream non-canonical
inflammasome activation in vivo.

The TRIF pathway is a central node in activation of the
caspase-11 inflammasome in response to gram-negative
infection (20). Targeting TRIF, but not IFNAR1, completely
reversed the inflammatory cascade, including IL-1b activation.
Blockade of IFNAR1 attenuated downstream activation of
STAT1, caspase-11 and caspase-1, but both pro-IL-1b and
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active IL-1b levels were dramatically enhanced. This finding
contrasts with the previously reported requirement of both TRIF
and IFNAR1 in this pathway (20). Although that study utilized
BMDMf from IFNAR1-/- mice and we used an anti-IFNAR1
monoclonal antibody, both approaches resulted in attenuation of
targets downstream of IFNAR1. Emerging evidence points to an
indirect inhibitory effect of type-I IFNs on inflammasome
activation by decreasing pro-IL-1b transcription via IL-10 or
25-hydroxycholesterol (73, 74). The subdued activation of
caspase-1 and heightened active IL-1b levels suggests that
IL-1b activation occurs via a caspase-1 independent pathway
when IFNAR is blocked. Interfering with IFNAR1 signaling can
therefore subdue activation of critical inflammasome
components including caspase-11 and caspase-1 but sustain
IL-1b production and activation.

The crucial function of Zn2+ as a signaling molecule is well
documented (13, 75–77). Changes in plasma and cellular Zn2+ levels
regulate the production of various cytokines via NF-kB signaling
(78, 79). Specifically, Zn2+ deficiency in humans increases the
production of tumor necrosis factor (TNF)a and IL-1b by LPS-
treated PBMCs ex vivo, whereas Zn2+ supplementation reduces it
(80, 81). Therefore, a shift from physiological Zn2+ concentrations at
the systemic or cellular level can impact proinflammatory cytokine
responses and inflammation. To our knowledge, modulation of Mf
Zn2+ homeostasis during non-canonical inflammasome activation
has not been previously demonstrated. Our data show that caspase-
11 activation is accompanied by a gradual expansion of the
intracellular Zn2+ pool driven by MT3. Zn2+ deficiency did not
augment pro- forms of caspase-11 (p43 and p38), but specifically
increased their activation. Zn2+ diminishes signaling via IRF3 by
limiting its nuclear localization (48). Accordingly, MT3 interfered
with signaling via the TRIF-IRF3-STAT1 axis by shaping the Mf
Zn2+ pool. The MT3-Zn2+ axis dampened IRF3 phosphorylation
and downstream mediators without impacting TRIF levels.
Although we cannot rule out the direct effect of Zn2+ on
inflammasome components downstream of IRF3, the suppressive
action of MT3 on the non-canonical inflammasome was Zn2+

dependent. Our data demonstrate that by manipulating the Mf
Zn2+ milieu, caspase-11 activation can either be triggered or averted.
This finding has important implications in defining a role for Zn2+

in subverting caspase-11 driven hyperinflammation. Developing
therapeutic strategies that temper activation of the caspase-11/4
inflammasome have garnered tremendous interest to alleviate
endotoxemia. In light of this, the MT3-Zn axis emerges as a fresh
and vital candidate that guards the vigor of a caspase-11 fueled
inflammatory response. In the context of gram-negative bacterial
pathogenesis, our data indicate that strategies aimed at combined
targeting of MT3 and the caspase-11 inflammasome may be more
beneficial in infection control than targeting caspase-11 alone.

Taken together, our studies illuminate a double-edged
phenomenon in inflammasome regulation whereby the MT3-
Zn2+ axis is a sentinel of the caspase-11 inflammasome but MT3
and the non-canonical inflammasome function in concert to
compromise host antibacterial resistance.
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MATERIAL AND METHODS

Reagents and Resources
Reagents and resources can be found in Table 2.
TABLE 2 | Reagents and resources.

Name Source Identifier

Antibodies
anti-TRIF Proteintech Cat#23288-1-AP
anti-pIRF3 (Ser396) BIOSS Cat#bs-3195R
anti-STAT1 Abcam Cat#ab99415
anti-pSTAT1 (pY701) [M135] Abcam Cat#ab29045
anti-GBP5 Proteintech Cat#13220-1-AP
anti-GBP2 Proteintech Cat#11854-1-AP
anti-Caspase 11 (17D9) eBioscience™ Cat#14-9935-82

anti-Caspase-11 Abcam Cat# ab180673
anti-CASPASE-4 MBL Cat#M029-3
anti-GSDMD Proteintech Cat#20770-1-AP
anti-Caspase-1 AdipoGen Life Sciences Cat#AG-20B-0042-

C100
anti-Caspase-1 (14F468) Santa Cruz

Biotechnology
Cat#sc-56036

anti-IL-1b/IL-1F2 R&D Systems Cat#AF-401-NA
anti-IL-1b/IL-1F2 R&D Systems Cat#MAB4011
anti-IL-1b (B122) Santa Cruz

Biotechnology
Cat#sc-12742

anti-Caspase-8 (1G12) Enzo Life Sciences Cat#ALX-804-447-
C100

anti-b-actin Cell Signaling Technology Cat#4967s
anti-b-actin ThermoFisher Scientific Cat#PA1-183
anti-b-actin R&D Systems Cat#MAB-8929
Mouse anti-armenian hamster
IgG-HRP

Santa Cruz
Biotechnology

Cat#sc-2789

Goat anti-rabbit IgG(H+L), HRP
conjugate

Proteintech Cat#SA00001-2

IRDye® 800CW goat anti-
rabbit IgG

LI-COR Biosciences Cat#926-32211

IRDye® 680RD goat anti-rabbit
IgG

LI-COR Biosciences Cat#926-68071

Goat anti-mouse IgG(H+L),
HRP conjugate

Proteintech Cat#SA00001-1

IRDye® 680RD goat anti-
mouse IgG

LI-COR Biosciences Cat#926-68070

Mouse IgG (H&L) secondary
antibody peroxidase
conjugated pre-adsorbed

Rockland
Immunochemicals

Cat#610-1319-
0500

Rabbit anti-goat IgG(H+L),
HRP conjugate

Proteintech Cat#SA00001-4

Goat anti-Rat IgG(H+L), HRP
conjugate

Proteintech Cat#SA00001-15

IRDye® 800CW goat anti-rat
IgG

LI-COR Biosciences Cat#926-32219

anti-IFNAR1 (Clone: MAR1-
5A3)

BioLegend Cat#127302

anti-IgG1 (Clone: MOPC-21) BioLegend Cat#400102
Bacterial Strains
Escherichia coli (K12) Dr. Jason Gardner

(gardnejr@ucmail.uc.edu)
N/A

Klebsiella pneumoniae (KP2
2-70)

Dr. Jason Gardner
(gardnejr@ucmail.uc.edu)

N/A

Group A Streptococcus
(Streptococcus pyogenes)

Dr. Suba Nookala
(suba.nookala@und.edu)

N/A

(Continued)
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TABLE 2 | Continued

Name Source Identifier

Primers
Mt3 Applied Biosystems Mm00496661_g1
Mt2 Applied Biosystems Mm00809556_s1
Mt1 Applied Biosystems Mm00496660_g1
Hprt Applied Biosystems Mm00446968_m1
MT3 Applied Biosystems Hs00359394_g1
MT2A Applied Biosystems HS02379661_g1
HPRT1 Applied Biosystems Hs99999909_m1
Genotyping Primers IDT N/A
siRNA and expression vector
MT3 Ambion Cat#AM16708
Ticam1 Dharmacon™ Cat#L-055987-00-

0005

ON-TARGETplus™ Control
Pool (Non-Targeting pool)

Dharmacon™ Cat#D-001810-10-
20

pCMV6-AC-GFP (PS100010) ORIGENE Cat#MG200059
pCMV6-AC-GFP ORIGENE Cat# PS100010
Chemicals and accessories
RPMI 1640 CORNING REF#10-041-CV
Opti-MEM® I GIBCO REF#31985-070
FBS HyClone Cat#SH30396.03
DPBS CORNING REF#21-031-CV
PBS without calcium and
magnesium

CORNING REF#21-040-CV

HBSS CORNING REF#21-021-CM
HEPES Sigma Cat#H3375
Mouse M-CSF PEPROTECH Cat#315-02
Human M-CSF PEPROTECH Cat#300-25
Trypsin-EDTA CORNING REF#25-053-CI
LPS-B5 Ultrapure InVivoGen Cat#tlrl-pb5lps
Glycerol Fisher Bioreagents Cat#BP229-1
LB Broth Fisher Bioreagents Cat#BP1427-500

BBL™ Brain Heart Infusion
Broth

Becton Dickinson Cat#22182

Agar BD Bacto™ Cat#214010

BD Bacto™ Dehydrated
Culture Media: Todd Hewitt
Broth

BD Cat#249240

Gibco™ Bacto™ Yeast
Extract

Gibco Cat#212750

BD BBL™ RODAC™

Trypticase™ Soy Agar with
5% Sheep Blood (TSA II)

BD Cat#221261

EZ Pack™ Agarose ASi Item No.#AG2501

MCC950 ApexBio B7946-50
ZnSO4 Sigma Cat#z-4750
Sodium Chloride Sigma Cat#S1679-1KG
Ethyl Alcohol Fisher Scientific Cat#A407-4
Methanol Fisher Scientific Cat#A434-20
Methanol BDH Cat#BDH1135-4LP
Dimethyl Sulfoxide Sigma Cat#D8418-1L
Chloroform Fisher Scientific Cat#C5312
Hydrochloric Acid Fisher Scientific Cat#A508-212
Sulfuric Acid Fisher Scientific Cat#A300SI-212
Sodium Hydroxide Fisher Scientific Cat#S318-3
Precise Protein Gels Invitrogen REF#XP04205BOX

SurePAGE™, Bis-Tris, 10x8
gels (4-20%, 15 wells)

GenScript Cat#M00657

Tris-MOPS-SDS Running
Buffer Powder

GenScript Cat#M00138

Nitrocellulose membranes BIO-RAD Cat#162-0112

(Continued)
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Microbes
E. coli (K12) and K. pneumoniae were kindly provided by Dr.
Jason Gardner at the University of Cincinnati. Group A
Streptococcus (GAS 5448) was kindly provided by Dr. Suba
Nookala at the University of North Dakota.

Mice
All mice used in this study were on the C57BL/6 background.
WT and Casp4tm1Yuan/J (Casp-11-/-) mice were acquired from the
Jackson Laboratory. Lys2Cre mice were kindly provided by Dr.
George S. Deepe. Jr. (University of Cincinnati). Mt3-/- (exon 3
deleted) and Mt3fl/fl mice were generated using clustered
regularly interspaced short palindromic repeats (CRISPR) by
the Transgenic Animal and Genome Editing Core facility at the
Cincinnati Children’s Hospital Medical Center (CCHMC). In
mice, the Mt gene cluster is located on chromosome 8. The Mt3
TABLE 2 | Continued

Name Source Identifier

Protease &Phosphatase
Inhibitor Cocktail

Thermo Scientific Cat#78442

Denaturing Cell Extraction
Buffer

Invitrogen Cat#FNN0091

XCell II™ Blot Module ThermoFisher Scientifics Cat#EI9051

Glycine Fisher Scientific Cat#BP381
Tris-base Fisher Scientific Cat#BP152
SDS Fisher Scientific Cat#BP166
Tween 20 Acros Organics Cat#23336-0010
Tween 20 Sigma Cat#P-1379
Triton X100 Fisher Scientific Cat#BP151
Bovine serum albumin Sigma Cat#A7030
Intercept® (TBS) Blocking
Buffer

LI-COR Biosciences Cat#927-60001

Non-fat dry milk Nash Finch Co. N/A
Isoflurane Covetrus NDC Code(s)

#11695-6777-2
Nair Chuech & Dwight Co.inc N/A
Gauze Medline REF#PRM25444
Puritan cotton tipped
applicator

Puritan SKU#836-WC

Insulin injection syringe (1mL) Exelint international co. Cat#26029
10 ml plastic Syringe Fisherbrand Cat#14955459
1 ml plastic Syringe Fisherbrand Cat#14955456
BioLite12 well multidish Thermo Scientific Lot# H4XA4RE106
24 well tissue culture plates CellPro Lot# 072219BA03
48 well cell culture plate NEST Lot# 121717A004
Tissue culture plate 96 well, flat
bottom

Fisherbrand Cat#FB012931

96 well ELISA plate NEST Lot#04291818A007
Petri dish NEST Lot#753001
15 ml Centrifuge tube Fisher Scientific Cat#14-955-237
50 ml Centrifuge tube Fisher Scientific Cat#14-955-239
Cell scraper SPL Life Sciences Cat#90030
Golden Rod animal Lancet
(4mm)

Medipoint Inc N/A

Omni homogenizer Th-01 and
tips

Omni International Model
Number#THP115

GeneArt Platinum Cas9
Nuclease
Alt-R SpCas9 Nuclease 3NLS
sgRNA

ThermoFisher
ThermoFisher
CCHMC transgenic core

Cat# B25641
Cat# 1074181
N/A

TSK gel 3000SW gel filtration
column

TOSOH BIOSCIENCE Cat#05789

DreamTaq DNA Polymerase Thermo Scientific REF#EP0702
Commercial Assays
TransIT®-TKO Mirus Bio LLC Prod. No.#MIR

2150
TransIT®-LT1 Mirus Bio LLC Prod. No.#MIR

2300
Pierce Protein Transfection
Reagent Kit

Thermo Scientific REF#89850

Human IL-1b/IL-1F2 DuoSet
ELISA

R&D Systems Cat#DY201-05

Mouse IL-1b BioLegend Cat# 432601
IL-1a BioLegend Cat# 433401
RNeasy Mini Kit Qiagen Cat# 74104

QUICK-RNA™ MINIPREP KIT Denville Scientific Cat# R1055

Reverse Transcription System Promega REF#A3500
Probe Lo-Rox 2X qPCR Mix RADIANT™ Cat#QP9020

CytoTox 96® NonRadioactive
Cytotoxicity Assay kit Promega

Promega REF#G1781

(Continued)
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SuperSignal™ West Femto
Maximum Sensitivity Substrate

Thermo Scientific Cat#34096

NEBNext Poly(A) mRNA
Magnetic Isolation Module

New England BioLabs Cat#E7490L

NEBNext Ultra Directional RNA
Library Prep Kit

New England BioLabs Cat# E7420L

NEBNext Library Quant Kit New England BioLabs Cat# E7630L
MEGAshorscript T7 Kit Thermo Fisher Cat#AM1354
MEGAclear Kit Thermo Fisher Cat# AM1908

Quick-DNA™ Miniprep Plus
Kit

ZYMO RESEARCH Cat#D4069

Radiant™ Taq DNA
Polymerase

RADIANT™ Cat#C101

Experimental Models: Organisms/Strains
C57BL/6 Mice Jackson Laboratory Stock#00064
C57BL/6 Mt3-/- deletion of
Exon 3

Transgenic Animal and
Genome editing core
facility at CCHMC

N/A

C57BL/6 Mt1-/-Mt2-/- Dr. George S. Deepe
(deepegs@ucmail.uc.edu)

N/A

C57BL/6 Casp4tm1Yuan/J
(Casp-11-/-)

Jackson Laboratory Stock#024698

Mt3-/-Casp-11-/- Crossed and bred in-
house

N/A

C57BL/6 Lys2Cre Dr. George S. Deepe
(deepegs@ucmail.uc.edu)

N/A

C57BL/6 Lys2Cre Mt3fl/fl Crossed and bred in-
house

N/A

Instrument, Software and Algorithms
FluorChem® HD2 Cell Biosciences S/N#FC HD2

Imager
Odyssey CLx Imaging system LI-COR N/A
7500 Fast Real Time PCR
System

Applied Biosystems S/N#275013253

RNA-seq data analysis -
DAVID Bioinformatics
Resources v.6.8

NIAID/NIH (https://david.
ncifcrf.gov/
summary.jsp)

Protein-protein interaction
networks- STRING v.11.0

ELIXIR (https://string-db.
org/)

NIH ImageJ Fiji NIH (https://imagej.nih.
gov/ij/)
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gene consists of 3 exons and is preceded by Mt1 and Mt2 genes.
We targeted exon 3 ofMt3 by flanking it with loxp sites (Mt3fl/fl)
using the CRISPR-Cas9 gene targeting approach. Lys2Cre Mt3fl/fl

mice that exhibit myeloid Mt3 deficiency were generated by
crossing Lys2Cre mice to Mt3fl/fl mice. Deletion of the Mt3 gene
was confirmed in BMDMf and PMf of Lys2Cre Mt3fl/fl mice by
genotyping as detailed in the CRISPR/Cas9 generation of Mt3fl/fl

mice section. To confirm 3’ loxp site insertion or deletion,
genomic DNA amplified using forward (5' TAG GCT TCC
CAC CTG TTT GG 3') and reverse (5' GCC AAG ATA AAG
TCC GGG GT 3') primers. To confirm 5’ loxp site insertion or
deletion, genomic DNA amplified using forward (5' TCG AAC
TAC CTC CAA ACA GAG AAC 3') and reverse (5' TCA GTT
TGG TCC AAA CGG GAT G 3') primers. To confirm Lys2Cre
gene insertion, genomic DNA amplified using mutant (5' CCC
AGA AAT GCC AGA TTA CG 3'), common (5' CTT GGG CTG
CCA GAA TTT CTC 3') and WT (5' TTA CAG TCG GCC AGG
CTG AC 3') primers. Casp-11-/-Mt3-/- mice were generated by
crossing Casp-11-/- mice to Mt3-/- mice. Casp-11 was amplified
using tail genomic DNA by mutant reverse (5' CGC TTC CTC
GTG CTT TAC GGT AT 3'), common forward (5' ACA ATT
GCC ACT GTC CAG GT 3') andWT reverse (5' CAT TGC TGA
CCT TAT TTC TGT ATG G 3') primers. Mt3 was amplified
using tail genomic DNA by forward (5' TTG GGG TGA GGT
GTA GAG GT 3') and reverse (5 GCC AAG ATA AAG TCC
GGG GT ' 3') primers. Mice used in this study had ad-libitum
access to food and water. All mice were housed in the
Department of Laboratory Animal Medicine, University of
Cincinnati, accredited by American Association for
Accreditation of Laboratory Animal Care (Frederick, MD) and
experiments were conducted in accordance with Animal Welfare
Act guidelines of the National Institutes of Health.
CRISPR/Cas9 Generation of Mt3fl/fl Mice
The methods for the design of sgRNAs, donor oligos and the
production ofMt3fl/fl (loxp sites surrounding exon 3 of the murine
Mt3 gene) animals were as described previously (82). The sgRNAs
were selected according to the on- and off-target scores from the
CRISPR design web tool (http://genome-engineering.org) as well
as CRISPOR (http://crispor.tefor.net) (83). The selected sgRNA
target sequences were cloned, according to the published method
(84), into the pX458 vector (addgene #48138) that was modified
by us to contain an optimized sgRNA scaffold (85) and a Cas9-2A-
GFP. Their editing activity were validated by the T7E1 assay in
mouse mK4 cells (86), compared side-by-side with Tet2 sgRNA
that was known to work in mouse embryos efficiently (87).
Validated sgRNA was transcribed in vitro using the
MEGAshorscript T7 kit (ThermoFisher) and purified by the
MEGAclear Kit (ThermoFisher), and stored at -80˚C. To
prepare the injection mix, we incubated sgRNA and Cas9
protein (ThermoFisher) at 37˚C for 5 mins. to form the
ribonucleoprotein complex and then added the donor oligos to
it. The initial attempt was to insert both loxP sites simultaneously
via piezo-driven cytoplasmic injection (88) of 100 ng/ul Cas9
protein, 50 ng/ul 5’ sgRNA, 50 ng/ul 3’ sgRNA, 50 ng/ul 5’ donor,
Frontiers in Immunology | www.frontiersin.org 1786
and 50 ng/ul 3’ donor into fertilized eggs. Injected eggs were
transferred into the oviductal ampulla of pseudo-pregnant CD-1
females on the same day. Pups were born and genotyped by PCR
and Sanger sequencing. However, only 3’ loxP-containing mice
were obtained from this attempt. After breeding them to
homozygosity for the 3’ loxP, a new set of 5’ sgRNA and the
donor oligo was designed and injected into the zygotes with the
mix containing 150 ng/ul Cas9 protein, 75 ng/ul 5’ sgRNA, and
100 ng/ul ssDNA donor oligo. Injected eggs were transferred into
the oviductal ampulla of pseudopregnant CD-1 females on the
same day. Pups were born and genotyped by PCR and Sanger
sequencing. Founder mice carrying both 5’ and 3’ loxP sites in cis
were finally obtained. Animals were housed in a controlled
environment with a 12-h light/12-h dark cycle, with free access
to water and a standard chow diet. All animal procedures were
carried out in accordance with the Institutional Animal Care and
Use Committee-approved protocol of Cincinnati Children’s
Hospital and Medical Center.
Mf Culture
hMf were prepared from peripheral blood mononuclear cells
(PBMCs). Briefly, human blood obtained from the Hoxworth
Blood Center, University of Cincinnati was diluted (1:2) with
calcium- and magnesium-free 1X Dulbecco’s phosphate-
buffered saline (DPBS) and inverted gently to mix. Ficoll-
Paque (10 ml for the total volume of 40 ml diluted blood)
was layered at the bottom of the tube. The tubes were
centrifuged at 400 X g for 30 mins. without break at 20˚C.
The PBMC interface was transferred to sterile tubes and washed
three times using 40 ml of DPBS containing 2mM EDTA and
centrifuged at 120 X g for 10 mins. without break at 4˚C. A final
wash was performed with DPBS (without EDTA). Isolated
PBMCs were resuspended in complete RPMI 1640 medium.
PBMCs (5 X 106) were plated in 24 well plates containing
complete RPMI medium. After 24h, adherent monocytes were
washed three times with DPBS and plated in complete RPMI
1640 medium (Corning®) containing 10 ng/ml macrophage-
colony stimulating factor (M-CSF), 10%FBS, 10 mg/ml
gentamycin sul fa te (Alka l i Sc ient ific Inc . ) and 2-
mercaptoethanol. Cells were differentiated by exposure to
human recombinant M-CSF on days 0, 2 and 4. After 6 days,
hMf were washed with DPBS prior to use for the experiment.

Mouse BMDMf were prepared by differentiating bone
marrow cells in complete RPMI 1640 medium containing 10
ng/ml mouse M-CSF, 10% fetal bovine serum (FBS) (HyClone
Laboratories, Utah), gentamycin sulfate (10 mg/ml) and 2-
mercaptoethanol. BMDMf were fed on days 0, 2 with
complete RPMI 1640 medium containing 10 ng/ml M-CSF
and were supplemented on day 4 with M-CSF. After 6 days,
adherent Mf were harvested by washing with DPBS followed by
trypsinization and centrifuged at 1600 rpm for 5 mins. at 4˚C.
Mf were washed again with DPBS at 1600 rpm for 5 mins. at 4˚C
and counted under the microscope. Dead cells were excluded
from enumeration using Trypan Blue stain. BMDMf (0.5 X 106

in 24 well or 1 X 106 in 12 well plate) were seeded.
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Bioinformatics Analysis
The STRING database was used to review the protein-protein
interaction networks of MT3 in Mus musculus and Homo sapiens
(22). A full network analysis was conducted based on text mining,
experiments, databases, co-expression, neighborhood, gene fusion
and co-occurrence data with a minimum required interaction score
of 0.4 and a maximum of 50 interactors in the first shell and 50
interactors in the second shell. Statistical significance of the enriched
biological processes (GO BP categories) in theMT3 network was set
with a false discovery rate (FDR) <0.05.

Identification of differentially expressed genes in resting WT
compared to resting Mt3-/- Mf was based on our previously
published RNA-seq data (NCBI SRA: PRJNA533616) (19). The
number of biological replicates used in the analysis was 3 per group.
Genes differentially expressed with a fold change FC>2 and adjusted
p value q<0.05 were considered significant. The Benjamini-
Hochberg correction was used to adjust p values for multiple
hypothesis testing. Differentially expressed genes in Mt3-/-

BMDMf compared to WT BMDMf with q<0.05 were queried
using the functional annotation clustering tool DAVID to identify
statistically enriched GO categories (using the GO terms, BP direct,
CC direct and MF direct) in Mt3-/- BMDMf compared to WT
BMDMf (41). Significance of enrichment was set to FDR <0.05.

Gene Silencing
For gene silencing, Mf were transfected with the transfection
complex (50 ml) of siRNA and TransIT-TKO® (0.5%)
transfection reagent (Mirus Bio™) in 500 ml of complete RPMI
1640 medium without antibiotics as per the manufacturer’s
instructions. Concentration of siRNAs used for gene silencing
were 100 nM each of the non-targeting pool (ON-
TARGETplus™ scramble siRNA), human MT3 (MT3
Silencer® Pre-designed siRNA) and mouse Ticam1 (ON-
TARGETplus SMARTpool). All siRNAs were purchased from
Dharmacon (GE Healthcare). Both BMDMf and hMf were
incubated with the siRNA containing transfection complexes
for 24h in RPMI medium and washed prior to transfection with
LPS in Opti-MEM medium. TRIF silencing was assessed by
protein expression using Western blots. Human MT3 silencing
was assessed by gene expression using qRT-PCR.

IFNAR1 Neutralization
IFNAR1 on WT and Mt3-/- BMDMf was neutralized using 10
mg/ml monoclonal anti-IFNAR1 antibody (BioLegend; Clone:
MAR1-5A3) 1h prior and 24h after iLPS (10 mg/ml) stimulation.
Negative control groups were treated with the same dose of
isotype control IgG antibody (BioLegend; Clone: MOPC-21).
After a total 48h, cell lysates and supernatants were harvested for
the molecular analysis.

Non-Canonical Inflammasome
Activation in Mf
To activate the non-canonical inflammasome, 1 X 106 Mf were
transfected with a transfection complex (50 ml) of 0.3%
TransIT™-LT1 (Mirus Bio™) transfection reagent (vehicle)
and 2 mg/ml or 10 mg/ml ultrapure LPS-B5 (In vivo Gen)
Frontiers in Immunology | www.frontiersin.org 1887
prepared from E. coli 055:K59(B5) in 500 ml Opti-MEM
medium (Thermo Fisher Scientific-US) as per manufacturer’s
instructions for 24h.

Preparation of Zn2+-Sufficient and
Zn2+-Deficient Opti-MEM Media
Molecular biology grade chelex-100 resin (BioRad) was washed
three times with metal free ddiH2O prior to use. To prepare
Zn2+-deficient Opti-MEM medium, washed Chelex-100 resin (3
g per 100 ml) was added to Opti-MEM media and vigorously
shaken for 1h on an orbital shaker at room temperature. After
this time, media was filtered using a 0.22 mm filter and mixed
with fresh washed chelex-100 resin and the same procedure was
repeated for a total of 3 times to eliminate metals from Opti-
MEM media. Chelex was removed from the media by a final
filtration step. During each of these stages, an aliquot of the
media was saved to monitor the efficiency of Ca2+, Mg2+, Mn2+,
Co2+, Zn2+, Cu2+, Ni2+ and Fe2+ elimination by ICP-MS. The
amount of Zn2+ in Opti-MEM media was decreased by 95% by
the above chelation method. To prepare Zn2+-sufficient media,
chelexed Opti-MEM was reconstituted with Ca2+, Mg2+, Mn2+,
Co2+, Cu2+ and Zn2+ at the original concentrations as measured
by ICP-MS. To prepare Zn2+-deficient media, all measured
elements except Zn2+ were added to the chelexed Opti-MEM
media at the original measured concentrations. Finally, the pH of
Zn2+-sufficient and Zn2+-deficient Opti-MEM media was
adjusted to 7.4 and filtered prior to use.

MT3 Overexpression and Purification
The pCMV6-Ac-GFP vector containing the mouse Mt3 gene
(pCMV6-Ac-MT3-GFP) and empty pCMV6-Ac-GFP vectors
were acquired from Origene and dissolved in nuclease-free
sterile H2O. Plasmid DNA (5 ng) was added to 50 ml of
thawed Novablue competent E. coli cells (EMD Millipore) and
transformation was performed as per manufacturer ’s
instructions. E. coli cells were serially diluted in S. O. C media
(ThermoFisher Scientific) and plated onto Luria-Bertani (LB)
plates with 50 mg/ml carbenicillin and grown for 24h at 37˚C. A
single colony was isolated and inoculated in LB media containing
carbenicillin and grown at 37˚C for 5h in a shaker. The culture
was further amplified by passaging for another 24h. E. coli cells
were then harvested by centrifugation at 2000 rpm for 10 mins.
and plasmid was extracted using the EndoFree plasmid MAXI kit
(Qiagen) as per the manufacturer’s instructions. The plasmid
was reconstituted in endotoxin-free TE buffer and OD readings
obtained were in the range of 1.8-1.9. The resulting endotoxin-
free plasmid DNA was set to a concentration of 1 mg/ml in filter-
sterilized EndoFree TE buffer and frozen into aliquots until
further use.

Mt1-/-Mt2-/- BMDMf were transfected with pCMV6-Ac-GFP
control vector or pCMV6-Ac-MT3-GFP vector using the LT1
transfection reagent (Mirus Bio) in RPMI media containing 10%
serum without antibiotics as per the manufacturer’s instructions.
After 48h, BMDMf cultures were lysed with 250 ml of 0.1% SDS
prepared in double-deionized (ddi) H2O for 20 min. on ice with
intermittent mixing. Cell lysates were transferred to 0.22 mm
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filter tubes and centrifuged at 13000 rpm for 5 mins. Filtered cell
lysates were subjected to SEC-ICP-MS to isolate the MT3 protein
as described below.

Preparation of apo-MT3, 4Zn2+-MT3 or
6Zn2+-MT3
Cell lysates from above were analyzed by SEC-ICP-MS to detect
the MT3-associated peak, followed by collection of the fraction of
interest (18-21 mins.). The collected fraction was concentrated
by freeze drying in Millrock lyophilizer (Millrock, NY). The
concentrated fraction was treated with 1 g of Chelex X-100 resin
to remove the divalent metals associated to the protein. The total
MT concentration was calculated by the total sulfur
concentration in the sample with a 1:20 stoichiometry. The
sample was divided into 3 fractions, and each fraction was
incubated for 2 h in 50 mM Tris-HCl with the appropriate
concentration of 66Zn2+ nitrate to obtain an MT3-Zn2+

saturation of 0, 4 or 6 Zn2+ ions per MT3 molecule. After
incubation, samples were filtered using a 3 kDa MWCO filter
to remove the unbound Zn2+ and reconstituted in 1X PBS.

Transfection of Apo, Zn2+-MT3 Complexes
Into BMDMf
In a 24 well plate, 5 X 105 Mt3-/- BMDMf were transfected with
the transfection complex (10 ml) containing 500 ng of apo-MT3,
4Zn2+-MT3 or 6Zn2+-MT3 and Pro-Ject™ (1.75 ml) protein
transfection reagent (ThermoScientific-US) in 250 ml of 2%
FBS containing antibiotic free RPMI 1640 medium. Control
Mt3-/- BMDMf were treated with Pro-Ject™ alone. Cells were
incubated with the transfection complexes for 3.5h and washed
two times using HBSS prior to challenge with iLPS in Zn2+ free
Opti-MEM medium. At the experiment end point, cell lysates
were either prepared for SEC-ICP-MS analysis or both cell
lysates and supernatants were collected for the analysis of non-
canonical inflammasome activation.

SEC-ICP-MS-MS Analysis and
Normalization of Data
SEC-ICP-MS-MS analysis of WT and Mt3−/− BMDMf was
performed as described previously (11). Mf were plated in Opti-
MEM media, and either left untreated or transfected with 10 mg/ml
LPS for 1, 24 and 48h. After this time,Mfwere washed twice inHBSS
and cells were lysed with 0.1% SDS on ice for 20 mins. Cell lysates
were then centrifuged in 0.22 mm filter tubes at 13000 rpm for 10
mins. Filtered cell lysates were frozen at -80°C until further analysis by
SEC-ICP-MS. 50-80 µl of cell lysates were injected to the HPLC-ICP-
MS system according to protein concentration. To normalize the
response of ICP-MS-MS signal from SEC separations on different
days, 50 ml of 0.5 mg/ml carbonic anhydrase was injected into the
liquid chromatography system, and area of Zn2+ signals from samples
was normalized to area of the carbonic anhydrase peak from each
day. The absorbance of carbonic anhydrase at 280 nm was followed
to ensure protein integrity.

The instrumentation consisted of an Agilent 1100 HPLC
equipped with a degasser, a binary pump, a thermostated auto
sampler, a column oven compartment and a diode array
Frontiers in Immunology | www.frontiersin.org 1988
detector. For the Mf lysates, a TSK gel 3000SW gel filtration
column (TSK Tokyo Japan) 7.8 × 300 mm, 10 mm particle size
was used. The mobile phase was ammonium acetate pH 7.4,
0.05% MeOH at 0.5 ml/minute. The HPLC system was coupled
to the ICP-MS-MS nebulizer via a short polyether ether ketone
capillary of 0.17 mm internal diameter. An Agilent 7500ce ICP-
MS system equipped with a micromist quartz nebulizer, a chilled
double pass Scott spray chamber and a standard 2 mm insert
quartz torch with shield torch was used for all experiments. The
ICP-MS was operated by the Agilent Mass Hunter integrated
chromatographic software in the helium collision mode as
reported previously (11). The isotope dilution experiments
were processed by exporting the chromatographic data to
Origin (Origin labs, CA) and the signal, in the form of counts
per second, was used to calculate the ratio of 66Zn2+/64Zn2+ at
every point in the chromatograms. This was used to generate a
new chromatogram that reflected the input of 66Zn2+ from the
MT3-Zn2+ complex at every molecular mass region in the
chromatogram. The total area under the chromatograms was
used to calculate the concentration of total Zn2+ (64Zn2+) and
66Zn2+ from the MT3-66Zn2+ complexes (66Zn2+/64Zn2+) against
a calibration curve of Zn2+ based on carbonic anhydrase.

ICP-MS-MS and SEC-ICP-MS-MS Quality
Control to Avoid External Zn2+

Contamination
All metal analysis experiments were performed using trace metal
grade reagents with acid washed plastic vials. Reagent blanks
were used to correct the background signal. The analysis was
performed through a metal free encased auto sampler. The
concentration of Zn2+ in the blanks was always below 100
parts per trillion (ppt), the blank estimate concentration on the
calibration curves was always below 50 ppt, while the detection
limits were below 30 ppt.

For chromatographic analysis, themobile phase was cleaned using
a Chelex 100 resin, using the batchmethod. In brief, 3 g of Chelex-100
was added to a liter of mobile phase, stirred for 30 mins. and passed
through a 0.45 mm membrane. This decreased the Zn2+

concentration below 200 ppt (measured as total). By this method,
the base line ICP-MS-MS 66Zn2+ signal was below 1000 counts per
second, which represents sub-ppb levels. The SEC column was
cleaned using 10 volumes of 0.2 M NaCl and equilibrated with the
mobile phase, followed by injection of 50 ml of 2% HNO3 three times
to remove any accumulated Zn2+ in the column.With this procedure,
Zn2+ distribution in the samples never deviated more than 10%
compared to the theoretical natural Zn2+ isotope distribution in the
control Mf samples. Four blanks and four carbonic anhydrase
standards were injected after the cleaning procedure for monitoring
Zn2+ signal by ICP-MS-MS to ensure optimal column performance.
Typically, the column was cleaned every 30-40 samples.

LPS Treatment In Vivo
Thirteen-week-old WT and Mt3-/- mice were primed with i.p.
injection of 10 mg/kg poly(I:C) for 6h followed by 2 mg/kg
ultrapure LPS-B5 (In vivoGen) prepared from E. coli 055:K59
(B5) (i.p. injection) for 18h. At the experiment end point, blood
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was collected by cardiac puncture, allowed to clot, and
centrifuged at 2000 rpm for 30 mins. at 4˚C to isolate serum.
Serum was used to measure cytokines by enzyme-linked
immunosorbent assay (ELISA).

In Vitro and In Vivo Infection With Gram-
Negative Bacteria
For in vitro infection, E. coli (K12) was grown in LB broth at
37˚C overnight in an orbital shaker. The culture was pelleted,
washed and resuspended with ice-cold DPBS. Optical Density
(OD) of the culture was measured at 600nm using a
spectrophotometer. To analyze E. coli burden in in vitro, hMf
were transfected with scramble siRNA or MT3 siRNA as
described above. hMf, WT and Mt3-/- BMDMf were infected
with a multiplicity of infection (MOI) of 25 E. coli: 1 hMf for
3.5h in Opti-MEM media. Mf were washed 3 times with 10 mg/
ml gentamycin sulfate containing DPBS to kill extracellular
bacteria and incubated in Opti-MEM media with antibiotic for
24h. Mf were again washed 3 times with antibiotic-free DPBS,
diH2O was added and cells were incubated for 30 min. to induce
osmotic lysis. Cells were scraped and lysates were diluted in
DPBS followed by plating on LB agar plates and incubated at
37˚C for 24h. Colonies were enumerated as above. Intracellular
bacterial burden was represented as percent inhibition of
bacterial growth in MT3-silenced hMf compared to scramble
siRNA treated hMf and in Mt3-/- BMDMf compared to
WT BMDMf.

To analyze antibacterial immunity in vivo, 10 to12 week-old
mice were used. Mice were infected with E. coli 1 X 109 CFUs via
i.p. injection (300 µl/mouse) for 1h or 6h. To investigate the role of
NLRP3 inflammasome in antibacterial immunity, mice were
treated with 1 mg/mouse MCC950 (an inhibitor of NLRP3
inflammasome) via i.p. injection (100 µl/mouse) for 1h followed
by E. coli 1 X 109 CFUs via i.p. injection (300 µl/mouse) for 6h. K.
pneumoniae KP2 2-70, a virulent, heavily encapsulated gram-
negative bacterial strain (89, 90), was grown overnight in brain
heart infusion (BHI) broth. The following morning bacteria were
washed with DPBS, and administered at 4 x 104 CFUs in 50 µl per
mouse by the i.n. to isoflurane-anesthetized mice for 48h. At the
infection end point, blood was collected by cardiac puncture. A
portion of the blood sample was acquired in anticoagulant (3%
Na-citrate or EDTA) containing tubes to determine bacterial
CFUs in blood. The remaining blood was allowed to clot, and
centrifuged at 2000 rpm for 30 mins. at 4˚C to isolate serum.
Peritoneal lavage was collected using ice-cold 10ml DPBS. Kidney,
lung, and spleen were collected after perfusion with 3 ml of DPBS,
indicated organs and skin was rinsed in DPBS and ground with 5
ml DPBS using a glass grinder. Bacterial growth was measured in
blood, peritoneal lavage, kidney, lung, skin and spleen samples.
Serum and peritoneal lavage were used to measure cytokines by
enzyme-linked immunosorbent assay (ELISA).

LPS-Induced Septic Shock
Septic shock was induced in mice via i.p. injection with ultrapure
LPS-B5 (20 mg/kg) (In vivoGen) prepared from E. coli 055:K59
(B5). Mice were weighed and sepsis scores were determined at
Frontiers in Immunology | www.frontiersin.org 2089
various intervals. The MSS scoring method assesses sepsis
severity with scores ranging from 1-4 based on 7 parameters
(appearance, consciousness, activity, stimulus (sounds/touch),
eyes aspect, respiration rate and respiration quality) (27).
Survival analysis was conducted using the Kaplan-Meier
analysis method and log-rank (Mantel-Cox test) was used to
determine statistical differences in survival.

In Vivo InfectionWith Gram-Positive Bacteria
A representative M1T1 clonal Group-A-Streptococcus GAS5448
was used for subcutaneous infections (91). GAS was grown at 37°
C under static conditions in Todd-Hewitt broth (BD, MD, USA)
supplemented with 1.5% yeast extract (BD Biosciences, MD,
USA) and in vivo infections were performed as described
previously (29, 92). WT and Mt3-/- mice (n=8/group) were
used in this study as a model for subcutaneous GAS infections.
One day prior to infection, the hair on the back of the mice was
depilated (using Nair cream) and mice were infected
subcutaneously with 0.1 ml of GAS suspension prepared in
sterile DPBS (Ca2+/Mg2+ free, low endotoxin, Mediatech, VA,
USA, DPBS) (OD600 adjusted to yield ~1-5x10 (8) CFUs). Actual
inoculum was determined by plating on trypticase soy agar
containing 5% sheep blood (BD Biosciences, MD, USA). Mice
were monitored twice daily for body weight, lesions, and
mortality. To determine GAS dissemination and load, mice
were humanely euthanized 72h post-infection. Blood was
drawn through cardiac puncture; necrotic skin, kidney, and
spleen were recovered aseptically and weighed. One ml of
DPBS was added per 100 mg tissue and homogenized (Omni
International, Marietta, GA) followed by plating of ten-fold
dilutions on blood agar plates. GAS burden was calculated as
colony-forming units (CFUs) per ml (blood) or per mg of tissue.
The remaining homogenates were centrifuged for 15 mins. at
12,000 x g at 4°C, and supernatants were stored at -80°C for
western blot analysis.

Gene Expression
RNA was isolated from Mf after elimination of genomic DNA
using RNeasy Plus Mini kit (Qiagen) or QUICK-RNA™

MINIPREP KIT (Thomas Scientific). cDNA was prepared
using Reverse Transcription Systems Kit (Promega, WI) or
rAmp First Strand cDNA Synthesis Flex Kit (Thomas
Scientific). Taqman primer/probe sets (Applied Biosystems,
CA) were used for real-time gene expression analysis using
ABI Prism 7500. For time course analysis of expression of
murine Mt genes, Mf were left unstimulated or stimulated
with 2 mg/ml iLPS for 0h, 1h, 6h, 24h and 48h. Data are
presented as fold change in gene expression normalized to
unstimulated Mf at the 0h time point. To examine the effects
of extracellular ultrapure LPS (exLPS) on murine Mt3 gene
expression, BMDMf were left unstimulated or stimulated with
10 mg/ml exLPS. Data are presented as fold change in gene
expression normalized to unstimulated Mf at the 48h time point.
For MT2A gene expression analysis in MT3 silenced hMf, cells
were treated with either MT3 siRNA or scramble siRNA as
mentioned above. Data are presented as fold change in gene
expression normalized to control siRNA treated hMf.
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Hypoxanthine guanine phosphoribosyl transferase (Hprt) was
used as an internal control to compare target gene expression.

Western Blotting
TRIF (Proteintech), pIRF3 (BIOSS), STAT1, pSTAT1 (Abcam),
GBP2, GBP5 (Proteintech), caspase-11 (Abcam and
eBioscience™), CASPASE-4 (MBL), Gasdermin D (Proteintech
and Cell Signaling Technologies), caspase-1 (AdipoGen Life
Sciences), IL-1b (R&D Systems) and caspase-8 (Enzo Life
Sciences) were assessed in kidney homogenates of E. coli
infected mice. Cell lysates were prepared using Denaturing Cell
Extraction Buffer (Invitrogen) containing protease &
phosphatase inhibitor cocktail (ThermoScientific). Culture
supernatants were frozen at -80˚C until use and processed using
methanol-chloroform protein extraction method. Briefly,
supernatants were mixed with equal volume of 100% ice-cold
methanol and 0.25 times of the total volume of chloroform
followed by gentle vortexing and centrifugation at 20,000 X g at
4˚C for 10 min. Upper-phase was discarded without disturbing
inter-phase proteins. Ice-cold methanol (500 ml) was added to the
tube, gently vortexed and centrifuged at 20,000 X g at 4˚C for 10
mins. Supernatants were discarded and pellet was dried at 37˚C for
3-5 mins. Urea (8 M, pH-8.0) was used to dissolve the pellet and
extracted proteins were stored at -80˚C. Total cell lysates,
supernatants proteins, cell lysates + supernatants and kidney
homogenates were boiled in SDS-PAGE 1X sample buffer at
95˚C for 5 mins. Kidney homogenates were centrifuged at
20,000 X g at 4˚C for 15 mins. Supernatants were collected for
protein analysis. Reduced proteins were run on 8%,10% or 12%
SDS-PAGE gels and transferred on to 0.22 mm nitrocellulose
membranes (GE Healthcare Life Sciences). Membranes were
blocked using 5% skim milk in 1X Tris-buffered saline and 0.1%
Tween 20 (1XTBST) and probed overnight with primary
antibodies at 4˚C. Membranes were washed 3 times for 10 mins.
each with 1XTBST and probed with corresponding HRP
conjugated or IRDyes (LI-COR) secondary antibodies, washed
and developed using BrightStar™ Femto HRP Chemiluminescent
2-Component Substrate Kit (Alkali Scientific Inc. b-actin was used
as an internal loading control. Western blots were analyzed using
ImageJ software and densitometry data were normalized to
b-actin.

ELISA
Human and mouse IL-1b (BioLegend) concentration in media
supernatants, serum and in peritoneal lavage and mouse IL-1a
(BioLegend) in media supernatants were determined using
commercial ELISA kits according to the manufacturer’s instructions.

Quantification and Statistical Analysis
Data were analyzed using Sigma plot or GraphPad Prism by one-
way ANOVA for multiple comparisons using the indicated ad-
hoc methods with at least 3 or more independent biological
replicates. Where two groups were compared, two-tailed t-test
was used. For in vivo infection, bacterial CFUs were log-
transformed for statistical analysis. p values were calculated,
*p < 0.05, **p < 0.01, ***p< 0.001; NS, not significant, ND,
not detected.
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The Plasmodium parasite has to cross various immunological barriers for successful
infection. Parasites have evolved mechanisms to evade host immune responses, which
hugely contributes to the successful infection and transmission by parasites. One way in
which a parasite evades immune surveillance is by expressing molecular mimics of the
host molecules in order to manipulate the host responses. In this study, we report a
Plasmodium berghei hypothetical protein, PbTIP (PbANKA_124360.0), which is a
Plasmodium homolog of the human T-cell immunomodulatory protein (TIP). The latter
possesses immunomodulatory activities and suppressed the host immune responses in a
mouse acute graft-versus-host disease (GvHD) model. The Plasmodium berghei protein,
PbTIP, is expressed on the merozoite surface and exported to the host erythrocyte
surface upon infection. It is shed in the blood circulation by the activity of an
uncharacterized membrane protease(s). The shed PbTIP could be detected in the host
serum during infection. Our results demonstrate that the shed PbTIP exhibits binding on
the surface of macrophages and reduces their inflammatory cytokine response while
upregulating the anti-inflammatory cytokines such as TGF-b and IL-10. Such manipulated
immune responses are observed in the later stage of malaria infection. PbTIP induced
Th2-type gene transcript changes in macrophages, hinting toward its potential to regulate
the host immune responses against the parasite. Therefore, this study highlights the role
of a Plasmodium-released protein, PbTIP, in immune evasion using macrophages, which
may represent the critical strategy of the parasite to successfully survive and thrive in its
host. This study also indicates the human malaria parasite TIP as a potential diagnostic
molecule that could be exploited in lateral flow-based immunochromatographic tests for
malaria disease diagnosis.

Keywords: immunomodulation, immune evasion, T cell immunomodulatory protein, malaria, macrophages altered
phenotype, M2 macrophages, immune-tolerance
INTRODUCTION

Malaria is a debilitating infectious disease in vertebrates, including humans, and is transmitted
through the bites of the Plasmodium carrier Anopheles mosquitoes. In 2019, approximately 229
million malaria cases were reported, with about 409,000 deaths, and these figures will likely shoot up
due to the recent coronavirus outbreak, restricting mosquitoes and parasite control measures (1, 2).
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Kalia et al. Host Tolerance During Malaria Infection
Natural immunity against malaria is crucial to protect the
host from the severe form of the disease and anemia (3). Natural
immunity develops in a population of a malaria-endemic area by
repeated Plasmodium exposure for many years through
mosquito bites. However, it does not provide sterile protection
against the disease; also, it is short lived and fades away quickly
(3, 4). Immune responses against blood-stage parasites are
complex and possibly initiated when parasite-derived
glycosylphosphatidylinositol (GPI), DNA, and metabolic
products (e.g., hemozoin and uric acid) are released during the
blood stage of malaria infection (5–8). These parasite-derived
products are sensed by Toll-like receptors (TLRs) and
nucleotide-binding oligomerization domain (NOD)-like
receptors containing pyrin domain 3 on dendritic cells (DCs)
and macrophages and lead to the activation of CD4+ and CD8+ T
cells, as well as parasite-specific antibodies to contain the blood-
stage infection (9–11). However, observational studies have
suggested that the human malaria parasite always persists for
several weeks or months and that immunity to malaria develops
slowly, indicating that the parasite may have developed strategies
to suppress the host immune responses in order to thrive in the
host (12). Previous studies have suggested that the malaria
parasite can inhibit the activation of parasite-specific CD4+ T-
cell responses by inducing the apoptosis of DCs, downregulating
co-stimulatory molecules, and/or suppressing antigen
presentation by DCs (13–15). The Plasmodium parasite also
induces apoptosis and anergy of the activated CD4+ T and B cells
(16–18). Observational studies in mice and humans have
suggested the role of natural regulatory T cells (Tregs) in
malaria infection and the presence of increased Tregs during
the infection (19, 20). However, the mechanisms of host immune
manipulation by the parasite remain poorly understood.

The manipulation of host immune pathways by parasites
involving active discharge of molecules, analogous to host
cytokines, has recently been reported during malaria infection
(21). The Plasmodium parasite-released homolog of the
mammalian migration inhibitory factor (MIF) induces antigen-
experienced CD4+ T cells into short-lived effector cells rather
than memory cells through binding on its CD74 receptor in DCs
and macrophages during blood-stage malaria (22, 23). Such
ability of pathogens to circumvent the host defense
mechanisms is also evident in bacterial infection and chronic
infection of filarial worms and schistosomes (24, 25). In
nematodes, immune evasion strategies promote the survival of
parasites within the host by altering the activation of the host
immune responses during infection. The worm-secreted/
excreted products such as serpins, miRNA, and proteases are
capable of mimicking host molecules to carry out immune
modulation in the host (25, 26). Various reports highlight such
ability of the parasites to circumvent the host anti-parasitic
responses, and this understanding is critical in designing
therapeutic interventions.

Here, we report that the malaria parasite expresses a T-cell
immunomodulatory protein (PbTIP) on the surface of merozoites
that is homologous to human T-cell immunomodulatory protein
(TIP). TIP was shown to have a protective role in amousemodel of
Frontiers in Immunology | www.frontiersin.org 295
graft-versus-host disease (GvHD)bymanipulatingT-cell responses
(27). The Plasmodium berghei homolog of TIP, PbTIP, is exported
on the infected erythrocyte surface upon infection by merozoites.
Fragmentation of the surface-expressed P. berghei PbTIP, likely by
protease(s), resulted in its shedding from the red blood cell (RBC)
surface into host circulation. Once in circulation, PbTIP exhibited
binding on host macrophages and reduced the expressions of their
inflammatory cytokine genes while upregulating the expressions of
the Th2-type/anti-inflammatory cytokine genes. PbTIP also helps
in parasite growth in vivo.
RESULTS

A Plasmodium Hypothetical Protein Is
Homologous to Human T-Cell
Immunomodulatory Protein
BLAST searches of human TIP (Q8TB96) across species showed
homology with a hypothetical Plasmodium falciparum protein,
Q8I3H7, and both proteins shared 29.6% homology along the
protein length (28). SMART domain analysis (Simple Modular
Architecture Research Tool; http://smart.embl-heidelberg.de/)
(29) revealed a conserved domain organization in human TIP
and Q8I3H7, both containing transmembrane (TM) helices at
similar locations. It also revealed the presence of the VCBS
domain (pfam13517) (Figure 1A), which is found in several
copies in long proteins in many species of Vibrio, Colwellia,
Bradyrhizobium, and Shewanella, hence named VCBS. The
suggested role of the VCBS domain is in cellular adhesion (30,
31). Through homology searches, we also found that P.
falciparum Q8I3H7 is orthologous to an uncharacterized P.
berghei protein, sharing 71.9% homology (query cover = 92%,
e-value = 0.0). Human TIP also shares 27.88% homology with
this P. berghei protein; hence, we called it PbTIP (Figure 1B).
PbTIP also shares 28.33% homology with mouse TIP
(Q99KW9.2). P. falciparum Q8I3H7 is not only an ortholog of
PbTIP; rather, other orthologs of this protein are present across
all Plasmodium species. No paralogs of this protein could be
found in respective Plasmodium species (32).

The adhesion property of human TIP and PbTIP is envisaged
by the presence of seven FG-GAP repeats, which is characteristic
of integrin-a. The FG-GAP repeats also contained a conserved
calcium-binding motif (D-x-N/D-x-D-xxx-D), and these repeats
were shown to have importance in ligand binding (33, 34)
(Figure 1B). A putative epidermal growth factor (EGF)-like
domain is also present in PbTIP, which aligned well with
mouse EGF and the EGF-like domain of the P. berghei protein,
MSP1 (merozoite surface protein 1) (Figure 1C). Plasmodium
proteins containing an EGF-like domain have already been
shown to mediate adhesion through this domain. The RGD
motif (arginine–glycine–aspartic acid, a tripeptide motif that
mediates adhesion in extracellular matrix proteins such as
fibronectin, vitronectin, and laminin) in the EGF-like domain
also strongly correlates with its role in adhesion (35).
The existence of a VCBS domain in PbTIP further strengthens
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its role in adhesion as the VCBS domain is implicated in cellular
surface binding, as reported in various bacteria (30) (Figure 1B
and Supplementary Figure S1). All the predicted domains of
PbTIP are summarized in Figure 1A.

PbTIP Localizes to the Surface of
Infected Erythrocytes
TMHMM2.0 (the transmembranehelix prediction tool; http://www.
cbs.dtu.dk/services/TMHMM/) (36) analysis of the P. berghei TIP
(PbANKA_124360.0) amino acid sequence revealed the presence of
two TM helices, one at each terminus (Figure 2A). Moreover,
Frontiers in Immunology | www.frontiersin.org 396
Parker’s hydrophilicity tool also predicted two hydrophobic
stretches in PbTIP that correspond to two predicted TM helices at
both termini (Figure 2B). The intervening part of the protein
between two TM regions is likely extracellular and represents the
ectodomain part of the protein (Figure 1B, dashed box).

Bacterially expressed recombinant PbTIP was used for mouse
and rat immunizations in order to raise immune sera against the
protein. Immune serum was used to localize PbTIP in the
parasite by performing immunofluorescence assays (IFAs). Our
results suggest that PbTIP was expressed on the surface of
merozoites. Immunostaining images demonstrated that the
A

B

C

FIGURE 1 | A hypothetical Plasmodium protein is homologous to human T-cell immunomodulatory protein (TIP) and is predicted to contain various putative
adhesion domains. (A) Summary of the various putative domains in the Plasmodium berghei TIP. (B) The PbANKA_124360.0 encoded protein designated as PbTIP
shared 27.88% and 28.33% homology with human TIP and mouse TIP, respectively, along their lengths. PbTIP is predicted to contain two transmembrane (TM)
helices [7–29 and 662–681 amino acid (AA) positions, outlined in pink], leaving behind small intracellular stretches at both ends, and most part of the protein is
extracellular (enclosed in a dashed box). Seven atypical calcium-binding motifs (yellow boxes) were present at regular intervals in the extracellular part of the PbTIP
containing the conserved D-x-N/D-x-D-xxx-D sequence. The VCBS (Vibrio, Colwellia, Bradyrhizobium, and Shewanella) domain was also present and encompassed
the third and fourth calcium binding motifs (highlighted in blue). “*” indicates perfect alignment. Mutiple stars **, ***, ****, ***** are repetition of same marking and has
same meaning as the single star. “:” indicates a site belonging to a group exhibiting strong similarity. “.” indicates a site belonging to a group exhibiting weak
similarity. A putative epidermal growth factor (EGF)-like domains (shaded black) containing the RGD (arginine–glycine–aspartic acid) motif was also present between
the fifth and sixth calcium-binding motifs. (C) The PbTIP putative EGF-like domain aligns well with the mouse EGF and MSP1 of P. berghei, and these domains are
well known to play an adhesion role in many Plasmodium proteins. The RGD motif further strengthens its role in adhesion.
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protein localized to the merozoite surface, similar to MSP1,
which is a known merozoite surface protein. Although its
surface expression was not uniform like MSP1, it was
abundant at the one end of merozoites (Figure 2C and
Supplementary Figure S2). PbTIP was also expressed in
packed merozoites inside a schizont as a surface protein,
clearly marking boundaries (Figure 2D).

Immunostaining of parasitized blood smear upon its
permeabilization revealed that PbTIP was localized to the
parasitophorous vacuolar (PV) membrane and within the
infected erythrocyte cytosol. PbTIP was exported from the
parasite into the host cell cytoplasm and surface, as exhibited
by the immunostaining assay (Figures 3A, B). Intra-erythrocytic
staining revealed the punctate pattern of PbTIP in the ring and
trophozoite stages of P. berghei. PbTIP was also expressed in the
Frontiers in Immunology | www.frontiersin.org 497
gametocyte stage, and its expression was much higher in
gametocytes compared to that in the asexual blood stages of P.
berghei (Figure 3A, bottom panel).

When immunostaining was performed on a non-permeabilized
infected blood smear, it showed PbTIP expression on the surface of
infected RBCs. The co-localization of band 3 (a RBC membrane
marker) and PbTIP indicated that this protein decorated the surface
of infected host cells (Figure 3B). To be localized on the surface of
erythrocytes, PbTIP would have been exported across parasite
confinement within the cell. The protein traversed the PV
membrane and the host cytoplasm in order to reach the surface
(Supplementary Figure S3). However, the amino acid sequence of
PbTIP did not show any identifiable Plasmodium export element
(PEXEL) motif to facilitate its export, suggesting that it may be a
PEXEL-negative exported protein (PNEP) (37).
A B

D

C

FIGURE 2 | The Plasmodium berghei T-cell immunomodulatory protein (PbTIP) is likely a membrane-anchored protein of merozoites. (A) The TMHMM server 2.0
predicts the presence of two transmembrane (TM) regions at both termini of this protein, while the intervening part between these TM helices is predicted as
extracellular, suggesting that PbTIP could be an extracellular membrane-anchored protein. (B) Parker’s hydrophilicity prediction showing two hydrophobic regions
(green) at both termini corresponding to the TM helices, while the hydrophilic region (yellow) represents the extracellular part of the protein (window size = 200 amino
acids, threshold = 1.243, center position = 100). (C) PbTIP localization on the surface of Plasmodium merozoites as revealed by immunostaining against the target
protein of formaldehyde-fixed free merozoites. The protein is abundant at one end of merozoites. Scale bar, 1 µm. (D) PbTIP immunolocalization on the surface of
mature schizont and around the merozoites packed within it. Scale bar, 10 µm.
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PbTIP Is Processed and Shed From the
RBC Surface
Immunostaining of parasitized red blood cells demonstrated the
occurrence of PbTIP in the cell surroundings, indicating that it is
probably shed from the infected RBC surface. A mature schizont
and gametocyte shedding of this protein are shown in Figure 4A.
MSP1 (a merozoite surface protein) did not exhibit protein
shedding, indicating that only some surface proteins were shed,
which included PbTIP (Supplementary Figure S4). However,
the mechanism of this shedding is unknown, and it is possibly
Frontiers in Immunology | www.frontiersin.org 598
executed by the cleavage of the membrane-anchored PbTIP by
proteases similar to rhomboid protease (38, 39). The shedding of
PbTIP into host circulation is likely executed by its
fragmentation, as multiple fragments of protein were detected
in the parasite blood-stage lysate when subjected to
electrophoresis and Western blotting. Uncleaved PbTIP was
detected at ~77 kDa, while multiple fragments of it were
detected at various sizes, viz. ~70, ~50, and ~25 kDa
(Figure 4B). Recombinant PbTIP also exhibited cleavage and
resulted in protein fragments of similar sizes in Escherichia coli
A

B

FIGURE 3 | Plasmodium berghei T-cell immunomodulatory protein (PbTIP) was exported across the parasitophorous vascular membrane (PVM) and into the
infected surface of host erythrocytes. (A) Immunostaining of permeabilized P. berghei blood stages with antibodies (polyclonal sera) against the target protein
revealed PbTIP expression in its various forms. Intra-erythrocytic PbTIP staining revealed its presence in the cytoplasm of host cell. Yellow arrows represent the
PbTIP in the cytosol of host cell in a punctate pattern. To demonstrate the export here, PVM is marked with red arrows (DIC panels) and the presence of PbTIP
beyond the PVM marked as the exported protein. Moreover, EXP1 (a known parasite PVM protein) and PbTIP co-staining clearly demonstrated its export across the
PVM in infected red blood cells (RBCs) (Supplementary Figure S3). PbTIP is also localized to the PVM in the ring and trophozoites stages. PbTIP expression in
mature gametocytes was much higher compared to that in the ring and trophozoite stages. Permeabilization of blood smears was performed with 0.2% saponin, as
described in Materials and Methods. (B) The export of PbTIP into the surface of infected RBCs was demonstrated by performing immunostaining on non-
permeabilized cells. PbTIP (red fluorescence) can be seen clearly displayed on the infected surface of RBCs as a ring that co-localizes with band 3 (green
fluorescence), which is one of the most abundant membrane proteins of erythrocytes. Band 3 antibodies were used to mark the surface of erythrocytes. This
representative image was taken from more than 50 similar images. DAPI staining was used to locate the nucleus of the parasite. Scale bar, 5 µm.
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FIGURE 4 | Parasitized erythrocyte surface-exported Plasmodium berghei T-cell immunomodulatory protein (PbTIP) cleavage likely caused the shedding of this
protein into host circulation. (A) Immunostaining of various forms of blood-stage parasites showed PbTIP staining in their immediate surroundings. Immunostaining of
the schizont and gametocyte stages showed shed PbTIP in their surroundings. Red arrow represents the shed PbTIP in the surroundings of these parasitic forms.
The boundaries of infected host cells are marked with white arrows. These representative images were taken from more than 30 similar microscopy images. Scale
bar, 10 µm. (B) Probing with anti-PbTIP antibodies in the blood-stage parasite lysate revealed the fragmentation of PbTIP into multiple smaller fragments. This
fragmentation, by an uncharacterized process, is likely responsible for the shedding of the protein from the surface of erythrocytes. Full-length PbTIP was observed
at ~75 kDa, and its two major fragments were observed at ~50 and ~25 kDa. (C) Shed PbTIP was detected in the infected host blood sera using sandwich ELISA,
with healthy mouse sera as a negative control (black bars). PbTIP could be detected in the host circulation up to 128-fold dilution of the blood sera (red bars). Error
bars represent the standard deviation of the mean absorption at 370 nm optical density (OD). The data presented are from three replicates performed. (D) Fragments
of shed PbTIP (~25–30 kDa) detected by Western blotting of infected mouse serum, with healthy mouse serum as a negative control. (E) Detection of the released
PbTIP in the P. berghei culture medium harvested at various time points. Parasite culture was set from infected mouse blood containing mostly trophozoite stages,
and the spent culture medium was harvested at various time points as described in the figure and sandwich ELISA performed as described in the Materials and Methods.
In in vitro conditions, PbTIP shedding was not optimum. Only a non-significant (ns) increase in the shed PbTIP levels post-schizont bursting (at 6 and 27 h) was
observed. Fresh culture medium, RPMI, was used as the negative control in the ELISA. Schizont bursting was ascertained by Giemsa staining of a cultured schizont
smear. (F) For comparison purposes, we detected shed PbTIP in infected mouse serum again using sandwich ELISA and observed that shedding was significantly
higher in in vivo conditions (p = 0.00014 and 4.39E−05, respectively). The x-axis represents the dilution of serum used in the ELISA, i.e., at 1:2 and 1:6 ratios. Uninfected
mouse serum was used as the negative control in ELISA. The mice used for both studies had identical parasitemia. “****” denotes the P value less than 0.00005 to
0.00001 and ns means not significant.
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(Supplementary Figure S5A), and PbTIP cleavage was not due
to a proteolytic cleavage during the purification process.
However, the mechanism of PbTIP cleavage and the protease(s)
involved are still unknown. Protein sequencing of one of the major
E. coli-expressed PbTIP fragments (~55 kDa) pointed at the
presence of one of the cleavage sites near its N-terminus
(Supplementary Figure S6 and Table S1).

Shed PbTIP was also detected in the serum collected from
malaria-infected mouse with indirect sandwich ELISA using
antibodies against this protein. We detected PbTIP even up to
a 128-fold dilution of the infected mouse serum (Figure 4C).
Serum from uninfected mice was taken as a negative control in
the ELISA. Moreover, the infected host sera, when subjected to
electrophoresis followed by immunoblotting with antibodies
against PbTIP, showed ~25- to 30-kDa sized fragments of
PbTIP, while no band was observed in healthy mouse serum
(Figure 4D). These bands likely originate from the cleaved
fragments of the surface-anchored extracellular domain of the
PbTIP. To address the critical aspect of PbTIP shedding, which is
the time of its release, we interrogated by culturing P. berghei in
vitro and collecting the spent medium at various time points in
order to detect shed PbTIP in it using ELISA. Our results
indicated that, in culture conditions, the PbTIP level did not
significantly change over the entire time course (one complete
cycle of growth), suggesting that PbTIP shedding is not optimal
in the in vitro conditions (Figure 4E). A non-significant
enhancement in shed PbTIP in the culture medium was
observed during the schizont stage (6 and 27 h post-culture).
However, the in vitro results significantly differed from our in
vivo data, where we detected a significant amount of shed PbTIP
in the serum collected from infected mice (Figure 4F), indicating
that, somehow, shedding has a comparatively high feasibility in
vivo than in in vitro conditions.

In brief, our results indicated that PbTIP shedding is not
optimal in culture conditions, while a significant amount of
PbTIP could be detected in in vivo conditions. Our
immunostaining images also indicated that schizont rupture
events did not contribute significantly to the release of PbTIP
into the surroundings (Supplementary Figure S7).

PbTIP Binding on Macrophages
Downregulate Th1 Cytokines While
Inducing Th2 Responsive Genes In Vitro
The adhesion properties of PbTIP in host circulation were evident
in vitro by incubating recombinant PbTIP (10 µg/ml) with murine
origin macrophages, RAW 264.7 cells (Figure 5A, top panel). This
binding is in concordance with various adhesion domains inPbTIP
(FG-GAP domains, RGD motif, VCBS domain, and EGF-like
domain), which may affect binding on host cells (30, 35). PbTIP
binding on the surface of macrophages was further confirmed by
incubating the sera of infectedmice containingparasite-shedPbTIP
with RAW 264.7 cells (Figure 5A, middle panel). Parasite blood-
stage lysate (obtained by freeze–thaw lysis) containing various
fragments of PbTIP also displayed binding on macrophages
(Figure 5A, bottom panel). The binding was further confirmed
usingmouse peritonealmacrophages that demonstrated the surface
Frontiers in Immunology | www.frontiersin.org 7100
bindingofPbTIPonmacrophages (Figure5B). Pre-immune serum
of mice was used in negative controls while performing IFAs.

To study the immunomodulatory effect of PbTIP upon its
binding to host macrophages, we stimulated RAW 264.7 cells
with E. coli lipopolysaccharide (LPS) in the presence and absence
of recombinant PbTIP. LPS is a well-known immune stimulus
recognized through TLR4 present on the surface of macrophages
leading to the activation of multiple signalling components, such
as NF-kB and IRF3, and the subsequent production of Th1-type
pro-inflammatory cytokines. In this section, the LPS-elicited
immune responses of RAW 264.7 cells are described in the
presence and absence of recombinant PbTIP. We stimulated
RAW 264.7 cells with E. coli LPS (100 ng/ml) alone or in
combination with recombinant PbTIP, and buffer (50 mM
Tris, 150 mM NaCl, and 10% glycerol) alone was used as a
negative control. LPS stimulation of RAW 264.7 cells for 9 h
resulted in increased messenger RNA (mRNA) expression levels
of the pro-inflammatory cytokines, which included interleukin
1b (IL-1b), IL-12, interferon gamma (IFN-g), and tumor necrosis
factor alpha (TNF-a). However, the levels of pro-inflammatory
cytokines were reduced significantly when RAW 264.7 cells were
treated with a combination of LPS and PbTIP (10 µg/ml). The
expression levels of cytokines were validated with quantitative
PCR (qPCR) (performed in triplicate) at the transcript level, and
the Ct values obtained were analyzed to calculate the relative fold
change using the 2−DDCt method. The transcript levels of IL-1b,
TNF-a, IFN-g, and IL-12p40 were reduced by 6-, 15-, 2.6-, and
3-fold, respectively (Figure 5C).

Furthermore, the stimulation of RAW 264.7 cells in a similar
fashion for a longer duration, i.e., 20 h (40), resulted in the
upregulation of Th2-type/anti-inflammatory cytokine
transcripts while suppressing the inflammatory cytokine
transcripts. The mRNA expression levels of TGF-b and IL-10
were upregulated by five and ninefold, respectively (Figure 5D).
The cytokine transcript levels were validated by qPCR and
analyzed in a similar manner (as in Figure 5C) to calculate the
relative fold change. Details of the primers and their references
are provided in Supplementary Table S2.

Furthermore, cytokines were also estimated in the cell culture
medium (spentmedium) of the LPS-elicited RAW264.7 cells in the
presence and absence of recombinant PbTIP at respective time
points through ELISA. Our results indicated that the expressions of
thepro-inflammatorycytokineswere suppressedsignificantlywhile
those of the anti-inflammatory cytokines were found significantly
upregulated in the study, conveying the same notion of
immunosuppression and inducing Th2 responses in macrophages
upon exposure to PbTIP (Supplementary Figure S8).
PbTIP Accelerates Parasite Growth
While Inducing Key Immunosuppressive
Genes In Vivo
The in vivo effect of recombinant PbTIP on parasite growth was
established by injecting this protein (2 mg/kg, day 1 onwards).
The experimental design, number of doses, and the amount
injected were all similar to those published by Fiscella et al. (27).
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FIGURE 5 | Continued
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FIGURE 5 | Shed Plasmodium berghei T-cell immunomodulatory protein (PbTIP) in host circulation exhibited binding on macrophages and reduced their
inflammatory responses while upregulating the Th2-type/anti-inflammatory responses in vitro. (A) Brief incubation of recombinant PbTIP (10 µg/ml) with RAW 264.7
cells followed by immunostaining against the protein revealed its binding on the cell surface (top left panels). The shed PbTIP in malaria-infected mouse serum also
displayed binding on RAW 264.7 cells in vitro (middle left panel). No binding on RAW 264.7 cells was observed with healthy mouse serum (right control panel).
Parasite blood-stage lysate (obtained from parasite free–thaw lysis) containing various fragments of PbTIP also exhibited binding on RAW 264.7 cells (bottom left
panel). Images were taken at ×200 magnification on a Zeiss Axio imager M2 microscope. DAPI was used to stain the nuclei of cells. Scale bar, 10 µm.
(B) Recombinant PbTIP binding upon incubation with murine peritoneal macrophages and RAW 264.7 cells. Images were taken at a higher magnification to unveil
surface binding of PbTIP. Scale bar, 10 µm (top panel) and 5 µm. Glutathione S-transferase (GST) protein was used as a negative control for binding. (C) PbTIP
surface binding reduced the ability of macrophages to mount inflammatory responses upon lipopolysaccharide (LPS) stimulation: (i) IL-1b was reduced by sixfold; (ii)
TNF-a was reduced by 15-fold; (iii) IFN-g was reduced by 2.6-fold; (iv) IL-12p40 was reduced by threefold. (D) The levels of anti-inflammatory cytokines such as
TGF-b and IL-10, however, increased by five and ninefold, respectively, with longer exposure to PbTIP (20 h). The experiment was repeated more than three times,
and Ct values obtained from quantitative PCR (qPCR) were used to calculate the relative fold change using the 2−DDCt method. Statistical significance values (p-
values) of the transcript fold change between the LPS-stimulated and LPS+PbTIP RAW 264.7 cells were given for various cytokine genes: for IL-1b, TNF-a, IFN-g,
and IL12p40, 0.0032, 0.008, 0.01, and 0.04, respectively. For the anti-inflammatory cytokines, such as IL-10 and TGF-b, the p-values were 0.0002 and 0.004,
respectively. Student’s t-test was performed to calculate the statistical significance of the data. *, ** and *** signifies p values in the range of 0.05 to 0.01, 0.005 to
0.001 and 0.0005 to 0.0001, respectively.

Kalia et al. Host Tolerance During Malaria Infection
Mice (n = 8 per group) were infected with 2 × 105 P. berghei-
infected RBCs given intravenously on day 2. After four consecutive
daily doses of recombinant PbTIP, we observed accelerated
parasite growth in treated mice when compared with the control
group (Figure 6A (ii)). Parasitemia was determined by staining
thin blood smears with Giemsa stain and counting the parasites
per 100 RBCs using a light microscope. At least 2,000 RBCs were
counted for each slide. On day 5, the parasitemia in the treated
group was almost twofold higher than that in the control group.
Moreover, recombinant PbTIP-injected mice died 1 day earlier, as
shown in Figure 6A (iii).

The immunosuppressive effects of PbTIP, as evident in vitro
on host macrophages (Figures 5C, D), was further explored in
vivo. The systemic effect of PbTIP on various host responses was
studied by treating healthy C57BL/6 mice with recombinant
PbTIP (2 mg/kg) for four consecutive days, followed by
peripheral blood mononuclear cell (PBMC) isolation and
transcriptome analysis. Glutathione S-transferase (GST)
protein-injected mice were taken as control. Next-generation
sequencing (NGS) data analysis revealed 51 upregulated and 3
downregulated genes (Supplementary Table S3).

Many of the differentially expressed genes have direct
relevance to this study, and some of them are described here
(Figure 6B (ii) and Supplementary Figure S9). Upon PbTIP
exposure, Arl5b, which is a negative regulator of MDA5-
dependent immune response, was upregulated, and its
overexpression repressed the MDA5-induced activation of the
interferon-b promoter (41). The B- and T-lymphocyte
attenuator (BTLA) was another upregulated gene upon PbTIP
exposure, which behaved like PD1 and CTLA-4. BTLA
displayed T-cell inhibition and was also a negative regulator
of B-cell proliferation (42). Upregulation of ATM (serine–
threonine kinase) in immune cells may cause apoptosis of
monocytes. Atrx and Caprin2 were also upregulated and
reported to be linked with apoptotic pathways (43, 44). Genes
such as Cacna1e and FLT1 were also significantly upregulated
under cancerous conditions, and evidence suggests that these
genes could be crucial factors for the macrophage M2
phenotype in the tumor microenvironment (45, 46). Such
macrophages display skewed immune responses toward M2-
type/anti-inflammatory response. Conversely, Ece1, involved in
Frontiers in Immunology | www.frontiersin.org 9102
the proteolytic processing of endothelin 1 peptide and
produced by the macrophages in response to microbial
stimulation, was downregulated. Another downregulated
gene, Arhgap22 (a rho GTPase), has been reported essential
in lamell ipodia formation in macrophages, and its
downregulation may affect the migration of macrophages
upon PbTIP exposure (47). A few of the differentially
regulated genes selected based on transcriptome data were
validated by qPCR (Supplementary Figure S10). The qPCR
results concur with the transcriptome data. Primer details are
provided in Supplementary Table S2.
DISCUSSION

The real success of parasites in their host ismajorly attributed to their
ability to subvert the anti-parasitic host immune responses (48). In
highervertebrates, the immunesystemhas evolved to recognize avast
array of foreign invaders in order to facilitate their elimination (49).
On the other hand, pathogens have developed various
immunomodulation strategies to effectively manipulate host
responses and thrive successfully in their host (12, 25). For
example, mouse malaria is characterized by the production of pro-
inflammatory cytokines in the early phase of the infection and a
reduced cytokine response in the face of continuing infection.
Dendritic cells has also become less responsive to TLR-mediated
IL-12 and TNF-a production while enhancing their ability to
produce the immunosuppressive cytokine IL-10 (14). During the
later stages of malaria infection, host immunity becomes refractory
not only to Plasmodium antigens but also to unrelated antigens (50).
Immunomodulation by host molecular mimics has been reported
during viral infections and is crucial during Plasmodium infection
(51). Plasmodium-released host-like molecules, such as PMIF
(Plasmodium macrophage migration inhibitory factor) and TCTP
(translationally controlled tumorproteinhomologof hosthistamine-
releasing factor), have already been proven to manipulate the host
immune responses for the benefit of the parasite (22, 52).

In the search of parasite molecules homologous to their host,
we came across a T-cell immunomodulatory protein (TIP) that is
conserved in Plasmodium species and shares homology with
human TIP in its topology and domain structures (28). The
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presence of seven loosely conserved FG-GAP domains, including
the conserved Ca+-binding motifs such as integrins of
metazoans, suggests its role in adhesion. Reports suggested that
these seven FG-GAP domains may fold into a seven-bladed beta-
propeller structure that serves as its ligand-binding domain.
Frontiers in Immunology | www.frontiersin.org 10103
PbTIP is also conserved in metazoans from placozoa to
vertebrates, including humans (53). All its orthologs across the
species in Homo sapiens (ITFG1/TIP, 612AA), Mus musculus
(ITFG2, 610AA), Drosophila melanogaster (CG7739, 596AA),
and Caenorhabditis elegans (LNKIN1, 599AA) have similar
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FIGURE 6 | Recombinant Plasmodium berghei T-cell immunomodulatory protein (PbTIP) treatment caused accelerated parasite growth in mice and systemic effect on
host immune cells. (A) (i) Experimental workflow showing treatment of mice with recombinant PbTIP to study its effect on parasite growth. The recombinant P. berghei
protein was intraperitoneally injected (2 mg/kg) into C57BL/6J mice (n = 8) for four consecutive days. Infection was initiated on day 2 and daily parasitemia was followed
post-infection. (ii) Injection of recombinant PbTIP in malaria-infected mice accelerated parasite growth, as estimated by monitoring daily parasitemia. On day 6 post-
infection, parasitemia was approximately twofold higher in PbTIP-treated mice. Glutathione S-transferase (GST) protein-injected mice were taken as the control since
recombinant TIP has a GST fusion partner. The experiment was repeated more than three times. Student’s t-test was performed to evaluate the significance of the data
(the p-values on days 3, 4, 5, and 6 were 0.038, 0.01, 0.0003, and 2.91E−08, respectively, suggesting significant differences in parasitemia between the two groups).
(iii) Recombinant PbTIP-treated mice also showed early death compared to control-treated mice. However, it was not found to be statistically significant using the log-
rank test (p > 0.05). (B) (i) Systemic effect of PbTIP on host responses was studied by treating C57BL/6J mice with recombinant PbTIP (2 mg/kg) for four consecutive
days, followed by peripheral blood mononuclear cell (PBMC) isolation and transcriptome analysis. (ii) Volcano plot displaying the differentially expressed genes revealed in
the transcriptome analysis, and the genes that may have direct relevance in our study are highlighted as blue dots. Various upregulated genes upon PbTIP exposure are
reported to be negative regulators of immune responses (Arl5B, BTLA, and Fbxl3), mediators of apoptosis (ATM, Atrx, and Caprin2), and induced in cancerous conditions
(Cacna1e and Flt1). Of the downregulated genes, Arhgap22 may affect the migration of macrophages upon PbTIP exposure. GST protein-treated mouse PBMCs were
used as the control in the transcriptome analysis. Black dots represent genes that were not significantly changed in the study (−log10 p < 1.2), while red dots represent
the significantly upregulated/downregulated genes (−log10 p > 1.2). The dashed line denotes the cutoff mark for the significance level (−log10 p = 1.2). We used unpaired
t-tests assuming unequal variances to calculate the significance values of the genes in the study. *** means p value < 0.0004.
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domain organization and protein lengths. However, considering
the relatively low homology between Plasmodium TIP and its
natural host’s mosquito vector and human, the possibility of a
recent horizontal gene transfer seems highly unlikely. It could be
an old conserved protein that has undergone gradual changes,
yet showing homology across the species. As described earlier,
PbTIP is conserved among all Plasmodium species; however, no
paralogs have been reported, contrary to its host homolog
integrins that are organized in multigene families with multiple
paralogs (54).

Here, we report that PbTIP is a surface protein of merozoites
in P. berghei similar to MSP1; however, its expression was not
uniform all over the surface of merozoites. It was localized
abundantly at one end of the merozoites. The presence of two
putative TM helices at each terminus further strengthens the
PbTIP membrane localization potential. PbTIP was decorated on
the surface of infected erythrocytes when merozoites developed
into the ring and trophozoite stages. Our data indicated that
PbTIP was exported across the PV membrane, although it does
not contain any recognizable PEXEL motif to facilitate export.
Possibly, it is a PEXEL-negative exported protein, like many
other Plasmodium proteins such as MAHRP1, SBP1, and REX2,
where the N-terminal TM helix along with the few proximal
amino acids are implicated in the export (37). The PbTIP N-
terminal TM helix along with a few amino acids may have
facilitated its export in a PEXEL-negative manner. In the ring
and trophozoite stages, PbTIP decorated the parasite PV
membrane within the infected RBCs, and it was also observed
in the host cell cytosol. It could be possible that PbTIP has
become part of the PV membrane during its export to the host
cell surface. Immunostaining of various asexual stages against
PbTIP further revealed that this protein was somehow shed from
the surface of parasitized host cells, as we detected it in their
surroundings. Protein shedding was seen significantly higher in
the mature gametocyte stages. A few well-characterized
Plasmodium proteins were shed by protease processing at the
cellular surface, and these included AMA1, CSP1, and MSP1 (55,
56). CSP is known to undergo protease processing and shed
during the gliding motility of sporozoites, leaving behind its trails
(57). PbTIP also sheds from the infected host cell surface as its
multiple cleaved fragments were observed in the blood-stage
parasite lysate with immunoblotting. Fragments of the same size
were detected by immunoblotting in every independent
experiment, suggesting that fragmentation did not result due to
random protease processing. It is possibly cleaved by specific
protease(s) that produces the same sized fragments every time.

There could be a variety of proteases involved in PbTIP
proteolytic processing and its subsequent shedding; however,
the involvement of Plasmodium intramembrane rhomboid
proteases is highly anticipated. Various intramembrane
proteases have been characterized in Apicomplexa, including
Plasmodium species that are implicated in the proteolytic
cleavage of integral membrane proteins (58). The role of
rhomboid protease in the shedding of TRAP during sporozoite
motility and infectivity has been reported (38). Similarly, the
shedding of AMA1 and MSP1 through the proteolytic activity of
Frontiers in Immunology | www.frontiersin.org 11104
rhomboid proteases has been reported earlier. The existence of
loosely conserved helix destabilizing residues in the N-terminal
TM helix of PbTIP also strengthens our prediction regarding the
involvement of parasite rhomboid(s) in its cleavage and the
subsequent shedding from the cellular surface (59). However,
some of our findings unveiled that PbTIP shedding is
comparatively more feasible in vivo than in cultured
conditions, suggesting the involvement of host origin factors in
the shedding process. However, no direct evidence is available to
support this; the mechanism of proteolysis and the proteases
involved remain to be explored.

PbTIP could also be detected in host circulation by
immunoassays. In circulation, 25- to 30-kDa protein fragments
were more abundant than were other fragments. Furthermore,
the presence of TIP (from human malaria parasites) in host
circulation could be exploited in the development of malaria
rapid antigen testing kits. Plasmodium histidine-rich protein 2
(HRP2), lactate dehydrogenase (pLDH), and aldolase are
extensively used for this purpose and pose few advantages over
conventional microscopic testing of malaria besides sensitivity
(60). Among all, HRP2 is predominantly used for rapid detection
test (RDT) worldwide, but recent reports of HRP2 and HRP3
mutant P. falciparum parasites raised alarm over the search for
alternative candidates for the purpose of RDT. The use of
purified monoclonal antibodies against PfTIP/PvTIP will surely
improve the ELISA sensitivity and bring the detection limit
better than that of the present standards.

As described earlier, PbTIP possesses integrin-a domains and
various other adhesion domains (VCBS domain, EGF-like
domain, and RGD motif). The presence of PbTIP in host
circulation directed us to look for the host cells on which it
can possibly bind. We tested immune cells firstly as its homolog
has already been proven to possess an immune modulation
function. PbTIP exhibited binding on macrophages; upon
further analysis, we found that it was binding to macrophages
of murine origin only. No binding was observed in cells of
human origin, suggesting species specificity (data not shown).
Furthermore, the PbTIP receptor on macrophages was still
elusive and out of the various adhesion domains, which one
has affected the binding is still not clear. The receptor for the
mammalian TIP is also not yet reported, therefore making it
difficult to predict any strong candidate for PbTIP binding.

Since we were more interested in the downstream effects of
PbTIP binding on macrophages to establish its possible role in
immunomodulation, we tested the inflammatory responses of
murine macrophages in the presence of recombinant PbTIP.
Exposure of macrophages to recombinant PbTIP suppressed the
inflammatory response while it upregulated the Th2-type/anti-
inflammatory response. Inflammatory cytokines such as IL-1b,
IL-6, IL-12p40, TNF-a, and IFN-g were downregulated
manifold. On the other hand, the anti-inflammatory cytokines
such as IL-10 and TGF-b were upregulated manifold upon
protein exposure to PbTIP presence along with E. coli LPS.
However, the fold change in cytokines at the transcript level
(by qPCR) should not be compared with the corresponding
ELISA data (protein level) as the qPCR data displayed the
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transcript profile of RAW 264.7 cells at the time of harvest while
ELISA estimated the total accumulated protein in the spent
media. The effect of parasite protein on macrophages leading
to altered immune response may have direct relevance to the
survival of parasites in the host. EmTIP, a homolog of human
TIP in the tapeworm Echinococcus multilocularis, was also
present in the excretory/secretory products of the parasite, and
it has been shown to stimulate CD4+ T cells in vitro (61).

It is well established that enhanced levels of TGF-b and IL-10
lead to the increased number of Tregs. In malaria patients, higher
levels of Tregs have been reported, which eventually developed
tolerance in the host (62). PbTIP may induce Tregs through IL-
10 and TGF-b response by macrophages upon its binding,
although it is too early to make such a statement. In the
infection setting, macrophages and DCs are the primary cells
that detect parasites mounting a pro-inflammatory cytokine
response. Inflammation plays three major roles: phagocytosis,
antigen presentation, and initiation of immune responses
through the production of various cytokines and growth
factors (6). A reduced inflammatory potential upon PbTIP
exposure may affect several aspects of macrophages, as
explained, although we have not looked into their altered
phagocytic activities or antigen presentation, if any. It appears
that PbTIP might have affected the NFkB and MAP kinase
pathways that LPS activates through TLR-mediated binding to
mount an inflammatory response. Reduced inflammatory
responses from DCs and macrophages have been reported in
murine malaria during the later stage of infection, as described
earlier. Such responses from macrophages upon PbTIP exposure
seem to cause less Th1-type response while enhancing the ability
of target cells to produce Th2-type cytokines. This may induce
tolerance in the host in the long term, and the host becomes
tolerant not only to parasite antigens but also to unrelated
antigens. Recently, two groups [Guha et al., human field data
(63), and Nahrendorf et al., mouse model data (64)] have shown
that monocytes from malaria-exposed individuals differentiate
into anti-inflammatory M2-type macrophages. Although their
views differed on the locations where monocytes changed to the
M2 phenotype, both groups agreed that these changes occurred
through epigenetic modifications (a decrease in H3K4me3) at the
inflammatory cytokine gene loci. The cytokine profile of malaria-
infected RBC-exposed monocytes, described by Guha et al.,
largely matches with our data on PbTIP protein-exposed
macrophages. Therefore, it is likely that, among the many
factors causing monocyte reprogramming by infected RBC,
Plasmodium-released PbTIP could be a leading cause.

The in vivo systemic effect of PbTIP on various immune cells
was studied in mice treated with recombinant PbTIP, followed by
PBMC isolation from the peripheral circulation and
transcriptome analysis. The in vitro response of recombinant
PbTIP on macrophages should not be compared with its
systemic in vivo effect. The interplay of various immune cells
and their immune responses cannot be replicated in vitro; hence
these studies cannot be directly correlated. Our analysis suggests
that PbTIP exposure upregulated the various immune inhibition
genes or immune checkpoint pathway genes. Various apoptotic
Frontiers in Immunology | www.frontiersin.org 12105
genes were found upregulated, which may have caused apoptosis
of responsive immune cells. A few genes that skewed
macrophages toward the M2 phenotype were also found
differentially expressed upon PbTIP exposure. Mice treated
with recombinant PbTIP have enhanced daily parasitemia,
suggesting that this protein may affect parasite survival in vivo.
Overall, this study suggests an immunosuppressive role of PbTIP
in host responses, as evident in the in vitro and in vivo studies.
The function of mammalian TIP is still elusive for us to state that
parasite PbTIP anyhow mimics the host’s TIP function similar to
the host MIF mimicked by the Plasmodium-released PMIF. To
the best of our knowledge, genetic manipulation in mice has
revealed the role of mouse TIP (ITFG2) in the development of B-
and T-cell responses. Deficient mice showed retention of B cells
in the spleen and a lower concentration of immunoglobulin G
(IgG) in plasma. It was found essential for the development of a
normal germinal center and for adequate humoral response (33).
Hence, as of now, it is very early to make a statement that denotes
PbTIP as a functional mimic of host TIP.

In summary, our data suggest that a host-like protein in P.
berghei was expressed on the surface of merozoites and exported
to the surface of parasitized host cells in the blood-stage
infection. By an uncharacterized mechanism, it was cleaved in
multiple short fragments that are likely responsible for its
shedding from the host cell surface. Shed protein was detected
in infected host circulation, and it can be pursued in the
development of rapid testing of malaria. The PbTIP shed into
host circulation also possessed adhesion properties, exhibited
binding on the surface of macrophages, and modulated their
inflammatory responses. We report macrophages with reduced
inflammatory responses upon PbTIP exposure and the
upregulation of Th2 cytokines such as IL-10 and TGF-b. Our
in vivo studies also conveyed the same effect of PbTIP on various
immune cells. The limitations of our results are that we need to
replicate our finding with human malaria parasites and test the
TIP of human malaria parasites in order to develop a RDT kit.
MATERIALS AND METHODS

Animals and Parasite Strains
Six- to 8-week-old male/female C57BL/6J mice were used in all
the animal experiments. All experimental procedures were
carried out following Institutional Animal Ethical Committee
(IAEC) guidelines (IAEC project approval no. NII/IAEC 535/
19). To carry out experiments, the animals were first
intraperitoneally injected with 150 ml of a ketamine–xylazine
mix to induce short-term anesthesia. The P. berghei strains used
in this study were obtained from The Malaria Research and
Reference Reagent Resource Centre (MR4). Frozen stocks of
Pb_ANKA (MRA-671, BEI Resources) or Pb_ANKA-GFPcon
(MRA-867, BEI Resources) strains were injected into 6- to 8-
week-old mice to infect them with malaria. Anopheles stephensi
mosquitoes were reared in a humid chamber maintained at 27°C,
70% humidity, and fed on sucrose (20%)-soaked cotton pads.
Young female mosquitoes were fed on P. berghei-infected
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C57BL/6J mice and afterwards maintained at 19–21°C, 70%
humidity. On the 18th day after blood feeding, infected
mosquitoes again fed on healthy mice to complete the cycle.
Sporozoites were obtained by dissecting the salivary glands on
the 20th day and then used for in vivo and in vitro
infection experiments.

Overexpression, Purification of PbTIP, and
Antibody Generation
A codon-optimized PbTIP gene fragment (corresponding to 29–
660 amino acids) omitting two terminal TM domains was cloned
into the E. coli expression vector pGEX6p1, and ligation was
facilitated using the BamHI and SalI restriction enzymes (NEB,
Ipswich, MA, USA). Details of the primers used for cloning are
given in Supplementary Table S3. The protein was overexpressed
in BL21 cells (Stratagene, La Jolla, CA, USA) at 16°C for 15 h with
0.3 mM isopropyl b-d-1-thiogalactopyranoside (IPTG) at OD600 =
0.8. The recombinant protein was isolated from inclusion bodies
by lysing the IPTG-induced bacterial pellet in lysis buffer (50 mM
Tris–HCl, pH 8.0, 150 mMNaCl, 5 mM EDTA, 1 mM PMSF, and
10 µg/ml DNase), followed by sonication (amplitude = 30, pulse
on = 5 s, pulse off = 10 s) and centrifugation. The supernatant was
discarded and the pellet washed three times with wash buffer I
(100 mM Tris–HCl, pH 8.0, 5 mM EDTA, 1 mM DTT, 2 M urea,
and 2% Triton X-100); the pellet was finally resuspended in
solubilization buffer II (50 mM Tris–HCl, pH 8.0, 150 mM
NaCl, 1 mM DTT, and 8 M urea) at room temperature for 3–4
h. The clear supernatant was collected and passed through a 0.45-
µm syringe filter, followed by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) to check the
purity of the protein. Urea was removed by stepwise dialysis,
gradually decreasing the urea concentration in the dialysis buffer.
No precipitate was observed during dialysis. No columns or
purification matrix was used as the inclusion bodies itself gave
highly pure protein. Purified protein treatment with Pierce™High
Capacity Endotoxin Removal Spin Columns (Thermo Scientific,
Waltham, MA, USA) resulted in a protein preparation where the
endotoxin level was below the recommended limit for animal use.
Mice and rats were immunized with recombinant PbTIP as per the
standard immunization regimen given in Supplementary Table
S4. A week after the final immunization, mouse sera were collected
and the antibody titer was determined with direct ELISA
(Supplementary Figure S7).

Immunofluorescence Assays
Cells fixed on glass slides were permeabilized (if needed) with
0.2% saponin (Sigma, St. Louis, MO, USA) for 30 min, followed
by blocking with 3% bovine serum albumin (BSA). The cells were
incubated with primary antibodies (rat anti-PbTIP or mouse
anti-PbTIP immune sera) at 500 dilutions overnight, followed by
secondary antibodies (anti-rat AF594 or anti-mouse AF488;
Abcam, Cambridge, UK) used at 2,000 dilution. Three
phosphate-buffered saline (PBS) washes for 5 min each were
given after incubations with the primary and secondary
antibodies. Slides were mounted in anti-fade (50% glycerol and
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2% DABCO; Sigma) and the images taken with a Zeiss
AxioImager M2 fluorescence microscope.

Western Blotting
Parasite pellets (obtained upon saponin lysis of infected RBCs)
were resuspended in 1× PBS and sonicated to separate the
soluble and insoluble fractions. The resulting pellet was
solubilized in 0.1% SDS containing PBS and centrifuged to
obtain the lysate. For Western blot of mouse serum, the excess
of albumin protein was removed with AlbuminOut (G-
Biosciences, New Delhi, India), followed by SDS-PAGE. The
protein from the gel was transferred into a nitrocellulose
membrane (Bio-Rad, Hercules, CA, USA), followed by
overnight incubation with a blocking buffer (Odyssey). The
membrane was probed with a primary antibody (rat anti-
PbTIP immune sera, 1/1,000 dilution) for 3 h, followed by an
IR-labeled secondary antibody (rabbit anti-rat IR800, 1/10,000
dilution; Invitrogen, Carlsbad, CA, USA) for 2 h. The blot was
imaged using the Licor Odyssey imager. For the horseradish
peroxidase (HRP)-labeled secondary antibodies, the membrane
was incubated with 10 ml of 0.1% 3,3′-diaminobenzidine
tetrahydrochloride (DAB; Sigma) containing 12 µl of 30%
H2O2 until the band developed.

Sandwich ELISA
A high-protein-binding 96-well ELISA plate (Corning, NY,
USA) was coated with mouse anti-PbTIP immune sera in
coating buffer overnight at 4°C. Serial dilutions of the
Plasmodium-infected mouse sera were incubated overnight for
binding in cold conditions, followed by incubation with the rat
anti-PbTIP immune sera (primary antibodies, 1,000 dilution) for
2 h the next day. The rabbit anti-rat HRP secondary antibody
(Novus Biologicals, Englewood, CO, USA) was used at 5,000
dilution for 1 h and developed by adding 100 µl/well of the TMB
substrate (Sigma–Thermo Fisher, India), and the absorbance was
measured at 370 nm in a Tecan M200 (Theale, Reading, UK)
plate reader. In the direct ELISA for estimating the antibody titer,
0.2–0.5 µg/well of the recombinant PbTIP was coated; the rest of
the process remained the same.

For cytokine estimation using ELISA, the spent culture
medium was collected at 9 and 20 h and 50 µl of the spent
medium was used for ELISA following the manufacturer’s
protocol (BioLegend cat. nos. 432604, 431604, 436707, and
431411; Becton Dickinson cat nos. 560478 and 555138).

Parasite Culture for Schizonts
C57BL/6J mice infected with P. berghei parasite were humanely
sacrificed at 8%–10% parasitemia (mostly trophozoites); the
infected blood was collected in heparinized vials. Blood was
centrifuged to remove plasma, resuspended in complete
RPMI1640 [20% fetal bovine serum (FBS) and 50 mg/L
hypoxanthine) media, keeping the hematocrit at 4%–6%, and
incubated at 37°C. The culture flasks were flushed with the excess
of mixed gas (90% N2, 5% CO2, and 5% O2) and capped tightly.
At regular intervals, the spent culture medium was collected,
centrifuged, and kept for ELISA. Schizont formation and their
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bursting were monitored with Giemsa staining of thin smears of
blood culture collected at regular intervals.

Macrophage Binding Assay
Thioglycolate elicited mouse peritoneal macrophages were
isolated in ice-cold Dulbecco’s PBS and allowed to adhere onto
sterile coverslips on a 24-well cell culture plate containing
complete RPMI medium (Lonza, Basel, Switzerland). One hour
later, the cells were washed with PBS to remove non-adherent
cells. Similarly, RAW 264.7 cells were also seeded in a cell culture
plate and 10 µg/ml of the recombinant PbTIP was incubated with
peritoneal macrophages and RAW 264.7 cells for 1 h. After
incubation, the cells were washed with an excess of PBS and fixed
with 4% paraformaldehyde (PFA), followed by IFAs to decipher
the surface binding of PbTIP.

Macrophage LPS Stimulation In Vitro
RAW 264.7 cells were cultured in complete Dulbecco’s modified
Eagle’s medium (DMEM; Lonza) containing 10% FBS (Gibco,
Waltham, MA, USA) and seeded into a 24-well cell culture plate.
The cells were stimulated with 100 ng/ml of E. coli LPS (Thermo
Fisher, India) in the presence and absence of 10 µg/ml
recombinant PbTIP for recommended hours. Post-incubation,
the RNA was isolated from each well with Trizol (Thermo Fisher,
India) following the recommended procedure and 2 µg of the
RNA was converted into complementary DNA (cDNA) with an
iScript reverse transcription kit (BioRad). qPCR was performed
with the gene-specific primers of the various cytokines and a
high-efficiency qPCR mix (cat no. 18114R1074; GCC Biotech,
West Bengal, India) to calculate the relative fold change
(Supplementary Table S3). The primers used in the study are
given in Supplementary Table S3.

Transcriptome Analysis
A group of eight C57BL/6J mice were given four consecutive
doses of 2 mg/kg of recombinant PbTIP and their blood
collected. An equivalent group of control-treated (GST
protein-treated) mice were included in the experiment. PBMCs
were isolated with Percoll-based density gradient centrifugation
and total RNA was isolated from the purified PBMCs. Briefly,
Trizol-preserved samples were stored in −80°C deep freezer until
use and then thawed once at the time of RNA extraction. Chilled
chloroform was added to one-fifth volume of the Trizol, mixed
well, and centrifuged to collect the upper aqueous phase. RNA
was precipitated with an equal volume of chilled isopropanol and
retrieved by centrifugation at full speed. The RNA pellet was
washed with chilled 70% ethanol, air dried, and dissolved in an
appropriate volume of nuclease-free water. The RNA integrity
number (RIN) was >7 for each sample. A TruSeq (Illumina, San
Diego, CA, USA) stranded mRNA library was made using 5 mg
total RNA and was sequenced with the Illumina NovaSeq 6000
platform. The paired-end read length was 150 bases. A total of 6
Gb data was collected per sample.

Initial RNA sequence quality assessment was carried out on
raw reads using FastQC v0.11. Adapter contamination and low-
quality reads (Q < 30) were trimmed out using the NGSQC
Frontiers in Immunology | www.frontiersin.org 14107
Toolkit v2.3.3. If 70% of the reads had average good quality (Q ≥
30), then it was kept and was considered as high-quality (HQ)
data. In the next step, HQ reads were assembled using a de novo
transcriptome assembly method. The total reads obtained were
37,546,250 and 37,546,250 for the control and 33,346,685 and
33,346,685 for the TIP-treated samples Differential gene
expression analysis was carried out using Cuffdiff v2.2.1. The
obtained blast hits were then used to annotate the transcripts at
different levels, such as pathway and Gene Ontology (GO)
annotation, using the Retrieve/ID mapping utility provided by
the UniProt database.
Giemsa Staining
Thin blood smears fixed on glass slides (methanol fixed) were
stained with a 1:10 times diluted Giemsa staining solution
(48900-1L-F; Sigma) in a staining buffer (8 mM KH2PO4, 6
mM Na2HPO4, pH 7.0). The Giemsa stain was kept on slides for
30 min, followed by washing the slides under running tap water
to remove excess of the stain, and then the slides were air dried
for some time. Blood smears were observed under ×100
magnification using oil immersion lens fitted in a Nikon
80i microscope.
Statistical Analysis
Data are presented as the mean and SDs. Statistical analyses were
performed using Student’s t-test. Statistically significant
differences compared with the control are indicated by asterisks:
*p < 0.05, **p < 0.01, ***p < 0.001. All the statistical analysis was
done in Excel or GraphPad Prism. Survival curve was analyzed by
the log-rank test to evaluate its statistical significance.
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Supplementary Material | Gene ontology (GO) analysis. Gene ontology (GO)
analyses revealed that following cellular components were enriched; Plasma
membrane (GO:0005886), Cytoplasm (GO:0005737), nucleus (GO:0005634) and
integral components of membrane (GO:0016021). Similarly enriched molecular
components include, identical protein binding (GO:0042802), ATP binding
(GO:0005524), signalling receptor binding (GO:0005102) Calcium ion binding
(GO:0005509) and Zinc ion binding (GO:0008270). The biological processes that
were majorly affected included cell surface receptor signalling (GO:0007166), cAMP
biosynthetic process (GO:0006171), negative regulation of angiogenesis
(GO:0016525), intracellular signal transduction (GO:0035556) and cellular response
to LPS(GO:0071222). Detailed analysis further revealed that up-regulated genes
inhibit immune response; by negative regulation of i) antigen processing and
presentation of endogenous peptide antigen via MHC class I via ER pathway, TAP-
independent [GO:0002486], ii) CD4+ alpha-beta T cell proliferation [GO:2000562],
iii) CD8+ alpha-beta T cell proliferation [GO:2000565], iv) IFN-gamma production
[GO:0032689], v) IL-17 production [GO:0032700], vi) TNF production
[GO:0032720], and by positive regulation of i) I-kappaB kinase/NF-kappaB
signaling [GO:0043123], ii) IL-10 production [GO:0032733] iii) isotype switching
[GO:0045830] iv) regulatory T cell differentiation [GO:0045591], v) protein
ubiquitination [GO:0031398] vi) TGF beta receptor signaling pathway
[GO:0007179] Upregulated genes are also involved in immune checkpoint
blockade pathways as evident by enrichment of GO terms i) negative regulation of
cell population proliferation [GO:0008285] ii) intracellular signal transduction
[GO:0035556], iii) immune response-regulating cell surface receptor signalling
pathway [GO:0002768] iv) extrathymic T cell selection [GO:0045062] and v) cell
population proliferation [GO:0008283]

Supplementary Table 1 | Peptides detected in MS/MS analysis of ~55kDa
fragment of the recombinant PbTIP. Peptide sequences revealed that 55kDa
fragment is a cleavage product of full-length protein, hence it is the part of
the protein.

Supplementary Table 2 | Primers used in this study.

Supplementary Table 3 | List of differentially expressed genes in mouse PBMC
upon recombinant PbTIP treatment. GST protein treated PBMCs was taken as
control here.

Supplementary Table 4 | Mouse or rat immunization regime to raise antibodies
against PbTIP.

Supplementary Figure 1 | Smart domain analysis (http://smart.embl-heidelberg.
de/) of PbTIP amino acid sequence revealed the presence of VCBS domain
positioned between 196 to 277 amino acid residues. The suggested role of VCBS
domain is in the adhesion and it is present in multiple copies in the long proteins of
many bacteria.
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Supplementary Figure 2 | Antibodies against the MSP1 stain the merozoites
surface uniformly unlike PbTIP. Anti-MSP1 primary antibody staining (secondary
antibody was labelled with Alexa 594) showed that MSP1 was present uniformly all
over the merozoites surface while PbTIP expression was uneven on the merozoites
surface. PbTIP is localized more at one end of the merozoites rather than
distribution all over the surface as MSP1. Scale bar 1µm.

Supplementary Figure 3 | PbTIP is exported across the PV membrane and
localized to the surface of host cells. Plasmodium PbTIP is exported out of PVM and
become the part of erythrocytes membrane. Here, the PV membrane is marked in
red by staining against the EXP1 protein (secondary antibody was labelled with
Alexa 594) and PbTIP expression (green, secondary antibody with Alexa 488) is
shown beyond it. Scale bar 5µm.

Supplementary Figure 4 | MSP1 is not shed from schizonts surface. MSP1
protein was used as a negative control to show shedding of PbTIP from the
Plasmodium schizonts and other stages of parasite. PbTIP was shown to shed from
various parasitic stages while MSP1 gives the typical staining on merozoites and
schizonts. Scale bar 5µm.

Supplementary Figure 5 | Expression and purification of recombinant PbTIP in
E. coli. (A) Inclusion bodies from IPTG induced bacterial pellet was solubilized in 8M
urea buffer and protein recovered from inclusion bodies was refolded by step-wise
removal of urea by dialysis. No precipitation was observed during dialysis and high
purity (>95%) protein was recovered from inclusion bodies. Refolded protein was
run on an acrylamide gel. Two lanes represent protein loading in duplicates.
(B) Overexpressed recombinant PbTIP was confirmed with western blotting using
antibodies against the GST and detected the full-length PbTIP along with GST at
~ 95kDa (right panel). A major fragment was observed at ~55kDa which is a cleaved
fragment of the full-length PbTIP and explained below. Two lanes represent the
protein loading in duplicates.

Supplementary Figure 6 | N-terminal sequence analysis of the ~55kDa fragment
recovered along with full-length recombinant PbTIP revealed one of the cleavage
sites near its N-terminus. Inclusion bodies purified PbTIP was subjected to
electrophoresis and transferred onto the PVDF membrane. After Ponceau staining
PbTIP fragment ~55kDa (TF55) was cut from the membrane and processed for N-
terminal amino acid sequencing by Edman`s degradation method. The first 10
amino acids of this PbTIP fragment revealed a cleavage between128-129 amino
acids position in the full-length protein.

Supplementary Figure 7 | Schizonts burst do not contribute to the shed PbTIP
in the host circulation. Shedding of PbTIP from a gametocyte (FITC signal) while
signals were not detected from the merozoites upon schizonts burst. These two
independent events were captured in the same field suggesting that schizonts burst
does not contribute significantly to shed PbTIP.

Supplementary Figure 8 | Pro-inflammatory and anti-inflammatory cytokines
profile of LPS elicited RAW 264.7 cells upon exposure of recombinant PbTIP. RAW
264.7 cells were stimulated with LPS (100ng/ml) alone and LPS+recombinant
PbTIP (10µg/ml) keeping the untreated cells as naïve. The level of various cytokines
was measured in the culture medium (spent medium) by ELISA following the
manufacturers protocol (Biolegend and BD). ELISA results indicate that PbTIP
significantly suppressed the pro-inflammatory cytokines (IL-1b, TNF-a, IFN-g and
IL-12p40) expression in LPS elicited macrophages in-vitro, suggesting
immunosuppressive effect of PbTIP on macrophages. P-values for IL-1b, TNF-a,
IFN-g and IL-12p40 respectively are 0.0017, 0.0032, 0.0203, and 0.0026. Pro-
inflammatory cytokines were measured upon 9hours of stimulation. Anti-
inflammatory cytokines (IL-10 and TGF-b) were also measured by ELISA however
upon longer incubation (20hours) and found to be significantly over-expressed in
PbTIP exposed LPS-elicited macrophages. These results demonstrate the PbTIP
potential to favour anti-inflammatory responses in macrophages while suppressing
the pro-inflammatory responses. P-values for IL-10 and TGF-b respectively are
0.00504 and 0.0005. P-values were calculated by applying t-test.

Supplementary Figure 9 | Volcano plot displaying differentially expressed genes
of PBMCs upon PbTIP treatment. The volcano plot displaying differentially
expressed genes of mouse PBMCs upon treatment with PbTIP as described in (i).
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Here the x-axis represents the log2 fold change while the y-axis denotes –log10 (q-
value) or –log10 (false discovery rate). All significantly up-regulated/down-regulated
genes are highlighted in red dots while genes that were validated by qPCR are in
blue dots. Black dots denote non-significant genes in the study (adjusted –log10 q-
value<0.05). Most of the genes in the study were found to be up-regulated hence
giving a skewed appearance to the volcano plot.

Supplementary Figure 10 | Transcriptome data validation by RT-qPCR. Primers
were designed against the few genes that were significantly changed in the
transcriptome data. Primers list is given in the Table S3. RT-qPCR was performed
on cDNA from RNA samples that were given for transcriptome analysis. The genes
Frontiers in Immunology | www.frontiersin.org 16109
transcripts that were found up-regulated in transcriptome analysis were also found
up-regulated when tested by qPCR.

Supplementary Figure 11 | Estimation of antibody titre of anti-PbTIP immune
sera. Antibody titre of anti-PbTIP antibodies collected from recombinant PbTIP
immunized mice, was estimated by ELISA. ELISA plate was coated with purified
recombinant PbTIP and ELISA was performed as discussed earlier in the method
section. OD370nm was plotted against different dilutions of immune sera.
Antibodies against PbTIP were able to recognize antigen up to ~0.25 million
dilutions. Control immunized (sham-treated) mice were taken as a negative control
in ELISA.
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Identification of a Novel
Mutation in TNFAIP3 in a
Family With Poly-Autoimmunity
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Camilla Celani2, Ivan Caiello1, Valentina Matteo1, Stefano Petrocchi3, Eva Piano Mortari 4,
Fabrizio De Benedetti 1,2, Giusi Prencipe1*‡ and Antonella Insalaco2‡

1 Laboratory of Immuno-Rheumatology, Bambino Gesù Children’s Hospital, IRCCS, Roma, Italy, 2 Division of Rheumatology,
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Bambino Gesù Children’s Hospital, IRCCS, Roma, Italy

Haploinsufficiency of A20 (HA20) is an inflammatory disease caused by mutations in the
TNFAIP3 gene classically presenting with Behcet’s-like disease. A20 acts as an inhibitor of
inflammation through its effect on NF-kB pathway. Here we describe four consanguineous
patients (three sisters and their mother) with a predominantly autoimmune phenotype,
including thyroiditis, type I diabetes, hemolytic anemia and chronic polyarthritis. All
patients had recurrent oral ulcers, with only 1 patient presenting also recurrent fever
episodes, as a classical autoinflammatory feature. Next generation sequencing identified a
novel heterozygous frameshift mutation (p.His577Alafs*95) that causes a premature stop
codon in the zinc finger domain of A20, leading to a putative haploinsufficiency of the
protein. Functional analyses confirmed the pathogenicity of the mutation. The variant was
associated with decreased levels of A20 in blood cells. Accordingly, ex-vivo
lipopolysaccharide (LPS)-stimulated patients’ peripheral blood mononuclear cells
(PBMCs) showed higher levels of p65 NF-kB phosphorylation, as well as increased
production of the proinflammatory cytokines IL-1b, IL-6 and TNF-a. Moreover, in
agreement with recent observations, demonstrating a role for A20 in inhibiting STAT1
and IFNg pathways, markedly higher circulating levels of the two IFNg-inducible
chemokines CXCL9 and CXCL10 were detected in all patients. Supporting the findings
of a hyperactivation of IFNg signaling pathway in HA20 patients, patients’ monocytes
showed higher levels of STAT1 without stimulation, as well as higher phosphorylated
(active) STAT1 levels following IFNg stimulation. In conclusion, our study show that in the
clinical spectrum of HA20 autoimmune features may predominate over autoinflammatory
features and demonstrate, from a molecular point of view, the involvement of A20 in
modulating not only the NF-kB, but also the IFNg pathway.
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INTRODUCTION

A20 haploinsufficiency (HA20) has been described as an
autosomal-dominant-inheritance autoinflammatory disease
characterized by Behcet’s-like disease symptoms, such as
recurrent oral and genital ulcers and inflammatory bowel
disease (IBD)-like pattern (1). It is caused by loss of function
mutations in the tumour necrosis factor-a-inducible protein 3
(TNFAIP3) gene that encodes for the A20 protein. A20 is a
highly conserved protein composed of two domains: the amino-
terminal OTU (ovarian tumour) domain, with a de-ubiquitinase
activity, and seven carboxyl-terminal zinc finger domains, with
ubiquitin ligase and binding activities. It is involved in the
negative regulation of the canonical nuclear factor-kB (NF-kB)
signaling pathway, which plays fundamental roles in
inflammation, immune responses and development. Since
Zhou et al. first described HA20 in 2016 (1), several frameshift
and nonsense mutations, in both the OTU and zinc fingers
domains, have been described (2, 3).

Although HA20 has been first described as an early-onset
autoinflammatory disease, recent studies described patients with
late-onset presenting with autoimmune features, such as juvenile
idiopathic arthritis, rheumatoid arthritis, inflammatory bowel
diseases, systemic lupus erythematous, type 1 diabetes, psoriasis
and coeliac disease. To date, the predominant autoimmune
phenotype associated with HA20 is not clearly identifiable, as
it also varies in family members carrying the same mutation (4).

In this study, we report a novel mutation in the TNFAIP3
gene leading to a predominantly autoimmune phenotype in four
subjects (three sisters and their mother) from an Italian family.
PATIENTS AND METHODS

Patients
Patient 1 (Pt1, the index patient) is a 17 years old girl who was
seen in our hospital at the age of 5, because of an autoimmune
thyroiditis requiring replacement therapy. The history included
recurrent oral ulcers, most often minor, since early childhood. At
the age of 7 years she presented at the Emergency Room of
another hospital due to worsening fatigue and shortness of
breath. Hematochemistry revealed severe hemolytic anemia
with positive Coombs test (5.3 g/dl) requiring blood
transfusion. She was treated with intravenous (IV)
immunoglobulin and subsequently with glucocorticoids
because of lack of response. Three years later, she presented
five relapses of hemolytic anaemia treated again with IV
immunoglobulin and glucocorticoids. Because of the frequent
relapses in January 2015 she was treated with rituximab. One
year after the CD20 depletion treatment, asymptomatic
hypogammaglobulinemia was found. Immunoglobulin
replacement therapy was started, still ongoing.

When she was 9 year she developed an antinuclear-antibody
(ANA) negative polyarthritis (with involvement of wrists, ankles,
fingers joints and ankles tendons), treated with intra-articular
glucocorticoids and methotrexate. Etanercept was added when
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she was 17 age for unsatisfactory disease control after a
polyarticular flare affecting the two wrists, the left ankle and
several tendons, with good response. After 6 months of therapy
she presented an arthritis flare involving only the left ankle
treated with glucocorticoid intra-articular injection and no
further relapse.

Patient 2 (Pt2) is a 20 years old girl who was admitted to our
hospital at the age of 9 because of Type 1 diabetes. Her medical
history included, similar to her sister, recurrent oral ulcers since
early childhood. In the same hospitalization, autoimmune
thyroiditis was diagnosed. She was evaluated for short stature
(3° centile for height at that time): a GH secretion test was
normal. At the age of 19 she presented with arthritis of both
wrists and tenosynovitis of ankles. Treatment with methotrexate
and etanercept was started. After 9 months, she does not show
signs of active arthritis.

Patient 3 (Pt3) is a 13 year-old girl. She presented oral ulcers
since childhood, like her sisters, and reports recurrent febrile
episodes associated with cervical lymphadenopathy, not related
to infections, between the age of 6 and 8. She had an episode of
pneumonia at the age 7 years that resolved with standard
therapy. She was evaluated for short stature (3° centile for
height); GH secretion test was normal.

Patient 4 (Pt4) is a 46 years old woman, the mother of the
three girls described above. She presented recurrent oral and
genital painful ulcers since childhood, along with recurrent
episode of acute abdominal pain, requiring occasional
evaluations at the emergency department, with no definitive
interpretation. An asymptomatic autoimmune thyroiditis was
diagnosed at the age of 41 following the diagnosis in two of her
daughters. She started replacement therapy. Her adult height is
10-20° centile.

The study was approved by the Bambino Gesù Children’s
Hospital Ethical committee. Written informed consent was
obtained from the individual(s) and/or minor(s)’ legal
guardian/next of kin for the publication of any potentially
identifiable images or data included in this article.

Genetics Analysis
DNA was extracted from peripheral blood with QIAgen columns
(QIAsymphony DNA minikit, Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Concentration
and purity of DNA samples were quantified by ND-1000
spectrophotometer (NanoDrop; Thermo Scientific, Waltham,
MA, USA) and by FLx800 Fluorescence Reader (BioTek,
Winooski, VT, USA).

Trio-based whole-exome sequencing (WES) was performed
on genomic DNA by using the Twist Human Core Exome Kit
(Twist Bioscience) according to the manufacture’s protocol on a
NovaSeq6000 platform (Illumina). The reads were aligned to
human genome build GRCh37/UCSC hg19. The BWA
Enrichment application of BaseSpace (Illumina) and the TGex
software (LifeMap Sciences, Inc.) were used for the variant
calling and annotating variants, respectively. Sequence data
were carefully analyzed and the presence of all suspected
variants was checked in the public databases (dbSNP and
Genome Aggregation Database (gnomAD). Putative disease-
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associated sequence variants were distinguished from
polymorphisms using the following filtering criteria: an allele
frequency below 1% in gnomAD, species conservation of the
underlying amino acid and a change in the protein’s primary
structure. The variants were evaluated by VarSome (5) and
categorized in accordance with the ACMG recommendations
(6). Variants were examined for coverage and Qscore (minimum
threshold of 30) and visualized by the Integrative Genome
Viewer (IGV). The datasets presented in this study can be
found in online repository (ClinVar: https://www.ncbi.nlm.nih.
gov/clinvar/). The accession numbers is SUB10618687.

PBMC Isolation
PBMCs were freshly isolated by lymphocyte separation Ficoll
centrifugation and cultured in complete RPMI 1640 medium.
For ELISA 5x105 cells were cultured in 96 well in 200 ml complete
medium. For mRNA and western blotting analyses 1x106 cells
were cultured in 24 well in 1 ml of complete medium.

Western Blotting
PBMCs isolated from patients and HDs were starved for 2h in
RPMI with 0,5% fetal bovine serum (FBS) and then collected for
western blotting or stimulated for 30 minutes with
lipopolysaccharide (LPS) 0.01mg/ml. PBMCs were then washed
and lysed with RIPA buffer (Cell Signaling) and protein
concentration was measured with BCA Protein assay (Pierce).
30 mg protein extracts were resolved by TGX precast mini Gels
(4568084 BioRAD), transferred to nitrocellulose membranes
(Amersham Life Sciences) and probed with antibody to A20
(D13H3), pS536- NF-kB (3033S), NF-kB (8242) and GAPDH
(5174s), all from Cell Signaling Technology. Blots were
developed with the ECL system (Amersham Biosciences)
according to the manufacturer’s protocol. Band intensity were
analyzed with Image LAB software.

RNA Isolation and Quantitative
Real-Time PCR
PBMCs were stimulated for 3, 6 and 12 hours with 0.01 mg/ml of
LPS or for 2 hours with 10 ng/ml of Interferon-gamma (IFNg)
and mRNA expression levels of the genes of interest were
analyzed by Quantitative Real-Time PCR. Total RNA was
extracted using Trizol Reagent (Ambion), and cDNAs were
obtained using the Superscript Vilo kit (Invitrogen). Real-time
PCR assays were performed using TaqMan Universal PCR
Master Mix and gene expression assays from Applied
Byosystems. Gene expression was normalized using human
HPRT1 as endogenous control. Data were analyzed with the
2Dct method and are expressed as arbitrary units (AU).

Enzyme-Linked Immunosorbent
Assays (ELISA)
PBMCs were stimulated for 24 hours with 0.01, 0.1 and 1 mg/ml
of LPS and cytokine release in the conditioned media were
analyzed by Enzyme-Linked Immunosorbent Assays (ELISAs),
with commercially available kits accordingly to manufacturer
instructions. Plasma from patients or healthy donors were
Frontiers in Immunology | www.frontiersin.org 3113
analyzed by ELISA. IL-6 (DY206), IL-1b (DY201), TNF-a
(DY210), CXCL9 (DY392) and CXCL10 (DY266) ELISA kits
were all purchased from R&D Systems. The detection limits of
the assays were 9,38 pg/ml (IL-6), 3,91 pg/ml (IL-1b), 15,6 pg/ml
(TNF-a), 62,5 pg/ml (CXCL9) and 31,25 pg/ml (CXCL10).

Flow Cytometry
PBMCs were treated and analyzed as previously reported (7).
Briefly, PBMCs were left unstimulated or stimulated with 10 ng/
ml of human recombinant IFNg (R&D Systems) for 10 minutes
at 37°C. Anti-CD3, anti-CD14 and anti-CD16 (all from Becton
Dickinson) staining was performed for 20 minutes at 4°C, in
order to discriminate the monocyte, neutrophil, natural killer
and T cell subpopulations. Whole blood cells where then fixed
with Lyse/Fix Buffer 10 min at 37°C and further incubated 10
min at RT with FcBlock 1:200 in Stain Buffer (all from Becton
Dickinson). After permeabilization with Perm Buffer II (BD
PhosFlow) 20 min at 4°C, samples were stained with
antibodies against phosphorylated Tyrosine (701) STAT1
(pSTAT1) and total STAT1 (all from Becton Dickinson) for 20
min at 4°C. Isotype-matched control mAbs were used to
determine non- specific background staining. Samples were
run on a BD LSRFortessa X‐20 instrument (BD Biosciences).
Results were expressed as mean fluorescence intensity (MFI) or
% of positive monocytes.

Statistical Analysis
Differences between groups were analyzed by the nonparametric
Mann–Whitney U test. Significance level for statistical tests was
at **p < 0.01 and ***p < 0.001 values. Graphpad Prism 9 software
was used for statistical analysis and graphs.
RESULTS

We studied an Italian family (Figure 1A) carrying a previously
unreported mutation in the TNFAIP3 gene leading to A20 haplo-
insufficiency. Disease onset occurred in early childhood in four
female members of the same family. Among autoimmune
manifestations, thyroiditis and chronic arthritis were present in
3/4 and 2/4 patients, respectively, and diabetes and hemolytic
anemia in 1 patient. All patients presented recurrent oral
aphtosis, that in 1 patient were associated to genital ulcers; Pt3
was the only with a classical, albeit mild, autoinflammatory
phenotype (transient recurrent episodes of fevers) and no
autoimmune manifestation up to the age of 14. Patients had
stunted growth with final height below or slightly above 3rd

percentile. Finally, Pt1 developed hypogammaglobinemia, not
associated with recurrent infection, following rituximab
administration (Table 1).

Next generation sequencing (NGS) analysis was performed
first on Pt1 and her parents. A heterozygous c.1727dupC variant
in the TNFAIP3 gene (NM_006290), introducing the frameshift
variant p.His577Alafs*95, was identified in the Pt1 and her
mother (Pt 4) (Figures 1B, C). The variant, located between
the zinc finger domains 3 and 4 of the A20 protein (Figure 1B),
January 2022 | Volume 13 | Article 804401
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was predicted to be damaging by in silico tools, since it
introduces a premature stop codon leading to a putative
haploinsufficiency of the protein. The same frameshift
mutation was also present in the two sisters, Pt2 and Pt3, of
our proband, as confirmed by Sanger sequencing (Figure 1D).
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Since thismutationhasnot been reportedbefore,wedetermined
its functional relevance. We first analyzed by western blot the
expression levels of A20 in peripheral blood mononuclear cells
(PBMCs). Compared to healthy donors, all the patients showed a
strongly reduced expression of A20 in PBMCs (Figure 2A).
TABLE 1 | Clinical and laboratory characteristics and treatment of the patients.

Gender Age at Onset Autoantibody Positivity Clinical Manifestations Therapy

Pt 1 F Early childhood
(less than 2
years)

Recurrent oral ulcers None
Short stature (<3° centile) None

Ab anti-TG: 1153 U/ml
Ab anti-TPO: >3000 U/ml

Autoimmune thyroiditis L-Thyroxine

ANA negative Polyarthritis Intra-articular glucocorticoid injections, methotrexate, etanercept
Haemolitic anemia High dose IV Immunoglobulin, high dose glucocorticoids,

Rituximab
Hypogammaglobulinemia Substitutive IV immunoglobulin

Pt 2 F Early childhood
(less than 2
years)

Recurrent oral ulcers None
Short stature (3°-25° centile) None

Ab anti-TG: 1956 U/ml
Ab anti-TPO: >3000 U/ml

Autoimmune thyroiditis L-Thyroxine

ANA negative
dsDNA negative
ENA negative

Oligoarthritis Intra-articular glucocorticoid injections, methotrexate, etanercept

Type I diabetes mellitus Insuline
Pt 3 F Early childhood

(less than 2
years)

Recurrent oral ulcers None
Short stature (<3° centile) None
Recurrent fever in childhood None

Pt 4 F Early childhood
(less than 2
years)

Recurrent oral and genital ulcers None
Short stature (10-25°) None

Ab anti-TG: 77 U/ml
Ab anti-TPO: 1016 U/ml

Autoimmune thyroiditis L-Thyroxine

Recurrent episodes of abdominal
pain

None
Ab anti-TG, anti-thyroglobulin antibodies (normal value <100 U/ml); Ab anti-TPO, anti-thyroperoxidase antibodies (normal value <40 U/ml); IV, intravenous.
A B

C D

FIGURE 1 | Family pedigree and genetic analyses. (A) Pedigree of the family with the heterozygous mutation in TNFAIP3 gene. (B) Schematic diagram of A20 protein
and the location of the new identified mutation. OTU, ovarian tumor domain; ZnF 1-7, zinc finger domains. (C) Whole exome sequencing identified a novel heterozygous
mutation p.His577Alafs*95 in the TNFAIP3 gene. (D) Confirmation of the presence of the mutation in Pt2 and Pt3 by Sanger Sequencing.
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Since A20 is a known critical negative regulator of NF-kB
signaling (8), we investigated if A20 decreased levels were
associated with a dysregulation of NF-kB activation, by
assessing the phosphorylation status of the p65 NF-kB subunit
(Serine 536, S536) in unstimulated and LPS-stimulated PBMCs
from Pt1 and Pt4. Higher p65 NF-kB (S536) phosphorylation
levels were detected in PBMCs isolated from these patients
compared to healthy donors (HD), both in unstimulated and
LPS-stimulated cells (Figure 2B).

To investigate the effects of the upregulation of NF-kB
signaling in patients’ PBMCs, we analyzed the kinetics of
mRNA accumulation of three cytokines known to be induced
by NF-kB (9), such as IL-1b, IL-6 and TNF-a. As shown in
Figure 3A, we observed that, compared to healthy donors,
PBMCs from patients expressed markedly higher mRNA levels
of all cytokines analyzed, particularly at shorter times (3 hours)
following LPS stimulation. Consistent with these results, when
we measured the cytokine levels released in conditioned media of
PBMCs stimulated for 24 hours with increasing amount of LPS,
we found that patients’ PBMCs produced markedly higher levels
of IL-1b, IL-6 and TNF-a, compared to control PBMCs
(Figure 3B). Interestingly, while in PBMCs from healthy
donors there were no substantial differences in the cytokine
levels produced following stimulation with increasing
concentrations of LPS, in patients’ PBMCs we observed a
progressive and marked increase in cytokine production,
suggesting a persistent NF-kB activation, probably secondary
to a defective A20-mediated NF-kB inhibition.

Consistent with observations in the literature, demonstrating
a role for A20 in inhibiting STAT1 and showing higher
circulating levels of IFNg inducible chemokines in patients
with HA20 and in A20 genetically deficient mice (10, 11), all
our patients showed markedly higher circulating levels of CXCL9
Frontiers in Immunology | www.frontiersin.org 5115
and CXCL10 compared to healthy donors (Figure 4A). Notably,
although high levels of both CXCL9 and CXCL10 were detected
in all four patients compared to healthy subjects, Pt1 showed
lower levels compared to other family mutated members,
possibly due to the ongoing treatments with methotrexate and
hydroxylchloroquine. The other patients were not receiving any
immunomodulatory treatment at time of sampling. To further
investigate the activation of the IFNg signaling pathway, PBMCs
of patients were unstimulated or stimulated ex vivo with IFNg
and total STAT1 and phosphorylated STAT1 (Tyrosine-701)
were evaluated in monocytes. We found markedly high levels of
total STAT1 in unstimulated monocytes of all four patients,
compared to healthy donors (Figure 4B). In addition, following
ex vivo stimulation with IFNg, the percentage of monocytes
positive for phosphorylated STAT1 (pSTAT1) was marked
increase in 3 out of 4 patients, compared to that observed in
healthy donors (Figure 4C). Accordingly, in ex vivo experiments,
PBMCs from patients showed markedly higher mRNA
expression levels of CXCL9 and CXCL10 in unstimulated
condition as well as following stimulation with IFNg
(Figure 4D), further supporting the hyperactivation of the
IFNg signaling pathway in HA20 patients.
DISCUSSION

Herein, we describe the clinical features of four family members
carrying a novel mutation in the TNFAIP3 gene leading to HA20.
HA20 is an autosomal dominant genetic disease in which an
insufficient production of A20 results in a decreased inhibition of
the NF-kB signaling pathway. It classically presents with
autoinflammatory features, particularly with a Behcet-like
disease, often characterized by severe early-onset IBD.
B

A

FIGURE 2 | Reduced A20 function in vivo. (A) Western Blot and densitometric analysis of A20 protein levels in PBMCs isolated from patients (Pt1-4) and 2 healthy
donors (HD). GAPDH was used as loading control. Densitometric quantification of A20 was reported (right graph). (B) PBMCs isolated from Pt1, Pt4 and one healthy
subject (HD) were starved for 2 h in media with 0.5% of FBS and lysed or stimulated for 30 minutes with 0.01 mg/ml LPS and then lysed. Phosphorylated (S536) p65
NF-kB (P-p65) and total p65 NF-kB protein levels were assessed by Western blot analyses. GAPDH was used as loading control. The phosphorylated-p65 NF-kB/
total p65 NF-kB densitometry comparative ratio was also reported (right graph). Similar results were obtained in two independent experiments.
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In addition to gastrointestinal manifestations, muscle-skeletal
disorders with arthralgia and arthritis, ocular and skin
involvement and recurrent fever are often present.

In contrast, in our family, the clinical picture is predominantly
characterized by autoimmune features with the following
manifestations: thyroiditis in 3 patients and chronic arthritis in 2
patients. In addition, Pt1 presented with recurrent hemolytic
anemia and Pt2 with diabetes mellitus. Only Pt3 presented with
recurrent episodes of fevers in childhood. It should be noted that all
patients complained of oral ulcers since early childhood, and one
patient presented genital ulcers, a typical features of HA20. A short
stature is a common characteristic of all affected members.

The association of HA20 with autoimmunity is known in
humans, as well as in animal models. Indeed, findings in mice
models indicate that A20 plays a crucial role in the development
and function of B cells (12). Indeed, loss of A20 in B cells leads to
autoimmune pathology in old mice and defects in the generation
and/or localization of the mature B cell subsets (13). In humans,
the presence of autoantibodies at varying degrees has been
described in patients with HA20 (14). Because of the co-
occurrence of autoinflammatory and/or autoimmune features
in HA20, several patients received a variety of initial diagnoses
including autoimmune diseases, such as rheumatoid arthritis,
juvenile idiopathic arthritis, autoimmune thyroiditis, systemic
lupus erythematosus, inflammatory bowel disease (i.e. Crohn’s
disease), as well as of autoinflammatory diseases including
Behcet’s disease and periodic fever with aphtous stomatitis,
pharyngitis and adenitis (PFAPA). Indeed, in three out of 4 of
our patients anti-thyroid autoantibodies were also found and an
initial diagnosis of autoimmune thyroiditis was made.
Frontiers in Immunology | www.frontiersin.org 6116
A20 negatively regulates NF-kB signaling through two
mechanisms: a de-ubiquitination activity performed by the N-
terminal OTU domain, and an ubiquitin ligation activity
performed through its C-terminal Zn finger domains (8). Even
if OTU and Zn finger domains of A20 have different biochemical
functions and act on different proteins and pathways, their action
converges on the inhibition of NF-kB activity. An increase of
cytokines production, as well as of phosphorylation levels of NF-
kB has been described in patients carrying mutations in both OTU
and Zn finger domain (1, 15). Due to the great heterogeneity of
clinical and prognostic presentation of HA20 (4), there has been
an attempt to associate specific clinical manifestation with the
positions of mutations (3). Autoimmune thyroid disorders and
musculoskeletal disorders appear to be associated with mutation
in the Zn finger domains and patients with Zn finger domain
mutations usually present an early onset of the disease (3).
However, a clear cut genotype/phenotype correlation has not
been established, also due to the fact that most patients with
OTU mutations described to date express truncated TNFAIP3
proteins that eliminate all the Zn finger domains.

Several studies highlighted that the spectrum of HA20 clinical
manifestations can vary even among patients carrying the same
mutation and/or belonging to the same family (15, 16) and that
patients with the same pathogenic variant even respond
differently to the same treatment regimen (4). Not surprisingly,
our patients presented different clinical manifestations of
variable degree of severity ranging from a mild (Pt3 and Pt4),
moderate (Pt2) to a severe phenotype (Pt1). These data support
the obvious hypothesis that additional genetic/environmental
mechanisms may have a role in the pathogenesis of HA20.
B

A

FIGURE 3 | PBMCs from HA20 patients express markedly higher levels of pro-inflammatory cytokines. (A) The mRNA expression levels of IL1B, IL6 and TNF were
evaluated by qPCR analysis in PBMCs from patients (Pt1-4), a relative (father) and 2 healthy donors (HDs) unstimulated (US) or stimulated for the indicated hours h
with 0.01 mg/ml of LPS. Results were obtained after normalization with the housekeeping gene HPRT1 and were expressed as arbitrary units (AU). (B) PBMCs isolated
from patients (Pt1-4), a relative (father) and 4 healthy donors (HDs) were unstimulated (US) or stimulated for 24 hours with 0.01, 0.1 and 1 mg/ml of LPS and IL-1b, IL-6
and TNF-a protein levels were measured in the conditioned media by ELISA.
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No standard treatment has been established for the disease.
Most cases seem to respond to glucocorticoids (3), but this
therapy is burdened by severe side effects in the long term. The
choice of treatment appears to be based on the patient’s
dominant clinical phenotype. Colchicine, has been reported to
be effective in some cases and reports with use of several
immunosuppressants, such as methotrexate, cyclosporine-A,
hydroxychloroquine and mycophenolate mofetil are present
with variable response (3, 17). Because of the excessive
production of inflammatory cytokines, cytokine inhibitors
(anti-TNF, anti-IL-1, and anti-IL-6) are variably used as
second-line treatments (3, 17). In our 2 patients with arthritis,
a very satisfactory response to etanercept was observed.

The nove l muta t ion ident ified in our pa t ien t s
(p.His577Alafs*95) causes the deletion of the A20 C-terminus,
Frontiers in Immunology | www.frontiersin.org 7117
starting from Zn finger 4 domain and including Zn finger
domains 4 and 7, which have been reported to be functionally
relevant for A20 (18, 19). Consistent with previous observations,
PBMCs isolated from our patients also showed higher levels of
NF-kB phosphorylation that are associated with markedly higher
production of IL-1b, IL-6 and TNF-a.

In agreement with recent evidence demonstrating a role for
A20 in the inhibition of STAT1 expression in murine myeloid
cells and in modulating IFNg downstream genes (11), we found a
marked increase in the circulating levels of the IFNg-inducible
chemokines CXCL9 and CXCL10 in all the patients studied,
further supporting the functional relevance of this novel
mutation. Consistent with data in mice, (11) we also showed
that in circulating monocytes of HA20 patients the levels of total
STAT1 are markedly higher than those observed in healthy subjects.
B

D

C

A

FIGURE 4 | Interferon gamma pathway is upregulated in HA20 patients. (A) CXCL9 and CXCL10 levels were measured in plasma samples collected from patients
(Pt1-4) during different hospitalizations, from the father and from healthy donors (HD; n=15) by ELISA. Red bars indicate sample median. Statistical analyses were
performed with Mann-Whitney test comparing each patient with HDs. **p<0,01; ***p<0,001. (B) Unstimulated PBMCs from patients (Pt1-4) and two healthy donors
(HDs) were stained for total STAT1 levels. Results are reported as STAT1 mean fluorescence intensity (MFI) in monocytes (CD14+ cells). (C) PBMCs from patients
(Pt1-4) and two healthy donors (HDs) were stimulated for 10 minutes with 10 ng/ml of IFNg and phosphorylated STAT1 (pSTAT1) levels were detected by flow cytometry.
Results were reported as % of pSTAT1 positive monocytes (CD14+ cells). (D) PBMCs from patients (Pt1-4) and one healthy donor (HD) were left unstimulated (US, white
columns) or stimulated for 2 hours with 10 ng/ml of IFNg (IFNg, black columns) and CXCL9 and CXCL10 mRNA levels were analyzed by qPCR. Results were obtained
after normalization with the housekeeping gene HPRT1 and were expressed as arbitrary units (AU). Similar results were obtained in two independent experiments.
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Moreover, we also found that, following ex vivo stimulation with
IFNg, the percentage of monocytes expressing phosphorylated
STAT1 is higher in patients than in healthy subjects, further
demonstrating the hyperactivation of the IFNg signaling pathway
in our HA20 patients. Our results are consistent with recent data
showing increased phosphorylation levels of STAT1 and STAT3
(20) and an elevation of the Type I IFN score in the whole blood
of some patients with HA20 (21). Altogether, these evidence
further support the role of A20 in regulating IFNs signaling
pathways and provide the rationale for the therapeutic use of
JAK1/2 inhibitors in HA20 patients unresponsive to the
conventional treatments (20, 21).

In conclusion, we report a novel pathogenic mutation in
TNFAIP3 leading to HA20. We confirm its functional relevance
and demonstrate, that HA20 leads not only to increased NF-kB
activation, but also to hyperactivation of the IFNg pathway. We
confirm that a significant clinical heterogeneity exists even
among patients carrying the same mutation. The spectrum of
HA20 clinical manifestations is expanding and, as highlighted by
our report, autoimmune features may predominate over classical
autoinflammatory Behcet-like features. It is tempting to suggest
that organ and non-organ specific autoimmunity in the presence
of early-onset recurrent oral ulcers should elicit suspicion
for HA20.
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Interleukin-1 (IL-1) is a primary cytokine of innate immunity and inflammation. IL-1 belongs
to a complex family including ligands with agonist activity, receptor antagonists, and an
anti-inflammatory cytokine. The receptors for these ligands, the IL-1 Receptor (IL-1R)
family, include signaling receptor complexes, decoy receptors, and negative regulators.
Agonists and regulatory molecules co-evolved, suggesting the evolutionary relevance of a
tight control of inflammatory responses, which ensures a balance between amplification of
innate immunity and uncontrolled inflammation. IL-1 family members interact with innate
immunity cells promoting innate immunity, as well as with innate and adaptive lymphoid
cells, contributing to their differentiation and functional polarization and plasticity. Here we
will review the properties of two key regulatory receptors of the IL-1 system, IL-1R2, the
first decoy receptor identified, and IL-1R8, a pleiotropic regulator of different IL-1 family
members and co-receptor for IL-37, the anti-inflammatory member of the IL-1 family. Their
complex impact in pathology, ranging from infections and inflammatory responses, to
cancer and neurologic disorders, as well as clinical implications and potential therapeutic
exploitation will be presented.

Keywords: inflammation, toll-like-receptors, negative regulation, innate immunity, interleukin 1
INTRODUCTION

The pro-inflammatory cytokine interleukin-1 (IL-1) was discovered during the 1970s and
recognised for its functions in inflammation, in particular in fever, lymphocyte activation, and
hematopoiesis (1). Gene cloning and molecular identification of IL-1- and IL-1-receptor-related
molecules allowed the identification of the entire IL-1 family, which is now considered a “system”
comprising evolutionarily conserved ligands and receptors. A new nomenclature of the family
receptors has been recently proposed and reported here, followed by previously used names. The IL-
1 system includes ligands endowed with agonist activity (IL-1a, IL-1b, IL-18, IL-33, IL-36a, IL-36b,
and IL-36g), receptor antagonists (IL-1Ra, IL-36Ra, and IL-38) and an anti-inflammatory cytokine
(IL-37), and receptors acting as signalling molecules (IL-1R1, IL-1R4/ST2, IL-1R5/IL-18Ra, IL-1R6/
org February 2022 | Volume 13 | Article 8046411120
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IL-1Rrp2/IL-36R), accessory proteins (IL-1R3/IL-1RAcP, IL-
1R7/IL-18Rb), decoy or negative regulatory receptors (IL-1R2,
IL-1R8/SIGIRR/TIR8). Finally, the system includes receptors
which are still considered orphan or whose function is poorly
defined (IL-1R9/TIGIRR-2, IL-1R10/TIGIRR-1).

After gene transcription and translation in response to
inflammatory signals or tissue damage, ligands of the IL-1
family, in particular IL-1b and IL-18, remain in the cytoplasm
as precursors, and are then cleaved intracellularly by the
inflammasome and Caspase-1 (2), or processed extracellularly
by proteases, such as neutrophil protease proteinase-3, elastase,
matrix metalloprotease 9 and granzyme B, reaching their optimal
biological activity. In contrast with other members of the family,
IL-1a is constitutively expressed by several cell types, and can act
as an alarmin also in its precursor form, when released upon
tissue damage or exposed as an integral membrane protein (3–5).

IL-1-family receptors have a structure comprising a ligand-
binding extracellular portion consisting of three Ig-like domains,
and an intracellular TIR domain (originally an acronym for Toll/
IL-1-resistance and now for Toll/IL-1R domain), which is
essential for signaling via the MyD88 adaptor and shared by
TLRs. Upon ligand-binding, the main receptor chain and the
accessory protein chain assemble in a heterodimer and the TIR
domains activate a phylogenetically conserved signaling cascade.
The signaling pathway includes the TIR-containing adaptor
molecule MyD88, downstream protein kinases (e.g. IL-1R
associated kinases (IRAKs), and tumor necrosis factor
receptor-associated factor 6 (TRAF6)) and leads to NF-kB
translocation to the nucleus and activation of mitogen
−activated protein kinases (MAPKs), such as p38, c−Jun N
−terminal kinases (JNKs) and extracellular signal−regulated
kinases (ERKs), resulting in amplification of innate immunity
and inflammation (6).

Five signaling receptor complexes, constituted by a main
receptor chain and an accessory receptor chain, are responsible
of cell activation after the interaction with IL-1 family members: the
IL-1 receptor (IL-1R1 and IL-1R3/IL-1RAcP) which binds IL-1a
and IL-1b; the IL-33 receptor (IL-1R4/ST2 and IL-1R3/IL-1RAcP);
the IL-18 receptor (IL-1R5/IL-18Ra and IL-1R7/IL-18Rb); the
IL-36 receptor (IL-1R6/IL-1Rrp2 and IL-1R3/IL-1RAcP) which
binds IL-36a, b and g; and the recently identified IL-37 receptor
(IL-1R5/IL-18Ra and IL-1R8).

The IL-1 system is generally associated with inflammation
and innate immunity. However, the members of this family, in
particular IL-1, IL-33 and IL-18, are now known to play broader
and complex roles, which include orienting innate immunity and
inflammation in response to microbial or environmental
challenges, and promoting differentiation and polarization of
myeloid cells and innate or adaptive lymphoid cells.

Phylogenetic analysis showed that agonists, receptor
antagonists, anti-inflammatory molecules and IL-1 receptor
family members coevolved, since most of them (IL-1b, IL-1Ra,
the IL-36 subgroup, IL-38 and IL-37, IL-18) are present in all
vertebrates (7). This suggests the relevance in evolution of IL-1
system regulation, mediated by antagonists and anti-
inflammatory cytokines, as well as by decoy or regulatory
Frontiers in Immunology | www.frontiersin.org 2121
receptors. Among these, IL-1Ra and IL-36Ra are receptor
antagonists that compete with the agonists IL-1 and IL-36 for
the interaction with IL-1R1 and IL-1R6, respectively, thus
reducing their activity (2), whereas IL-18BP is a soluble
molecule that binds IL-18, preventing the interaction with its
receptor (8). IL-1R2 lacks a signaling TIR domain and acts in a
membrane or soluble form as a decoy receptor for IL-1 (9). IL-
1R8, also known as TIR8 or SIGIRR, behaves as a negative
regulator of the signal transduction by other members of the
family, by interfering with the association of TIR-containing
adaptor molecules to the receptor complex (10). In addition, in
association with IL-1R5/IL-18Ra, IL-1R8 has been shown to act
as co-receptor for the anti-inflammatory cytokine IL-37 (11),
thus opening several new lines of research on the role of IL-1R8
in immunopathology.

Decoy receptors are also strategies of immune evasion
adopted by pathogens. For instance, DNA viruses encode
proteins homologous to mammal decoy receptors; in
particular, Poxviruses express a soluble version of IL-1R (12).
In addition, several bacteria (e.g. Brucella melitensis, Escherichia
coli, Salmonella enterica, Pseudomonas denitrificans and
Pseudomonas aeruginosa) have evolved TIR-containing
proteins (Tcps) that dampen TIR-related pathways (13–16).
These data suggest that genomic recombination events
originated pathogens endowed with anti-inflammatory
molecules from the host genome, which may favor infection
and pathogen persistence.

Here we review the regulatory roles of IL-1 receptor family
members, focusing on IL-1R2, the first “decoy” receptor
identified, and IL-1R8, which being expressed by different cell
types and acting as negative regulator of several IL-1 family
members, as well as of TLRs, has pleiotropic functions in several
pathophysiological contexts involving inflammation and innate
and adaptive immune responses.
THE DECOY RECEPTOR IL-1R2

IL-1R2 Mode of Action
The IL-1R2 gene is located in chromosome 2, in the locus
including the IL-1R cluster, e.g. IL-33, IL-18, and IL-36
receptors. Like other IL-1R family members, IL-1R2 protein is
composed of an extracellular portion containing three
extensively glycosylated immunoglobulin (Ig)-like domains,
and showing 28% amino-acid homology with IL-1R1
extracellular portion. But in contrast with the other members
of the family, IL-1R2 lacks the characteristic intracellular TIR
domain, that is replaced by a 29 amino acid-long tail. Due to this
peculiarity, this receptor is unable to initiate signal transduction
following the interaction with its ligands (9, 17).

IL-1R2 affects several steps along the IL-1-mediated signaling
cascade (Figure 1). First, IL-1R2 acts as dominant negative
molecule since it prevents the formation of IL-1R1//IL-1R3
complex by sequestering IL-1R3 (9, 18, 19). Then, IL-1R2//IL-
1R3 competes with IL-1R1//IL-1R3 for the interaction with the
February 2022 | Volume 13 | Article 804641
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ligands, since both receptor complexes recognize the pro-
inflammatory cytokines IL-1a and IL-1b (20, 21). In addition,
the enzymatic cleavage of IL-1R2 or alternative splicing generate
a soluble form of the receptor (sIL-1R2) that exhibits anti-
inflammatory activity by sequestering IL-1 (22–25). The
enzymat ic c leavage of IL-1R2 is mediated by the
metalloproteinase ADAM17, which is activated by pro-
inflammatory stimuli such as TNFa, LPS, leukotriene B4 and
fMLF (26–28). sIL-1R2 is physiologically released into the
bloodstream, where it binds IL-1a and IL-1b (18, 29), as well
as pro-IL-1b preventing its enzymatic cleavage by caspase-1 (30).
The interaction of sIL-1R2 with the soluble form of IL-1R3
(detectable at high circulating concentration, 300ng/ml) further
increases the binding affinity for pro-IL-1b. In addition, cytosolic
IL-1R2 interacts with pro-IL-1a preventing its enzymatic
cleavage by calpain and other inflammatory proteases, thus
tuning IL-1a-dependent sterile inflammation (31). This
complex is abrogated by caspase-1 which cleaves IL-1R2,
Frontiers in Immunology | www.frontiersin.org 3122
allowing cleavage and secretion of IL-1a and restoration of its
activities. Low intracytoplasmic expression of IL-1R2 was
described in vascular smooth muscle cell (VSMC) and
activated macrophages and was considered implicated in
necrosis-associate inflammation (31).

Recently, a cell-surfacepro-formof IL-1a (csIL-1a)was identified
inmacrophages (32). IL-1R2 and glycosylphosphatidylinositol (GPI)
were reported to anchor csIL-1a on the plasma membrane
restraining its activation and release. IL-1R2-deficient Bone
Marrow-Derived Macrophages (BMDMs) displayed low levels of
csIL-1a, highlighting the contribution of IL-1R2 in tethering IL-1a.
Moreover, IL-1a trafficking from the cytoplasm to the plasma
membrane was specifically inhibited by the stimulation with IFNg,
suggesting that macrophage polarization plays a crucial role in the
regulation of csIL-1a (32).

Collectively, these studies show that IL-1R2 may regulate IL-1
through different mechanisms, acting at the cell membrane level,
intracellularly or as a soluble molecule.
Decoy effect for the ligands Dominant Nega�ve

Caspase-1
Pro-IL-1α
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FIGURE 1 | Negative regulation of IL-1-mediated pathways by IL-1R2. IL-1R2 differs from the other ILRs for the absence of the characteristic intracellular TIR
domain, thus being incapable of signaling. IL-1R2 influences several mechanisms involved in the IL-1-mediated signaling cascade. IL-1R2 interacts with IL-1R3,
acting as a dominant negative and impeding the formation of the IL-1R1//IL-1R3 signaling receptor complex; then, IL-1R2//IL-1R3 prevents the interaction between
the ligands and the IL-1R1//IL-1R3 complex, by competitive binding to the pro-inflammatory cytokines IL-1a and IL-1b, thus acting as a decoy for the ligands. In
addition, sIL-1R2 acts as a soluble decoy by binding IL-1a and IL-1b, as well as pro-IL-1b, blocking its enzymatic cleavage by caspase-1. The interaction of sIL-1R2
with the soluble form of IL-1R3 further increases the affinity for the ligands. Finally, in cytosol soluble form, IL-1R2 regulates the pro-inflammatory activity of IL-1a by
preventing the enzymatic cleavage of pro-IL-1a, acting as an intracellular decoy.
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IL-1R2 Expression
IL-1R2 was first identified on neutrophils, monocytes,
macrophages, dendritic cells (DCs) and B cells in both human
and mice (26, 33). Polarization of myeloid cells strongly
influences the expression of IL-1R2, emphasizing its relevance
in immune response orientation. In particular, “M2” anti-
inflammatory stimuli such as IL-4, IL-13, IL-10, IL-27,
glucocorticoid hormones, prostaglandins and aspirin up-
regulate IL-1R2 (9, 34–38). In contrast, stimulation with “M1”
pro-inflammatory molecules (e.g. LPS, IFNg and TNFa),
chemoattractants and reactive oxygen intermediates leads to
down-regulation of IL-1R2 (22, 28).

Regulation of IL-1R2 expression has been described in
different cell types as a mechanism which counterbalances
exacerbated inflammation in response to exogenous stimuli.
For instance, up-regulation of IL-1R2 in microglial cells and
brain endothelial cells attenuated central nervous system (CNS)
inflammation in experimental models of IL-1b-induced-
neurotoxicity (e.g. central administration of IL-1b, kainic acid
administration, cerebral ischemia) (39–41). Human
atherosclerotic vessels and monocytes/macrophages were
reported to express low levels of IL-1R2 in hyperlipidemic
patients (42). Moreover, IL-1R2 was down-regulated in THP-1
cells stimulated with acetylated low density (ac-LDL) and very
low density (VLDL) lipoproteins, suggesting a mechanistic link
between familial hyperlipidemia and susceptibility to IL-1b-
mediated inflammation (42).

In the context of inflammation-dependent bone remodeling,
IL-1R2 was poorly expressed by large osteoclasts, a cell
population involved in exacerbation of bone loss in response to
IL-1, compared to small osteoclasts (43). Similar observations
have been reported in osteoarthritis (OA), a disease in which IL-
1b contributes to joint inflammation and progressive tissue
destruction. Human OA chondrocytes, synovial and epithelial
cells express low levels of IL-1R2 on the cell membrane.
However, sIL-1R2 significantly inhibited the pro-inflammatory
activity of endogenous IL-1b, thus influencing proteoglycan
biosynthesis, as well as nitric oxide (NO) and prostaglandin E2
(PGE2) production in immortalized cell lines and chondrocytes
from OA patients (44), confirming its anti-inflammatory role.

Complex and sometimes conflicting results have been
reported on IL-1R2 expression by lymphocytes. Regulatory T
cells (Tregs) have been shown to express IL-1R2 following TCR
stimulation (45). In the mouse, IL-1R2+ was expressed by a
subset of activated Tregs which recirculate from thymus to
tissues. By inhibiting IL-1b, this subset contributed to thymus-
derived FOXP3+ Treg maturation (46). Ritvo et al. showed that
IL-1R2 is expressed by a subset of FOXP3+ Follicular regulatory
T (Tfr) cells and that it contributed in tuning IL-1b-dependent
activation of Follicular helper T (Tfh) cells, as well as their
proliferation and cytokine production, thus limiting the germinal
center (GC) reaction. Flow cytometric analysis confirmed that
Tfr cells of human lymphoid tissues express IL-1R2, which in
contrast with previous studies, was not detected in Treg (47).

In association with IL-23, IL-1 promotes IL-17 production by
human and murine T cells, contributing to Th17-related diseases
Frontiers in Immunology | www.frontiersin.org 4123
(10). IL-1R2 was shown in a subset of TCR-stimulated IL-1R1+

CD4+ T cells, and to regulate Th17 functional activation by
limiting IL-1b responsiveness. In this context, IL-1R2 expression
is regulated by the NFAT/FOXP3 complex which binds to the IL-
1R2 promoter (48). Since IL-1R2 may be expressed by both Th17
cells and Tregs, based on these results, IL-1R2 has been proposed
to be involved in the plasticity of these cells, in particular in the
trans-differentiation of Th17 into Treg and contributing to the
resolution of inflammation (48, 49).

Taking advantage of single cell-RNA (scRNA) sequencing, it
has been shown that tumor-infiltrating Tregs express high levels
of IL-1R2 compared to other lymphocytes, in particular in breast,
colorectal or non-small-cell lung cancers (50, 51). Conversely,
low percentage of IL-1R2+ Treg cells was reported among
circulating CD45RO+ lymphocytes from colorectal cancer
patients (52). IL-1R2+ Treg clonality was investigated by
combining scRNA-sequencing with TCR sequencing in an
experimental model of skin graft, mimicking human
papillomavirus (HPV)–associated epithelial hyperplasia (53).
This inflammatory condition was associated with increased
recruitment of non-antigen specific Tregs, which displayed two
major functional states characterized by high expression of Il1r2
or Klrg1, and associated with a tumor-infiltrating and a tissue-
resident signature, respectively (53). Analysis of Treg
heterogeneity by scRNA-sequencing revealed a subset of potent
immunosuppressive cells governed by the transcription factor
IRF-4 in non-small-cell lung cancer (NSCLC), which expressed
high levels of IL-1R2 (54). Along the same line, in another
scRNA-sequencing study of NSCLC, IL-1R2 was one of the most
upregulated gene in a cluster of tumor antigen experienced Treg
cells characterized by the expression of TNFRSF9+ (4-1BB) and
was associated with poor prognosis (55). Collectively, these
results suggest that IL-1R2 expression is associated with
specific Treg cell clusters, representing differential maturation
or activation states, developed in pathological conditions, in
particular in cancer. However, the stimuli that promote IL-1R2
expression in tumor-infiltrating Treg cells and the function of IL-
1R2 in this subset are still to be identified.

Finally, IL-1R2 was induced by IL-33 in Group 2 Innate
lymphoid cells (ILC2s) and was associated with decreased Il5 and
Il13 transcripts following IL-33 stimulation, suggesting it acts as
an activation-induced negative regulatory feedback mechanism
that decreases ILC2 responsiveness to IL-33 (56).

IL-1R2 in Infections
Even though inflammation is necessary to fight infections,
deregulated immune reactions contribute to infection severity
leading to tissue damage and spreading of pathogens from
compartmentalized anatomical sites to circulation (57). Indeed,
contrasting results emphasize the context-dependent role of IL-
1b-mediated inflammation and regulation by IL-1R2 in different
infective conditions, as described below (Figure 2).

In an experimental model of Listeria monocytogenes infection,
higher frequency of bone marrow (BM) CD115dimIL-1R2+

monocytes was reported in lethal versus sub-lethal infections
(58). In particular, up-regulation of IL-1R2 was associated with
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reduced production of IL-6 and ROS after stimulation with LPS,
suggesting IL-1R2 contributes to the behavior of monocytes,
which act as Trojan horses rather than bactericidal effector cells
in this infection (58). In addition, Staphylococcus aureus was
reported to evade from the immune surveillance by affecting the
circulating levels of sIL-1R2 protein (59). Indeed, the virulence
factor protein A triggered IL-1R2 shedding from monocytes and
neutrophils through the activation of ADAM17. High levels of
sIL-1R2 attenuated IL-1b-mediated inflammation and the anti-
microbial response, including the production of IFNg and TNFa
(59). Porphyromonas gingivalis infection, which is associated
with oral squamous cell carcinoma (OSCC), influenced
myeloid polarization favoring the “M2”-like phenotype in
macrophages and the upregulation of IL-1R2 and protumor
molecules in cancer cells (60).

A scRNA-sequencing study of urinary-tract infection (UTI)
patients identified IL-1R2 as one of the markers of a subset of
CD14+, HLA-DRlow monocytes, which expand in different sepsis
cohorts (61). In addition, IL-1R2+ cells were functionally exhausted
as suggested by poor TNFa production upon stimulationwith LPS.
By mimicking sepsis-induced myelopoiesis, it was shown that IL-
1R2+ monocytes originate from bone marrow mononuclear cells
differentiated/activated by pathogen associated molecular patterns
(PAMPs) (61). Along the same line, analysis of immune cells
collected from COVID-19 patients indicated that “sepsis-
Frontiers in Immunology | www.frontiersin.org 5124
associated” myeloid cells significantly increased in COVID-19
patients (62). As described in sepsis, HLA-DRlow IL-1R2+ cells
showed impaired activation upon stimulation with LPS, suggesting
thatmonocytes underwent function exhaustionas a consequence of
the viral infection (62). Whether IL-1R2 is only a marker of
monocyte dysfunction or is functionally implicated in this cell
state, is still to be defined.

IL-1R2 in Sterile Inflammation
Over the past decade, the biological role of IL-1R2 in the
regulation of inflammation has been investigated by taking
advantage of IL-1R2-deficient or overexpressing mice and
experimental models of inflammatory diseases (Figure 2).
Pioneering experiments demonstrated that transplantation of
sIL-1R2-secreting keratinocytes ameliorated collagen-induced
arthritis in mice (63). In agreement with this observation,
increased susceptibility to arthritis was confirmed in Il1r2-/-

mice, which was associated with increased production of
inflammatory mediators such as IL-6, CXCL2, NOS2, and
IL-1b by IL-1R2-deficient macrophages (64). The relevance of
IL-1R2 in tuning inflammation was further highlighted in the
K/BxN serum transfer arthritis model (65). Neutrophils express
high levels of IL-1R2, but no significant difference in the effector
functions of IL-1R2-deficient neutrophils was reported.
However, neutrophils were shown to act in trans by releasing
FIGURE 2 | Roles of IL-1R2 in pathology. Experimental animal models, in vitro and ex vivo experiments, as well as scRNA-sequencing and transcriptomic analysis
demonstrated the role of IL-1R2 as a key modulator and as a biomarker of acute and chronic inflammation in several pathological contexts. In particular, IL-1R2
plays a non-redundant role in regulating macrophage polarization, anti-microbial response and infections (such as sepsis and COVID-19), sterile inflammation (such
as arthritis, liver, skin and CNS inflammation), neurodegenerative disorders and cancer. Full-length and sIL-1R2 have also been proposed as novel biomarkers for
prognosis in infectious diseases, neurodegenerative disorders, rheumatoid arthritis, ulcerative colitis and cancer.
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sIL-1R2, which in turn inhibited IL-1b-mediated activation of
fibroblasts, thus regulating the expression of inflammatory
molecules (e.g. IL-1b, IL-6, CXCL-1 and CXCL-2) in ankles. In
contrast, IL-1R2-deficiency did not affect severity and mortality
following acute administration of IL-1b or LPS, suggesting that
IL-1R2 is primarily involved in regulating local inflammation
(65). In support of this concept, IL-1R2 was described as a critical
molecule in resolving liver inflammation (66). In particular,
neutrophils up-regulated IL-1R2 in a liver injury model and
contributed to protecting mice from hepatic deterioration, as
confirmed by the adoptive transfer of this subset in the early
stage of liver damage (66).

In experimental models of skin inflammation, constitutive
expression of IL-1R2 by transgenic keratinocytes was associated
with reduced production of granulocyte/macrophage colony-
stimulating factor (GM-CSF) upon stimulation with IL-1b (67).
Moreover, PMA-induced vascular permeability was reduced in IL-
1R2 transgenic mice (67). In an experimental model of
endometriosis, sIL-1R2 inhibited the expression of adhesion
molecules (e.g. av and b3 integrins), vascularization and tissue
growth of transplanted human endometrium in nude mice (68).

Overexpression of IL-1R2 in the heart ameliorated cardiac
allograft survival by controlling the production of pro-
inflammatory mediators (e.g. IL-1b, TNFa, prostaglandin E2
synthase, cyclooxygenase, and CCL1) and Th17 polarization (69,
70). Recently, the transcription factor PAX6 was demonstrated to
regulate IL-1R2 in cardiac fibroblasts. PAX6 promoted the
expression of the anti-fibrotic factors IL-1R2 and CXCL10 and
downregulated the pro-fibrotic molecule TGFb1. In contrast,
angiotensin II repressed PAX6/IL-1R2 thus triggering
differentiation of fibroblast and cardiac fibrosis (71).

IL-1R2 in Human Cancer
IL-1 is involved in carcinogenesis and metastasis, contributing to
oncogene-driven and microenvironment-driven cancer related
inflammation (72). Several studies investigated IL-1R2
expression in cancer cells or in the tumor microenvironment,
to elucidate whether the IL-1R2 could be involved in tuning IL-1-
dependent cancer-related inflammation. Data generated until
now show that IL-1R2 is generally up-regulated in tumor tissue
(Figure 2). In particular, IL1R2 gene was up-regulated in
pancreatic ductal adenocarcinoma (PDAC) and was proposed
to protect cancer cells from apoptosis induced by IL-1 (73). In
addition, IL1R2 was included in a signature consisting of 9 genes
that predicted tumor stages and survival of PDAC patients (74).
In acute myeloid leukemia (AML), IL1R2 gene expression was
associated with bad prognosis (75), in ovarian cancer, IL1R2 was
upregulated in recurrent compared to primary cancer (76) and in
prostate the molecule was expressed in prostatic cancer cells but
not in normal cells (77). In gastric cancer, high expression of IL-
1R2 in tumor tissue and increased levels of sIL-R2 in plasma
were associated with poor prognosis (78). Moreover, gastric
cancer ascites scRNA-seq analysis suggested that IL-1R2-
expressing tumor cells contributed in tuning tumor-associated
macrophage-dependent IL-1b-mediated inflammation (79).

In addition, as reported above, IL-1R2 recently emerged as a
tumor-infiltrating Treg associated marker in scRNA sequencing
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studies, in breast, colorectal or non-small-cell lung cancers,
together with several immune-checkpoints (50, 51). However,
further studies are needed to elucidate the functional role of IL-
1R2 in tumor-infiltrating Treg cells and other immune cells.

Collectively, these results suggest that IL-1R2 is induced in
cancer cells, often correlating with bad prognosis, and in tumor
infiltrating leukocytes. However, genetic analyses in mouse or
humans formally proving the actual role of IL-1R2 in cancer are
still lacking. In particular, functional studies are needed to
address whether IL-1R2 is part of a signature associated with
immunosuppression as suggested by data on Tregs, or whether
its induction reflects cancer-related inflammation, thus
explaining the link with poor prognosis.

IL-1R2 as a Potential Prognostic Biomarker
The soluble formof IL-1R2 is released from the cells in inflammatory
conditions. For this reason, sIL-1R2 has been investigated as a
potential biomarker of inflammatory disease. Results collected over
the last years show that several inflammatory diseases are associated
with increased release of sIL-1R2 (Figure 2). In particular, high
concentration of circulating sIL-1R2 was reported in necrotizing
enterocolitis (80), acute respiratory distress syndrome (81), acute
meningococcal infection (82), Dengue (83) and sepsis (84). In these
conditions, sIL-1R2 often reflected the severity of the condition.

In other contexts, such as rheumatoid arthritis, sIL-1R2
concentration negatively correlated with the severity of the
condition, indicating that endogenous sIL-1R2 may constitute
a natural anti-inflammatory factor in chronic polyarthritis (85).
In agreement, monocyte production of sIL-1R2 correlated with
favorable prognosis and efficacy of TNFa blockade with
Etanercept in arthritis (86). Similarly, in multiple sclerosis, sIL-
1R2 concentration increased in cerebrospinal fluid in response to
steroid therapy, suggesting a beneficial effect of the molecule
(87). Finally, islet transplantation outcome and insulin
independency positively correlated with IL-1R2 expression (88).

At the transcriptional level, IL1R2was part of a signature related
to myeloid cell activation which was highly expressed in non-
responder Kawasaki patients following immunoglobulin infusion
(89), and of a signature associated with immune infiltrate in acute
myocardial infarction (90). Finally, transcriptional and protein
analysis showed that IL-1R2 was a favorable prognostic marker in
ulcerative colitis, beingup-regulated in intestinalmucosal cells from
ulcerative colitis patients in remission phase (91).

Collectively, these studies indicate that IL-1R2 is induced in
several conditions, but that the link with prognosis or severity of
the disease is variable, possibly depending on the underlying
pathogenetic mechanisms, the cell type involved and the
mechanisms of induction. For these reasons, the development
of IL-1R2 as biomarker or prognostic tool seems unlikely.
IL-1R8 (TIR8/SIGIRR)

IL-1R8 Mode of Action
IL-1R8 is a well conserved gene among vertebrates, including fish,
located on human chromosome 11 and on mouse chromosome 7.
The protein differs from other members of the family since IL-1R8
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has a single Ig domain in the extracellular region which is N- and
O-glycosylated, an unconventional intracellular TIR domain with
two amino-acid substitutions in Ser447 and Tyr536, replaced by
Cys222 and Leu305, influencing IL-1R8 signalling activity, and a
long tail of 95 residues (Figure 3).

IL-1R8 is expressed by several cell types, in particular
epithelial cells of the liver and kidney, and in lymphoid organs.
Among leukocytes, IL-1R8 is highly expressed by DC, NK cells
and T lymphocytes, and it is also expressed in platelets (92–95).
In general, inflammatory conditions, such as treatment with LPS,
are associated with downregulation of IL-1R8 expression (95–99)
through the inhibition of SP1 binding on IL-1R8 promoter
(96, 100).

Different IL-1R8 isoforms have been described, but their
function is unknown. A longer isoform called IL-1R8L1 was
characterized in tumor epithelial cell lines, in a neuroblastoma
cell line, in leukemic cell lines, and in human healthy
tissues (101).

The first functional roles described for IL-1R8 concern the
inhibition of the signalling pathways downstream ILRs and TLRs
(e.g. IL-1R1, IL-1R5/IL-18Ra, IL-1R4/ST2, TLR1, TLR2, TLR4,
TLR7, TLR9, TLR3), leading to the reduction of NF-kB and JNK
activation (94, 95, 102–107), (Figure 3). The molecular
Frontiers in Immunology | www.frontiersin.org 7126
mechanism proposed indicates that IL-1R8 is recruited to the
ligand-receptor complex, and the BB-loop structure of IL-1R8 TIR
domain inhibits the dimerization of MyD88 (92, 93, 102, 104, 108,
109), or causes retention of the Myddosome complex on receptors
without driving the pro-inflammatory cascade (110). In addition,
the IL-1R8 extracellular domain has been shown to inhibit the
interaction between IL-1R1 and IL-1R3 (104). In the case of TLR3
signalling, IL-1R8 blocked TRAM homodimerization and TLR4-
TRAM and TRIF-TRAM interactions (110–112). IL-1R8 is also
involved in the regulation of the mTOR pathway in lymphoid and
not lymphoid cells (e.g. Th17, NK cells and intestinal epithelium)
(94, 113, 114).

In addition, IL-1R8 is part with IL-1R5 of the signalling
receptor of IL-37, an anti-inflammatory molecule of the IL-1
family, inducing an immunosuppressive pathway, inhibiting
MAPK, NF-kB, mTOR, TAK1 and Fyn, and activating STAT3,
Mer, PTEN and p62(dok) signaling (11, 115) (Figure 3). Upon
ligation, IL-37 induced activation of glycogen synthase kinase 3b
which promoted IL-1R8 phosphorylation, internalization, and
degradation by the ubiquitin-proteasome system (116). Several
studies showed that IL-1R8 is necessary for the anti-
inflammatory potential of IL-37 in different pathologic
conditions, including LPS-induced endotoxemia, Aspergillus
FIGURE 3 | Mechanisms of negative regulation mediated by IL-1R8. IL-1R8 is characterized by a single extracellular Ig domain, a transmembrane domain, an
intracellular TIR domain and an unusually long tail of 95 residues. The IL-1R8 TIR domain differs from the TIR domains of other ILRs for the substitution of two
conserved residues (Ser447 and Tyr536 with Cys222 and Leu305), suggesting unconventional signaling. IL-1R8 inhibits the signalling pathways downstream ILRs
and TLRs by competing with the recruitment of MyD88 and IRAK at the TIR domain, thus dampening the signaling pathways involved in NF-kB and JNK activation.
In addition, in T, NK and epithelial cells, IL-1R8 negatively regulates the activation of the mTOR pathway. IL-1R8, together with IL-1R5, is part of the signaling
receptor of the anti-inflammatory molecule IL-37. The IL-37//IL-1R5//IL-1R8 tripartite complex inhibits MAPK, NF-kB, mTOR, TAK1 and Fyn, and activates STAT3,
Mer, PTEN and p62(dok) signalling, thus leading to an anti-inflammatory pathway.
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fumigatus pulmonary infection (11, 117), allergic responses
(118), neuroinflammatory diseases, such as multiple sclerosis
(119) or spinal cord injury (120), and DSS-induced colitis (121).
Further, IL-37 inhibited b-glucan-dependent trained innate
immunity, an innate immune memory program induced in
monocytes/macrophages by exposure to pathogens or vaccines,
associated with protection against infections. In this context, IL-
1R8 was required for the inhibitory role of IL-37 in the
production of inflammatory mediators by monocytes (122).
Finally, IL-37 alleviated endothelial cell apoptosis and
inflammation via IL-1R8, by inhibiting ERK and NF-kB
activation (123).

Activation of the IL-1R5//IL-1R8 receptor complex by IL-37
was also involved in tuning of mTOR signaling and activation of
STAT6 and Foxo transcription factor family, with effects on
metabolism, insulin response and glucose tolerance (11, 124). IL-
1R8 was finally necessary for the activity of IL-37 in muscle cells,
where it orchestrated the AMPK pathway and improved exercise
performance and fatigue tolerance (125).

The regulatory role of IL-1R8 is conserved in evolution: for
instance, in zebrafish IL-1R8 sequesters TRIF competing with its
recruitment at the TLR3/TLR22 receptor complex, thus
contributing to the maintenance of liver homeostasis under
inflammatory conditions (126). In veterinary medicine, several
reports show the expression and relevance of IL-1R8 in
inflammatory and infectious conditions, including infection by
porcine circovirus 2 in pigs (127) and Staphylococcus aureus
mastitis in goat (128), inflammation in forestomach wall and
mammary cells of ruminants (129–131), or intestinal epithelial
cells and APCs from Peyer’s patches in pigs (132–134).

IL-1R8 in Infections
IL-1R8 plays dual roles in different infections. Depending on the
type of infection, IL-1R8 deficient mice developed more severe
inflammation and tissue damage in several models of
experimental infections, or on the other hand showed
increased protective innate immune responses leading to
higher resistance to the infection (Table 1 and Figure 4). In a
model of Mycobacterium tuberculosis infection, IL-1R8 deficient
animals presented an increased mortality mainly due to an
exaggerated inflammatory response with enhanced leukocyte
infiltration in lung and higher levels of proinflammatory
cytokines. The phenotype was rescued by the preventive
administration of IL-1 and TNFa blocking antibodies (135). A
genome wide association study aimed at identifying genetic
variants associated with resistance to tuberculosis in bovine, an
infection representing a risk to public health, identified IL-1R8
among genes associated with resistance to the infection (154). In
line with these results, a strong association between 3 IL1R8
SNPs (rs10902158, rs7105848, rs7111432) and tuberculosis
infections was described in a study involving more than 600
patients and negative controls (155).

In Pseudomonas aeruginosa lung infection IL-1R8 deficient
mice showed higher mortality, bacterial load and systemic and
local levels of cytokines (IFNg, IL-1b, TNFa, IL-6) compared to
wild type mice. The phenotype was reverted by IL-1R1-
deficiency, demonstrating that IL-1R8 prevented P. aeruginosa
Frontiers in Immunology | www.frontiersin.org 8127
associated inflammation by negatively regulating IL-1R1, the
major signaling pathway involved in the pathogenesis of this
infection (98). In a model of E. coli pneumonia, the pro-resolving
mediator 15-epi-lipoxin A4 induced the expression of A20 and
IL-1R8 through a lipoxin A4 receptor/formyl peptide receptor 2
dependent mechanism, dampening lung inflammation and
promoting pathogen clearance (156).

In fungal infections by Candida albicans and Aspergillus
fumigatus, IL-1R8 deficient mice showed an increased
susceptibility in terms of pathogen dissemination in tissues,
mortality, and increased Th17 cell activation mediated by IL-1
signaling (136). Furthermore, as stated above, IL-1R8 was
essential for the anti-inflammatory role of IL-37 in
pulmonary aspergillosis.

On the other hand, in a model of E. coli pyelonephritis, the
stronger inflammatory response of kidney epithelial cells to
bacteria and PAMPs (LPS) protected IL-1R8 deficient mice
from renal dysfunction, thanks to an increased recruitment of
neutrophils in the early phase of infection (137). Along the same
line, IL-1R8 deficiency protected mice from mortality in
Streptococcus pneumoniae pneumonia and sepsis, and was
associated with reduced bacterial load and dissemination (138).

IL-1R8 is highly expressed in gut epithelium and this has been
linked to tuning of TLR reactivity against commensal bacteria;
IL-1R8-deficiency in mice infected with Citrobacter rodentium
was associated with exaggerated IL-1R1 signaling-dependent gut
inflammation, causing a severe loss of commensal bacteria and
facilitated secondary infection by Salmonella typhimurium (139).
Along the same line, some probiotic bacteria used in the
treatment of gut infections and diseases, beneficially regulated
host immune responses by modulating TLR negative regulators,
including IL-1R8 (157, 158).

An in vitro study demonstrated that IL-1R8 acts as a negative
regulator of the immune response to Chlamydia trachomatis, by
reducing the expression of IL-8 in infected epithelial cells (159).

In HIV infection, a significant correlation between TLR4 and
IL-1R8 gene expression in brain and HIV-associated
neurodegeneration was observed (160). Moreover, the IL-37/
IL-1R8 axis was impaired in HIV infected subjects and associated
with increased inflammation and viral replication, thus
suggesting the therapeutic potential of the IL-37/IL-1R8 axis in
HIV infection (140).

Thus, IL-1R8 emerges as a tuner of innate and inflammatory
responses, and depending on specific infections, its role results in
protection from immunopathology or limitation of protective
immune responses against the pathogen.

IL-1R8 in Sterile Inflammation:
Autoimmunity, Graft Rejection and Allergy
IL-1R8 is involved in the regulation of TLR-dependent sterile
inflammation associated with autoimmunity, in several models
(Table 1 and Figure 4). In C57BL/6-lpr/lpr mice, that develop a
progressive lymphoproliferative syndrome followed by severe
autoimmune disease and lupus nephritis, IL-1R8 deficiency was
associated with higher activation of DCs and expression of IL-6,
IFNb, TNF, IL-12, and B cell survival factors Baff/BlyS and Bcl-2,
as well as production of lupus autoantibodies (141). In the
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hydrocarbon oil-induced systemic lupus erythematosus (SLE)
murine model, IL-1R8-deficiency was associated with unleashed
TLR-7-mediated activation of DCs and consequent more severe
autoimmune tissue injury (161). In SLE patients, the percentage
of circulating IL-1R8+CD4+ cells inversely correlated with SLE
severity and nephritis biomarkers concentration (162), and with
the percentage of Th17 circulating cells, which proportionally
increase with SLE severity (163).

In two different rheumatoid arthritis (RA) mouse models, IL-
1R8-deficiency was associated with overactivation of myeloid
and synovial cells, leading to a more severe disease in terms of
clinical score or joint cellular infiltration (112). Based on the high
expression of the IL-37//IL-1R5//IL-1R8 complex in CD4+ cells
of RA patients, IL-37 has been proposed as a promising
therapeutic target in RA (164, 165).

In psoriatic arthritis (PsA), a gene expression profile of
PBMCs from patients and healthy controls showed that
negative regulators of innate responses, including IL-1R8, are
Frontiers in Immunology | www.frontiersin.org 9128
the genes that undergo the greatest reduction in expression
(166). In line with these data, IL-1R8-deficient mice developed
severe psoriatic inflammation in both chemical and cytokine-
induced psoriasis mouse models, compared to wild type mice.
These models depend on high IL-17A-expressing gdT cells,
whose activity was suppressed by IL-1R8 (142). In addition,
IL-1R8 negatively regulated IL-36-dependent psoriatic
inflammation in humans and mice, acting in particular in
dendritic cells and keratinocytes and modulating neutrophil
chemo-attractants (143). The deficiency of IL-1R8 resulted in
enhanced Th17 cell polarization in vivo in a multiple sclerosis
(MS)mouse model (experimental autoimmune encephalomyelitis,
EAE) and increased disease severity, characterized by higher
leukocyte activation and infiltration in the brain and spinal
cord (113). In this model, IL-1R8 was involved in the
regulation of Th17 cell differentiation, expansion and
functions, due to its inhibitory effects on IL-1 signaling leading
to JNK and mTOR activation (113).
TABLE 1 | Pathophysiological roles of IL-1R8 in disease.

Pathological
context

Disease* Role of IL-1R8 Modulated
target**

Selected
ref.

Infection Mycobacterium tuberculosis Prevention of liver necrosis, IL-1b/TNF mediated inflammation IL-1R (135)
Pseudomonas aeruginosa (lung infection) Prevention of high bacterial load and excessive inflammation IL-1R (98)
Candida albicans/
Aspergillus fumigatus

Prevention of Th17 response and pathogen dissemination IL-1R (136)

Escherichia coli
(pyelonephritis)

Susceptibility to renal dysfunction TLR4 (137)

Streptococcus pneumoniae Susceptibility to mortality induced by pneumonia and sepsis Unknown (138)
Citrobacter rodentium Prevention of commensal bacteria loss and gut inflammation IL-1R (139)
Human Immunodeficiency Virus (HIV) Regulation of inflammation by IL-37 in HIV infected cells IL-37 (140)

Autoimmunity Lupus Nephritis/Systemic Lupus Erythematosus
(SLE)

Prevention of autoantigen presentation and lupus autoantibodies
production/Control of Th17 response

TLRs (TLR7) (141)

Rheumatoid Arthritis (RA) Control of activation of myeloid and synovial cells IL-1R
TLRs

(112)

Psoriatic Arthritis (PsA) Prevention of IL-17A gd T cell –mediated inflammation and IL-36 IL-1R and IL-
36R

(142,
143)

Multiple Sclerosis (MS) Control of Th17 polarization, leukocyte infiltration in the brain and
spinal cord

IL-1R (113)

Myasthenia Gravis (MG) Control of Th and B cells proliferation and autoantibody secretion IL-37 (144)
Graft rejection Control of donor antigen presentation, Th1 and Th17 responses IL-1R (145,

146)
Allergy Hyperallergic pulmonary inflammation Control of Th2 responses and prevention of severe disease IL-33R; IL-37 (106,

118)
House dust mite (HDM) asthma Stimulation of Th2 responses, eosinophilic inflammation, mucus

and HDM-specific IgG1 production
TLR-4 (147)

Thrombosis Prevention of platelet and neutrophil-platelet aggregation TLRs/IL-1R/
IL-18R

(95)

Neurological
Dysfunctions

Regulation of neuron synapse morphology, plasticity and
functions.
Regulation of hyppocampal function

IL-1R/TLR4/
TLR2

(107,
148)

Colitis Modulation of gut microflora and prevention of intestinal
inflammation

TLRs (103,
149)

Cancer Colitis-associated cancer Prevention of intestinal inflammation-associated cancer TLRs (114,
149, 150)

Breast Cancer Negative regulation of a protective tumor immune infiltrate Unknown (151)
Hepatocellular carcinoma/Sarcoma lung
metastasis/Colon Cancer metastasis

Immunocheckpoint in NK cells IL-18R (94)

Chronic Lymphocytic leukemia/Diffuse large B-cell
lymphoma

Prevention of monoclonal B cell expansion Unknown (152,
153)
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Recombinant IL-37 has been proposed as a novel therapeutic
strategy for MS, since patients, despite the low production of
endogenous IL-37, still present the receptor complex IL-1R5//IL-
1R8 on their PBMCs and brain lesions (119). Along the same
line, patients affected by myasthenia gravis (MG) presented
lower IL-37 serum levels compared with healthy controls,
which were associated with high follicular T helper and B cell
numbers. Both populations express high levels of IL-1R8 and
their stimulation with IL-37 results in reduced proliferation,
cytokine production and secretion of autoantibodies, suggesting
its therapeutic potential in MG (144).

In a model of kidney allotransplantation, IL-1R8-deficiency
was associated with graft rejection, in contrast with IL-1R8-
competent grafts which were spontaneously accepted. In this
context, a major role was played by graft-resident DCs, which,
when deficient of IL-1R8, exerted improved donor antigen
presentation and stimulated the production of higher amounts
of IFNg by allogenic T cells (145). IL-1R8 overexpressing DCs
also contributed to prolonged survival of allografts in an islet
transplantation mouse model, by inducing weak systemic Th1
and Th17 responses that were counterbalanced by a strong Treg-
mediated immunoregulation, leading to allografts survival (146).

The involvement of IL-1R8 in allergy appears at the moment
controversial. Bulek K. et al. originally showed that IL-1R8-
Frontiers in Immunology | www.frontiersin.org 10129
deficiency is associated with more severe hyperallergic
pulmonary inflammation and that IL-1R8 is involved in T cell-
mediated type 2 response by negatively regulating the IL-33/ST2
complex (106). In a mouse model of acute asthma, intranasal
administration of rIL-37 ablated allergic airway inflammation,
cytokine production, mucus hyperproduction and airway hyper-
responsiveness, and these benefits were completely lost in IL-1R8
or IL-18Ra deficient mice (118). In contrast with these results, in
a house dust mite (HDM) asthma model, which relies on the
activation of TLR4 on epithelial cells and subsequent exacerbated
Th2 specific response, IL-1R8-deficiency was associated with
decreased production of Th2 cytokines in lung and draining
lymph nodes, reduced eosinophilic inflammation, mucus
production by goblet cells, HDM-specific IgG1 and airway
hyperreactivity compared with wild type mice. The mechanism
proposed was the up-regulation upon HDM sensitization of IL-
1F5, a putative IL-1R8 ligand, an IL-4 inducer (147). Finally, a
human genetic study based on exome sequencing on a cohort of
Japanese patients with asthma excluded any association with IL-
1R8 alleles or haplotypes (167).

Collectively, these studies in mouse underline the involvement
of IL-1R8 in tuning inflammatory and immune responses activated
in sterile conditions through engagement of TLRs or IL-1R family
members. Even if fragmentary, evidence in human suggests the
FIGURE 4 | Roles of IL-1R8 in pathology. IL-1R8 fine tunes innate and adaptive immune responses in different pathological conditions, thus acting as a key modulator
of inflammation. IL-1R8 plays a non-redundant role in bacterial and fungal infections, allergy, autoimmune diseases, renal inflammation, thrombosis, neuro-inflammation
and neuronal plasticity, intestinal inflammation, and cancer (colorectal cancer, breast cancer, prostate cancer and CLL). Recently, IL-1R8 has emerged as a novel
checkpoint molecule in NK cells. In particular, IL-1R8 modulates maturation and activation of murine and human NK cells, thus regulating their antiviral and antitumor
potential. In infections, IL-1R8 plays a dual role: in green, the conditions in which IL-1R8 has a protective role by preventing immunopathology; in red, the specific
infections in which by negatively tuning innate responses, IL-1R8 prevents the development of effective anti-microbial resistance. Similarly, in cancer, IL-1R8 tunes
cancer-related inflammation in specific tumors (in green), or acts as a checkpoint for NK cells, restraining their anti-tumor and anti-metastatic (and anti-viral) potential.
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conservation in evolution of the regulatory functions of
this molecule.

IL-1R8 in Platelet Activation and
Thromboembolism
IL-1R8 is expressed on different blood leukocytes, but platelets
show the highest level of expression, both in humans and mice.
High levels were also observed in megakaryocytes of both species
(95). IL-1R8 deficiency was associated with platelet hyper-
activation in basal conditions, increased platelet aggregation
after prothrombotic stimulation and increased neutrophil-
platelet aggregation induced by LPS, IL-1b and IL-18 in vitro.
Indeed, platelets also express TLRs and IL-1 family members and
IL-1R8 can regulate their signaling (95). In a model of ADP-
induced pulmonary thromboembolism, IL-1R8 deficient mice
were more susceptible mainly due to deregulated IL-1 signaling
(95). Platelets from patients affected by SIRS/sepsis showed
reduced IL-1R8 surface expression compared to platelets from
healthy donors, reflecting the severity of the disease.
Interestingly, expression of IL-1R8 in microvesicles released
from platelets in vitro or found in plasma of sepsis patients
suggests that IL-1R8 may be rapidly shed by the release of
microvesicles in inflammatory conditions, contributing to
platelet dysfunction observed in this inflammatory
condition (95).

IL-1R8 in the Central Nervous System
IL-1R8 is expressed in different types of cells in the brain such as
neurons, astrocytes, and microglia. IL-1R8 deficient mice
demonstrated impaired CNS development, leading to altered
hippocampal capacity: difficulties in novel objective recognition,
spatial reference memory and long-term potentiation (148)
(Table 1 and Figure 4). Neurological dysfunctions were
associated to increased activation of IRAK1, JNK and NF-kB
via IL-1R1 and TLR4 signaling after binding respectively to IL-
1a and HMGB1 (148). Moreover, IL-1R8-deficiency and the
consequent hyperactivation of the IL-1R pathway affected
neuron synapse morphology, plasticity and function (107). IL-
1R8-deficient hippocampal neurons displayed an increased
number of immature, thin spines and a decreased number of
mature, mushroom spines, along with a significant reduction of
spine width, and reduced amplitude of miniature excitatory
postsynaptic currents. The phenotype of IL-1R8-deficient
neurons was associated with IL-1R1-driven hyperactivation of
the PI3K/AKT/mTOR pathway, and increased expression of
methyl-CpG-binding protein 2 (MeCP2), a synaptopathy
protein involved in neurological diseases, such as Rett
syndrome and MeCP2 duplication syndrome (168). Deficiency
of IL-1R1 or treatment with IL-1Ra (Anakinra) normalized
MeCP2 expression and cognitive deficits in IL-1R8-deficient
mice, demonstrating that IL-1R8 fine tunes IL-1R1 signalling,
is involved in synaptopathies and is required for correct long-
term potentiation (107). In line with these results, the treatment
with Anakinra of patients with cryopyrin-associated periodic
syndrome (CAPS), in addition to reduce signs and symptoms of
IL-1-dependent inflammation, reversed mental defects in
Frontiers in Immunology | www.frontiersin.org 11130
patients (169). A further evidence of the relevance of IL-1R8 in
the brain is provided by genetic studies on schizophrenia, which
identified SIGIRR as one of the genes associated with genetic
alterations in this psychiatric condition (170).

Finally, IL-1R8 also regulated b-amyloid peptide-dependent
TLR2 activation in microglial cells and the release of the pro-
inflammatory cytokines TNFa and IL-6 (171).

IL-1R8 in Cancer
Intestinal Inflammation and Cancer
IL-1R8 plays an important role in gut homeostasis, intestinal
inflammation and tumorigenesis (Table 1 and Figure 4). In
healthy mice, IL- 1R8 was shown to modulate gut microflora-
mediated activation of ILRs and TLRs, which regulated the
proliferation and survival of intestinal epithelial cells in colonic
crypts. IL-1R8-deficient mice showed constitutive activation of
NF-kB and JNK and increased expression of Cyclin D1 and Bcl-
xL (149). The phenotype has not been confirmed by all the
studies performed in healthy mice, probably due to animal
house-dependent microflora variation (103, 150).

In a murine model of dextran sulfate sodium (DSS)-induced
colitis, IL-1R8 deficiency is associated with increased local
leukocyte infiltration and higher levels of proinflammatory
cytokines (TNFa, IL- 6, IL- 1b, IL- 12p40, IL- 17), chemokines
(CXCL1, CCL2), and prostaglandins, leading to an exacerbated
intestinal inflammation. At the mechanistic level, this phenotype
appears to be primarily due to the regulatory function of IL-1R8
in epithelial cells. These changes result in increased weight loss,
intestinal bleeding, local tissue damage and reduced mice
survival (103, 149), and susceptibility to Ulcerative Colitis-
associated E. coli pathobionts (172). In addition, as reported
above, IL-1R8 was essential for the anti-inflammatory role of IL-
37 in this model in vivo, as well as in colonic organoids (173). In
agreement with results obtained in mice, SIGIRR genetic variants
and reduced expression of IL-1R8 as well as of IL-37 were shown
to be associated with necrotizing enterocolitis in human
(174, 175). In particular, a SIGIRR stop mutation (p.Y168X)
was observed in an infant who died of severe necrotizing
enterocolitis (174) and its functional effect was identified (176).
The study showed that the p.Y168X mutation disrupted IL-1R8-
mediated STAT3-dependent expression of miR-146a and miR-
155, leading to deregulated IRAK1 activation and inflammation
(176), thus identifying a new molecular mechanism underlying
the regulatory role of IL-1R8.

In agreement with the concept that cancer-related
inflammation contributes to cancer development and
progression, IL-1R8 has been described to protect from cancer
development in different murine tumor models. In a model that
mimics intestinal cancer developed in Ulcerative Colitis patients,
IL-1R8 deficiency was associated with increased intestinal
inflammation and enhanced susceptibility to cancer
development. IL-1R8 reduces the expression of NF-kB-induced
genes critical for cell survival and proliferation (Bcl-xL and
Cyclin D1), the local production of proinflammatory cytokines,
chemokines and prostaglandin E2, and intestinal permeability.
Interestingly, the expression of IL-1R8 solely in gut epithelial
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cells rescues the phenotype of IL-1R8-deficient mice, reducing
their susceptibility to colitis-associated cancer development and
suggesting that the activity of IL-1R8 on tumorigenesis is mainly
through its function on gut epithelial cells (149, 150).

In the genetic Apcmin/+ model, which resembles the Familial
Adenomatous Polyposis syndrome (177), IL-1R8 deficiency led
to increased tumorigenesis. IL-1R8-deficient mice show more
sustained activation of the Akt/mTOR pathway in response to
TLR or IL-1R ligands, leading to increased proliferation and
chromosomal instability in cells of the colon crypts (114).

In human colorectal cancer, it has been shown that IL-1R8
expression is reduced compared with non-tumor tissues. Zhao
et al. identified a dominant-negative isoform of IL-1R8 (IL-
1RdE8), originated from a transcript lacking the exon 8, which
is not modified by complex glycans and is retained in the
cytoplasm. This isoform acts as a dominant-negative on IL-
1R8, inhibiting its glycosylation, localization to the surface of
colon epithelial cells and function. Indeed, in human colon
cancer tissues IL-1R8 is cytoplasmic while in non-tumor tissue
it has been found at the cell membrane. Importantly, transgenic
mice expressing this mutant form of IL-1R8 in the colonic
epithelium are more susceptible to colon cancer development
in the colitis-associated tumor model, presenting higher local
levels of inflammatory cytokines (IL-17A and IL-6) and the
activation of transcription factors STAT3 and NF-kB. Taken
together, these results suggest that complex glycan modifications
and cell surface expression are required for IL-1R8 to reduce
intestinal inflammation and tumorigenesis in vivo (178).

Breast Cancer
In breast cancer, the immunomodulatory role of IL-1R8 resulted
in inhibition of IL-1-dependent NF-kB activation and
production of pro-inflammatory cytokines in vitro and in vivo.
In the genetic MMTVneu mouse model of breast cancer, IL-1R8-
deficiency was associated with reduced mammary tumor growth
and lung metastasis (151), protective tumor immune infiltrate
characterized by higher frequency of DCs, NK cells and CD8+ T
cells and reduced frequency of TAMs. According to these results,
RNAseq analysis in 1102 clinical samples of breast tumors
revealed that high IL-1R8 expression was associated with a
non-T cell inflamed molecular signature, lower expression level
of proinflammatory cytokines and chemokines, DC and NK cell
metagenes, components of the peptide presenting machinery,
cytolytic enzymes and type I interferon (IFN)-induced genes
(151). Taken together these results suggest that IL-1R8
expression in breast tumors negatively regulates the
mobilization and activation of immune cells and therefore
promotes tumor growth and metastasis.

IL-1R8 as a Novel Checkpoint in NK Cells
Our group recently demonstrated that IL-1R8 is expressed by
murine and human NK cells and its expression increases during
NK cell differentiation. IL-1R8-deficiency was associated with
increased frequency of mature NK cells in blood, spleen, bone
marrow and liver. IL-1R8 deficiency resulted in enhanced
expression of activating NK cell receptors and increased IFNg,
granzyme B, Fas ligand expression and degranulation. IL-1R8
Frontiers in Immunology | www.frontiersin.org 12131
directly acted on NK cells regulating responsiveness to IL-18, a
key cytokine involved in NK cell activation, since the phenotype
of IL-1R8 deficient mice was abrogated upon depletion of IL-18
or in IL-1R8/IL-18 double deficient mice. From a molecular
point of view, IL-1R8 regulated IL-18-dependent activation of
mTOR and JNK pathways. In agreement with these results,
RNASeq and protein phosphorylation analysis showed that the
response to IL-18 was affected in IL-1R8-deficient cells, in
particular in the pathways involved in NK cell activation,
degranulation, cytokine production and antiviral response. The
relevance of these data was shown in models of hepatocellular
carcinoma, sarcoma lung metastasis and colon cancer-derived
liver metastasis, where IL-1R8 deficiency was associated with
reduced liver disease severity, and lung and liver metastases.
Further, in a model of murine cytomegalovirus (MCMV)
infection, IL-1R8 deficient mice were more protected from the
viral infection thank to enhanced NK cell degranulation and
IFNg production. Importantly, the adoptive transfer of IL-1R8
deficient NK cells was protective in the tumor metastasis and
viral infection models. In human primary NK cells, IL-1R8
expression inversely correlated with IFNg production, while IL-
1R8 silencing resulted in increased IFNg production and CD69
expression (94). Taken together, these results suggest that IL-1R8
blockade in NK cells, by tuning IL-18 signaling, may represent a
novel therapeutic approach to unleash NK cell activity and
strengthen NK cell antitumor and antiviral potential (Table 1
and Figure 4).

Leukemia and Lymphoma
Deregulated TLR signaling has been associated with different B
cell malignancies. In a mouse model of spontaneous chronic
lymphocytic leukemia (CLL), IL-1R8 deficiency was associated
with early onset of the monoclonal B cell expansion and reduced
life span (152). In agreement, CLL cells expressed lower levels of
IL-1R8 compare to B cells from healthy donors (101).

Chronic inflammation and in particular autoimmune
disorders are linked with B-cell lymphoma development. In
addition to inducing more severe autoimmunity in lpr mice
(lupus prone strain), IL-1R8 deficiency increased the onset of
DLBCL in aging mice due to a constitutive activation of NF-kB
in splenocytes (153). Interestingly, IL-1R8 was downregulated in
DLBCL compared to normal B cells, and its expression was
positively associated with overall survival (153).

Contribution of IL-1R8 in the Antitumor Potential
of IL-37
IL-37 has been shown to exert several inhibitory functions on
tumor angiogenesis, migration and progression. As reported
above, IL-37 interacts with IL-1R5/IL-18Ra and IL-1R8 to
exert its anti-inflammatory activity (11). Further, IL-37 has
been shown to compete with IL-18 for IL-1R5/IL-18Ra. For
instance, in Oral Squamous Cell carcinoma (OSCC), IL-37
inhibited the proinflammatory effects of IL-18 and the
increased IL-18/IL-37 ratio in serum predicted shorter overall
and disease-free survival (179). In other contexts where IL-37
exerts an antitumor effect, it has not been proven yet whether it
acts through IL-1R8. These include hepatocellular carcinoma,
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where IL-37 exerted an antiangiogenic role (180) or modulated
the phenotype of TAMs by suppressing M2 polarization and
regulating proinflammatory cytokine production (181), and
Acute Myeloid Leukemia where IL-37 regulated IL-6
expression (182).
CONCLUDING REMARKS

In the last 50 years, since the discovery of IL-1, the complexity of
this cytokine family has been investigated and dissected, leading
to the identification of a large number of molecules acting as
accelerators and others acting as brakes (receptor antagonists,
decoy receptors, negative regulatory receptors, anti-
inflammatory ligands). This complexity underlines the
relevance of fine tuning of IL-1 family-dependent functions
both in homeostasis and disease. Further, unexpected functions
for this family have emerged, demonstrating that its involvement
is not restricted to infections and inflammation, but also impact
degenerative conditions and cancer. Finally, the therapeutic
potential of some members of the IL-1 system or, on the
opposite, of their targeting, has been demonstrated in the last
years, suggesting that fine dissection of their role, regulation and
genetic variants may lead to the development of novel
intervention strategies. In this general context, IL-1R8 and IL-
1R2 emerge as tuners in various physiological and pathological
Frontiers in Immunology | www.frontiersin.org 13132
conditions, which play essential functions to prevent
immunopathology. On the other hand, their regulatory role
may be exploited by escape mechanisms developed by
pathogens and tumors, suggesting that their cell- and context-
specific function must be dissected for the development of
innovative therapeutic strategies.
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Pleckstrin homology-like domain, family A, member 1 (PHLDA1) has been reported to be
expressed in many mammalian tissues and cells. However, the functions and exact
mechanisms of PHLDA1 remain unclear. In this study, we found that PHLDA1 expression
was significantly altered in macrophages after exposure to lipopolysaccharide (LPS) in
vitro, suggesting that PHLDA1 may be involved in the regulation of TLR4 signaling
pathway activated by LPS. PHLDA1 attenuated the production of LPS-stimulated
proinflammatory cytokines (TNF-a, IL-6, and IL-1b). Further research showed that the
phosphorylation levels of some important signal molecules in TLR4/MyD88-mediated
MAPK and NF-kB signaling pathways were reduced by PHLDA1, which in turn impaired
the transcription factors NF-kB and AP1 nuclear translocation and their responsive
element activities. Furthermore, we found that PHLDA1 repressed LPS-induced
proinflammatory cytokine production via binding to Tollip which restrained TLR4
signaling pathway. A mouse model of endotoxemia was established to confirm the
above similar results. In brief, our findings demonstrate that PHLDA1 is a negative
regulator of LPS-induced proinflammatory cytokine production by Tollip, suggesting
that PHLDA1 plays an anti-inflammatory role through inhibiting the TLR4/MyD88
signaling pathway with the help of Tollip. PHLDA1 may be a novel therapeutic target in
treating endotoxemia.

Keywords: PHLDA1, TLR4, suppress, proinflammatory cytokine, Tollip
INTRODUCTION

Pleckstrin homology-like domain, family A, member 1 (PHLDA1), which is also called T-cell death-
associated gene 51 (TDAG51), was first found to induce apoptosis through cross-linking T-cell
receptor (TCR) signaling pathway to Fas expression (1). The PHLDA1 family consists of three
members, including PHLDA1, PHLDA2, and PHLDA3. PHLDA1, which contains pleckstrin
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homology−like domain, polyglutamine tract, proline−glutamine
tract, and proline−histidine−rich tract (2, 3), has three splice
variants (PHLDA1-201, 202, and 203) and encodes a protein
with 401 amino acids (45 kDa) or 260 amino acids (29.7 kDa) in
length. Numerous studies have confirmed PHLDA1 expression
at the protein and mRNA levels in many mammalian tissues,
including the brain, endocrine tissues, and proximal digestive
tract. PHLDA1 was also found to express in many types of
cancer, such as brain, liver, bladder, and lung cancer (2, 4, 5).
Studies have suggested that PHLDA1 is involved in many
biological processes, such as cell proliferation, cell
differentiation, cell death, cancer metastasis, epithelial–
mesenchymal transition, and cancer stem cell properties (6–9).
Although PHLDA1 has gotten increasing attention over the past
20 years, its role in endotoxemia remains to be elucidated.

The innate immune response eliminates invading
microorganisms by inducing proinflammatory molecules
(cytokines, chemokines, antibiotics, etc.) (10, 11). Toll-like
receptors (TLRs) are an important component of innate
immune response. The discovery of TLRs promoted the
development of innate immunity. The first human homolog of
the Drosophila Toll protein, now known as TLR4, was
discovered by Janeway and colleagues in 1997 (12, 13). TLR4 is
widely distributed in a variety of tissues such as the liver, colon,
kidney, and spleen. TLR4 is also expressed in various cells such as
Kupffer cells, monocytes, macrophages, neutrophils, Hofbauer
cells, and cancer cells (14–16). Upon LPS stimulation, TLR4
forms the MD2/TLR4/CD14 complex (17–20) and causes the
release of proinflammatory mediators by two classical signaling
pathways, namely, MyD88-dependent signaling pathway and
MyD88-independent signaling pathway, and then induces an
immune response eventually (21–25).

In this study, the kinetics of PHLDA1 expression was first
confirmed upon stimulation with LPS in vitro, which prompted
us to focus on the role of PHLDA1 in the modulation of the
TLR4 signaling pathway. We further found that PHLDA1
markedly reduced the phosphorylation levels of some signal
molecules (ERK, JNK, p38, IKKa/b, IkBa, and NF-kB subunit
p65) in TLR4/MyD88-mediated MAPK and NF-kB signaling
pathways, which in turn decreased the production of
proinflammatory cytokines (TNF-a, IL-6, and IL-1b). Finally,
we verified that LPS induced the increased interaction
between PHLDA1 with Tollip. In short, our study reveals a
new function of PHLDA1 as a negative regulator of LPS-induced
proinflammatory cytokine production.
MATERIALS AND METHODS

Reagents, Antibodies, Plasmids, and Mice
LPS-EK (LPS from Escherichia coli K12) was purchased from
InvivoGen (San Diego, CA, USA). Transfection reagents,
including Lipofectamine 2000 and Lipofectamine RNAiMAX,
were ordered from Invitrogen (Camarillo, CA, USA). EZ Cell
Transfection Reagent II was ordered from Life-iLab Biotech
(Shanghai, China). 4,6-Diamino-2-phenyindole (DAPI) was
Frontiers in Immunology | www.frontiersin.org 2139
ordered from Beyotime Biotechnology (Shanghai, China).
Mouse macrophage colony-stimulating factor (M-CSF) was
ordered from PeproTech (East Windsor, NJ, USA). Protein G
PLUS-Agarose was ordered from Santa Cruz Biotechnology Inc.
(Santa Cruz, CA, USA), and 10× RIPA lysis buffer was ordered
from Merck Millipore (Bedford, MA, USA). NF-kB and Renilla
luciferase reporter plasmids were gifts from Professor Y. Eugene
Chin (Institute of Biology and Medical Sciences, Soochow
University Medical College). AP1 luciferase reporter plasmid
was obtained from Beyotime Biotechnology (Shanghai, China).
The PHLDA1 plasmid was obtained from Genechem (Shanghai,
China). The primary and second antibodies are shown in
Supplementary Table 1. BALB/c mice and C57BL/6J (4–6
weeks old) were purchased from Vital River Laboratory
Animal Technology (Beijing, China). All animal experiments
were performed in accordance with the guidelines of Youjiang
Medical University for Nationalities.

Cell Culture
RAW264.7, 293T, and L-929 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM, Invitrogen, Carlsbad, CA,
USA) with 10% (v/v) fetal bovine serum (FBS, Gemini Bio-
Products, Woodland, CA, USA), 1% streptomycin–penicillin
mixtures (Beyotime Biotechnology, Shanghai, China), and
0.03% L-glutamine at 37°C in a humidified atmosphere with
5% CO2. Bone marrow-derived macrophages (BMDM) were
isolated from the femurs of C57BL/6J mice and cultured in
DMEM with 10% (v/v) FBS and M-CSF (10 ng/ml). A total of
4 × 104 cells were seeded into 96-well plates for luciferase
reporter activity assay, 2 × 105 cells were cultured in 24-well
plates for enzyme-linked immunosorbent assay (ELISA), and
8 × 105 cells were cultured in a 3.5-cm dish for Western
blot analysis.

RNA Interference and Plasmid Transfection
Small interfering RNA (siRNA) for PHLDA1 and Tollip were
designed and synthesized by GenePharma (Shanghai, China).
The above siRNA fragments were transfected into RAW264.7,
BMDM, or L-929 cells using jetPEI®-Macrophage transfection
reagent (Polyplus Transfection, Illkirch, France) or
Lipofectamine RNAiMAX according to the manuals of the
manufacturer. The above cells were further analyzed at 72 h
after transfection. PHLDA1 and Tollip siRNA sequences are
listed in Supplementary Table 2. Plasmids were transfected into
RAW264.7, BMDM, L-929, or 293T cells using Lipofectamine
2000, jetPEI®-Macrophage transfection reagent, or EZ Cell
Transfection Reagent II according to the manuals of the
manufacturer. The above cells were further analyzed at 48 h
after transfection.

Measurement of Proinflammatory Cytokines
RAW264.7 cells or BMDM were seeded into 24-well plates and
transfected as described above after incubation overnight. After
48 h, the above cells were stimulated with LPS for the different
time periods. IL-6, TNF-a, and IL-1b in the supernatants were
February 2022 | Volume 13 | Article 731500
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measured with ELISA kits (Elabscience Biotechnology, Wuhan,
Hube i , Ch ina ) a c co rd ing to the in s t ruc t i on s o f
the manufacturer.

Dual-Luciferase Reporter Assay
293T cells were seeded into 96-well plates and transfected as
described above after incubation overnight. After 24 h, the above
cells were stimulated with LPS for 20 h. After the above cells were
lysed with 1× passive lysis buffer (PLB), the levels of NF-kB, AP1,
and Renilla luciferase activity were detected with the Dual-
Luciferase® Reporter (DLR™) Assay System (Promega
Biotech, Madison, WI, USA) according to the protocol of
the manufacturer.

Real-Time Quantitative Reverse
Transcription PCR
Total RNA was extracted from RAW264.7 cells and BMDMwith
RNAiso Plus reagent according to the instructions of the
manufacturer (TaKaRa, Japan) and reverse transcribed with
PrimeScript™ RT reagent Kit (Perfect Real Time) (TaKaRa,
Japan). Reverse transcription products of different samples
were amplified using a LightCycler 96 system (Roche, Basel,
Switzerland) with TB Green® Premix Ex Taq™ (Tli RNaseH
Plus) (TaKaRa, Japan) according to the instructions of the
manufacturer. The 2−△△Ct method was used to calculate the
relative mRNA levels normalized to GAPDH or b-actin.
The mouse primer sequences were as follows: PHLAD1—
forward primer, 5′-GAAGATGGCCCATTCAAAAGCG-3′,
reverse primer, 5′-GAGGAGGCTAACACGCAGG-3′; GAPDH
—forward primer, 5′-GGTTGTCTCCTGCGACTTCA-3′,
reverse primer, 5′-TGGTCCAGGGTTTCTTACTCC-3′.

Immunoprecipitation and Western Blot
The protein concentration was tested after cell lysis and
centrifugation of the whole-cell lysates. Fifty micrograms of
protein samples were used as input, and the rest of them were
incubated with primary antibodies at 4°C overnight. Then, 20 ml
Protein G PLUS-Agarose beads were added into the supernatant
containing the above antigen–antibody complex and incubated
at room temperature for 4 h. After the above immune complexes
were centrifuged and washed, 20 ml 2× loading buffer was added
to each sample. Bound proteins were eluted by boiling at 100°C
for 10 min and transferred to nitrocellulose membranes after
separation of these proteins by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. After the above membranes
were incubated with primary antibodies and second antibodies,
respectively, a Tanon 5200 Multi Chemiluminescent Imaging
System (Tanon, Shanghai, China) was used to detect the
protein bands.

Immunofluorescence
Cells (5 × 105) were seeded into a 3.5-cm dish with glass
coverslips. When the cell density reached 80%, cells were fixed
with 4% paraformaldehyde for 30 min and then incubated with
blocking buffer for 30 min. Cells were incubated with primary
antibodies and secondary antibodies, respectively. After the
nuclei were stained with DAPI for 15 min, images were taken
Frontiers in Immunology | www.frontiersin.org 3140
using the FluoView™ FV1000 Confocal Laser Scanning
Microscope (Olympus, Tokyo, Japan).

Immunohistochemistry
Mouse lung tissues were fixed with 4% formalin buffer and
paraffin-embedded after excising. Lung tissues were cut into 4
mm sections, deparaffinized with xylene, and rehydrated with
ethanol. The above sections were boiled in antigenic repair
solution using a microwave for 20 min. Part of the sections
was stained with H&E, the others were incubated 50 ul diluted
primary antibodies at 4°C overnight and 50 ul diluted secondary
antibodies at room temperature for 30 min. Finally,
diaminobenzidine staining was performed. The above sections
were imaged under a Leica DMIL FL fluorescent inverted
microscope (Leica, Wetzlar, Germany) after hematoxylin
redyeing, alcohol dehydration, and clearing in xylene.

Establishment of a Mouse Model
of Endotoxemia
Eighteen BALB/c mice (weight 20–22 g) were randomly divided
into three groups, with six mice per group. Groups 2 and 3, as the
experimental groups, were intraperitoneally injected with LPS (8
mg/kg), and they were then sacrificed at 1 or 6 h after injection,
respectively. Group 1, as the control group, was also sacrificed at
1 h after intraperitoneal injection of the same amount of
phosphate buffer saline (PBS). Serums from the above groups
of mice were collected and used to detect the levels of
proinflammatory cytokines (TNF-a, IL-6, and IL-1b) using
ELISA. Lung tissues from the above groups of mice were
removed and used to examine PHALD1 expression using
immunohistochemistry (IHC) and Western blot.

Statistical Analysis
SPSS software (version 16.0; SPSS, Inc., Chicago, IL, USA) was
used for statistical analysis. All experiments were repeated at least
three times. The data were expressed as mean ± SD and compared
with independent-samples t-test and one-way ANOVA.
P-values <0.05 were considered to be statistically significant.
RESULTS

Kinetics of LPS-Induced PHLDA1 Expression
To investigate the role of PHLDA1 in the response of
macrophages to LPS stimulation, we tested whether PHLDA1
expression could be induced by LPS. The results showed that
different concentrations of LPS increased significantly PHLDA1
expression in RAW264.7 cells, but two higher concentrations (1
and 10 mg/ml) of LPS did not increase further the expression
level of PHLDA1 after PHLDA1 expression reached the peak
level with 0.1 mg/ml of LPS treatment for 12 h (Figure 1A).
Therefore, 0.1 mg/ml was regarded as the concentration at which
LPS was used to stimulate RAW264.7 cells. To explore the
kinetics of the regulation of PHLDA1 expression in RAW264.7
cells induced by LPS, we tested PHLDA1 expression in
RAW264.7 cells treated with LPS for different time periods
with Western blot. The results indicated that PHLDA1
February 2022 | Volume 13 | Article 731500
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expression reached the peak level after 0.1 mg/ml of LPS
treatment for 12 h and then gradually decreased (Figure 1B).
The same experiments were performed in BMDM. The results
showed that different concentrations of LPS increased
sustainably PHLDA1 expression in BMDM, unlike RAW264.7
cells (Figure 1C). In addition, after LPS treatment for different
time periods, PHLDA1 expression decreased firstly and then
sustainably increased after LPS treatment for 1 h, which was
different from that of RAW264.7 cells (Figure 1D). In summary,
PHLDA1 expression displayed an increasing trend regardless of
LPS treatment for different time periods or at different
concentrations in both RAW264.7 cells and BMDM. To
explore the effect of LPS on proinflammatory cytokine
production, we explored LPS concentration- and time-
dependent effects on TNF-a production in RAW264.7 cells
and BMDM. The results indicated that different concentrations
of LPS increased significantly TNF-a production in RAW264.7
cells andBMDM.TNF-aproduction reached thepeak level after0.1
or 0.01 mg/ml of LPS treatment for 12 h in RAW264.7 cells or
BMDM, respectively , and then gradual ly decreased
(Supplementary Figure 1A). In addition, LPS also markedly
enhanced TNF-a production in RAW264.7 cells and BMDM at
different time periods. TNF-a production simultaneously reached
Frontiers in Immunology | www.frontiersin.org 4141
the peak level after LPS treatment for 12 h in RAW264.7 cells and
BMDMand then gradually decreased (Supplementary Figure 1B).

PHLDA1 Negatively Regulates LPS-Induced
Proinflammatory Cytokine Production
To test whether PHLDA1 was involved in the regulation of TLR4
signaling pathway, we overexpressed PHLDA1 using plasmid
transfection in RAW264.7 cells and BMDM and then detected
the efficiency of PHLDA1 overexpression with Western blot and
real-time quantitative reverse transcription PCR (RT-qPCR). The
results demonstrated that PHLDA1 expressions were significantly
upregulated at both protein (Figure 2A, left panel) and mRNA
(Figures 2A, right panel, and 2B) levels in the above cells. It should
be pointed out that PHLDA1expression was not detected at the
protein level using Western blot after PHLDA1 overexpression in
BMDM because of limited number of cells. To determine the effect
of PHLDA1 overexpression on the production of proinflammatory
cytokines including TNF-a, IL-6, and IL-1b, RAW264.7 cells were
overexpressed with empty vector (EV) or PHLAD1 plasmid, and
then treatedwith orwithout LPS for 12 h. The results demonstrated
that the production of the proinflammatory cytokines in PHLDA1-
overexpressedRAW264.7 cellswas significantlydecreased afterLPS
treatment, compared with that of control cells transfected with EV
A B

C D

FIGURE 1 | LPS regulates PHLDA1 expression in macrophages. RAW264.7 cells (A) and BMDM (C) were treated with the different concentrations (0.001, 0.01, 0.1,
1, and 10 mg/ml) of LPS for 24 h. Western blot was used to measure PHLDA1 expression. RAW264.7 cells (B) and BMDM (D) were treated with LPS (0.1 mg/ml) for
0, 1, 3, 6, 12, and 24 h. Western blot was used to measure PHLDA1 expression. b-Actin or GAPDH was used as a loading control. The data are representative of
three independent experiments. The quantified results of PHLDA1 expression are shown in the lower panel.
February 2022 | Volume 13 | Article 731500

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Peng et al. PHLDA1 Suppresses Proinflammatory Cytokine Production
(Figure 2C). Similar results were obtained in BMDM after
PHLDA1 overexpression (Figure 2D). Subsequently, we screened
the efficient siRNA fragments for downregulation of PHLAD1
expression. We tested LPS-induced PHLDA1 expression at the
protein level withWestern blot after transfection of Control siRNA
and two PHLDA1 siRNAs (PHLDA1 siRNA1 and siRNA2)
because our previous results confirmed that PHLDA1 expression
was not detected at the protein level without LPS treatment or in 60
min after LPS treatment. The result demonstrated that both
PHLDA1 siRNA1 and PHLDA1 siRNA2 reduced PHLDA1
expression, respectively, compared with Control siRNA in
RAW264.7 , and the PHLDA1 siRNA1 efficiency of
downregulation of PHLDA1 expression was more significant
than that of PHLDA1 siRNA2 (Supplementary Figure 2). For
this reason, we used PHLDA1 siRNA1 to complete the follow-up
experiments. To determine the effect of PHLDA1 knockdown on
the production of proinflammatory cytokines, we reduced
PHLDA1 expression by siRNA interference in RAW264.7 cells
and BMDM, and then treated RAW264.7 cells with or without LPS
for 12 h. The results demonstrated that the production of
Frontiers in Immunology | www.frontiersin.org 5142
proinflammatory cytokines was significantly increased in
PHLDA1-deficient RAW264.7 cells after LPS treatment,
compared with that of control cells transfected with Control
siRNA (Figures 2E–G). Similar results were obtained in BMDM
after the reduction of PHLDA1 expression (Figure 2H).
PHLDA1 Inhibits the Phosphorylation of
Important Signal Molecules in TLR4/
MyD88-Mediated Downstream MAPK and
NF-kB Signaling Pathways
We explored the effect of PHLDA1 on the activation of
downstream MAPK and NF-kB signaling pathways. The results
showed that PHLDA1 overexpression significantly decreased the
phosphorylation levels of some protein molecules (ERK, JNK, p38,
IKKa/b, IkBa, and NF-kB subunit p65) in the MAPK and NF‐kB
signaling pathways at different time points (0, 15, 30, 45, and 60
min) in RAW264.7 cells after LPS treatment, compared with that
of control cells (Figure 3A). Then, we further solidified the above
findings by including early time point such as 2 and 5 min of LPS
A B C

D E

G H

F

FIGURE 2 | PHLDA1 attenuates LPS-initiated production of proinflammatory cytokines. RAW264.7 cells (A) and BMDM (B) were transfected with EV or PHLDA1
plasmid. PHLDA1 expression was measured at the protein and mRNA levels with Western blot (left panel) and/or RT-qPCR (right panel). RAW264.7 cells (C) and
BMDM (D), which were transfected with EV or PHLDA1 plasmid, were treated with or without LPS (0.1 mg/ml) for 12 h. ELISA was performed to measure the
production of proinflammatory cytokines (TNF-a, IL-6, and IL-1b). RAW264.7 cells (E) and BMDM (F) were transfected with Control siRNA and PHLDA1 siRNA1,
and PHLDA1 expression was measured at the protein and mRNA levels with Western blot (left panel) and/or RT-qPCR (right panel). RAW264.7 cells (G) and BMDM
(H), which were transfected with Control siRNA and PHLDA1 siRNA1, were treated with or without LPS (0.1 mg/ml) for 12 h. ELISA was performed to measure the
production of proinflammatory cytokines (TNF-a, IL-6, and IL-1b). Data are shown as means ± SD of three independent experiments (NS means no significance,
*P < 0.05; **P < 0.01; ***P < 0.001).
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stimulation. Similar results were obtained in PHLDA1-
upregulated RAW264.7 cells treated with LPS (Supplementary
Figure 3A). Furthermore, we examined the effect of PHLDA1
knockdown on phosphorylation levels of the above signal
molecules, and reverse results were obtained in PHLDA1-
deficient RAW264.7 cells treated with LPS (Figure 3B and
Supplementary Figure 3B).
PHLDA1 Impairs LPS-Induced NF-kB and
AP1 Nuclear Translocation and Their
Responsive Element Activities
To further explore the underlyingmechanism of PHLDA1-affected
TLR4/MyD88 signaling pathway, we detected the nuclear
Frontiers in Immunology | www.frontiersin.org 6143
translocation of transcription factors NF-kB subunit p65 and
AP1 subunit c-jun with immunofluorescence (IF) after
upregulation of PHLDA1 expression in RAW264.7 and L-929
cells. The results showed that PHLDA1 overexpression, which
was established with IF (Supplementary Figures 4A, B),
suppressed the translocations of p65 and c-jun from the
cytoplasm to nuclear, compared with that of control RAW264.7
andL-929cells (Figures4A,B,E).The reverse resultswereobtained
in PHLDA1-deficient RAW264.7 and L-929 cells (Figures 4C,D, F
and Supplementary Figure 4B). We then tested the effect of
PHLDA1 overexpression on NF-kB and AP1 luciferase activities
in 293T cells with or without LPS treatment. The results indicated
that PHLDA1 overexpression decreased LPS-induced
transcriptional activities of NF-kB and AP1 (Figures 4G, H).
A

B

FIGURE 3 | PHLDA1 attenuates the activation of some signal molecules in MyD88-dependent TLR4 signaling pathway. (A) RAW264.7 cells were transfected with
EV or PHLDA1 plasmid, and then stimulated with LPS (0.1 mg/ml) for the indicated times. Phosphorylation levels and total protein expressions of important signal
molecules (ERK, JNK, p38, IKKa/b, IkBa and p65) in cell lysates were analyzed using Western blot. (B) RAW264.7 cells were transfected with Control siRNA or
PHLDA1 siRNA1, and then stimulated with LPS (0.1 mg/ml) for the indicated times. Phosphorylation levels and total protein expressions of the above molecules were
analyzed using Western blot. Data shown are presentative of three independent experiments. Phosphorylation levels of the above molecules were quantitated and
shown in the right panel. GAPDH was used as a loading control.
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A B

C D

E F

G H

FIGURE 4 | PHLDA1 attenuates LPS-initiated nuclear translocations and responsive element activities of NF-kB and AP1. RAW264.7 cells (A, B) and L-929
cells (E) were transfected with EV or PHLDA1 plasmid, and then stimulated with or without LPS (0.1 mg/ml) for 1 h. Cells were immunostained with anti-NF-kB
(p65) antibody or anti-AP1 (c-jun) antibody and Alexa-594-labeled secondary antibodies. The nuclei were stained with DAPI for 15 min. The merged images
were captured with a confocal microscope (scale bar, 20 mm). RAW264.7 cells (C, D) and L-929 cells (F) were transfected with Control siRNA or PHLDA1
siRNA1, and then stimulated with or without LPS (0.1 mg/ml) for 1 h. Cells were immunostained with anti-NF-kB (p65) antibody or anti-AP1 (c-jun) antibody and
Alexa-594-labeled secondary antibodies. The nuclei were stained with DAPI for 15 min. The merged images were captured with a confocal microscope (scale
bar, 20 mm). (G, H) EV or PHLDA1 plasmid was transfected into 293T cells together with pTK–Renilla luciferase and NF-kB luciferase reporter plasmids. After 24

h of culture, the cells were incubated with LPS (0.1 mg/ml) for 20 h. The Dual-Luciferase® Reporter (DLR™) Assay System was performed to measure NF-kB or
AP1 luciferase activity. Data are presented as mean ± SD of three independent experiments (***P < 0.001).
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PHLDA1 Inhibits TLR4-Mediated NF-kB
Nuclear Translocation and
Proinflammatory Cytokine Production
Through Binding to Tollip
Tollip, an important negative regulator of innate immunity,
suppresses TLR signaling pathway through impairing the
activity of interleukin-1 receptor-associated kinase (IRAK)
(26–28). To investigate the role of Tollip which played in
PHLDA1-impaired proinflammatory cytokine production
induced by LPS, we completed the following in-vitro
experiments. We found that Tollip expression presented an
increasing trend as a whole in RAW264.7 treated with LPS for
different time periods (Figure 5A). Co-IP assay was used to
examine the effect of LPS treatment on the interaction between
PHLDA1 and Tollip. The results showed that the above
interaction gradually strengthened along with the increase of
LPS treatment time (Figures 5B, C). Furthermore, we tested NF-
kB nuclear translocation induced by LPS based on PHLDA1
overexpression and Tollip downregulation. IF results confirmed
that PHLDA1 overexpression restrained LPS-induced NF-kB
translocation from the cytoplasm to nuclear, compared with
that of control RAW264.7 and L-929 cells. On the contrary,
knockdown of Tollip reversed the above biological phenomenon
(Figures 5D–F). The same experiments were performed with L-
929 cells and similar results were obtained (Figures 5G–I). Then,
we tested the production of proinflammatory cytokines (TNF-a, IL-
6, and IL-1b) induced by LPS based on PHLDA1 overexpression
and Tollip downregulation. The results demonstrated that PHLDA1
overexpression restrained LPS-induced proinflammatory cytokine
production, while knockdown of Tollip reversed the above
biological phenomenon (Figure 5J). The same experiments were
performed with L-929 cells and similar results were
obtained (Figure 5K).
Verification of the Anti-Inflammatory Effect
of PHLDA1 In Vivo
We used an endotoxemia mouse model to further confirm the
above action mechanism of PHLDA1 in innate immunity after a
series of in-vitro experiments. First of all, we screened the
optimum LPS-treated time for constructing the above mouse
model by detecting the kinetics of TNF-a concentration in
serum from mice treated by LPS for different time periods. The
results demonstrated that TNF-a concentration increased
originally and reached the peak level after LPS treatment for 1
h, and then gradually decreased. TNF-a concentration is close to
zero (Figure 6A). So 1 and 6 h were used as LPS treatment time
to construct the above mouse model. We then examined
PHLDA1 expressions of lung tissues from different groups of
mice injected by LPS. IHC results showed that PHLDA1
expressions of lung tissues from group 2 (mice treated with
LPS for 1 h) were more than those from group 1 (mice treated
with PBS for 1 h), and PHLDA1 expressions of lung tissues from
group 3 (mice treated with LPS for 6 h) were more than those
from group 2 (Figure 6B). Similar results were obtained in the
Frontiers in Immunology | www.frontiersin.org 8145
lung tissues from mice by Western blot analysis (Figure 6C).
ELISA analysis indicated that the levels of proinflammatory
cytokines (TNF-a, IL-6, and IL-1b) of serum from group 2
were higher than those from group 1, while the levels of
proinflammatory cytokines from group 3 were lower than
those from group 2 (Figure 6D).
DISCUSSION

In this study, we found that PHLDA1 expression was low and
showed time- and dose-dependent changes after being exposed
to LPS, suggesting that it was potentially involved in the
regulation of TLR4 signaling pathway. Further studies
demonstrated that overexpression of PHLDA1 attenuated LPS-
induced proinflammatory cytokine production and vice versa.
PHLDA1 impaired the phosphorylation levels of some important
molecules (ERK, JNK, p38, IKKa/b, IkBa, and NF-kB subunit
p65) in TLR4/MyD88-dependent signaling pathway, which in
turn restrained the translocations of NF-kB and AP1 from the
cytoplasm to nuclear and their responsive element activities.
Finally, we found that PHLDA1 recruited Tollip to restrain LPS-
induced proinflammatory cytokine production. Similar results
were obtained in vivo. These findings demonstrate that PHLDA1
has a pivotal role in regulating LPS-induced proinflammatory
cytokine production. The proposed mechanism is depicted
in Figure 7.

Previous studies have explored the role of PHLDA1 in
inflammation. PHLDA1 was reported to positively regulate
TLR2 signaling pathway to enhance lung contusion (29). Han
et al. found that PHLDA1 directly interacted with TRAF6 and
augmented K63-linked ubiquitination to activate the NF-kB
signaling pathway, which in turn promoted the production of
LPS-induced proinflammatory cytokines (TNF-a and IL-1b)
and associated genes (iNOS and COX-2) in microglia cells.
These findings indicated that PHLDA1 may be a potent
regulator for neuroinflammation (30, 31). It was reported that
PHLDA1 upregulation was dependent of RAW264.7 cell
proliferation and cell cycle progression induced by LPS (32).
Pam3CSK4, as a TLR2 ligand, induced PHLDA1 expression
which was modulated via the JAK2–ERK1/2–STAT3 signaling
pathway (33). Hossain et al. reported that PHLDA1 knockout
significantly impaired LPS-induced expression of MCP-1 but not
TNF-a (9), which is different from our results. In our study, the
results showed that PHLDA1 knockdown enhanced LPS-
induced production of the proinflammatory cytokines (TNF-a,
IL-6, and IL-1b). The possible reasons are as follows: 1) cells used
in the experiments were different. RAW264.7 cell lines and
BMDM isolated from C57BL/6J mice were used in our study,
while peritoneal macrophages isolated from C57BL/6J mice were
used in the report mentioned above; 2) gene regulation was
different. RNA interference technology was used to downregulate
PHLDA1 expression in our study, while gene knockout
technology was used to delete PHLDA1 gene in the report
mentioned above.
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FIGURE 5 | PHLDA1 recruits Tollip to attenuate LPS-initiated NF-kB nuclear translocation and proinflammatory cytokine production. (A) RAW264.7 cells were
treated with LPS (0.1 mg/ml) for 0, 3, 6, 12, and 24 h. Tollip expression was detected with Western blot. GAPDH was used as loading control. The quantified result
of Tollip expression is shown in the right panel. (B, C) RAW264.7 cells were treated with 0.1 mg/ml LPS for 0, 6, and 12 h. Co-IP and Western blot analysis were
used to measure the interaction between PHLDA1 and Tollip. RAW264.7 cells (D, E) and L-929 cells (G, H) were transfected with EV or PHLDA1 plasmid, Control
siRNA, or Tollip siRNA, respectively. Protein expressions of PHLDA1 and Tollip were measured with Western blot. GAPDH was used as an internal control for gene
expression analysis. RAW264.7 cells (F) and L-929 cells (I) were transfected with EV, PHLDA1 plasmid, and PHLDA1 plasmid plus Tollip siRNA and then treated
with LPS (0.1 mg/ml) for 1 h. The above cells were fixed and stained for NF-kB (p65). Nuclei were stained with DAPI. The merged images were captured with a
confocal microscope (scale bar, 20 mm). RAW264.7 cells (J) and L-929 cells (K) were transfected with EV, PHLDA1 plasmid, Tollip siRNA, and PHLDA1 plasmid
plus Tollip siRNA and then treated with LPS (0.1 mg/ml) for 12 h. ELISA was performed to measure the production of proinflammatory cytokines (TNF-a, IL-6, and
IL-1b). Data are shown as mean ± SD of three independent experiments (NS means no significance, *P < 0.05; **P < 0.01). Western blot data are representative of
three independent experiments.
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Tollip, one of the important adaptor molecules, contains
three different domains including Tom1-binding domain,
conserved 2 domain, and coupling of ubiquitin to ER
degradation domain (34). In human, Tollip has four isoforms,
namely, isoform A, isoform B, isoform C, and isoform D (35).
Tollip plays a critical role in regulating TLR-mediated innate
immune responses (36, 37). It was reported that Tollip
interacted directly with TLR2 or TLR4 with its C-terminal
domain (179–273 aa). Tollip impaired TLR-mediated cell
activation and the production of proinflammatory cytokines
through suppressing phosphorylation and kinase activity of
IRAK in inflammation. In addition, the C-terminal region of
Tollip was phosphorylated by IRAK after LPS stimulation (26,
38). Liu et al. found that lysine histone methyltransferase EZh1
enhanced the production of inflammatory cytokines (IL-6,
TNF-a, and IFN-b) by inhibiting Tollip (39). Tollip knockout
increased the ability of clear Legionella pneumophila (Lp) and
proinflammatory cytokine production by affecting TLR2
activity in Lp-infected mice (40). Monophosphoryl lipid A
inhibited the LPS-triggered signaling pathway via the PI3K-
dependent induction of Tollip, which in turn reduced the
phosphorylation and activation of IRAK-1 to impair TLR4–
MyD88 signaling pathway (41–43). The above results suggested
that Tollip inhibited TLR2 and TLR4 signaling pathways.
Frontiers in Immunology | www.frontiersin.org 10147
In this study, we established that PHLDA1 negatively
regulated the TLR4/MyD88-dependent signaling pathway.
Then, we explored the relationship between Tollip and
PHLDA1. We found that PHLDA1 interacted with Tollip,
and the LPS-induced interaction between the above molecules
gradually increased in a time-dependent manner. To investigate
whether PHLDA1 suppressed TLR4/MyD88-dependent signaling
pathway through Tollip, we detected LPS-induced production of
proinflammatory cytokines after PHLDA1 overexpression and
Tollip downregulation, and the results showed that PHLDA1
overexpression reduced LPS-induced proinflammatory cytokine
production, while Tollip deficiency rescued the above biological
phenomenon. These findings confirmed our hypothesis.

In summary, PHLDA1 recruited Tollip to negatively modulate
the phosphorylation levels of some important molecules (ERK,
JNK, p38, IKKa/b, IkBa, and NF-kB subunit p65) in the TLR4/
MyD88 signaling pathway, which in turn suppressed NF-kB and
AP1 nuclear translocation and their responsive element activities.
Finally, LPS-induced proinflammatory cytokine production was
diminished. Our study provides a new vision for exploring the
function of PHLDA1 and a new therapeutic target for
endotoxemia. Further studies should be conducted to investigate
the following aspects: 1) the effect of PHLDA1 on TLR4, Tollip,
and adaptor proteins (TIRAP, MyD88, IRAK1, IRAK4,
A B

C

D

FIGURE 6 | PHLDA1 alleviates LPS-initiated proinflammatory cytokine production in a mouse model of endotoxemia. (A) ELISA was performed to measure TNF-a
level in serum from mice treated with LPS (8 mg/kg) for 0, 0.5, 1, 2, 3, 4, 6, and 8 h, respectively. (B) H&E and PHLDA1 staining (scale bar, 20 mm) of lung tissues
from three groups of mice, including group 1 (control group), group 2 (treatment with LPS for 1 h), and group 3 (treatment with LPS for 6 h). PHLDA1 mean density
was analyzed and shown in the right panel. (C) Western bolt analysis of PHLDA1 in the lung tissues from the above different groups of mice. The quantified result of
PHLDA1 expression is shown in the lower panel. (D) ELISA analysis of proinflammatory cytokines (TNF-a, IL-6, and IL-1b) in serum from the above different groups
of mice. The data, including quantitative analysis of PHLDA1 expression, PHLDA1 mean density, and ELISA, are expressed as mean ± SD from three independent
experiments. (NS means no significance, *P < 0.05; **P < 0.01; ***P < 0.001).
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and TRAF6); 2) the role of PHLDA1 in downstream
TRIF-dependent signaling pathway; 3) the effect of PHLDA1 on
the phagocytosis of macrophage; and 4) the discovery and
development of effective adenovirus-mediated PHLDA1 injection.
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FIGURE 7 | A schematic representation of the role of PHLDA1 in modulating TLR4-mediated proinflammatory cytokine production via Tollip. After LPS-induced
TLR4 activation, PHLDA1 recruited Tollip to inhibit IRAK phosphorylation, which further decreased the phosphorylation levels of some signal molecules (ERK, JNK,
p38, IKKa/b, IkBa, and NF-kB subunit p65), the abilities of NF-kB and AP1 nuclear translocations, and their responsive element activities. Eventually, LPS-initiated
proinflammatory cytokine production was repressed.
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Supplementary Figure 1 | Kinetics of TNF-a level in the culture supernatants of
LPS-stimulated RAW264.7 cells and BMDM. (A) RAW264.7 cells and BMDM were
treated with various concentrations of LPS (0, 0.001, 0.01, 0.1, 1 and 10 µg/ml) for
12 h. TNF-a in cell culture supernatants was detected using ELISA. (B) RAW264.7
cells and BMDMwere treated with LPS (0.1 µg/ml) for 0, 1, 3, 6, 12 and 24 h. TNF-a
in cell culture supernatants was detected using ELISA.

Supplementary Figure 2 | Screening of PHLDA1 siRNA fragments RAW264.7
cells were transfected with Control siRNA or 2 PHLDA1 siRNA fragments (PHLDA1
siRNA1, 2) and stimulated with LPS (0.1 µg/ml) for 12 h. PHLDA1 protein
expression was detected with Western blot. The quantified result of PHLDA1
expression was shown in the right panel.
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Supplementary Figure 3 | The effect of PHLDA1 on phosphorylation level of
p65 and analysis of PHLDA1mRNA expression after RNA interference.
(A) RAW264.7 cells were transfected with EV or PHLDA1 plasmid stimulated
with LPS (0.1 µg/ml) for the indicated times. Phosphorylation level of p65 and
protein expressions of PHLDA1 and p65 in cell lysates were detected with
Western blot. GAPDH was used as loading control. (B) RAW264.7 cells were
transfected with Control siRNA or PHLDA1 siRNA and stimulated with LPS (0.1
mg/ml) for the indicated times. PHLDA1mRNA expression was detected with
RT-qPCR.

Supplementary Figure 4 | IF analysis of PHLDA1 overexpression and
silencing (A) RAW264.7 cells were transfected with EV or PHLDA1
plasmid. The above cells were fixed and stained for PHLDA1. Nuclei were
stained with DAPI. The merged images were viewed with a confocal
microscope (Scale bar, 20 mm). (B) L-929 cells were transfected with EV,
PHLDA1 plasmid, Control siRNA and PHLDA1 siRNA, respectively. The
above cells were fixed and stained for PHLDA1. Nuclei were stained with
DAPI. The merged images were viewed with a confocal microscope (Scale
bar, 20 mm).
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