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ABSTRACT

Infections are a major cause of morbidity and mortality in the autoimmune disease systemic
lupus erythematosus(SLE). We have previously demonstrated that bacterial amyloid curli,
produced by Escherichia coli, can accelerate disease in mouse models of lupus.
Uropathogenic Escherichia. coli (UPEC) is responsible for the majority of urinary tract
infections in SLE. Based on our previous results in mice, we hypothesize that exposure to
UPEC:s containing curli/eDNA complexes can activate the immune system in humans. To
establish significance in human SLE we tested if humans have antibodies against
curli/eDNA complexes. We investigated 96 SLE patients who met at least 4 SLICC criteria.
(Systemic Lupus international collaborating clinics). We tested the presence of anti-
curli/eDNA complex antibodies for both IgG and IgA subclasses. Results were compared
to 54 age, sex, and race matched healthy controls. We then correlated the levels of anti-
curli/eDNA antibodies with clinical parameters, lupus disease status, and frequency of
bacteriuria. We found anti-curli/eDNA antibodies in SLE and controls plasma. In SLE
plasma the levels correlated with asymptomatic persistent bacteriuria and disease flares in
lupus patients. Persistent bacteriuria was associated with an inflammatory phenotype and
UPECs from lupus patients produced biofilms containing curli/eDNA complexes. Finally,
curli/eDNA complexes cross-reacted with lupus autoantigens such as dsDNA in binding
autoantibodies.

Neutrophil extracellular traps (NETs) are part of the innate immune system and are
pathogenic in SLE. Therefore, we investigated 56 lupus patients who met at least 4 SLICC
criteria. Results were compared to 20 age, sex, and race matched healthy controls. We

found that curli/eDNA induced more NETs in SLE PMNs (polymorphonuclear leukocytes)

il



compared to healthy controls. In SLE, patients who were high inducers of NETs by
curli/eDNA complexes also made a high amount of NETs when stimulated with LPS or
PMA. Interestingly, patients who were anti-dsDNA positive made more NETs in response
to curli/eDNA complexes. Moreover, we found anti-dsDNA positive patients who strongly
responded to curli/eDNA complexes also responded strongly to LPS. Conversely, patients
who were anti-dsDNA negative did not have a strong response to both LPS and curli/eDNA
complexes. Our results suggest that lupus PMNs are in a chronic inflammatory state.
Similarly, to LPS and PMA, we found SLE PMNs use NADPH oxidase to induce NETosis
in response to curli/eDNA complexes. We found SLE PMNs use PAD4 to induce NETosis
in response to curli/eDNA complexes. PAD4 inhibition did not significantly reduce NET
production upon PMA or LPS stimulation, potentially showing a different mechanism on
how curli/eDNA complexes induce NETosis compared to PMA and LPS. Remarkably, we
found SLE patients responded more to curli/eDNA complexes if they had current
bacteriuria or were anti-dsDNA AB positive. We conclude curli/eDNA complexes can
activate the innate immune system and exposure to UPECs could be a mechanism to

trigger, sustain, or activate lupus disease.
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CHAPTER 1 THE ROLE OF CURLI/EDNA COMPLEXES IN AUTOIMMUNITY

Autoimmunity

The immune system recognizes a plethora of antigens over a person’s lifetime. For
example, the immunes system can recognize different types of fungi, bacteria, and viruses.
The immune system uses pathogen-associated molecular patterns (PAMPs) and danger
associated molecular patterns (DAMPS) to respond to infections or inflammation occurring
locally or systematically. There are over 100 autoimmune diseases. It has been reported
5%-20% of the North American population has at least one autoimmune disease. (Jacobson
et al., 1997) Most autoimmune diseases have no cure. These diseases can be chronic and
in some cases leave the patient with significant decrease in mobility such as in rheumatoid
arthritis or multiple sclerosis. Drug treatments are effective to decrease disease progression
and severity. However, these drugs mainly suppress the immune system. This can lead to
opportunistic infections to occur in humans. Thus, it is important to understand the
mechanisms of how autoimmune diseases progress and to understand the triggers that can
escalate disease progression.

In some autoimmune diseases, genetic factors can help drive autoimmunity such
as the major histocompatibility complex (MHC) (Fernando et al., 2008). Genetic factors
can cause a dysfunction of how the immune system distinguishes between self and a
foreign antigen. When the immune system recognizes self as an antigen is called loss of
tolerance. This loss of tolerance can cause a specific response to a single organ or it can be
systemic. For example, in type 1 diabetes the immune system makes antibodies against the
beta cells in the pancreases. Damage to this single organ leads to a decrease or

dysfunctional release of insulin. Genome wide associated studies or GWAS are used to
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identify loci associated with diseases. In type 1 diabetes there has been reported about 90
loci associated with the disease. It has been hypothesized that different single nucleotide
polymorphisms (SNPs) can cause significant mutations that make people more susceptible
to specific autoimmune diseases. These genetic risks are often complemented by
environmental factors. The combination of these factors can trigger onset or increase the
severity of an autoimmune disease. (Jacobson et al., 1997) Some environmental factors
that increase the chances of autoimmune diseases include pollution, smoking, drinking,
bacterial and viral infections. In genetically predisposed individuals, infections can trigger
disease progression or disease severity. For instance, in type 1 diabetes it thought that
enteroviruses contribute to the pathogenesis of this disease. (Akhbari et al., 2020) In
addition, multiple infectious agents can be an environmental factor for one autoimmune
disease. For example, it has been demonstrated in multiple sclerosis that Epstein Barr virus,
coronavirus, measles, and others are associated with this disease. (Alotaibi, 2004) (Murray
etal., 1992) (Haase et al., 1981). Overall, the scientific literature does demonstrate a strong
association of infections with trigger autoimmune diseases or increasing the disease

severity.

Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) or lupus is a multi-organ involvement
autoimmune disease. The criteria for diagnosis have changed over the years according to
the American College of Rheumatology. At least four criteria have to present in the patient:
malar rash (butterfly rash), discoid rash, photosensitivity, oral ulcers, non-erosive arthritis,
pleuritis or pericarditis, renal disorder, neurological disorder, hematologic disorder,

immunologic disorder, a positive antinuclear antibody test. The population affected are
2



majority women of childbearing age and minorities. As a result, it is thought hormones
play a pivotal role in the pathogenesis. (Smith-Bouvier et al., 2008) In addition estrogen
signaling might enhance renal disease in SLE patients. (Corradetti et al., 2018) Currently,
there is no cure for SLE. The treatments for SLE are usually steroids and other anti-
inflammatory drugs such as azathioprine and hydroxychloroquine. These drugs are
important to decrease inflammation. It is thought that these anti-inflammatory drugs could
cause the body to be vulnerable to infections.

Currently, lupus is thought to be caused by various genetic and environmental
factors. Some genetic factors include C4, Clq, FC gamma receptors, human leukocyte
antigen, TLR7, Gasdermin D. (Teruel & Alarcén-Riquelme, 2016) In addition, type 1
interferons are a hallmark of lupus. Type 1 interferons are usually expressed in response to
viral infections containing RNA or DNA. They are expressed through the induction of
TLRs such as TLR 7, TLRS, and TLRO. In addition, there are mutations in type I interferon
genes. These mutations may lead to elevated levels of type 1 interferons in SLE patients
(Jiang et al., 2020) It has been shown neutrophils and dendritic cells are one of the main
producers of type 1 interferons. Specifically, plasmacytoid dendritic cells are the main
inducers of type 1 interferons. These elevated type 1 interferons can be pathogenic in SLE.
For example, interferon alpha has been associated with skin rash and renal disease.
(Thanarajasingam et al., 2019) Recently, our collaborators have shown a connection
between type 1 interferons and estrogen. Estrogens could exacerbate this signature. (Lee et

al., 2018)



Cell Death In SLE And Its Consequence

The induction of type 1 interferons can be from infections or it can be from the host.
For example, Mammalian DNA can be a source of autoantigens and trigger type 1
interferons through TLRY. It has been demonstrated dying cells are a source for auto-
antigens. (Denny et al., 2006) (Roberto Caricchio et al., 2003) (Frisoni et al., 2005). This
cause of cell death could be by primary and secondary necrosis, apoptosis, necroptosis,
pyroptosis, and NETosis. (Mistry & Kaplan, 2017) In apoptosis the cell death is mediated
by a FAS/FAS ligand system. (R. Caricchio et al., 1999) (R. Caricchio et al., 1998) The
result of these auto-antigens and the abnormal response of the immune system is the
formation of auto-antibodies. In SLE the predominant autoantibodies are anti-SM, anti-
RNP, anti-Ro, and anti-dsDNA. (Rahman & Isenberg, 2008) These antibodies are usually
stable over the first 10 years of the disease. However, patients do change their serological
profile overtime. (Putterman et al., 2018) Anti-dsDNA is a hallmark antibody in SLE.
About 70% of lupus patients have anti-dsDNA. Anti-dsDNA can be detected by Farr
radioimmunoassay, crithidia luciliae indirect immunofluorescence test, and enzyme linked
immunosorbent assay (ELISA). In the ELISA calf thymus dsDNA is used to detect anti-
dsDNA from the plasma of mice or patients. In mouse models, anti-dsDNA can be
spontaneously induced by genetic factors such as in the NZB/NZW F1 strain and SLE 123
strain. Traditionally, researchers use calf thymus as an antigen for these antibodies. (Kéavai
et al., 1982)

In humans, anti-dsDNA is seen in the serum of about 70% of SLE patients and can
be detected up to 3.3 years before diagnosis. (Munroe et al., 2017). This shows anti-dsDNA
is a precursor of disease symptoms and can be used as a biomarker for disease diagnosis.

Patients who are anti-dsDNA negative usually have pleuritis. These patients usually have
4



anti-SM anti-RNP. (MITTOO et al., 2010) (Porcel et al., 2007) Currently, its unknown why
some patients are anti-dsDNA negative and others are positive. It is known anti-dsDNA is
associated with kidney disease in SLE. (Linnik et al., 2005) At least 80% of lupus nephritis
patients have anti-dsDNA. In lupus nephritis, have different levels of kidney inflammation
and kidney damage. (Raimbourg & Daugas, 2019) Anti-dsDNA can bind to the glomerular
basement membrane. (Yung & Chan, 2015) This auto-antibody can also activate
macrophages and cause cytokine production through TLR4. (H. Zhang et al., 2016) In
addition, it has been hypothesized that anti-dsDNA can cross react to other proteins. For
example, it has been showed anti-dsDNA can bind to HPS§, an extracellular matrix protein.
Also, EBV antibodies have been shown to cross react with dsSDNA. (Zack et al., 1995)
Overall, the increase of anti-dsDNA antibodies of a patient is used to measure disease
diagnosis and disease activity in (Tan et al., 1982) the SLE disease activity index
(SLEDALI). This index is used to quantify disease manifestations and activity.(Bombardier
etal., 1992) (Gladman et al., 2002) (Romero-Diaz et al., 2011) In lupus, renal involvement
contributes to the SLEDAI such as: increase in urinary WBCs, urinary casts, and
proteinuria.

It is known infections are common in lupus patients and are a main cause of
morbidity and mortality (Doaty et al., 2016) Commonly diagnosed infections in lupus
patients are upper respiratory infections, skin, and urinary tract infections (UTIs). These

UTIs are usually caused by UPEC:s.

Bacterial Anti-DNA antibodies

Bacterial DNA, like from UPECs, can bind to TLR9 because of their unmethylated

CpG motifs. Injection of E.coli DNA increases the production of anti-DNA antibodies in
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NZB/NZW antibodies. In addition, it increases IFN gamma and IL-12 production. (Gary
S. Gilkeson et al., 1998) It has been reported healthy and SLE humans do have antibodies
against select bacterial DNA such as Micrococcus lysodeikticus and Staphylococcus
epidermidis. This could indicate these gram-positive bacterial DNA are immunogenic.
Interestingly, antibodies against Escherichia coli DNA were only found in SLE serum.
This could indicate E. coli DNA alone is not immunogenic in healthy individuals.

(Karounos et al., 1988)

Commensial bacteria in SLE:

The microbiota is the community of bacteria, viruses, and fungi found in various
locations in or on the body. Locations of the microbiota include the skin, the oral cavity,
the gut, and urinary bladder. The microbiota is often beneficial to the host and can help
prevent the cocolonization of pathogenic organisms. However, when there is an imbalance
or dysbiosis of the microbiota there could be severe side effects. It has been reported
dysbiosis of the microbiota is associated with other autoimmune diseases such as in type 1
diabetes, multiple sclerosis, rheumatoid arthritis, and in systemic lupus
erythematosus(Azzouz et al., 2019) (Graves et al., 2019) (Manfredo Vieira et al., 2018)
(Lopezetal., 2016) . Recently it has been shown in a mouse model, genetically predisposed
to autoimmunity, the translocation of Enterococcus gallinarum from the gut to liver can
cause autoimmunity. (Manfredo Vieira et al.,, 2018) In SLE there is recent literature
demonstrating the gut microbiota can have a pivotal role in the disease pathogenesis. For
example, SLE patients had a lower diversity of their microbiome compared to healthy
controls. In addition, SLE patients had a greater amount of Ruminococcus gnavus (RG).

The authors found antibodies against this commensal correlated with the SLEDAI score
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and anti-DNA levels. Furthermore, patients with the highest levels of anti-RG antibodies
were associated with class III and class IV lupus nephritis. (Azzouz et al., 2019) In addition,
it has been reported that there is a decrease in the diversity of the oral microbiota in SLE
patients compared to healthy controls. (Graves et al., 2019) The dysbiosis microbiota can
allow pathogenic bacteria to grow and colonize. Overall, these emerging infections can

cause an increase in PAMPs and inflammation in a host.

Infections in SLE:

Infections in SLE are a major cause of morbidity and mortality. The main viral
infections that occur in lupus patients are herpes zoster, cytomegalovirus, and human
papillomavirus(HPV). (Danza & Ruiz-Irastorza, 2013) HPV is a common virus found in
the human population. However, it has been reported SLE patients have a threefold
increase in the infection of HPV. (Klumb et al., 2010) This infection was associated with
immunotherapy. Research showed that patients on immunotherapy and having HPV have
less B cells and natural killer cells. (Abud-Mendoza et al., 2013) This could lead a patient
susceptible to secondary infections. Moreover, suggesting some chronic treatments for
SLE might increase the chances of infections. Another virus, Epstein bar virus has also
shown to be parthenogenic in SLE. This virus is one of the most common viruses found in
humans. However, in SLE it is thought to be pathogenic. For example, about 50 human
proteins have molecular mimicry with EBV proteins. These human proteins include IL-10
and C4. (Kanduc, 2019) During molecular mimicry, the immune system recognizes a
foreign antigen and molecular host antigen as the same. As a result, the antibodies produced

against the foreign antigen can also cross-react with the self-antigen. In addition, it has



been showed that there is significant interaction between EBV transcription factors and
autoimmune risk loci. (Harley et al., 2018) A common fungal infection in lupus patients is
caused by Candida albicans and other Candida species. These infections can also increase
inflammation. These infections can occur in the lungs, GI tract or mouth. (Yuetian Yu et
al., 2019)

Bacterial infections occur more than viral and fungal in lupus patients. The most
common bacterial infections in SLE that do not require hospitalization involve the upper
respiratory tract, the skin and the urinary tract; and the most common microorganisms
responsible for these infection are S. pneumoniae, S. aureus and E. coli respectively.
(Danza & Ruiz-Irastorza, 2013) Lupus patients also with specific periodontal bacteria have
an increase of disease activity. (Bagavant et al., 2019) It has been demonstrated that lupus
patients have higher levels of LPS in their plasma compared to healthy controls.(Shi et al.,
2014) In addition, people who are positive for ANA have more LPS in their plasma
compared to healthy controls than patients who are ANA negative. This could indicate SLE
patients have frequent infections from gram negative bacteria such as UPECs or other
gram-negative bacteria. These bacteria can translocate from area of the body and enter the
bloodstream. For example, bacteria from the Salmonella species are known to cause
bacteremia/sepsis in lupus patients. This is most likely due to the translocation of
Salmonella from the gut to the bloodstream. A potential mechanism for this is leaky gut.
Since it is known lupus mice have a leaky gut. (Mu et al., 2017) In addition, it’s known
lupus patients have asymptomatic infections such as bacteriuria, predominantly caused by
UPECs which are part of the enterobacteriaceae family. (Koseda-Dragan et al., 1998) It

has been reported that LPS from E.coli can also induce auto antibody production in mice.



(Fish & Ziff, 1982) Therefore, these frequent infections can prime the immune system of
SLE patients and cause chronic inflammation. Since lupus patients both have leukopenia
and are on immunosuppressive drugs, the definite reason for these persistent infections is

not completely understood.

UTlIs in SLE:

Urinary tract infections (UTIs) are infections that occur more in females than males.
These infections are mainly caused by E. coli and can be sometimes hard to cleared or
detected. Since some people have no symptoms, it is estimated 50% of UTIs do not come
to medical attention. (Terlizzi et al., 2017) Other people experience painful urination,
cloudy urine, or blood in the urine. Pain is usually caused by inflammation by white blood
cells (WBCs). WBCs in the urine is defined as pyuria and is a strong indication of infection.
Other laboratory signs of infections are levels of ketones, nitrates, and leukocyte esterase
in the urine. These chemicals are released in the bladder by inflamed tissue and WBCs in
response to infections. In SLE patients majority of UTIs are caused by E.coli. (Hidalgo-
Tenorio, 2004) It additions, UPECs, are associated with asymptomatic bacteriuria in SLE
patients. (Koseda-Dragan et al., 1998) These infections are persistent and 90% is caused
by UPECs. It has been recently published that a bacterial protein called curli is a fitness
factor that enhances survival and colonization of UPECs in the bladder. (Luna-Pineda et
al., 2019) This fitness factor could prevent E. coli from being killed by the host immune
system and withstand antibiotic treatment. This could help bacteria, such as UPECs, to
have chance to colonize the urinary bladder. Bacteria can bind to the internal wall of the
bladder and cause colonization. Some bacteria from the enterobacteriaceae species such as

Proteus mirabilis and Klebsiellosis pneumoniae can form biofilms in the urinary bladder.
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(Hidalgo-Tenorio, 2004) Uncontrolled bacterial infections can travel to the kidneys and
cause cysts in the kidneys and potentially can go septic. Also it is known that the expression
of curli is associated with urinary source bloodstream infections. (Hung et al., 2014)
Therefore, curli expressing bacteria could be harmful to a human host but beneficial for

surviving bacteria.

Role of Curli/eDNA complexes in biofilms and Lupus

Curli is a protein produced by bacteria from the enterobacteriaceae family. Curli is
often called a functional amyloid because it is a protein that is used by the bacteria unlike
pathogenic amyloids produced by humans. Protein amyloids are characterized by their beta
sheet structure. Curli is the major component of bacterial biofilms. Biofilms are
multicellular communities of bacteria and serve several important functions. The functions
include bacterial cell-cell adhesion, protection from oxidative stress, and from other
antimicrobial agents. (Barnhart & Chapman, 2006). For example, curli is also thought to
prevent the binding of human complement proteins to bacteria. As a result, curli can inhibit
the classical complement pathway and increasing survival compared to mutants not
producing curli. (Biesecker et al., 2018) Because of their biological nature biofilms present
a problem for humans. Because, infections containing biofilms are hard to eradicate. As a
result, these infections can potentially turn chronic. For example, it is known that biofilms
contribute to 80% of chronic infections in humans. (Romling & Balsalobre, 2012) The
enterobacteriaceae family produces biofilms, where 85% of the extracellular matrix of the
biofilm is composed of a protein called curli. This is problematic, especially for lupus

patients. It is known lupus patients have frequent infections and some infections have been
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associated with disease flares. Partially, bacteria in the enterobacteriaceae family have been
associated with frequent asymptotic infections in lupus patients. (Koseda-Dragan et al.,
1998)

Recently, curli has been implicated in inducing autoimmunity in mice. It is known
curli can incorporate extracellular DNA into itself. This extracellular DNA is often from
dying bacteria and is used to increase the strength of the biofilm. Curli is formed by
fibrillization of the same subunit. This subunit is called curli specific gene A (Csg-A). Csg-
A polymerizes with other Csg-A subunits and forms the amyloid structure. This process
starts by a protein called Csg-B. As more Csg-A proteins are exported to the extracellular
wall they being to polymerize with other Csg-A subunits. During this process, DNA has
been shown to increase polymerization. During the polymerization process, there are
multiple forms of curli such as monomers, intermediates, and mature fibers. It has been
shown by our collaborators that the intermediates cause cell death in human cell lines.
(Nicastro et al., 2019) In vivo this could potentially be a source of autoantigens. Moreover,
curli/eDNA complexes are antigenic and mimic self-antigens in lupus patients. (Gallo et
al., 2015) It has been previously demonstrated that curli/eDNA complexes can induce or
accelerates autoimmunity in mice. Injection of curli/eDNA complexes into wild type mice
induces anti-dsDNA production. In addition, injection of curli complexes accelerates the
onset of autoimmunity in lupus prone mice. There was a debate that curli might not have
the ability to produce in a living host since in vitro expression of curli occurs around 28°C.
This is well below the average human body temperature of 37°C. It has been recently
shown that curli can be expressed in vivo by Salmonella in the gastrointestinal system of

mice. In addition, in the same model the expression of curli/eDNA complexes by bacteria
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in mice can cause joint inflammation. (Miller et al., 2020) Thus, providing strong evidence
curli/eDNA complexes has the potential to form in vivo of hosts and be pathogenic. WT
E.coli compared to mutants not expressing curli were found to induce higher levels of anti-
dsDNA in mice. This presents strong evidence that curli/eDNA complexes are the main
antigens from E. coli inducing autoimmunity in mice.

Next is the question of how curli/eDNA complexes induces the immune system and
autoimmunity. It has been demonstrated curli/eDNA complexes can trigger the innate
immune system via variety of pathways, such as TLR2/1, TLR4, TLRY, and the
inflammasome. (Tursi et al., 2017) (Rapsinski et al., 2015) With the activation of these
receptors there can be multiple cytokine and inflammatory responses. This includes type 1
interferon cytokines. Mechanistically, curli/eDNA activates macrophages in vitro through
the binding of curli/eDNA to TLR1 and TLR2 and forming a complex with CD14. The
complex is internalized by a phagosome and binds to the NLRP3 inflammasome leading
to the cleavage of a pro-IL-1f and pro-IL-18 by caspase 1 and give rise to IL-1f and IL-
18. (Rapsinski et al., 2015) However, work in human primary cells is still lacking.

The current human work has demonstrated antibodies against major subunit of curli ,CSG-
A(curli specific gene) , are present in septic patients and not healthy donors (Bian et al.,
2000). In addition, bacteria isolated from these septic patients express curli in vitro at 37°C.
Based on our previous results, we hypothesize that SLE patients are exposed to bacterial
infections containing curli/eDNA complexes. As a result, these infections can have an

adaptive and innate immune response.
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The Role Of Other Amyloids In Diseases And Autoimmunity

Bacteria from the enterobacteriaceae family are not the only bacteria that can make
amyloids. In addition, gram positive bacteria such as Streptomyces coelicolor and Bacillus
subtilis can make amyloids. These amyloids are important for maintaining growth of the
bacterial community. (Dragos et al., 2017).

In addition, curli is not the only amyloid shown to be pathogenic in humans. It has
been reported that amyloids are pathogenic in Alzheimer’s. The major amyloid responsible
in this disease is called alpha synuclein (Huang et al., 2019) In addition, amyloids such as
alpha synuclein, SUP35, transthyretin are known to induce an immune response.
Specifically, it was shown these amyloids induce neutrophils to release extracellular DNA.
Moreover, it has shown these amyloid fibers induce a ROS response from
neutrophils(Azevedo et al., 2012). It addition, it is known the amyloid human serum
albumin(HAS) combined with CpG-B can induce a type I interferon response by dendritic
cells (Di Domizio et al., 2012) This demonstrates amyloids from different sources can
induce a immune response because of amyloids have a conserved beta sheet structure. This

beta sheet structure is recognized by TLR2. (C. Tiikel et al., 2010) (Gambuzza et al., 2014)

Methods:

Patients and Controls:

Plasma samples from 96 SLE patients randomly selected from the Temple Lupus
Cohort (TLC) were included in this study. The TLC is an IRB-approved prospective cohort
of lupus patients followed in the LKSOM Temple University Lupus Clinic. After informed
consent was obtained, blood and urine were obtained from patients who fulfilled at least

four of the SLICC Ceriteria. At each clinic visit each TLC participant has a complete history
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and physical exam. Medication, laboratory data, including general labs, anti-dsDNA levels,
C3/C4 levels as well as urinalysis and a spot protein to creatinine ratio (P/C). Disease
activity and damage indices (SLEDAI and SLICC/ACR DI) are also recorded as they are
built within the electronic medical record used at Temple University. All the variables are
extracted monthly. Plasma and urine are collected, aliquoted and stored from each patient
at -80°C. We enrolled and tested plasma from up to 85 females and 11 males SLE patients,
and 54 normal age-, sex-, race and ethnicity-matched controls in the study. A Ficoll Plaque
plus (GE Sciences catalog 17-1440-02) gradient was used to separate plasma by
centrifuging at 400XG for 30 minutes at room temperature, brake off. For bacteriuria
studies we enrolled patient who had at least five urine samples analyzed in their patient

history in the span of two years. Patients’ demographics are described in Table 1.

Bacterial preparations and Curli/eDNA complexes:

Curli-DNA complexes were prepared using the protocol previously described
(Gallo et al., 2015). Briefly, overnight cultures were grown in LB with proper antibiotic
selection with shaking (200 rpm) at 37°C. Overnight cultures were diluted 1:100 in YESCA
broth with 4% DMSO to enhance curli formation (13) and grown in an incubator at 26°C
for 72 hours with shaking (200 rpm). Bacterial pellets were collected and resuspended in
10 mM Tris-HCI, pH 8.0 and treated with 0.1 mg/mL RNase A (Sigma, R5502) from
bovine pancreas, 0.1 mg/mL DNase I (Sigma, DN25), and 1 mM MgCI2 for 20 minutes at
37°C. The bacterial cells were broken by sonication (30% amplification for 30 seconds,
repeated twice). Lysozyme (1 mg/mL, Sigma, L6876) was added, and the mixture was

incubated at 37°C. After 40 minutes, 1% SDS was added, and samples were incubated for
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20 minutes at 37°C with shaking (200 rpm). The fibers were pelleted by centrifugation
(10000 rpm for 10 minutes at room temperature) and resuspended in 10 mL Tris-HCL, pH
8 and boiled for 10 minutes. A second digestion with RNase A, DNase I, and lysozyme,
followed by boiling, was performed as described above. Next, the fibers were pelleted
(10000 rpm for 10 minutes at room temperature). Samples were boiled in 1X SDS-PAGE
buffer and run on a 12% running/3-5% stacking gel for 5 hours at 20 mA. The fibers that
accumulated at the top of the gel were collected and washed three times with sterile water
and then extracted by washing twice with 95% ethanol. The fibers were then sonicated at
30% amplitude for 30 seconds to disrupt any large aggregates. The concentration of the
curli fibers was determined using BCA reagent according to the manufacturer’s protocol

(Pierce BCA 23225).

GST-Csg-A purification:

Plasmid pSW5-50, containing the csg-A gene cloned in the glutathione S
transferase (GST) fusion protein vector pGEX-4T-2 was described previously. (Tiikel et
al., 2005) Fusion proteins GST-Csg-A were purified from E. coli strains DHSa(pGEX-
4T-2). Briefly, 1g of bacterial pellet was added to a 50mL tube. We used a GST purification
kit to isolate the GST-Csg-A tagged protein from the bacterial lysate. Gel electrophoresis
and Coomassie blue staining determined purified GST-Csg-A. (Millipore 70794-3).

Bradford assay was used to quantify the final product’s concentration. (Bradford, 1976)

K12 DNA:

K12 was bought from InvivoGen (catalog tlrl ecdna) and suspended in sterile water.
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Polyclonal antibody anti-curli/eDNA:

The polyclonal rabbit anti-curli was given by the Tiikel lab. Briefly, serum from
rabbits injected with curli/eDNA complexes was used as the primary antibody in our anti-
curli/eDNA ELISA. As described above curli/eDNA complexes were coated on ELISA
plates. Then, we added the rabbit polyclonal anti-curli/eDNA antibody (1:1000) in the
coated plates. After a 2-hour incubation, the plates were washed, and secondary anti-rabbit
IgG conjugated with alkaline phosphatase 1:5000 (Jackson ImmunoResearch) was added.
After a 2-hour incubation, plates were washed with 1X BSS. PNPP was used to detect anti-

curli antibodies at 450nm wave length.

Anti-curli/eDNA ELISA.

We generated a new ELISA to measure anti-curli/eDNA Abs. Briefly, on day 1,
plates were coated with curli/eDNA complexes, purified as described above (12), at a
concentration at 1.5 ug/mL in Borate solution (BBS) on polyvinyl microtiter plates
(Thermofisher 2801). Plates were incubated overnight at 4°C. On day 2, blocking buffer
(0.5% BSA, 0.4% tween, in BBS) was added for three hours. Plates were then washed 5
times with BBS and human plasma was added to each well at 1:250 dilution and incubated
overnight at 4°C. On day 3, plates were washed 5 times with BBS. Goat anti-human IgG
or goat anti-human IgA biotinylated antibody (1:5,000 dilution) was used for 2 hours at
room temperature (Jackson ImmunoResearch). The plates were washed, then avidin
phosphatase (1:8000 dilution) was added for 2 hours at room temperature (Sigma). Finally,
plates were washed and a para-nitrophenylphosphate (PNPP) solution 1mg/ml (Sigma) was
freshly made and added to the plates (100 pL). Plates were read at 450nm emission

wavelength every half hour for two hours. Since it was reported that sepsis patients have
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anti-curli antibodies(17), a septic patient with high levels of anti-curli antibodies was used
as a standard curve and positive control.
Polyclonal antibody anti-curli/eDNA:

To check the specificity of our ELISA, in a separate test a rabbit polyclonal anti-
curli antibody was used as the primary antibody. Briefly, serum from rabbits injected with
curli/eDNA complexes was used as the primary antibody in our anti-curli/eDNA ELISA
as described previously(18). As described above, curli/eDNA complexes were coated on
ELISA plates. Then, the rabbit polyclonal anti-curli/eDNA antibody (1:1,000) was added
to the coated plates. After 2 hours incubation, the plates were washed, and secondary anti-
rabbit IgG conjugated with alkaline phosphatase (1:5,000,ackson ImmunoResearch) was
added. After 2 hours incubation, plates were washed with BSS. PNPP was used as substrate

and read at 450nm wavelength.
Anti-dsDNA ELISA

A mouse monoclonal anti-dsDNA antibody (1:2,000 dilution, Abcam (215906)
was used to test if anti-dsDNA Abs could bind to curli/eDNA complexes. Or human plasma
1:250 dilution. This was followed by an anti-mouse secondary Ab conjugated with alkaline
phosphatase. As a positive control, we found this antibody could bind to calf thymus

dsDNA (2.5 pg/mL). In addition, anti-dsSDNA mAb could bind to curli/eDNA complexes

(1.5 pg/mL) isolated from Salmonella bacteria.

Anti-Bacterial-DNA ELISA.

We performed anti-DNA ELISA in which ultrapure antigen DNA, extracted from

Escherichia coli (Strain K-12) genomic DNA (Sigma) was used as Ag coated on the ELISA
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plate. Alternatively, E. coli K12 dsDNA, bought from InvivoGen (catalog tlrl-ecdna) and

suspended in sterile water, was used as antigen.

Competitive ELISA.

A competitive ELISA was performed using SLE plasma (1:250 dilution) incubated
with curli/eDNA (200 pg/mL), or calf thymus dsDNA (200 pg/mL) for 2.5 hours ina 1.5
mL tube with BBS on a plate shaker set at 100 rpm. The tubes with the co-incubation
solutions were spun at 14,000 rpm at 4°C for 15 minutes to allow large curli/eDNA
complexes to precipitate and then we compared in ELISA the two preparations. We noted
that there was no difference in the final O.D. when we used spun and unspun samples. We
transferred the samples onto a curli/eDNA coated ELISA plate or dsSDNA coated ELISA
plate. Then the ELISA protocol was followed as described above for anti-curli/eDNA. For
anti-dsDNA ELISA, we coated ELISA plates with poly-lysine for 1 hour at room
temperature. Plates were washed with 1x BBS then calf thymus DNA (2.5 pg/mL) was
added to the plates and incubated overnight at 4°C. Plates were blocked with 3% goat
serum in BBS. We added SLE plasma, which had been co-incubated or not with dsDNA
or curli/eDNA complexes as described above, and then on plates for 2 hours at room
temperature. Then plates were washed, and the goat anti-human IgG secondary antibody
conjugated with alkaline phosphatase (1:5,000 dilution) was added. Plates were developed
with para-nitrophenylphosphate as above.

Bacterial biofilms from clinical isolates.

Uropathogenic E. coli bacteria were isolated from urine samples and grown using

MacConkey agar. For visual characterization of curli expression in clinical isolates,

bacterial strains were grown at 37 °C overnight in LB broth and then 5 pL of culture was
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spotted on yeast extract supplemented with casamino acids (YESCA) agar plates
supplemented with 40 ng/mL Congo Red and 20 pg/mL Coomassie Blue and grown at 28
°C for 72 hour. (Collinson et al., 1993) To assess the biofilm formation capacity of the
bacterial isolates, the crystal violet assay, with minor modifications of a previously
reported was performed (Crawford et al., 2008). Briefly, 96-well microplate wells were
inoculated with 200 pL of LB low salt and 5 puL of overnight bacterial culture grown in LB
broth. Plates were incubated for 72 hours at 28°C. Next, excess cells were removed, wells
were washed thrice with PBS, dried at room temperature for an hour, and then a solution
0t 0.5% crystal violet (in isopropanol-methanol-1x PBS 1:1:18) was added to each well for
5 min at room temperature. The plates were rinsed with double-distilled water five times.
Crystal violet was extracted with 33% acetic acid and quantified with optical density

readings at 570 nm.

Statistical Analysis

Experiments were analyzed using GraphPad Prism. Unpaired two-tailed t-test was
used to analyze differences among groups for parametric data and Welch’s t-test was used
to compare two unequal sample sizes. ANOVA was used when multiple groups were
compared. Non-parametric data comparisons were analyzed by the Mann Whitney-U test.

Statistical significance was determined by a p value of <0.05.

19



Results:
Lupus Patients And Healthy Controls Generate Antibodies Against Curli/eDNA

Complexes

It has been previously shown that injection of curli/eDNA complexes induces

autoimmunity in mice (Gallo et al., 2015). We wanted to test if curli/eDNA complexes

have a role in human SLE. To test this hypothesis, we asked if humans first have antibodies
against curli/eDNA complexes. We established an ELISA where we measured the levels
of antibodies against curli/eDNA complexes in plasma of SLE patients from the Lupus
Clinic (LC) at Temple University and of age- race- and sex-matched healthy controls. We
chose a concentration of 1.5ug/mL after repeating our experiment with different dosages.
We found this concentration gave consistent results and did not cause saturation when
developing our ELISA. The results of this novel ELISA showed that both SLE patients
(median O.D. = 1.47, mean = SEM = 1.65 £ 0.10) and healthy subjects (median O.D. =
1.65, mean £ SEM = 1.87 £ 0.13) had variable levels of IgG against curli/eDNA complexes,
with no statistically significant difference between the two groups (Figure 1A). We found
similar results when we measured the IgG Abs against curli/eDNA purified from E. coli
and S. Typhimurium biofilms as predicted due to the similarities in three-dimensional
structure and sequence between the two curli amyloids. (C. Tiikel et al., 2009) (Romling et
al., 1998) The E.coli curli was extracted from a clinical isolate within the Temple Cohort
by the Tiikel Lab. S. Typhimurium curli/eDNA complexes were extracted from a lab strain
where the O antigen in LPS is mutated. As a result, LPS with this biofilm cannot activate
immune cells through TLR4 signaling. These curli/eDNA complexes would be used in

future functional studies. The biological significance and specificity of these antibodies
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were confirmed by the higher levels of anti-curli/eDNA IgG in both SLE patients and
healthy controls compared to a patient with common variable immune deficiency (CVID),
who is deficient in antibody production. These results indicate that most human subjects,
regardless of their health status, have been exposed to enterobacterial species expressing
curli and developed specific antibodies. Our results indicate that the human immune system
mounts a humoral immune response against these important components of bacterial

biofilms.

Anti-curli/eDNA Antibodies Correlate With Lupus Flares

Next, we hypothesized if the humoral immune response to curli/eDNA correlates with the

occurrence of lupus flares. We defined a flare as an increase of >3 points in SLE Disease

Associated Index (SLEDAI) from the prior visit (Castrejon et al., 2014) and we found that
SLE patients during flares had significantly higher levels of anti-curli/eDNA IgG (median
2.15, mean = SEM = 2.13 £+ 0.27) compared to those in remission (median 1.34, mean +
SEM = 1.42 £ 0.17) (Figure 1B using curli/eDNA from E.coli)( Fig. 1D using curli/eDNA
from Salmonella), suggesting that anti-curli/eDNA IgG is a potential biomarker of lupus
flares. We did not find anti-dsDNA Ab correlated with the disease flares. These antibody
levels were obtained from Temple University Hospital routine laboratory records. In
addition, we found patients who are anti-dsDNA positive did not have high anti-

curli/eDNA antibodies.
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Figure 1. Plasma anti-curli/eDNA Abs correlate with flares in SLE patients. A) IgG
Abs against curli/eDNA purified from E. coli biofilm were measured by ELISA in plasma
of SLE patients, median = 1.47 O.D. and age- and sex-matched healthy controls median =
1.65 O.D.. B) Levels of IgG anti-curli/eDNA Abs in SLE patients in flare, median = 2.15,
and in remission, median = 1.34 O.D.. Statistical significance was calculated with unpaired
t-Test with Welch correction. C) IgG Abs against curli/eDNA purified from Salmonella
Typhimurium biofilms were measured by ELISA in plasma of SLE patients (median = 0.53
0.D.) (N =96) and age- and sex-matched healthy controls (median = 0.48 O.D.) (N = 54).
D) Levels of IgG Abs against curli/eDNA purified from Salmonella Typhimurium biofilms
in SLE patients during flares (median = 0.63 [N = 11]) and in remission (median = 0.46 [N
= 19]). E) Specificity of anti-curli/eDNA Abs is shown by ELISA. Plasma levels of anti-
curli/eDNA IgG from CVID and SLE patients along with healthy controls were compared.
F) Anti-dsDNA Abs, as per hospital records, in SLE patients during flares and in remission.
G) IgG Abs against Salmonella Typhimurium curli/eDNA in SLE patients anti-dsDNA Ab
positive or negative by hospital records.

Antibodies Against Csg-A Correlate With Anti-Curli/eDNA Antibodies

We wanted to confirm our anti-curli/eDNA ELISA levels with a Csg-A ELISA Since Csg-

A is the major component of curli, we hypothesized Csg-A abs and curli/eDNA Abs would

correlate. We found that SLE patients and healthy controls both have antibodies against
the major protein component of curli, Csg-A. There was no significance difference
between the levels of anti-Csg-A IgG and IgA between SLE plasma and healthy controls
(Figure 2A and 2B). Our data demonstrates that the levels between anti-curli/eDNA
antibodies and anti-csgA within patients are similar. This confirms the results from figure

regarding true detection of anti-curli/eDNA antibodies.
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Figure 2 Antibodies against csgA correlate with anti-curli/eDNA antibodies. A-B)
Csg-A was extracted from a bacteria that overexpressed this protein. Csg-A was coated on
an ELISA plate and we found there were IgG and IgA antibodies against Csg-A in lupus
and healthy donors. Two tail T-test showed no significant between Lupus and Healthy C-
D) We correlated the antibodies from the anti-curli/eDNA ELISA in SLE and healthy
donors. We found there was a significant correlation in both groups.

Curli/Edna Complexes Cross-React With Lupus Autoantigen dsDNA

Next, we hypothesized that the autoantibody anti-dsDNA can bind the eDNA in
curli/eDNA complexes. We performed a series of competitive ELISAs where dsDNA or
curli/eDNA were alternatively used as soluble competitors and as antigens coated on the

ELISA plates. For the competitive co-incubation, we chose the dose of 200 pg/mL of
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curli/eDNA or dsDNA after performing dose-titrations using 2, 20 and 200 pg/mL of each

molecule to separately co-incubate with plasma (Figure 3)
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Figure 3. Anti-dsDNA and anti-curli/eDNA competitive ELISA are dose dependent.
SLE plasma that was high for anti-curli/eDNA and anti-dsDNA was co-incubated in
suspension for three hours at room temperature with a dose titration of 2ug/mL, 20ug/mL
and 200ug/mL for either dsDNA(A) from calf thymus (B) or curli/eDNA complexes from
E. coli (C). The tubes were centrifuged, and the supernatant was added to their respective
ELISA plates as indicated. Statistical significance was determined by one-way ANOVA
and post-hoc multiple comparison t-test.

Using dsDNA from calf thymus, which is normally used as antigen in the ELISA to detect
anti-dsDNA autoAbs, we found that curli/eDNA could block both the binding of I[gG Abs
to curli/eDNA itself and to dsDNA, (Figure 4C), suggesting that both anti-curli/eDNA Abs
and anti-dsDNA autoAbs can bind structures on curli/eDNA. We used plasma from a
representative SLE patient with high anti-dsDNA and anti-curli/eDNA antibodies.. In
contrast, dsSDNA could only block the binding of anti-dsDNA autoAbs, and not of anti-
curli/eDNA Abs (Figure 4A-B), suggesting that most of the anti-curli/eDNA Abs either

are specific for the protein curli or for epitopes that are a combination of DNA and curli
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rather than DNA itself (Figure 4A-B). We confirmed the binding to dSDNA contained in
the curli/eDNA complexes using a commercially available monoclonal antibody against
dsDNA. This mAb was able to bind curli-eDNA complexes (Figure 2C). as much as one
polyclonal antibody specific for curli, which could bind curli/eDNA but not dsDNA when

these were used as antigens in the ELISA (Figure 4D).
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Figure 4. Curli/eDNA complexes cross-react with lupus autoantigen dsDNA. ELISA
for A) anti-dsDNA IgG Abs and (B) anti-curli/eDNA IgG Abs was performed on a
representative SLE patient after co-incubation with calf thymus dsDNA or curli/eDNA
complexes in suspension. C) ELISA used dsDNA as antigen and a mouse monoclonal Ab
against dsDNA. D) ELISA used curli/eDNA as antigen and a rabbit polyclonal Ab against
curli/eDNA complexes. In A-D, results are representative of 3 experiments. Unpaired two
tail T-test was performed.
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The fact that the levels of anti-curli/eDNA Abs were not significantly different in SLE
patients positive or negative for anti-dsDNA autoAbs (Figure 1) indicates that most of the
anti-curli/eDNA Abs recognize curli/eDNA as complexes and are not anti-dsDNA autoAbs
binding curli/eDNA. Since the levels of anti-dsDNA autoAbs were not different between
SLE patients flaring (mean +£ SEM = 2.80+0.43) or in remission (mean + SEM = 2.06£0.38)

(Figure 1), as shown before (Anjo et al., 2019).

Antibodies specific for bacterial DNA have been previously described in SLE patients, in
part cross-reacting and in part distinct from antibodies against mammalian DNA.
(Hamilton et al., 2006)Therefore, we compared the levels of anti-curli/eDNA IgG Abs with
the pattern of antibodies binding mammalian DNA vs. DNA from E. coli. Healthy
individuals and lupus patients had similar levels of anti-curli/eDNA IgG Abs (Figure 1A
and 5), while only Lupus patients who were positive for anti-dsDNA Abs, as measured by
the clinical lab of our hospital, had high levels of antibodies recognizing DNA from the
commensal E. coli K12 strain (Figure 5) and mammalian DNA from calf thymus (Figure
5A). Lupus patients who were negative for anti-dsSDNA Abs had lower levels of IgG
against E. coli DNA and no antibodies recognizing calf thymus DNA, as much as the
healthy controls. Our results suggest that the healthy immune system produces antibodies
against curli/eDNA complexes but not against pure bacterial DNA, which instead occur in

SLE patients, possibly leading to the cross-reaction with host DNA. As previously reported
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some SLE patients had antibodies against bacterial DNA without antibodies against host

DNA and vice versa, suggesting that bacteria are pathogenic in a subset of SLE patients.
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Figure 5 Lupus patient positive for anti-dsDNA have more E. coli anti-dsDNA Abs
compared to SLE patients negative for anti-dsDNA. A) Anti-calf thymus dsDNA IgG
ELISA SLE vs Healthy controls.. SLE patients were classified anti-dsDNA Ab positive or
negative by hospital records B) The same patients were used from part A. Instead Anti-
DNA from K12 E.coli was used at the antigen. C) The same patients were used as in part
A&B. In this ELISA curli/eDNA complexes from E.coli was used as the antigen. A-C) An
IgG anti-human was used as the secondary antibody. One-way ANOVA was performed
between each group.

To determine the role of the protein part of curli/eDNA in the binding of lupus antibodies,
we also used pure Csg-A protein, the main structural subunit of curli, in competitive
ELISAs. Figure 6 show that CsgA, which does not contain DNA, blocked anti-curli/eDNA

Ab ELISA but not anti-mammalian dSDNA Ab ELISA, the latter instead was inhibited by
28



*

E. coli K12 DNA. The opposite was true for the anti-dsDNA Ab ELISA, while curli/eDNA

inhibited both bindings of anti-curli/eDNA and anti-dsDNA Abs. These results further

demonstrate that anti-curli/eDNA IgG Abs are specific for the complex. Admittedly, our

CsgA amyloid is not ideal as it is GST-tagged and therefore not truly representing the

natural amyloid. Unfortunately, it is not presently possible to extract curli amyloid from

curli/eDNA complexes without fully degrade the protein.
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Figure 6. K12 DNA from E.coli binds to anti-curli/eDNA Abs. A) in Competitive
ELISA with SLE plasma for anti-dsDNA IgG Abs (B) and anti-curli/eDNA Abs and C) for
anti-CsgA antibodies IgG. (D-F) after co-incubation with CsgA, curli/eDNA, and K12
DNA. Statistical significance was calculated with ANOVA and post-hoc t-test (A-C).
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IgA anti-curli/eDNA antibodies are higher in Lupus patients than healthy controls

Most infections in SLE occur in mucosal organs (Hamilton et al., 2006). Therefore, we

hypothesized SLE patients would have a different IgA response to curli/eDNA complexes

compared to healthy controls. Being the IgA the most abundant antibody class at the

mucosal surface (Breedveld & van Egmond, 2019) IG, we analyzed the plasma levels of
anti-curli/eDNA IgA Abs, as markers of mucosal immunity to curli. Anti-curli/eDNA IgA
levels were significantly higher in SLE patients (median 0.35) compared to healthy controls
(median 0.22) (Figure 7A), with no correlation with clinical flare (Figure 7B). The levels
of anti-curli/eDNA IgA showed a small but significant correlation with the anti-
curli/eDNA IgG, suggesting that a subgroup of SLE patients have higher levels of both Ig

classes of anti-curli/eDNA Abs (Figure 7C).
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B) Levels of anti-curli/eDNA IgA for SLE patients in flare and in remission. C) Correlation
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Statistical significance was calculated with unpaired t-test with Welch correction (A-B)
and Bivariate Normal Ellipse (C).. C) IgA anti-dsDNA Abs in SLE patients vs healthy
controls. Statistical significance was calculated with unpaired t-test in A-C. D) Levels of
anti-curli/eDNA of IgA were compared between patients with increasing frequency of
bacteriuria evaluated during at least 4 consecutive visits at the Temple Lupus Clinic over
two years. The frequency of bacteriuria measured by routine UA ranged from never, to
intermittent (<100%), to persistent at every visit (100%). ANOVA, p value >0.05. N = 8-
10 per group.
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Frequency Of Bacteriuria Correlates With Anti-Curli/eDNA Ab Levels, Lupus Flares And

Pro-Inflammatory Phenotype

Since we found that, compared to healthy controls, all SLE patients had higher IgA and

some had higher IgG specific for curli/eDNA, we hypothesized that their immune system

encountered curli/eDNA complexes during a mucosal infection. Therefore, to look for the

origin of this mucosal infection, we tested a group of SLE patients whose urine analyses
were available for a period of two consecutive years, performed at each visit. We found
that the majority of these SLE patients, who did not have signs and symptoms of UTI at
the time of the visits, had episodes of asymptomatic bacteriuria during the two years of this
analysis and 35% had persistent bacteriuria (Figure 8A). SLE patients with persistent
bacteriuria had higher levels of IgG against curli/eDNA complexes (median 0.70, mean +
SEM = 0.71£0.05) than those with episodes of bacteriuria (intermittent) (median 0.46,
mean = SEM = 0.48+0.05) or who always tested negative for bacteriuria (median 0.46,
mean = SEM = 0.4440.05) (Figure 8B). The levels of anti-curli/eDNA IgG Abs correlated
with the amounts of bacteria in the urine (Figure 8D). Interestingly, the levels of anti-
dsDNA IgG Abs correlated with the persistence of bacteriuria too (Figure 8C). Moreover,
the group of patients with persistent bacteriuria exhibited a pattern of chronic inflammatory
state and disease activity, such as elevation of ESR, anemia and lymphopenia,
hypocomplementemia, and elevation of globulins and anti-dsDNA Abs (Table 2). Finally,
the frequency of bacteriuria was associated with an increased likelihood of flares (Table
2). These results suggest that subclinical infections or colonization by Gram-negative
bacteria like Uropathogenic E. coli can expose SLE patients to curli-eDNA complexes,

elicit anti-curli humoral immune responses, induce a chronic inflammatory state, and
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predispose to flares. The levels of plasma anti-curli/eDNA IgA were not different among
the SLE patients stratified by bacteriuria frequency Figure 7E), suggesting that while many
SLE patients mount an IgA response against this amyloid (Figure 7A) and produce also
anti-dsDNA IgA Abs (Figure 7D), persistent bacteriuria promotes an IgG response (Figure
8), possibly because the chronic tissue damage leads to a leak in the epithelial barrier and
to systemic exposure of bacterial products. Future studies are needed to correlate the levels
of plasma vs urine IgA, a further sign of chronic urinary infections. (Breedveld & van

Egmond, 2019)

Anti-Curli/eDNA Levels Correlate With Female Sex

Since UTIs are more frequent in the female sex, we hypothesized females would have more

anti-curli/eDNA antibodies compared to males. We did find some males had bacteriuria

but it was not persistent (Table 1). When comparing between males and females the
percentage of bacteriuria within the total samples collected (Number urine samples per
patient = or > 3) was significantly different between the two groups. The mean for the
percentage of bacteriuria for females was of MeantSEM=54.201+3.795 Median=56 and
men bacteriuria percentage was MeantSEM=33.60+4.86 Median=31. The levels of both
anti-curli/eDNA IgG and IgA Abs were significantly higher in female than in male SLE
patients when looking at patients with at least three urinalyses (Figure 8E&F), supporting

a role for bacteriuria in eliciting these Abs primarily in females.
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Uropathogenic E. Coli (UPEC) From Lupus Patients Produce Curli/eDNA

Complexes

To confirm the ability of bacteriuria to expose the immune system to curli/eDNA
complexes, we isolated uropathogenic E. coli (UPEC) from the urine of three SLE patients
with bacteriuria from the Temple Lupus Program (Figure 4G-H). The clinical isolates
(UTI-1, UTI-2 and UTI-3) produced colonies, with a classic red, dry and rough (rdar)
morphology, signs of production of curli amyloids and cellulose, on YESCA plates
supplemented with Congo Red and Brilliant Blue to stain curli and cellulose, respectively
(Figure 8H). Moreover, the SLE isolates generated vigorous biofilms, with a thickness
similar to the standard lab strain (UTI89) (Figure 8I), while the curli-mutant produced a
thin biofilm as reported(Gallo et al., 2015). These results indicate that SLE patients harbor
bacteria able to generate biofilms expressing curli/eDNA complexes, as it was previously
suggested by the transcriptional signature of genes responsible for the synthesis of curli

found in patients during UPEC UTI (Luna-Pineda et al., 2019).
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Figure 8. The Association between Bacteriuria, IgG anti-curli/eDNA
antibodies and disease activity. A) Frequency of bacteriuria in SLE patients as measured
by routine UA ranged from never, to intermittent (<100%), to persistent at every visit
(100%). B) Levels of anti-curli/eDNA Abs (IgG) and C) anti-dsDNA IgG Abs were
compared between patients with increasing frequency of bacteriuria evaluated during at
least 4 consecutive visits over two years. Wilcoxon test. D) Levels of anti-curli/eDNA
against Salmonella are compared between patients with bacteriuria, as detected by routine
urine analyses with microscopy and calculated using a +, ++, +++ grading system.
Unpaired two tailed T-test. E-F) Anti-curli/eDNA IgG and IgA Abs levels were compared
between sexes who had three urinalyses. Welch’s T-test. G) Percentage of bacteriuria was
calculated by dividing the total number of samples per patient by the positive bacteriuria
samples. The patient had to have at least three urine samples to be included in the analysis.
UPEC in lupus patients produce curli containing biofilms. Colony morphologies of E. coli
wild type, curli and cellulose mutants as well as three UTI isolates from SLE patients with
bacteriuria were grown using YESCA plates supplemented with Congo Red and Brilliant
Blue. Curli production is shown by the wrinkled rdar morphology. H). Crystal violet assay
was performed to measure biomass of the biofilm generated by three E. coli isolates from
urine of SLE patients in comparison to the reference E. coli WT (UTI89) and its isogenic
CsgA deficient mutant (curli-). H&I) Part H and I were completed by Ryan Pachucki and
Lauren Nicastro.
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Do Curli/eDNA Complexes Increase After Disease Diagnosis.
To determine if the levels of anti-curli/eDNA abs increase after SLE diagnosis we obtained

a cohort from the Oklahoma medical research center (OMRC). We hypothesized the levels

of anti-curli/eDNA antibodies might be marker for disease diagnosis. In this cohort we

included 20 samples collected from SLE patients before and after disease diagnosis. The
OMRC cohort has been used before in lupus research. (Munroe et al., 2017). The authors
found people who developed SLE had an increase of inflammatory mediators including B
lymphocyte stimulator and interferon associated chemokines. In addition, healthy controls
were provided by the OMRC. These healthy controls were healthy relatives of the SLE
patients. The healthy blood was drawn at two time points.

We found that anti-curli/eDNA antibodies IgG did not significantly increase between pre-
disease and diagnosis (Figure 9). We did not find any significant difference between the
total IgG between pre-disease and diagnosis (Figure 10). We used both the clinical strain
and lab strain and found similar results. Finally, we checked if there was any difference in
the anti-dsDNA levels between pre-disease and diagnosis (Figure 11). Interestingly, we
found most of the lupus patients did not have high levels of anti-dsDNA. We conclude this
cohort was the minority of cohorts where anti-dsDNA was not the predominant factor in
the disease. As a result, it would be interesting to look at other available cohorts were
multiples samples are drawn before and after diagnosis and patients are positive for anti-

dsDNA antibodies.
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Figure 9. Anti-curli/eDNA levels are not higher in pre-lupus individuals compared to
the time they are diagnosed with lupus in the OMRF cohort. We obtained plasma
samples from the Oklahoma Medical Research Foundation (OMRF). These samples
include SLE donors before their diagnosis (Pre-lupus) of lupus and after their diagnosis
(Lupus). In addition, we obtained plasma from the relatives of the SLE donors. The OMRF
gave us two time points of plasma from an individual healthy donor. We labeled the healthy
plasma as either baseline or follow up. We then tested the plasma for anti-curli/eDNA
levels. We tested with both Salmonella or E. coli curli/eDNA stocks. We did not find any
significant difference between the groups. (Paired two tail T-test).
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Figure 10. Total IgG levels are not higher in pre-lupus individuals compared to the
time they are diagnosed with lupus in the OMRF cohort. We obtained plasma samples
from the Oklahoma Medical Research Foundation (OMRF). These samples include SLE
donors before their diagnosis (Pre-lupus) of lupus and after their diagnosis (Lupus). In
addition, we obtained plasma from the relatives of the SLE donors. The OMRF gave us
two time points of plasma from an individual healthy donor. We labeled the healthy plasma
as either baseline or follow up. We then tested the plasma for Total IgG We did not find
any significant difference between the groups. (Paired two tail T-test).
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Figure 11. Anti-dsDNA IgG levels are not higher in pre-lupus individuals compared
to the time they are diagnosed with lupus in the OMRF cohort. We obtained a plasma
sample from the Oklahoma Medical Research Foundation (OMRF). These samples include
SLE donors before their diagnosis (Pre-lupus) of lupus and after their diagnosis (Lupus).
In addition, we obtained plasma from the relatives of the SLE donors. The OMRF gave us
two time points of plasma from an individual healthy donor. We labeled the healthy plasma
as either baseline or follow up. We then tested the plasma for anti-dsDNA We did not find
any significant difference between the groups. (Paired two tail T-test).
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Discussion:

The source of immunogenic auto antigens in SLE remains unclear, including the DNA that
is recognized by the pathognomonic anti-dsSDNA autoAbs. (Putterman et al., 2012)
Bacterial DNA has been previously proposed to play a role in lupus etiology as antigenic
mimicker of self-DNA (G. S. Gilkeson et al., 1989) (Hamilton et al., 2006) Our results
show that curli/eDNA complexes expose bacterial DNA that can be recognized by specific
Abs present in SLE patients and suggest that both anti-curli/eDNA Abs and anti-dsDNA
autoAbs can bind structures on curli/eDNA. Moreover, curli/eDNA complexes can cross-
react with self-DNA and trigger or amplify the production of autoAbs in lupus patients.
These results also suggest that the repertoire of epitopes that curli/eDNA exposes is large
and spans from amyloid-curli specific residues to bacterial DNA and it can mimic host
dsDNA. Our findings are reminiscent of those of Azzouz and colleagues, where a similar
mechanism was demonstrated with the gut commensal Ruminococcus gnavus (Azzouz et
al., 2019). Therefore, our results expand the concept of autoimmune cross-reactivity to

curli/eDNA complexes.

The Enterobacteriaceae E. coli and S. Typhimurium are characterized by the production of
curli/eDNA complexes which form biofilms and are associated with bacteremia in SLE.
(Marcos et al., 2011) Interestingly, activation of the innate immune system by bacteremia
is supported by the report that lupus patients have increased plasma levels of LPS and
peripheral blood mononuclear cells with a transcriptome suggestive of chronic exposure to

endotoxins (Shi et al., 2014) We have previously demonstrated that systemic injection of
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curli/eDNA complexes accelerated lupus disease in lupus-prone mice, as did systemic
infections with E. coli or S. Typhimurium in a curli-dependent manner. (Gallo et al., 2015)
Our newly established protocol provides a highly sensitive measurement of the humoral
immune response against curli/eDNA complexes that were purified from biofilms of E.
coli and Salmonella Typhimurium. Although previous literature showed the presence of
similar antibodies in patients who survived sepsis, it did not examine the general
population. (Bian et al., 2000) Here we show that the general population is positive for
anti-curli/eDNA Abs, suggesting curli/eDNA as important antigen in the recognition of
enterobacteria. Moreover, the levels of anti-curli/eDNA Abs in lupus patients correlate
with flares and persistent bacteriuria, suggesting that previously considered benign
recurrent infections such as UTIs might instead be a constant autoimmune trigger in

genetically predisposed individuals.

Indeed, it is important to remark the new finding that 35% of SLE patients had
asymptomatic bacteriuria, a result that open a new perspective on lupus pathogenesis.
Infections of the urinary tract are frequent in women of reproductive age, the peak of SLE
onset, and many of them are caused by uropathogenic E. coli (UPEC). Although immune
suppression may increase the rate of UTI and/or bacteriuria in SLE, in our cohort it did not
seems the case since there was the same frequency of immune suppression in patients
having never, intermittent or persistent bacteriuria (Table 1). These bacteria produce
curli/eDNA complexes, increasing their capacity to colonize the bladder and invade the
blood stream(Hung et al., 2014). Interestingly, not only we found that female lupus patients
had frequent bacteriuria, but importantly we found that those female lupus patients had
significantly higher levels of anti-curli/eDNA IgG Abs, of anti-dsDNA Abs and stronger
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signs of inflammation, suggesting an active immune stimulation. Our results suggest that
female predominant common infections such as UTIs and even asymptomatic bacteriuria
can trigger and/or sustain systemic autoimmunity, providing a new mechanism for the

increased prevalence of lupus in females.

In summary, the higher levels of anti-curli/eDNA IgA in SLE patients provides a
pathogenic role for curli/eDNA during mucosal infections in lupus, and the increased anti-
curli/eDNA IgG during flares signals disease activity. Our results also show a clinical
relevance for the asymptomatic presence and persistence of curli-expressing bacteria in the
urine of SLE patients and link these pathogens to human autoimmunity as agents of cross-
reactivity to elicit a humoral immune response to DNA. Our findings warrants further
studies with larger number of lupus patients and from different cohorts; nevertheless, since
anti-curli/eDNA Abs correlate with both bacteriuria and flares, we propose them as
serological biomarkers of systemic exposure to bacterial products, and together with
bacteriuria and other parameters of disease activity and inflammation, we suggest testing
appropriate antibiotic therapy as adjuvant to standard of care, to prevent or treat flares in

lupus patients who present with high titers of anti-curli/eDNA and persistent bacteriuria.

Future directions:

We propose to perform several experiments to continue this work. One experiment is to
extract bacterial RNA from the urine of patients classified as persistent, intermediate, and
never. [t will be interesting to test if there any differences between the genes expressed by
E.coli during different colonization states. Furthermore, our group is working on

classifying the microbiome in the urinary bladder between SLE and healthy controls. It
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will be interesting to see if there are difference in the microbiome between these two
groups. Furthermore, we will test if there any differences between SLE patients with no
urinary infections and SLE patients with urinary tract infections or bacteriuria. This work
provides basis to further research the differences at the urinary bladder level. The ultimate
goal is to perform interventional trials where the urinary microbiome can be “reset” to

normal and determine if the change reduces flares in lupus patients.
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Table 1. Patients’ Demographics

Bacteriur Never Intermitte Persistent p-

ia nt value*
Age (median years) 48(10.3) 37.2(13.4) 39.2(12.2)  n.s.
Sex (% female) 66 100 100 <0.02

Race/Ethnicity (n)

African American 6 7 6 n.s.
Hispanic 1 3 n.s.
Other 1 2 1 n.s.

Medications (% usage)

Hydroxychloroquine 100 100 80 n.s.
Immunosuppressants 75 38 30 n.s.
Prednisone 62.5 88 80 n.s.

* Values < 0.05 were considered significant. n.s.= not significant
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Table 2. Inflammation and disease activity markers correlate with

Bacteriuria

Bacteriuria Never Intermittent Persistent p-value

Anti-Curli/eDNA Abs 0.44 (+0.14) 0.48 (+0.16) 0.71* (+0.25) 0.001

Hgb 11.19 (+1.47) 11.06 (+1.8) 10.76* (+1.86)  0.01

Lymph (Absol. count) 1527 (+1269) 694* (+878) 575* (+697) 0.0001

PLTs (Absol. count) 230.7 (+103.3)  253.04* 257.5% (+86.5)  0.004

(£109.6)

PMN:s (%) 57 (+12.70) 58.9 (+15.3) 67.88** (+11.1)  0.0004

ESR 33.72 (+24) 51.36* (+36.7)  66.3* (+35.9) 0.0001

c3 113.57 (+15.4)  113.75(+30.80) 96.38** 0.0001
(+27.12)

Globulin 3.38 (£0.51) 3.65* (+£0.6) 3.92** (£0.75) 0.0001

anti-dsDNA 7.65 (+8.17) 35.26 (£32.52)  87.9** 0.0001
(+101.81)

Flares (%) 50 66 90 0.03

Averages and = SD of laboratory results from 27 SLE patients. O.D. of anti-
curli/eDNA Abs in plasma; Peripheral blood Absolute counts of Lymphocytes
(Lymph) and platelets (PLTs); % of polymorphonucleated cells (PMNs);
Erythrocyte Sedimentation Rate (ESR); Complement 3 (C3) mg/dl; Globulin; % of
SLE patients who had Flares. Results from one-way ANOVA are reported as in the
column of the right. Results from the post-hoc t-tests of the comparisons between
Intermittent and Persistent vs Never are signaled with * close to the numbers, while
the comparisons between Intermittent vs Persistent with *. Values < 0.05 were
considered significant. n.s.= not significant. *p < 0.05, **p < 0.01, *** p < 0.001"

46



CHAPTER 2
THE ROLE OF NEUTROPHILS IN SLE
Polymorphonuclear leukocytes (PMNSs) or neutrophils are the most abundant immune cells
in humans and are one of the first responders to bacterial and fungal infections. PMNs have
multiple granules that contain antimicrobial enzymes. Because of their granules,
neutrophils are more dense than other immune cells. This allows researchers to separate
neutrophils from peripheral blood mononuclear cells(PBMCs) from blood samples using a
Ficoll gradient. The study of neutrophils has led to the understanding of how neutrophils
recognize and respond to pathogenic associated molecular patterns(PAMPs) from foreign
antigens such as bacterial proteins and LPS. Toll like receptors(TLRs) and other receptors
are found on the surface or within neutrophils. Neutrophils have the TLRs that curli/eDNA
complexes bind to in vitro and vivo: TRL1, TLR2, and TLRO. (Prince et al., 2011) PMNs
use various antimicrobial mechanisms such as the release of proteases, reactive oxygen
species, and the recently discovered neutrophil extracellular traps (NETs) (Brinkmann,
2004) Neutrophil extracellular traps are extracellular DNA originating either from nucleus
and/or mitochondria. In addition, NETs may contain histones, myeloid peroxidase (MPO)
and elastase. All of these properties can help kill bacteria or fungi. NETs are released from
the nucleus from various processes. Some of these processes include the rupture of the cell
membrane which causes the release of the DNA. In other cases, NETs are released in
cellular vesicles. Currently, most studies use phorbol myristate acetate (PMA) or L-
methionyl-L-leucyl-phenylalanine (fMLP) to study NETosis ex vitro. It has been

demonstrated PMA induces ROS and PKC theta to signal NETosis.(Kilpatrick et al., 2010)
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(Kilpatrick et al., 2000). Therefore, more work is needed to understand how physiological
stimuli can induce NETosis, especially in SLE. Currently, there has been some
complications on consist testing of LPS on neutrophils. (Boeltz et al., 2019) Some
researchers show LPS alone can induce NETosis. However, other groups have shown the
platelets have crucial role in activating neutrophils to induce NETosis. For example, it has
been demonstrated that LPS can activate TLR4 signaling on platelets to activate them; in
turn, this causes the activation of neutrophils (Clark et al., 2007). It is known PMA and
LPS use ROS to generate NETs. One of main sources of ROS is superoxide from a
complexes called nicotinamic adenine dinucleotide (NADPH). It is known that this
complex translocates to the cell membrane and forms reactive oxygen species (ROS) in
response to different stimuli. Inhibition of NADPH reduces ROS production and NET
production. As a result, NADPH and ROS has a direct effect on the formation of NETs. It
has been reviewed that patients with defects in NADPH have more frequent bacterial
infections. (Nguyen et al., 2017) It has also been shown some lupus patients have SNPs in
their NADPH oxidase. This was associated with altered formation of NETs (Linge et al.,
2020). It is hypothesized ROS is important for the activation of histone citrullination
proteins. One of these proteins is called PAD4. Chromatin decondensation by
peptidylarginine deiminase 4 (PAD4) is a process in NET production in which PAD4
converts arginine into citrulline on histone tails. (Li et al., 2010). PAD4 has also been
shown to be important in decreasing NET production in vivo and by decreasing kidney

disease in the lupus prone mouse MRL/Ipr. (Knight et al., 2015)
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The release of this extracellular DNA into the extracellular space can occur in different
ways. For examples, DNA release can occur in vesicles or by the direct distribution of the
cell membrane. (Vorobjeva & Pinegin, 2014).

In addition, not all infections induce a ROS response and are needed to induce NET
production(Byrd et al., 2013) It is thought that stimuli have distinct pathways to induce
NETosis. (Kenny et al., 2017) Therefore, this pathway is not random and does require cell
signaling. Finally, emerging research has shown other cells have the ability to release
extracellular DNA. These cells include eosinophils and monocytes. (Ueki et al., 2013)

(Schulz et al., 2019).

Detection Of NET's

NETs can be detected by scientists using various methods. There are methods that focus
on microscopy as the primary way to identify NETs. Brinkman used the electron
microscope to image NETs capturing bacteria. (Brinkmann, 2004) Others use fluorescent
microscopy by staining NETs with fluorescence dyes or antibodies against DNA, MPO,
elastase, or other proteins found in NETs. These images then can be used to detect cells
undergoing NETosis and quantify how many cells are undergoing NETosis. However, this
method can lead to some biased analysis. In addition, it can sometimes be difficult to
identify individual cells in a field of view. Some cells clump together or have their cell
membrane completely destroyed.

Other methods include using unbiased quantifications of NETosis using a
fluorescent dye and a fluorescent plate reader. One example is the use of Sytox green. This

dye does not penetrate the cell membrane unless the cell membrane is damaged. As a result,
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this dye can successfully measure only extracellular DNA. After measuring the data using
a fluorescent plate reader, the data can be quantified and be analyzed During this assay
untreated cells are used to measure background. This background is then subtracted from
the treated values. The end result is the delta fluorescent. This method provides an unbiased
approach to measure NETosis. The only downside is one has to make sure the readings are

true representation of the events occurring in cell culture well.

How Bacteria Respond To NETosis

It is known PMNs respond to infections by releasing NETs. The release of NETs is often
beneficial for the host because NETs can capture bacteria and act as an antimicrobial
complex of DNA and enzymes. This complex is meant to prevent the spreading and
translocation of bacteria into other tissues or the bloodstream. However, bacteria have
found ways survive and disrupt this process. For example, some bacteria such as
Salmonella can inhibit the production of ROS from neutrophils in order to be pathogenic.
This could potentially inhibit NET production and allow bacteria to translocate to other

areas of the body. (Nguyen et al., 2017) (Vazquez-Torres, 2000)

NETs In Disease

It has been recently reported NETs can be found in oral cavity of humans. Patients with
periodontitis and gingivitis have a decrease amount of neutrophil chemotaxis and NETosis.
(F. Zhang et al., 2020)Therefore, demonstrating neutrophils are important to combat
chronic infections. It has been reported that neutropenic patients have chronic infections.
However, in inflammatory condition such as sepsis, arthritis or Lupus, NETs can cause

severe acute or chronic inflammation. (Serensen & Borregaard, 2016)
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In sepsis NETs are known to be a source for danger associated molecular patterns
(DAMPS). Example of DAMPS are ATP and DNA. These DAMPs are released during
cell death and inflammation. These danger signals attract immune cells to sites of
inflammation. As a result, immune infiltration and activation occurs. NETs are DAMPs
can cause more PMNs to be activated. As a result, there is an increase of inflammation. In
sepsis, these DAMPs are pathogenic because they cause uncontrolled inflammation. It is

hypothesized SLE NETs can be an autoantigen and induce chronic inflammation.

Nets In Lupus

NETs usually form when they bind to a surface. In vivo, it has been reported neutrophil
adhere to the vascular wall and form NETs. In a healthy individual this inflammation can
be resolved by DNases. In inflammatory disease like lupus there are chronic infections
and/or a malfunction in the anti-inflammatory mechanisms. As a result, NETs kill
surrounding tissue and cause the release of danger associated molecular patterns (DAMPs)
which attract more neutrophils and are NET inducers themselves. Moreover, it has been
demonstrated neutrophil activation can lead to platelet activation. This activation of
platelets can cause thrombosis within the vessels. (Clark et al., 2007). This chronic
inflammation can lead to vascular disease in lupus patients. In vivo works shows NET
formation occurs in liver of mice and can persist for hours. (Kolaczkowska et al., 2015)
The reason for this NET formation is to prevent bacteria to spread throughout the body.
The result is NETs found in the vascular system, and specifically found in the liver.
(McDonald et al., 2012) The vascular system is one of the most studied sites for NET

formation; however, they can be found in other parts of the body. As mentioned before
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NETs can be found in the oral cavity. In addition, they can be found in the urinary
bladder.(Yanbao Yu et al., 2017)

Other hallmarks of NETs in SLE are: SLE patients have shown an increase levels

of NET production in vitro compared to healthy controls. In addition, they have oxidized
mitochondria DNA within the NET complex. These NETs and oxidized DNA released can
induce a type 1 interferon response. (Caielli et al., 2016) NETs from SLE patients also
show resistance to degradation by DNases and correlate with renal disease. Moreover,
NET production can induce a type 1 interferon response by plasmacytoid dendritic cells,
which are important in the pathogenesis in SLE. NETs can be a source of auto-antigens in
SLE, involved in lupus nephritis1(S. Gupta & Kaplan, 2016) Moreover, NETs can cause
inflammation by inducing a pathogenic feedback loop between NETs and cytokines IL-18
and IL-1 beta. It is known NETs can induce those cytokines and IL-18 and IL-1 beta
induces NET production from neutrophils. (Kahlenberg et al., 2013) As a result, this can
make it harder for the body to resolve inflammation during an infection.
It has been demonstrated that a subgroup of lupus patients has NETs that are resistant to
degradation to DNase. In these patients there was correlation of this defect with higher
incidence and severity of kidney disease. (Hakkim et al., 2010) Therefore, NET production
is associated with increase of disease activity in SLE. Recent inhibitors such as DNase 1
and anti-C5a monoclonal antibodies have not decrease disease activity after phase I clinical
trials. As a result, more novel targets are needed to inhibit chronic NET production.

In addition, researcher have found cells call low density granulocytes (LDGs) can
also release extracellular DNA. LDGs are known to be present in several inflammatory

diseases including lupus. In lupus, LDGs are pathogenic because they release high amounts
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of DNA compared to PMNSs at baseline. (Carmona-Rivera & Kaplan, 2013) As a result,
these LDGs can be a source for chronic inflammation during non-infectious periods.
However, these LDGs do not release any more DNA during stimulation of PMA.
Therefore, suggesting these cells release their highest amount of DNA during baseline. It
also has been suggested these LDGs are important in the pathogenic mechanism of
vasculitis in lupus.

NETs are a source for

autoantigens and DAMPs
causing inflammation

o Induce cytokines
(IL-1 beta) by
macrophages

Can induce type | interferons
by dendritic cells

Ilustration 1. NETs are pathogenic is SLE: NETs alone are a source of DAMPs. In SLE
NETs can be a of autoantibodies and trigger the type 1 interferon pathway. Type 1
interferons are a hallmark of SLE and pathogenic in the disease. In additions, NETs can be

source of auto-antigens.
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Role Of Mitochondria In Neutrophils

MCU is a mitochondrial calcium uniporter found within the inner mitochondrial
membrane. This transmembrane protein is known to control the amount of calcium into the
mitochondria. Its known that calcium influx is important for the membrane potential of the
mitochondria. It has been demonstrated that membrane potential is important for response
to stimuli. (Lood et al., 2016) In addition, mitochondria reactive oxygen species have been
shown to play important role in NET formation and lupus progression in mice.

A high amount of calcium into the mitochondria can be a signal for cell death. It has been
shown blocking MCU can decrease Neutrophil chemotaxis and polarization. (Zheng et al.,

2017)

Material and Methods:

Patients:
Neutrophils from 55 SLE patients randomly selected from the Temple Lupus Cohort (TLC)
were included in this study. The TLC is an IRB-approved prospective cohort of lupus
patients followed in the LKSoM Temple University lupus clinic. At each clinic visit each
TLC participant has a complete history and physical exam. Medication, laboratory data,
including general labs, anti-dsDNA levels, C3/C4 levels as well as urinalysis and a spot
protein to creatinine ratio (P/C). Disease activity and damage indices (SLEDAI and
SLICC/ACR DI) are also recorded as they are built within the electronic medical record

used at Temple. All the variables are extracted monthly. Plasma and urine are collected
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and stored from each patient. 20 age, sex and race matched healthy plasmas were used as
controls.

Neutrophils and NETosis: A Ficoll Plaque plus (GE Sciences catalog 17-1440-02) gradient
was used to separate plasma, peripheral blood mononuclear cells (PBMCs) and neutrophils.
The speed was 400xG for 30minutes with break off. Neutrophils were purified using a 6%
dextran gradient in 1X HEPES. The mixture was incubated at room temperature for 30
minutes or when the RBC layer became 50% of the tube volume. The tube was spun down
for 10 minutes at 1200rpm at 4°C. Then, it was aspirated to the pellet. The cells were placed
in a hypotonic solution (endotoxin free water) to lyse red blood cells. Then, 8ml of HEPES
was added and mixed well. Next, 24ml of endotoxin free water was added and mixed for
50 seconds. Then, 8ml of 3.6NACL was added (made in endotoxin free water) and mixed.
It was centrifuged for 10 minutes at 1200rpm at 4°C. Cells were washed with 15mL of
1X HEPES. Cell purity was determined by CD15+CD16+CD49d-. Then, the cells were
counted. Neutrophils were placed in RPMI1640 without phenol red supplemented with
streptomycin and penicillin, and L-glutamine, and 10% FBS. Neutrophils were seeded at
10,000 cells/ml with 5uM of sytox green. Then, the cells were allowed to rest for 30
minutes. Then, cells were treated with PMA 600nM(sigma), LPS 100ng/ml (sigma 026),
curli/eDNA complexes 500ng/ml. In some experiment inhibitors of NETosis was used:
DPI Sigma (Diphenyleneiodonium 100uM), PAD inhibitor (200uM) Sigma 506282, N-
acetyl-L-cysteine (100ng/ml) Sigma, glyburide(50pg/ml) Sigma, RU360 (10ug/ml) sigma,
chloroquine (1pg/ml. These inhibitors were used 30minutes except RU360 (1 hour) on
PMNSs before treatment with PMA, LPS or curli/eDNA complexes. Percentage of NET

production was calculated by dividing fluorescence of treated cells/ fluorescence of
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untreated cells X 100%. Sytox green was used to measure extracellular DNA using a
fluorescence plate reader. NET production was measured at 18 hours using a fluorescent
plate reader optimized using 492nm excitation and 530nm emission reading from bottom
of a black clear bottom 96 well plate as previously described. (A. K. Gupta et al., 2014)

The cells were then imaged in the same plate.

Elastase staining:
We followed similar staining protocols given by Mariana Kaplan (Grayson et al., 2015)
SLE PMNs were treated as described above. SLE PMNs were fixed with 4% PFA and kept
at 4°C overnight. PMNs were then spun at 4°C 1200rpm for 10 minutes. The media and
PFA was removed and the PMNs were blocked with 10% goat serum in sterile PBS for
one hour. Then, the cells were centrifuged and stained with 1:200 of rabbit anti- neutrophil
elastase (abcam 68672) in 1% goat serum for one hour. Then the cells were spun and
washed with PBS. After, we used 4ug/mL of goat anti-rabbit Rhoadamine Red-X for
30minutes on the PMNSs. Cells were washed and centrifuged and then placed in sterile PBS
for imaging.

Quantitative PCR:
qPCR was performed by treating 250,000 Neutrophils per 24 well with either curli/eDNA
complexes(1000ng/mL), LPS (200ng/mL), or PMA (600nM) for 2 hours. Then the cells
were harvested by adding 300uL of QIAzol Lysis Reagent ( Qiagen catalog 79306). The
samples were frozen and stored at -80°C.
RNA was thawed on ice and then extracted using the RNA extraction kit from Zymol

Research. Then, RNA samples were quantified using a nanodrop. The samples were
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normalized to 20ng/uL. Next, cDNA was created using the reverse transcriptase reaction
kit from Thermofisher (catalog 4368814). Samples were run on the recommended PCR
cycle. At the end samples were then mixed with equal amount of RNase/DNase free water.
We used the TagMan PCR reagent from Thermofisher ( catalog 4304437) as recommended
along with primers from Thermofisher. Primers used in this study were IL-6
(Hs00174131_ml) TNFo (Hs00174128 ml), IL-8 (Hs00174103 m1), Beta Actin

(Hs01060665 gl1), B2M (Hs00187842 m1), GADPH (Hs02786624 g1).
PBMC Isolation And RNA Extraction

Patients were consented according to Temple’s ICB protocol. Blood was collected in
heparinized and EDTA tubes. Ficoll Plaque plus (GE Sciences catalog ) gradient was
used to separate serum, PBMCS and neutrophils. PBMCS were treated with NH4 and

KCO to lyse red blood cell contamination.

Cells were washed with cold PBS after 6hrs and spun at 1200 RPM for 10 mins. The
supernatant was removed and Qiagen lysis buffer plus (catalog 1053393) was added
directly into the wells. The lysate was mixed and frozen in Eppendorf tubes for later

RNA extraction. Micro RNA extraction kit (Qiagen) , using PBMC protocol provided by

Qiagen.

Results:

Lupus Patients Produce More NETs Compared To Healthy Controls When Stimulated
With Curli/eDNA Complexes

Since other amyloids induce NETosis we hypothesized curli/eDNA complexes could

induce NETosis by human neutrophils. We treated human neutrophils with PMA, LPS, or
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curli/eDNA complexes. PMA was used as our positive control since its known to induce
NETosis. (Remijsen et al., 2011, p. 2011) Its known LPS induces NETosis at a higher level
when platelets are present. (Clark et al., 2007) Blood was collected using heparin coated
tubes to prevent clotting and high yield for plasma and cell recovery. As a result, no
platelets were present in our studies. In our study, we used LPS to test how the healthy and
SLE PMNs responded to a gram-negative pathogen associated molecular pattern(PAMP)
without the presence of platelets. Since its known other amyloid fibrils induce NETs, we
hypothesized the amyloid curli would induce NETs without the presence of platelets.
(Azevedo et al., 2012)

Images were taken using the same cells from plate assay using an inverted fluorescent
microscope. We observed visual NET production by PMA, LPS, and curli/eDNA (Figure
12).When SLE neutrophils were stimulated with PMA we found SLE neutrophils produced
more NETs (Mean 373.4+ SEM 36.8=2 N=56) compared to healthy controls (238.0+37.45
N=18) (Welch’s T Test). When neutrophils were stimulated with LPS, SLE neutrophils
(149.749.54 N=48) produced more NETs compared to heathy controls (112.8+ 9.45
N=19). Overall, SLE neutrophils (166.75£12.37 N=56) made more NETs compared to
healthy controls (113.7+6.59 N=20) when treated with curli/eDNA (Figure 13). We did not
observe any difference between the spontanecous NETosis (baseline calculated by
fluorescence/ # cells.) between SLE (12.02+1.31 N=56 and healthy donors (19.73+4.39
N=20). We did find observe a false positive from curli/eDNA stocks binding to Sytox green
(Figure 14) We observed curli/eDNA did not induce more NETs compared to LPS (data
not shown). In addition, we observed neutrophil elastase release in response to PMA, LPS

and curli/eDNA complexes (Figure 15).
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Untreated PMA

Figure 12. Curli/eDNA complexes induce NETosis in human Neutrophils. Human
neutrophils were treated with PMA, LPS, and curli/eDNA complexes. We imaged
neutrophils using Sytox green dye and used the FITC channel using a fluorescence
microscope.
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Figure 13. SLE neutrophils make more NETs in response to stimuli compared to
healthy controls. A) Human neutrophils were treated with PMA, LPS, and curli/eDNA
complexes. We normalized the fluorescence from Sytox green to the untreated cells for
each patient expressed as percentage of NET production. Lupus neutrophils produced more
NETs than healthy controls when treated with PMA, LPS, CpG-A, and curli/eDNA
complexes. (Unpaired T-test * p<0.05, ** p<0.01 *** p<0.001).
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Figure 14 Curli/eDNA complexes do not give a false positive for NET production.
We checked if curli/eDNA complexes bind Sytox green at high levels. We tested just
media alone or with curli/eDNA complexes from multiple sources or the single subunit
csg-A. CpG-A was used as our positive control.
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Untreated PMA

LPS curli/eDNA

Figure 15. Curli/eDNA complexes induce Elastase release from neutrophils. SLE
PMNs were treated as described above. SLE PMNS were fixed with 4% PFA and kept at
4°C overnight. Then, the cells were centrifuged and stained with 1:200 of rabbit anti-
neutrophil elastase.
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In SLE Donors NETosis Activity Induced By Curli/eDNA Complexes Correlates With
NETosis Activity Induced by LPS And PMA

We next asked if patients who responded with high production of NETSs to one stimulus

would respond similarly to other stimuli. We performed a multivariate correlation using

JMP to analyze the correlation of NET production between baseline, PMA, LPS, and
curli/eDNA from SLE and healthy PMNs. We observed from SLE PMNs NET production
induced by curli/eDNA complexes correlated with NET production induced by PMA and
LPS (Figure 16). Interestingly, we did not observe any correlations between healthy PMNs

NETosis levels between different stimuli (Figure 17).

Patients Who Are Anti-dsDNA Positive, Their NETs Production Induced By Curli/eDNA
Complexes Correlated With The NET Production By LPS

We hypothesized patients who are anti-dsDNA Ab positive would respond with high
production of NETs to stimuli. It is known patients who are anti-dsDNA ab positive make
higher amount of NETs compared to patients anti-dsDNA negative when treated with
immune complexes. (van der Linden et al., 2018) In addition, we performed a multivariate
correlation using JMP to see if there was a difference between those patients positive for
dsDNA AB(Figure 18) and those negative for dsSDNA (Figure 19) AB when comparing
NET production by different stimuli. In those patients who are anti-dsDNA positive, we
saw statistically significant positive correlations. Interestingly, we saw no correlation

between NET production by curli/eDNA complexes with NET production by LPS.
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Patients Who Are Anti-dsDNA Positive Have Higher NET Production Induced By
Curli/eDNA Complexes
It’s known that patients who are anti-dsDNA positive makes more NETs in response to
immune complexes compared to patients who are anti-dsDNA negative. (van der Linden
et al., 2018) Therefore, we asked if patients who are anti-dsDNA positive make more NETs
in response to PMA, LPS, or curli/eDNA complexes compared SLE patients negative for
anti-dsDNA. We accessed anti-dsDNA Ab status using EPIC at Temple University
Hospital. We did observe a significant difference between SLE patients who are anti-
dsDNA positive (Mean= 183.61+17.55 N=37) compared to those negative for anti-dsDNA
(Mean 140.9849.005 N=17) when comparing NET production by curli/eDNA complexes.
Patients were excluded if they had a NET production value below the baseline. Welch’s T-

test was used to test significance (Figure 20).
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Figure 16. SLE neutrophils are prone to NETosis in response to a stimulus.

We performed a multivariate correlation using JMP to analyze the correlation of NET
production between baseline, PMA, LPS, and curli/eDNA from SLE PMNs. We observed
from SLE PMNs NET production induced by curli/eDNA complexes correlated with NET
production induced by PMA and LPS. Interestingly, we did not observe any correlations
between healthy PMNs NETosis levels between different stimuli.

66



Baseline ¢ ;%ils,:f.

PMA

PMA

250.7=0.6093 r==0.3789 r=0.0687+

Curli/eDNA

LPS

Curli/eDNA

L o e o e o o e e e e e e ) I S po S o o
010 30 50 70 0100 300 500 50 100 150 200250 60 100 140 180

Baseline

PMA

LPS

Curli/eDNA

Healthy

Figure 17. Healthy PMNs NETosis levels do not correlate between stimuli compared
to SLE. We performed a multivariate correlation using JMP to analyze the correlation of
NET production between baseline, PMA, LPS, and curli/eDNA from healthy PMNs. We
observed from Healthy PMNs NET production induced by curli/eDNA complexes did not
correlated with NET production induced by PMA and LPS.
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Figure 18. SLE neutrophils that are from an anti-dsDNA positive donor are prone to
NETosis in response to stimuli.

In addition, we performed a multivariate correlation using JMP to see if there was
difference between those patients positive for dSDNA AB and those negative for dsSDNA
AB when comparing NET production by different stimuli. In those patients who are anti-
dsDNA positive we saw statistically significant positive correlations.
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Figure 19. NETosis levels do no correlate between LPS and curli/eDNA in SLE PMNs
from anti-dsDNA negative patients. In addition, we performed a multivariate correlation
using JMP to see if there was difference between those patients positive for dsDNA AB
and those negative for dsSDNA AB when comparing NET production by different stimuli.
In those patients who are anti-dsDNA negative we saw no statistically significant
correlations between NETosis by LPS and curli/eDNA.
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Figure 20 Patients who are anti-dsDNA positive makes more NETs in response to
Curli/eDNA complexes. We obtained from EPIC the patients anti-dsDNA status. Using
JMP we classified patients who were positive or negative anti-dsDNA We used the
NETosis data from figure 13 to determine any difference between the two groups. A two
pair T-test was used to determine if the groups were statistically different.
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African American Make More NETs In Response To LPS Compared To Hispanics

Heterogeneity is seen in SLE. In our cohort we observed a wide range of NETosis levels

between patients. We hypothesized that patient demographics could contribute to NET

production and help contribute to NETosis levels. Most of our cohort were either African

American or Hispanic. We group patients based on their ethnicity and compared their NET
production between stimuli(Figure 21). We found neutrophils treated with PMA made
more NETs if there were from African American (Mean=170.2+£14.17, N=27) donor
compared to a Hispanic donor (Mean=132.619.97, N=15).

Females Make More NETs In Response To PMA Compared To Males
The majority of patients with SLE are female. Our cohort also had a majority of females.
We found females (Mean=393.7£39.28 N=50) produced more NETs compared to

males(Mean 281.5£32.02 N=4) in response to PMA(Figure 22).

Patients With Bacteriuria Make More NETS In Response To PMA And Curli/eDNA
Complexes.
Next, we tested if patients with current bacteriuria made more NETs. We determined
bacteriuria by either the patient have positive bacteria in the urine or signs of infections
such as an increase of nitrates or leukocyte esterase. Then we compared if patients with
bacteriuria had an increase of NET production compared to patients that had no signs of
urinary tract infection. Patients who made more NETs with PMA when they had present
bacteriuria(Figure 23) (549.41£76.65 N=20) compared to patients with no bacteriuria
(322.6+ 44.26 N= 20 unpaired T-test). We saw similar results when comparing NET

production by curli/eDNA complexes when comparing bacteriuria positive patients

73



(227.01£29.65 N=19) to bacteriuria negative patients (140.85+8.97 N=21). Unpaired T-

test.
Patients With Flares Tended To Make More NETs In Response To Curli/eDNA

Complexes Compared To Patients In Remission

In some patients we were able to collect blood at two-time points. We tested if these

patients at their flare state made more NETs. We determined flares if patients had an

increase in their SLE Disease Index (SLEDAI) by three points from their previous visit.
We compared their NETosis levels based on their disease state(Figure 24). We found
patients with flares (Mean NET production=223.8+39.93) trended to make NETs (Mean
NET production=147.0+12.06) when stimulated with curli/eDNA complexes (Paired T-

Test N=06).
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Figure 21. Patients who are African American makes more NETs in response to LPS
compared to Hispanics. We obtained from EPIC the patients’ ethnicity. Majority of the
patients enrolled in this study were African American or Hispanics. A two pair T-test was
used to determine if the groups were statistically different.

75



PMA Treated
30 ) 1500- 1
O Y < :
-TS) 20 ':" 22 1000- ¢
) ° 0 =
g . # 33 :
10{ = > &2 4
o % - 9 500- K
W 3 3
12' z< e X
0 . - ) lsl
Male Female 0 T T
Males Females
LPS Treated Curli/leDNA Treated
500- N.S. 600 |—|N'S'
l l ] [ ]
400
400
300- °
(]
200 .a. .
o A 200-]
—— -2
1004 ° #
0 0 | |
T T Males Females

Males Females

Figure 22. Patients who are Female makes more NETs in response to PMA compared
to males. We obtained from EPIC the patients’ sex. Majority of the patients enrolled in
this study were female. A two pair T-test was used to determine if the groups were
statistically different.
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Figure 23: Patients who have bacteriuria in their urine make more NETSs in response
to PMA and curli/eDNA complexes. We obtained from EPIC the patient’s sex. Majority
of the patients enrolled in this study were female. A two pair T-test was used to determine

if the groups were statistically different.
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Figure 24. Patients who have flares trend to make more NETS in response to
curli/eDNA complexes. We obtained from EPIC the SLEDALI of patients during visits.
Patients who were enrolled twice in the study were used to determine differences in their
disease state determined NET production. A 3-point increase in SLEDAI between visits
was determined as a flare. A two pair T-test was used to determine if the groups were

statistically different.
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ROS Inhibitors Decrease NETosis By Curli/eDNA Complexes

Next, we wanted to test the molecular pathways of how curli/eDNA complexes induce

NETs in SLE PMNs. SLE PMNs were pretreated with different inhibitors for 30 minutes

before adding PMA, LPS, or curlieDNA complexes. DPI (diphenyleneiodonium) has
been used frequently in inhibiting ROS production by NADPH oxidase. (Smith & Kaplan,
2015) We observed a significant decrease in NET production by LPS and curli/eDNA
complexes when pretreating with DPI (Figure 25). There was a trend of PMA decreases
NET production when pretreated with DPI. In addition, when using the antioxidant N-
acetyl-L-cysteine we observed a significant decrease of NET production by curli/eDNA
complexes (Figure 26). Most of the healthy PMNs did not respond to curli/eDNA as a

result it was difficult to analyze the effects of ROS on healthy PMNs. (Figure 26).
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Ilustration 2. Potential mechanism of how curli/eDNA complexes activate SLE
PMNs. Curli/eDNA complexes activate Neutrophils Extracellular traps. It is possible
curli/eDNA complexes enter PMNs through TLRs. The entry of curli/eDNA complexes
could induce ROS production from the mitochondria or from the NADPH oxidase
complex. It is known ROS is an important signal for PAD signaling and chromatin
decondensation. This process will release NETs and can a source for auto-antigens and a
trigger for type 1 interferons.

Chloroquine Does Not Decrease NETosis By Curli/feDNA Complexes.
Next, we used chloroquine which is hypothesized to decrease intracellular TLR signaling.
It has been shown chloroquine does decrease in vitro NET production (Smith et al., 2014).
However, chloroquine only decreased NET production from PMA and not from LPS or
curli/eDNA complexes (Figure 27). We did test chloroquine on healthy PMNs. We

observed chloroquine decreased NET production by curli/eDNA complexes. (Figure 27).

Inhibition Of MCU Decreases NETosis By Curli/feDNA Complexes But Not PMA
MCU has been suggested to play a role in neutrophil chemotaxis. (Zheng et al., 2017) To
date no one has tested if MCU plays a role in NETosis. We asked if SLE neutrophils use
MCU to respond to curli/eDNA complexes. Using similar dosages as described before
(Zheng et al., 2017) we found curli/eDNA activate neutrophils through a MCU dependent
pathway. ( Figure 28) Interestingly we found MCU did not block PMA activation. This
could be because PMA activates multiples pathways to induce NETosis. We observed

similar results when tested the MCU inhibitors on healthy PMNs. (Figure 28).
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PAD Inhibitor Decreases NETosis By Curli/Edna Complexes
Chromatin decondensation by peptidylarginine deiminase 4 (PAD4) is a process in NET
production in which PAD4 converts arginine into citrulline on histone tails. Not all stimuli
require PAD4 for NETosis activity such as PMA (Papayannopoulos, 2018). We used an
irreversible PAD inhibitor that inactivates the calcium form of PAD4. We found when
using this inhibitor only NET production by curli/eDNA complexes was decreased
significantly(Figure 29). In healthy PMNs there was a trend for PAD inhibitor to decrease
NET production by curli/eDNA complexes(Figure 29) As a result, PAD4 and potentially
other PADs are important in NET production by curli/eDNA complexes since this inhibitor

does have potential inhibitor activity on PAD2 and PAD3.

Glyburide Decreases NET Production
Its known in SLE patients NETs can be induced by the activation of the NLRP3
inflammasome. (Kahlenberg et al., 2013, p. 3) Glyburide or glibenclamide is a drug that is
known to inhibit the NLRP3 inflammasome. This drug is known to decreases IL-beta
cytokines release from neutrophils in diabetic patients. (Clark et al., 2007). Since its known
curli/eDNA complexes activate the NLRP3 inflammasome, we hypothesized curli/eDNA
complexes use the inflammasome to induce NETosis. (Rapsinski et al., 2015, p. 3) After
pretreating patients with 50pg/ml we found a significant decrease in NET production by
curli/eDNA complexes(Figure 30). There was not a significant production of NETs by LPS
in this select patient set. As a result, we can determine the effect of this drug on LPS

induced NETosis. This drug did not affect production by PMA. We did not find any
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significant decrease of NET production healthy PMNs when using this inhibitor. However
, NET production by curli/eDNA complexes and LPS was not high from these donors.

(Figure 30)
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Figure 25. SLE Neutrophils use ROS to respond to curli/eDNA complexes. PMNs were
treated with DPI (10ug/ml for 30 minutes) before adding PMA, LPS, or curli/eDNA
complexes. We observed a significant decrease in NETs with LPS and curli/eDNA
complexes treatment and a decrease trend with PMA. Lines in magenta are healthy
controls. Showed Statistical analysis are for SLE PMNs Two Pair T-test).

82



PMA Treated

Inhibitor only *
1000-
200-
g 5 800
S @ 150 5
g £ ST 600
5% ; 3
8 8 100 L o
s S 400
- © - 5 S—
TERE T 3*}
200 2
° ' 0 . .

N-Acetyl-L-cysteine 100ng/mL .
N-Acetyl-L-cysteine 100ng/mL

LPS Treated Curli/feDNA Treated

200- N.S.

150
100 e ¥'\.

~

200

150

100

/Y

NET production
(% of baseline)

NET production
(% of baseline)

A
o
1
(3]
T

0

0 1 1
- +

N-Acetyl-L-cysteine 100ng/mL N-Acetyl-L-cysteine 100ng/mL.

Figure 26. SLE Neutrophils use ROS to respond to curli/eDNA complexes (ROS
inhibitor 2). PMNs were treated with N-acetyl-L-cysteine (100ng/ml for 30 minutes)
before adding PMA, LPS, or curli/eDNA complexes. We observed a significant decrease
in NETs with PMA and curli/eDNA complexes treatment and a decrease trend with LPS. .
Lines in magenta are healthy controls. Showed Statistical analysis are for SLE PMNs Two
Pair T-test). For healthy it was N.S. for PMA. LPS stimulation with the N-acetyl-L-cysteine
significantly decreased NET production (p<0.05) and a trend for curli/eDNA treatment
with ROS inhibitor(p=0.08). Inhibitor only includes both SLE and Healthy PMNs with
inhibitor alone to test for background.
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Figure 27.Chloroquine did not decrease NET production by curli/eDNA complexes.
PMNs were treated with chloroquine (1pg/ml for 30 minutes) before adding PMA, LPS,
or curli/eDNA complexes. We observed a significant decrease in NETs with PMA. Lines
in magenta are healthy controls. Showed Statistical analysis are for SLE PMNs Two Pair
T-test). For healthy it was N.S. for PMA and LPS. Curli/eDNA stimulation with the
chloroquine significantly decreased NET production (p=0.05). Inhibitor only includes both
SLE and healthy PMNs with inhibitor alone to test for background.
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Figure 28. SLE Neutrophils use MCU to respond to curli/eDNA complexes. PMNs
were treated with RU360 (10ug/ml for 1 hour) before adding PMA, LPS, or curli/eDNA
complexes. We observed a significant decrease in NETs with LPS and curli/eDNA
complexes treatment .Lines in magenta are healthy controls. Showed Statistical analysis
are for SLE PMNs Two Pair T-test). For healthy it was N.S. for PMA and LPS. Curli/eDNA
stimulation with the MCU inhibitor significantly decreased NET production (p<0.05).
Inhibitor only includes both SLE and Healthy PMNs with inhibitor alone to test for
background.
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Figure 29. SLE Neutrophils use PAD4 to respond to curli/eDNA complexes. SLE
PMNs were treated with PAD inhibitor (200ug/ml for 30 minutes) before adding PMA,
LPS, or curli/eDNA complexes. We observed a significant decrease in NETs induced by
curli/eDNA complexes. Pair T-test was used. The dotted line represents the baseline.
Baseline NETs production is shown to the left. The positive control FMLP( N-
Formylmethionyl-leucyl-phenylalanine) is known to induce NET production. In addition,
this stimulus is PAD dependent. Lines in magenta are healthy controls. Shown Statistical
analysis are for SLE PMNs Two Pair T-test). For healthy it was N.S. for PMA and LPS.
Curli/eDNA stimulation with the PAD inhibitor tended to decrease NET production
(p<0.11). Inhibitor only includes both SLE and Healthy PMNs with inhibitor alone for

background.
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Figure 30. Glyburide did decrease NET production by curli/eDNA complexes. PMNs
were treated with glyburide(50pg/ml for 30 minutes) before adding PMA, LPS, or
curli/eDNA complexes. Lines in magenta are healthy controls. Showed Statistical analysis
are for SLE PMNs (Two Pair T-test). For healthy it was N.S. for PMA, LPS and.
Curli/eDNA complexes. Inhibitor only includes both SLE and Healthy PMNs with
inhibitor alone for background.
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Supporting Evidence That Curli/eDNA Activate Human Immune Cells
To further indicate human PMNS response to curli/eDNA we tested IL-8 expression from
healthy and SLE PMNS. We observed induction of IL-8 expression from both healthy and
SLE PMNs after 2-3 hours of treatment (Figure 31). There was no significant difference
between these patients and healthy donors. (N=3 in each group). In addition, we observed
that curli/eDNA complexes activate human PBMCS from healthy and SLE donors when
we measured the levels of TNF alpha. This suggests that curli/eDNA complexes can

activate the inflammatory pathways of multiple cell populations in humans. (Figure 32)
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Figure 31. Curli/eDNA complexes induce IL-8 expression from human neutrophils.
RNA was extracted from Neutrophils treated with stimuli for 2 hours. Curli/eDNA
complexes were at a concentration of (1000ng/mL) LPS (200ng/mL) and 600nM for PMA.
Samples were normalized to the average of three healthy donors IL-8 expression. The
house keeping gene was beta actin. There was no significance between Healthy and SLE.
N=3 Healthy and SLE. (Two tail T-test)
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Figure 32. Human PBMCS respond to curli/eDNA complexes. PBMCs were treated for
6hrs and RNA was extracted. Curli/eDNA complexes induced TNF expression in healthy
and SLE cells. (N=3 for each) Two-way ANOVA was performed between Healthy and
SLE.
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Discussion:

To our knowledge, we observed for the first time curli/eDNA complexes can induce
NETs from human PMNs. We found curli/eDNA complexes can induce elastase release
from SLE neutrophils (Figure 17). There was colocalization of elastase with SLE PMNs
indicating the NET production measured is a true representation of NETosis. Human
PMNs could encounter UPECs during acute or chronic urinary infections. In SLE the
majority of bacteriuria is caused by E.coli. (Koseda-Dragan et al., 1998). Its known UPECs
can form curli/eDNA complexes. In addition, we have previously demonstrated SLE
patients with flares have a higher amount of antibodies against curli/eDNA complexes
compared to patients in remission. Interestingly, we observed NETs production is higher
in SLE PMNs compared to healthy PMNs. This could indicate SLE PMNs during an
infection containing curli/eDNA complexes will induce more NETs compared to healthy
donors. Potentially this could create a chronic inflammatory state. Overall, curli/eDNA
induced NET production is pathogenic because it could create a chronic source for auto-
antigens and immune recruitment in SLE patients. Further supporting our hypothesis, we
observed only in SLE patients a positive correlation in NET production between stimuli.
This could indicate SLE PMNs are primed to make NETs or other inflammatory responses.

Interestingly within SLE we found patients who are anti-dsDNA positive generated
more NETs in response to curli/eDNA. Another study demonstrated patients who were
anti-dsDNA positive make more NETs in response to immune complexes (Meyaard 2018).
As a result, patients who are anti-dsDNA and are exposed to infections containing

curli/eDNA complexes could create more NETS. When we correlated our clinical data to

90



NET production we found patients with current bacteriuria made more NETSs in response
to curli/eDNA complexes. We hypothesize SLE PMNs from anti-dsDNA donors are
primed to make more NETS by chronic infections which cause chronic release of auto-
antigens. As a result, creating a pathogenic loop between auto-antigens and NETs which is
sustained by frequent and/or chronic infections such as UPECs.

When identifying other mechanisms of how SLE PMNs respond to curli/eDNA
complexes we used inhibitors of the NADPH oxidase and PAD4. We found SLE PMNs
use ROS/ NADPH to make NETs in response to curli/eDNA complexes. Its known PMA
and LPS induce NETosis and is decreased upon DPI treatment. (Khan et al., 2017) To
support the role of ROS in curli induced NET production a ROS scavenger was added to
PMNs and we observed a decrease in NET production by curli/eDNA complexes. As a
result, ROS is an important mechanism on how neutrophils could respond to infections
containing curli/eDNA complexes. We found SLE PMNs pretreated with a PAD inhibitor
decreased NET production by curli/eDNA complexes. It is known PMA is PAD4
independent in humans. (Papayannopoulos, 2018) However, some reports show PAD4-/-
mice do not respond to PMA. (Biron et al., 2018). Thus, demonstrating a key difference
between humans and mouse neutrophils and the need to study human PMNs in detail. We
conclude ROS and PAD citrullination could be mechanisms for how SLE PMNs respond
to infections or chronic biofilms containing curli/eDNA complexes. Finally, we tested if
inhibiting the NLRP3 inflammasome would significantly dampen the response to
curli/eDNA complexes by PMNs. We found SLE PMNs produced significantly less NETs
by curli/eDNA complexes when PMNs were pretreated with glyburide. Since we did not

see a decrease of NETosis by PMA, this potentially shows a way to specifically inhibit
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NETosis by curli/eDNA complexes. Moreover, it shows a potential link of how
curli/eDNA complexes induce NETosis by the NLRP3 inflammasome.

Subclinical infections by UPECs expressing curli could be an important environmental
factor to initiate or sustain lupus disease. It has been demonstrated that neutrophils in the
urinary bladder can produce an early stage of NETs in the bladder. (Yanbao Yu etal., 2017)
We have recently reported that patients with persistent bacteriuria had flares and elevated
disease markers compared to patients with lower or no levels of bacteriuria. As a result,
SLE patients who are chronically exposed to UPECs could have chronic NET formation
leading to sustained inflammation. Therefore, it is important to use treatments and
antibiotics that can clear persistent bacteriuria in SLE patients to dampen inflammation. To
further understand the pathogenesis of SLE, future studies are needed to understand the
inflammatory signature that SLE neutrophils in the urinary bladder have and how they

respond to UPECs and other pathogens in the urinary bladder.
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Hlustration 3. Proposed Pathogenic loop between NETs and infections in SLE.
Chronic infections can be a source of chronic PAMPs which can activate neutrophils.
These infections can be from UPECs. The induction of NETs can induce other immune
cells such as dendritic cells to release type 1 interferons and macrophages to release
proinflammatory cytokines. As a result, these cytokines and NETs can be a source for
DAMPs. Specifically, NETs can be a source for an autoantigen. These DAMPS and
autoantigens, autoantibodies can prime neutrophils to make NETSs easier in response to
chronic infections or be an inducer NETs.
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Overall Discussion

On the nature of anti-curli/eDNA. Based on our work we have demonstrated E.coli

and UPECs can contribute to the pathogenesis in SLE. UPECs could form biofilms in the
urinary bladder to establish a chronic infection in SLE patients. UPECs can become
systemic and septic if they travel to kidney. SLE patients do have a endotoxin signature
and this could a mechanism for this finding. (Shi et al., 2014) As aresult, there is potential
for chronic exposure to curli/eDNA complexes. Another source of E.coli is the GI tract.
Since SLE patients have a leaky gut (Mu et al., 2017) this might lead to translocation of
bacteria such as E.coli into the surrounding tissue and the bloodstream.

We have demonstrated UPECs isolated from SLE patients can form biofilms
containing curli/eDNA complexes. And curli/eDNA antibodies from SLE recognize
curli/eDNA complexes and correlate with disease flares. In addition anti-dsDNA Abs can
recognize these curli/eDNA complexes as well. One could hypothesize that infections
containing curli/eDNA complexes could be more pathogenic in SLE patents because of
their circulating anti-dsDNA Abs and anti-E.coli DNA Abs due to mimicry. These
antibodies could form immune complexes and induce more inflammation. These
complexes can induce and could sustain a type I interferon response by dendritic cells.
(Gallo et al., 2015). Or curli/eDNA complexes can induce or accelerate cell death, which
is pathogenic in SLE. Indeed our collaborators have shown curli/eDNA intermediates can
induce cell death. (Nicastro et al., 2019) The release of DAMPs and autoantigen can
increase inflammation and autoantibody production such as anti-dsDNA. Anti-dsDNA is
pathogenic in SLE and our collaborators have shown that curli/eDNA complexes and E.coli

can induce anti-dsDNA. (Gallo et al., 2015) One could hypothesized that infections such
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as UPECs or biofilms would be a source of autoantigens to sustain anti-dsDNA levels in
SLE patients. It would be interesting to track anti-curli/eDNA antibodies over multiple
timepoints from a single patient. This would allow us to track infections and the levels of
anti-curli/eDNA and anti-dsDNA and possibly utilize them as lupus activity biomarkers.

In addition, we know anti-E.coli DNA Abs are present in SLE the population only.
Because of immunosuppressive and SNPs in SLE patients these infections could be hard
to detect and clear. These three antibodies anti-dsDNA, anti-curli/eDNA, anti-E.coli DNA
could contribute to a profile to track current asymptotic infections. This would allow
clinicians to create a personalize treatment. We successfully measured anti-curli/eDNA
Abs from patients and correlations between disease flares and bacteriuria between patients.
However, it would be interesting to measure anti-curli/eDNA Abs within the same patient.
I would hypothesize these patients who change based on disease flares, and bacteriuria,
and current inflammation. This would create a personalized profile for a patient.

This work has demonstrated the pathogenesis of only UPECs and curli/eDNA
amyloids . We are aware that other infections might have similar mechanisms and other
amyloids from gram negative or positive bacteria can be a source for inflammation and
sustain auto-immunity. There is more need to study the microbiome at a individual patient
level. Since there is so much heterogeneity in lupus patients, scientist and clinicians should
aim to create personalize medicine for lupus patients. This would include the cytokine
profile of patients, the status of the current microbiome diversity, and tracking multiple
infections.

Ant-dsDNA is pathogenic in SLE. This antibody has been associated with lupus

nephritis and increased of NET production by neutrophils (Yung & Chan, 2015) (van der
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Linden et al., 2018). Majority of patients are anti-dsDNA positive; however, 30% of lupus
patients are negative for anti-dsDNA. For example, we observed within SLE patients there
are remarkable differences in patients who are anti-dsDNA Ab positive vs negative. For
example, we observed patients who are anti-dsDNA AB positive were the only patients
who made antibodies against E.coli DNA. This could indicate anti-dsDNA(calf thymus)
can bind to human DNA and bacterial DNA. This is pathogenic in SLE where lupus
patients get frequent UPECs. An alternative hypothesis is there could indicate there are
distinct SNPs that alter the pathways responsible for recognizing DNA such TLR9 pathway
or STING. In addition, there could be distinct populations of B cells that are present in
anti-dsDNA Ab patients leading to anti-E.coli DNA Abs being present in only these
patients. It would be interesting if anti-E.coli DNA Abs change over time and correlate
with anti-dsDNA Abs and curli/eDNA Abs overtime. We did find Abs against the calf
thymus DNA and E.coli DNA significantly correlated (data not shown). This indicates
these antibodies are very similar in the epitope they recognize and/or cross react with these
antigens.

Finally, the physiological role of anti-curli/eDNA Abs in not completely
understood. We know these antibodies correlate with disease activity and chronic
bacteriuria. So, these antibodies within SLE patients may not be protective since they
positively correlate with chronic infections and could create pathogenic immune
complexes. It would be interesting to test the anti-microbial properties of these antibodies
from SLE and healthy individuals. Since we know some pan-amyloid antibodies can
disrupt biofilms, one could test the ability of these antibodies to abolish biofilms (Tursi et

al., 2020) Since SLE patients still have chronic UTIs, it is possible SLE antibodies against
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curli/eDNA might have a lower ability to disrupt bacterial biofilms compared to healthy
Abs. These experiments could help elucidate key differences on how the immune system

recognizes and responds to UPECs in SLE vs healthy individuals.

On the nature of curli/eDNA and NETs. We observed significant differences in how

neutrophils respond to curli/eDNA complexes between SLE and healthy controls. The clear
difference was that SLE PMNs make generate levels of NETs in response to curli/eDNA
complexes. This could potentially be a mechanism of how SLE neutrophils are trying to
clear frequent infections. However, this mechanism is double edge sword. It might be
effective in clearing some bacterial infections; however, the increase of NETosis could
lead to an increase of circulating auto antigens and DAMPS. These auto-antigens could
then lead to the production of auto-antibodies. As in patients who are anti-dsDNA Ab
positive and more likely to make NETs when treated with a NETs stimulus, specifically
curli/eDNA complexes. In addition, anti-dsDNA can form immune complexes with
curli/eDNA complexes or NETs which then can activate neutrophils through their FC
receptors. Specifically, it has been reported IgA can induce NETosis through the binding
of FC receptors on neutrophils (Aleyd et al., 2014). We observed a higher amount of IgA
against curli/eDNA and anti-dsDNA in SLE patients compared to healthy controls.
Therefore, IgA curli/eDNA Abs could be pathogenic in SLE. We plan to measure
curli/eDNA Abs IgA in the urine and plasma from patients and correlate their NETSs

production between different patients and within the same patients. Therefore, this
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represents a potential pathogenic feedback loop between infections, NETs, and
autoantigens. (Illustration 3).

Future therapies could be targeting this pathogenic feedback loop by first clearing
infections and second by decreasing NET production by primed SLE neutrophils. Our work
has demonstrated curli/eDNA complexes could potentially use known and unknown
pathways like ROS production, calcium metabolism, and the NLRP3 inflammasome. It is
expected that curli/eDNA complexes activate many pathways. This is most likely due to
the structure of curli/eDNA complexes. As mentioned before, curli/eDNA complexes can
activate multiple TLRs such as TRL1/2, TLR 9, and the NLRP3 inflammasome. In
addition, we know TLRs 1/2 and TLRY are important for curli/eDNA complexes to induce
an autoimmune response in mice. (Tursi et al., 2017) Blocking TLRs in human could be a
way to inhibit NETosis and autoantibody production when SLE patients are exposed to
UPEC:s or other infections containing curli/eDNA complexes. More work should be done
to identify novel targets for treatment when disease flares are due to bacterial infections.
For example, RNA sequencing or a cytokine profile can be completed on multiple cell
types such as neutrophils, monocytes, T cells and B cells. The results would elucidate novel
mechanism of how curli/eDNA complexes activate the human immune system. In
conclusion, infections containing curli/eDNA complexes are pathogenic in human SLE.
These complexes can activate both the innate and adaptive immune system to cause
inflammation and potentially disease flares (Illustration 4). The hope is to clear these
chronic UPECs to decrease disease flares and to potentially decrease the morbidity and

mortality infections cause in SLE.
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Hlustration 4. Chronic bacterial infections can induce lupus flares. Pachucki et al,
Arthritis Rheumatology. Clinical Connections Feature 2020.Chronic infections can
occur in lupus patients. These infections are majority caused by UPECs and can
produce curli/eDNA complexes. These complexes contain E.coli DNA. In addition,
inflammation can cause cell death and release auto-antigens such as dsDNA. As a
result these PAMPS and DAMPS can caused antibody production against anti-dsDNA
and anti-curli/eDNA complexes. The result of these infections can cause inflammation
and can induce or sustain disease flares.

99



BIBLIOGRAPHY

Abud-Mendoza, C., Cuevas-Orta, E., Santillan-Guerrero, E. N., Martinez-Martinez, M.
U., Herndndez-Castro, B., Estrada-Capetillo, L., Gonzélez-Amaro, R., & Baranda,
L. (2013). Decreased blood levels of B lymphocytes and NK cells in patients with
systemic lupus erythematosus (SLE) infected with papillomavirus (HPV).
Archives of Dermatological Research, 305(2), 117-123.
https://doi.org/10.1007/s00403-012-1258-9

Akhbari, P., Richardson, S. J., & Morgan, N. G. (2020). Type 1 Diabetes: Interferons and
the Aftermath of Pancreatic Beta-Cell Enteroviral Infection. Microorganisms,

8(9), 1419. https://doi.org/10.3390/microorganisms8091419

Aleyd, E., van Hout, M. W. M., Ganzevles, S. H., Hoeben, K. A., Everts, V., Bakema, J.
E., & van Egmond, M. (2014). IgA Enhances NETosis and Release of Neutrophil
Extracellular Traps by Polymorphonuclear Cells via Fca Receptor 1. The Journal

of Immunology, 192(5), 2374-2383. https://doi.org/10.4049/jimmunol. 1300261

Alotaibi, S. (2004). Epstein-Barr Virus in Pediatric Multiple Sclerosis. JAMA, 291(15),
1875. https://doi.org/10.1001/jama.291.15.1875

Anjo, C., Mascard, J.-M., Espinosa, G., & Cervera, R. (2019). Effectiveness and safety of
belimumab in patients with systemic lupus erythematosus in a real-world setting.
Scandinavian Journal of Rheumatology, 48(6), 469—473.
https://doi.org/10.1080/03009742.2019.1603324

100



Azevedo, E. P. C., Guimaraes-Costa, A. B., Torezani, G. S., Braga, C. A., Palhano, F. L.,
Kelly, J. W., Saraiva, E. M., & Foguel, D. (2012). Amyloid Fibrils Trigger the
Release of Neutrophil Extracellular Traps (NETs), Causing Fibril Fragmentation
by NET-associated Elastase. Journal of Biological Chemistry, 287(44), 37206—
37218. https://doi.org/10.1074/jbc.M112.369942

Azzouz, D., Omarbekova, A., Heguy, A., Schwudke, D., Gisch, N., Rovin, B. H.,
Caricchio, R., Buyon, J. P., Alekseyenko, A. V., & Silverman, G. J. (2019). Lupus
nephritis is linked to disease-activity associated expansions and immunity to a gut
commensal. Annals of the Rheumatic Diseases, 78(7), 947-956.

https://doi.org/10.1136/annrheumdis-2018-214856

Bagavant, H., Dunkleberger, M. L., Wolska, N., Sroka, M., Rasmussen, A., Adrianto, L.,
Montgomery, C., Sivils, K., Guthridge, J. M., James, J. A., Merrill, J. T., &
Deshmukh, U. S. (2019). Antibodies to periodontogenic bacteria are associated

with higher disease activity in lupus patients. Clinical and Experimental

Rheumatology, 37(1), 106-111.

Barnhart, M. M., & Chapman, M. R. (2006). Curli Biogenesis and Function. Annual
Review of Microbiology, 60(1), 131-147.
https://doi.org/10.1146/annurev.micro.60.080805.142106

Bian, Z., Brauner, A., Li, Y., & Normark, S. (2000). Expression of and Cytokine
Activation by Escherichia coli Curli Fibers in Human Sepsis. The Journal of

Infectious Diseases, 181(2), 602—612. https://doi.org/10.1086/315233

Biesecker, S., Nicastro, L., Wilson, R., & Tiikel, C. (2018). The Functional Amyloid
Curli Protects Escherichia coli against Complement-Mediated Bactericidal

Activity. Biomolecules, 8(1), 5. https://doi.org/10.3390/biom8010005

101



Biron, B. M., Chung, C.-S., Chen, Y., Wilson, Z., Fallon, E. A., Reichner, J. S., & Ayala,
A. (2018). PAD4 Deficiency Leads to Decreased Organ Dysfunction and
Improved Survival in a Dual Insult Model of Hemorrhagic Shock and Sepsis. The

Journal of Immunology, ji1700639. https://doi.org/10.4049/jimmunol.1700639

Boeltz, S., Amini, P., Anders, H.-J., Andrade, F., Bilyy, R., Chatfield, S., Cichon, I.,
Clancy, D. M., Desai, J., Dumych, T., Dwivedi, N., Gordon, R. A., Hahn, J.,
Hidalgo, A., Hoffmann, M. H., Kaplan, M. J., Knight, J. S., Kolaczkowska, E.,
Kubes, P., ... Herrmann, M. (2019). To NET or not to NET:current opinions and
state of the science regarding the formation of neutrophil extracellular traps. Cel/
Death & Differentiation, 26(3), 395-408. https://doi.org/10.1038/s41418-018-
0261-x

Bombardier, C., Gladman, D. D., Urowitz, M. B., Caron, D., Chang, C. H., Austin, A.,
Bell, A., Bloch, D. A., Corey, P. N., Decker, J. L., Esdaile, J., Fries, J. F., Ginzler,
E. M., Goldsmith, C. H., Hochberg, M. C., Jones, J. V., Riche, N. G. H. L., Liang,
M. H., Lockshin, M. D., ... Schur, P. H. (1992). Derivation of the sledai. A
disease activity index for lupus patients. Arthritis & Rheumatism, 35(6), 630—640.

https://doi.org/10.1002/art.1780350606

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of microgram
quantities of protein utilizing the principle of protein-dye binding. Analytical

Biochemistry, 72, 248-254.

Breedveld, A., & van Egmond, M. (2019). IgA and FcaRI: Pathological Roles and
Therapeutic Opportunities. Frontiers in Immunology, 10, 553.

https://doi.org/10.3389/fimmu.2019.00553

102



Brinkmann, V. (2004). Neutrophil Extracellular Traps Kill Bacteria. Science, 303(5663),
1532—-1535. https://doi.org/10.1126/science.1092385

Byrd, A. S., O’Brien, X. M., Johnson, C. M., Lavigne, L. M., & Reichner, J. S. (2013).
An Extracellular Matrix—Based Mechanism of Rapid Neutrophil Extracellular
Trap Formation in Response to Candida albicans. The Journal of Immunology,

190(8), 4136—4148. https://doi.org/10.4049/jimmunol. 1202671

Caielli, S., Athale, S., Domic, B., Murat, E., Chandra, M., Banchereau, R., Baisch, J.,
Phelps, K., Clayton, S., Gong, M., Wright, T., Punaro, M., Palucka, K., Guiducci,
C., Banchereau, J., & Pascual, V. (2016). Oxidized mitochondrial nucleoids
released by neutrophils drive type I interferon production in human lupus. The
Journal of Experimental Medicine, 213(5), 697-713.
https://doi.org/10.1084/jem.20151876

Caricchio, R., Kovalenko, D., Kaufmann, W. K., & Cohen, P. L. (1999). Apoptosis
provoked by the oxidative stress inducer menadione (Vitamin K(3)) is mediated
by the Fas/Fas ligand system. Clinical Immunology (Orlando, Fla.), 93(1), 65-74.
https://doi.org/10.1006/clim.1999.4757

Caricchio, R., Reap, E. A., & Cohen, P. L. (1998). Fas/Fas ligand interactions are
involved in ultraviolet-B-induced human lymphocyte apoptosis. Journal of

Immunology (Baltimore, Md.: 1950), 161(1), 241-251.

Caricchio, Roberto, McPhie, L., & Cohen, P. L. (2003). Ultraviolet B radiation-induced
cell death: Critical role of ultraviolet dose in inflammation and lupus autoantigen
redistribution. Journal of Immunology (Baltimore, Md.: 1950), 171(11), 5778—
5786. https://doi.org/10.4049/jimmunol.171.11.5778

103



Carmona-Rivera, C., & Kaplan, M. J. (2013). Low-density granulocytes: A distinct class
of neutrophils in systemic autoimmunity. Seminars in Immunopathology, 35(4),

455—463. https://doi.org/10.1007/s00281-013-0375-7

Castrejon, 1., Tani, C., Jolly, M., Huang, A., & Mosca, M. (2014). Indices to assess
patients with systemic lupus erythematosus in clinical trials, long-term

observational studies, and clinical care. Clinical and Experimental Rheumatology,

32(5 Suppl 85), S-85-95.

Clark, S. R., Ma, A. C., Tavener, S. A., McDonald, B., Goodarzi, Z., Kelly, M. M., Patel,
K. D., Chakrabarti, S., McAvoy, E., Sinclair, G. D., Keys, E. M., Allen-Vercoe,
E., DeVinney, R., Doig, C. J., Green, F. H. Y., & Kubes, P. (2007). Platelet TLR4
activates neutrophil extracellular traps to ensnare bacteria in septic blood. Nature

Medicine, 13(4), 463—469. https://doi.org/10.1038/nm1565

Collinson, S. K., Doig, P. C., Doran, J. L., Clouthier, S., Trust, T. J., & Kay, W. W.
(1993). Thin, aggregative fimbriae mediate binding of Salmonella enteritidis to
fibronectin. Journal of Bacteriology, 175(1), 12—-18.
https://doi.org/10.1128/JB.175.1.12-18.1993

Corradetti, C., Jog, N. R., Cesaroni, M., Madaio, M., & Caricchio, R. (2018). Estrogen
Receptor a Signaling Exacerbates Immune-Mediated Nephropathies through
Alteration of Metabolic Activity. Journal of Immunology (Baltimore, Md.: 1950),
200(2), 512-522. https://doi.org/10.4049/jimmunol. 1700770

Crawford, R. W., Gibson, D. L., Kay, W. W., & Gunn, J. S. (2008). Identification of a
Bile-Induced Exopolysaccharide Required for Salmonella Biofilm Formation on
Gallstone Surfaces. Infection and Immunity, 76(11), 5341-5349.
https://doi.org/10.1128/IAL1.00786-08

104



Danza, A., & Ruiz-Irastorza, G. (2013). Infection risk in systemic lupus erythematosus
patients: Susceptibility factors and preventive strategies. Lupus, 22(12), 1286—

1294. https://doi.org/10.1177/0961203313493032

Denny, M. F., Chandaroy, P., Killen, P. D., Caricchio, R., Lewis, E. E., Richardson, B.
C., Lee, K.-D., Gavalchin, J., & Kaplan, M. J. (2006). Accelerated macrophage
apoptosis induces autoantibody formation and organ damage in systemic lupus
erythematosus. Journal of Immunology (Baltimore, Md.: 1950), 176(4), 2095—
2104. https://doi.org/10.4049/jimmunol.176.4.2095

Di Domizio, J., Dorta-Estremera, S., Gagea, M., Ganguly, D., Meller, S., Li, P., Zhao, B.,
Tan, F. K., Bi, L., Gilliet, M., & Cao, W. (2012). Nucleic acid-containing amyloid
fibrils potently induce type I interferon and stimulate systemic autoimmunity.
Proceedings of the National Academy of Sciences, 109(36), 14550-14555.
https://doi.org/10.1073/pnas.1206923109

Doaty, S., Agrawal, H., Bauer, E., & Furst, D. E. (2016). Infection and Lupus: Which
Causes Which? Current Rheumatology Reports, 18(3).
https://doi.org/10.1007/s11926-016-0561-4

Dragos, A., Kovacs, A. T., & Claessen, D. (2017). The Role of Functional Amyloids in
Multicellular Growth and Development of Gram-Positive Bacteria. Biomolecules,

7(4), 60. https://doi.org/10.3390/biom7030060

Fernando, M. M. A., Stevens, C. R., Walsh, E. C., De Jager, P. L., Goyette, P., Plenge, R.
M., Vyse, T. J., & Rioux, J. D. (2008). Defining the Role of the MHC in
Autoimmunity: A Review and Pooled Analysis. PLoS Genetics, 4(4), e1000024.

https://doi.org/10.1371/journal.pgen. 1000024

105



Fish, F., & Ziff, M. (1982). The in vitro and in vivo induction of anti-double-stranded
DNA antibodies in normal and autoimmune mice. Journal of Immunology

(Baltimore, Md.: 1950), 128(1), 409—414.

Frisoni, L., McPhie, L., Colonna, L., Sriram, U., Monestier, M., Gallucci, S., &
Caricchio, R. (2005). Nuclear autoantigen translocation and autoantibody
opsonization lead to increased dendritic cell phagocytosis and presentation of
nuclear antigens: A novel pathogenic pathway for autoimmunity? Journal of
Immunology (Baltimore, Md.: 1950), 175(4), 2692-2701.
https://doi.org/10.4049/jimmunol.175.4.2692

Gallo, P. M., Rapsinski, G. J., Wilson, R. P., Oppong, G. O., Sriram, U., Goulian, M.,
Buttaro, B., Caricchio, R., Gallucci, S., & Tiikel, C. (2015). Amyloid-DNA
Composites of Bacterial Biofilms Stimulate Autoimmunity. Immunity, 42(6),

1171-1184. https://doi.org/10.1016/j.immuni.2015.06.002

Gambuzza, M., Sofo, V., Salmeri, F., Soraci, L., Marino, S., & Bramanti, P. (2014). Toll-
Like Receptors in Alzheimer’s Disease: A Therapeutic Perspective. CNS &
Neurological Disorders - Drug Targets, 13(9), 1542—1558.
https://doi.org/10.2174/1871527313666140806124850

Gilkeson, G. S., Grudier, J. P., Karounos, D. G., & Pisetsky, D. S. (1989). Induction of
anti-double stranded DNA antibodies in normal mice by immunization with
bacterial DNA. Journal of Immunology (Baltimore, Md.: 1950), 142(5), 1482—
1486.

Gilkeson, Gary S., Conover, J., Halpern, M., Pisetsky, D. S., Feagin, A., & Klinman, D.
M. (1998). Effects of Bacterial DNA on Cytokine Production by (NZB/NZW)F,
Mice. The Journal of Immunology, 161(8), 3890.

106



Gladman, D. D., Ibafiez, D., & Urowitz, M. B. (2002). Systemic lupus erythematosus
disease activity index 2000. The Journal of Rheumatology, 29(2), 288.

Graves, D. T., Corréa, J. D., & Silva, T. A. (2019). The Oral Microbiota Is Modified by
Systemic Diseases. Journal of Dental Research, 98(2), 148—156.

https://doi.org/10.1177/0022034518805739

Grayson, P. C., Carmona-Rivera, C., Xu, L., Lim, N., Gao, Z., Asare, A. L., Specks, U.,
Stone, J. H., Seo, P., Spiera, R. F., Langford, C. A., Hoffman, G. S., Kallenberg,
C. G. M., St.Clair, E. W., Tchao, N. K., Ytterberg, S. R., Phippard, D. J., Merkel,
P. A., Kaplan, M. J., ... for the Rituximab in ANCA-Associated Vasculitis-
Immune Tolerance Network Research Group. (2015). Neutrophil-Related Gene
Expression and Low-Density Granulocytes Associated With Disease Activity and
Response to Treatment in Antineutrophil Cytoplasmic Antibody-Associated
Vasculitis: LOW-DENSITY GRANULOCYTES IN AAV. Arthritis &
Rheumatology, 67(7), 1922—1932. https://doi.org/10.1002/art.39153

Gupta, A. K., Giaglis, S., Hasler, P., & Hahn, S. (2014). Efficient Neutrophil
Extracellular Trap Induction Requires Mobilization of Both Intracellular and
Extracellular Calcium Pools and Is Modulated by Cyclosporine A. PLoS ONE,

9(5), €97088. https://doi.org/10.1371/journal.pone.0097088

Gupta, S., & Kaplan, M. J. (2016). The role of neutrophils and NETosis in autoimmune
and renal diseases. Nature Reviews Nephrology, 12(7), 402—413.
https://doi.org/10.1038/nrneph.2016.71

Haase, A., Ventura, P., Gibbs, C., & Tourtellotte, W. (1981). Measles virus nucleotide
sequences: Detection by hybridization in situ. Science, 212(4495), 672—675.
https://doi.org/10.1126/science.7221554

107



Hakkim, A., Fiirnrohr, B. G., Amann, K., Laube, B., Abed, U. A., Brinkmann, V.,
Herrmann, M., Voll, R. E., & Zychlinsky, A. (2010). Impairment of neutrophil
extracellular trap degradation is associated with lupus nephritis. Proceedings of
the National Academy of Sciences of the United States of America, 107(21),
9813-9818. https://doi.org/10.1073/pnas.0909927107

Hamilton, K. J., Schett, G., Reich, C. F., Smolen, J. S., & Pisetsky, D. S. (2006). The
binding of sera of patients with SLE to bacterial and mammalian DNA. Clinical
Immunology (Orlando, Fla.), 118(2-3), 209-218.
https://doi.org/10.1016/j.clim.2005.10.009

Harley, J. B., Chen, X., Pujato, M., Miller, D., Maddox, A., Forney, C., Magnusen, A. F.,
Lynch, A., Chetal, K., Yukawa, M., Barski, A., Salomonis, N., Kaufman, K. M.,
Kottyan, L. C., & Weirauch, M. T. (2018). Transcription factors operate across
disease loci, with EBNA2 implicated in autoimmunity. Nature Genetics, 50(5),

699-707. https://doi.org/10.1038/s41588-018-0102-3

Hidalgo-Tenorio, C. (2004). Urinary tract infections and lupus erythematosus. Annals of

the Rheumatic Diseases, 63(4), 431-437. https://doi.org/10.1136/ard.2003.006346

Huang, Y.-M., Hong, X.-Z., Shen, J., Geng, L.-J., Pan, Y.-H., Ling, W., & Zhao, H.-L.
(2019). Amyloids in Site-Specific Autoimmune Reactions and Inflammatory
Responses. Frontiers in Immunology, 10, 2980.

https://doi.org/10.3389/fimmu.2019.02980

Hung, C., Marschall, J., Burnham, C.-A. D., Byun, A. S., & Henderson, J. P. (2014). The
Bacterial Amyloid Curli Is Associated with Urinary Source Bloodstream

Infection. PLoS ONE, 9(1), €86009. https://doi.org/10.1371/journal.pone.0086009

108



Jacobson, D. L., Gange, S. J., Rose, N. R., & Graham, N. M. (1997). Epidemiology and
estimated population burden of selected autoimmune diseases in the United

States. Clinical Immunology and Immunopathology, 84(3), 223-243.

Jiang, J., Zhao, M., Chang, C., Wu, H., & Lu, Q. (2020). Type I Interferons in the
Pathogenesis and Treatment of Autoimmune Diseases. Clinical Reviews in
Allergy & Immunology, 59(2), 248-272. https://doi.org/10.1007/s12016-020-
08798-2

Kahlenberg, J. M., Carmona-Rivera, C., Smith, C. K., & Kaplan, M. J. (2013). Neutrophil
Extracellular Trap-Associated Protein Activation of the NLRP3 Inflammasome Is
Enhanced in Lupus Macrophages. The Journal of Immunology, 190(3), 1217—
1226. https://doi.org/10.4049/jimmunol. 1202388

Kanduc, D. (2019). Proteome-Wide Epstein-BarrVirus Analysis of Peptide Sharing with
Human Systemic Lupus Erythematosus Autoantigens. The Israel Medical

Association Journal: IMAJ, 21(7), 444—448.

Karounos, D. G., Grudier, J. P., & Pisetsky, D. S. (1988). Spontaneous expression of
antibodies to DNA of various species origin in sera of normal subjects and

patients with systemic lupus erythematosus. The Journal of Immunology, 140(2),

451.

Kévai, M., Banyai, A., Zsindely, A., Sonkoly, 1., & Szegedi, G. (1982). Enzyme-linked
immunosorbent assay for antibodies to native DNA in sera of patients with SLE.
Journal of Immunological Methods, 48(2), 169-175.
https://doi.org/10.1016/0022-1759(82)90191-0

109



Kenny, E. F., Herzig, A., Kriiger, R., Muth, A., Mondal, S., Thompson, P. R.,
Brinkmann, V., Bernuth, H. von, & Zychlinsky, A. (2017). Diverse stimuli
engage different neutrophil extracellular trap pathways. ELife, 6, €24437.
https://doi.org/10.7554/eLife.24437

Kewcharoenwong, C., Rinchai, D., Nithichanon, A., Bancroft, G. J., Ato, M., &
Lertmemongkolchai, G. (2016). Glibenclamide impairs responses of neutrophils
against Burkholderia pseudomallei by reduction of intracellular glutathione.

Scientific Reports, 6(1), 34794. https://doi.org/10.1038/srep34794

Khan, M. A., Farahvash, A., Douda, D. N., Licht, J.-C., Grasemann, H., Sweezey, N., &
Palaniyar, N. (2017). JNK Activation Turns on LPS- and Gram-Negative
Bacteria-Induced NADPH Oxidase-Dependent Suicidal NETosis. Scientific

Reports, 7(1), 3409. https://doi.org/10.1038/s41598-017-03257-z

Kilpatrick, L. E., Song, Y. H., Rossi, M. W., & Korchak, H. M. (2000). Serine
phosphorylation of p60 tumor necrosis factor receptor by PKC-delta in TNF-
alpha-activated neutrophils. American Journal of Physiology. Cell Physiology,
279(6), C2011-2018.

Kilpatrick, L. E., Sun, S., Li, H., Vary, T. C., & Korchak, H. M. (2010). Regulation of
TNF-induced oxygen radical production in human neutrophils: Role of -PKC.
Journal of Leukocyte Biology, 87(1), 153—164.
https://doi.org/10.1189/j1b.0408230

Klumb, E., Pinto, A., Jesus, G., Araujo, M., Jascone, L., Gayer, C., Ribeiro, F.,
Albuquerque, E., & Macedo, J. (2010). Are women with lupus at higher risk of
HPV infection? Lupus, 19(13), 1485-1491.
https://doi.org/10.1177/0961203310372952

110



Knight, J. S., Subramanian, V., O’Dell, A. A., Yalavarthi, S., Zhao, W., Smith, C. K.,
Hodgin, J. B., Thompson, P. R., & Kaplan, M. J. (2015). Peptidylarginine
deiminase inhibition disrupts NET formation and protects against kidney, skin

and vascular disease in lupus-prone MRL/Ipr mice. Annals of the Rheumatic

Diseases, 74(12), 2199-2206. https://doi.org/10.1136/annrheumdis-2014-205365

Kolaczkowska, E., Jenne, C. N., Surewaard, B. G. J., Thanabalasuriar, A., Lee, W.-Y.,
Sanz, M.-J., Mowen, K., Opdenakker, G., & Kubes, P. (2015). Molecular
mechanisms of NET formation and degradation revealed by intravital imaging in

the liver vasculature. Nature Communications, 6, 6673.

https://doi.org/10.1038/ncomms7673

Koseda-Dragan, M., Hebanowski, M., Galinski, J., Krzywinska, E., & Bakowska, A.
(1998). [Asymptomatic bacteriuria in women diagnosed with systemic lupus
erythematosus (SLE)]. Polskie Archiwum Medycyny Wewnetrznej, 100(4), 321—
330.

Lassek, C., Burghartz, M., Chaves-Moreno, D., Otto, A., Hentschker, C., Fuchs, S.,
Bernhardt, J., Jauregui, R., Neubauer, R., Becher, D., Pieper, D. H., Jahn, M.,
Jahn, D., & Riedel, K. (2015). A metaproteomics approach to elucidate host and
pathogen protein expression during catheter-associated urinary tract infections
(CAUTIs). Molecular & Cellular Proteomics: MCP, 14(4), 989—1008.
https://doi.org/10.1074/mcp.M114.043463

Lee, M. H., Chakhtoura, M., Sriram, U., Caricchio, R., & Gallucci, S. (2018).
Conventional DCs from Male and Female Lupus-Prone B6.NZM Sle1/Sle2/Sle3
Mice Express an IFN Signature and Have a Higher Inmunometabolism That Are
Enhanced by Estrogen. Journal of Immunology Research, 2018, 1601079.

https://doi.org/10.1155/2018/1601079
111



Li, P., Li, M., Lindberg, M. R., Kennett, M. J., Xiong, N., & Wang, Y. (2010). PAD4 is
essential for antibacterial innate immunity mediated by neutrophil extracellular
traps. Journal of Experimental Medicine, 207(9), 1853—1862.
https://doi.org/10.1084/jem.20100239

Linge, P., Arve, S., Olsson, L. M., Leonard, D., Sjowall, C., Frodlund, M., Gunnarsson,
I., Svenungsson, E., Tydén, H., Jonsen, A., Kahn, R., Johansson, A., Rénnblom,
L., Holmdahl, R., & Bengtsson, A. (2020). NCF1-339 polymorphism is associated
with altered formation of neutrophil extracellular traps, high serum interferon
activity and antiphospholipid syndrome in systemic lupus erythematosus. Annals
of the Rheumatic Diseases, 79(2), 254-261. https://doi.org/10.1136/annrheumdis-
2019-215820

Linnik, M. D., Hu, J. Z., Heilbrunn, K. R., Strand, V., Hurley, F. L., Joh, T., & LJP 394
Investigator Consortium. (2005). Relationship between anti-double-stranded DNA
antibodies and exacerbation of renal disease in patients with systemic lupus
erythematosus. Arthritis & Rheumatism, 52(4), 1129-1137.
https://doi.org/10.1002/art.20980

Lood, C., Blanco, L. P., Purmalek, M. M., Carmona-Rivera, C., De Ravin, S. S., Smith,
C. K., Malech, H. L., Ledbetter, J. A., Elkon, K. B., & Kaplan, M. J. (2016).
Neutrophil extracellular traps enriched in oxidized mitochondrial DNA are
interferogenic and contribute to lupus-like disease. Nature Medicine, 22(2), 146—

153. https://doi.org/10.1038/nm.4027

Loépez, P., de Paz, B., Rodriguez-Carrio, J., Hevia, A., Sanchez, B., Margolles, A., &
Suérez, A. (2016). Th17 responses and natural [gM antibodies are related to gut
microbiota composition in systemic lupus erythematosus patients. Scientific

Reports, 6(1), 24072. https://doi.org/10.1038/srep24072
112



Luna-Pineda, V. M., Moreno-Fierros, L., Cazares-Dominguez, V., [lThuicatzi-Alvarado,
D., Ochoa, S. A., Cruz-Cérdova, A., Valencia-Mayoral, P., Rodriguez-Leviz, A.,
& Xicohtencatl-Cortes, J. (2019). Curli of Uropathogenic Escherichia coli
Enhance Urinary Tract Colonization as a Fitness Factor. Frontiers in

Microbiology, 10. https://doi.org/10.3389/fmicb.2019.02063

Manfredo Vieira, S., Hiltensperger, M., Kumar, V., Zegarra-Ruiz, D., Dehner, C., Khan,
N., Costa, F. R. C., Tiniakou, E., Greiling, T., Ruff, W., Barbieri, A., Kriegel, C.,
Mehta, S. S., Knight, J. R., Jain, D., Goodman, A. L., & Kriegel, M. A. (2018).
Translocation of a gut pathobiont drives autoimmunity in mice and humans.

Science, 359(6380), 1156—1161. https://doi.org/10.1126/science.aar7201

Marcos, M., Fernandez, C., Soriano, A., Marco, F., Martinez, J., Almela, M., Cervera, R.,
Mensa, J., & Espinosa, G. (2011). Epidemiology and clinical outcomes of
bloodstream infections among lupus patients. Lupus, 20(9), 965-971.

https://doi.org/10.1177/0961203311403345

McDonald, B., Urrutia, R., Yipp, B. G., Jenne, C. N., & Kubes, P. (2012). Intravascular
Neutrophil Extracellular Traps Capture Bacteria from the Bloodstream during
Sepsis. Cell Host & Microbe, 12(3), 324-333.
https://doi.org/10.1016/j.chom.2012.06.011

Miller, A. L., Pasternak, J. A., Medeiros, N. J., Nicastro, L. K., Tursi, S. A., Hansen, E.
G., Krochak, R., Sokaribo, A. S., MacKenzie, K. D., Palmer, M. B., Herman, D.
J., Watson, N. L., Zhang, Y., Wilson, H. L., Wilson, R. P., White, A. P., & Tiikel,
C. (2020). In vivo synthesis of bacterial amyloid curli contributes to joint
inflammation during S. Typhimurium infection. PLOS Pathogens, 16(7),
e1008591. https://doi.org/10.1371/journal.ppat.1008591

113



Mistry, P., & Kaplan, M. J. (2017). Cell death in the pathogenesis of systemic lupus
erythematosus and lupus nephritis. Clinical Immunology, 185, 59-73.

https://doi.org/10.1016/j.clim.2016.08.010

MITTOO, S., GELBER, A. C., HITCHON, C. A., SILVERMAN, E. D., POPE, J. E.,
FORTIN, P. R., PINEAU, C., SMITH, C. D., ARBILLAGA, H., GLADMAN, D.
D., UROWITZ, M. B., ZUMMER, M., CLARKE, A. E., BERNATSKY, S.,
HUDSON, M., TUCKER, L. B., PETTY, R. E., & PESCHKEN, C. A. (2010).
Clinical and Serologic Factors Associated with Lupus Pleuritis. The Journal of

Rheumatology, 37(4), 747. https://doi.org/10.3899/jrheum.090249

Mu, Q., Kirby, J., Reilly, C. M., & Luo, X. M. (2017). Leaky Gut As a Danger Signal for
Autoimmune Diseases. Frontiers in Immunology, 8, 598.

https://doi.org/10.3389/fimmu.2017.00598

Munroe, M. E., Young, K. A., Kamen, D. L., Guthridge, J. M., Niewold, T. B.,
Costenbader, K. H., Weisman, M. H., Ishimori, M. L., Wallace, D. J., Gilkeson,
G. S., Karp, D. R., Harley, J. B., Norris, J. M., & James, J. A. (2017). Discerning
Risk of Disease Transition in Relatives of Systemic Lupus Erythematosus Patients
Utilizing Soluble Mediators and Clinical Features: SLE TRANSITION RISK
PRECEDED BY IMMUNE PERTURBATIONS. Arthritis & Rheumatology,
69(3), 630—642. https://doi.org/10.1002/art.40004

Murray, R. S., Brown, B., Brain, D., & Cabirac, G. F. (1992). Detection of coronavirus
RNA and antigen in multiple sclerosis brain. Annals of Neurology, 31(5), 525—
533. https://doi.org/10.1002/ana.410310511

114



Nguyen, G. T., Green, E. R., & Mecsas, J. (2017). Neutrophils to the ROScue:
Mechanisms of NADPH Oxidase Activation and Bacterial Resistance. Frontiers
in Cellular and Infection Microbiology, 7, 373.

https://doi.org/10.3389/fcimb.2017.00373

Nicastro, L. K., Tursi, S. A., Le, L. S., Miller, A. L., Efimov, A., Buttaro, B., Tam, V., &
Tiikel, C. (2019). Cytotoxic Curli Intermediates Form during Sa/monella Biofilm

Development. Journal of Bacteriology, 201(18).
https://doi.org/10.1128/JB.00095-19

Papayannopoulos, V. (2018). Neutrophil extracellular traps in immunity and disease.
Nature Reviews Immunology, 18(2), 134—-147.
https://doi.org/10.1038/nri.2017.105

Porcel, J. M., Ordi-Ros, J., Esquerda, A., Vives, M., Madrofiero, A. B., Bielsa, S.,
Vilardell-Tarrés, M., & Light, R. W. (2007). Antinuclear antibody testing in
pleural fluid for the diagnosis of lupus pleuritis. Lupus, 16(1), 25-27.
https://doi.org/10.1177/0961203306074470

Prince, L. R., Whyte, M. K., Sabroe, I., & Parker, L. C. (2011). The role of TLRs in
neutrophil activation. Current Opinion in Pharmacology, 11(4), 397-403.
https://doi.org/10.1016/j.coph.2011.06.007

Putterman, C., Caricchio, R., Davidson, A., & Perlman, H. (2012). Systemic lupus
erythematosus. Clinical & Developmental Immunology, 2012, 437282.
https://doi.org/10.1155/2012/437282

115



Putterman, C., Pisetsky, D. S., Petri, M., Caricchio, R., Wu, A. H. B, Sanz, I., Oates, J.
C., Wallace, S., Sorek, R., Gerwien, R., Safer, P., Jakobi-Brook, K., & Cohen, 1.
R. (2018). The SLE-key test serological signature: New insights into the course of
lupus. Rheumatology (Oxford, England), 57(9), 1632—1640.
https://doi.org/10.1093/rheumatology/key149

Rahman, A., & Isenberg, D. A. (2008). Systemic Lupus Erythematosus. New England
Journal of Medicine, 358(9), 929-939. https://doi.org/10.1056/NEJMra071297

Raimbourg, Q., & Daugas, E. (2019). [Lupus nephritis]. Nephrologie & Therapeutique,
15(3), 174-189. https://doi.org/10.1016/j.nephro.2018.11.003

Rapsinski, G. J., Wynosky-Dolfi, M. A., Oppong, G. O., Tursi, S. A., Wilson, R. P.,
Brodsky, 1. E., & Tiikel, C. (2015). Toll-Like Receptor 2 and NLRP3 Cooperate
To Recognize a Functional Bacterial Amyloid, Curli. Infection and Immunity,

83(2), 693-701. https://doi.org/10.1128/IA1.02370-14

Remijsen, Q., Berghe, T. V., Wirawan, E., Asselbergh, B., Parthoens, E., De Rycke, R.,
Noppen, S., Delforge, M., Willems, J., & Vandenabeele, P. (2011). Neutrophil
extracellular trap cell death requires both autophagy and superoxide generation.

Cell Research, 21(2), 290-304. https://doi.org/10.1038/cr.2010.150

Romero-Diaz, J., Isenberg, D., & Ramsey-Goldman, R. (2011). Measures of adult
systemic lupus erythematosus: Updated Version of British Isles Lupus
Assessment Group (BILAG 2004), European Consensus Lupus Activity
Measurements (ECLAM), Systemic Lupus Activity Measure, Revised (SLAM-
R), Systemic Lupus Activity Questi. Arthritis Care & Research, 63(S11), S37—
S46. https://doi.org/10.1002/acr.20572

116



Romling, U., & Balsalobre, C. (2012). Biofilm infections, their resilience to therapy and
innovative treatment strategies. Journal of Internal Medicine, 272(6), 541-561.

https://doi.org/10.1111/joim.12004

Romling, U., Bian, Z., Hammar, M., Sierralta, W. D., & Normark, S. (1998). Curli fibers
are highly conserved between Salmonella typhimurium and Escherichia coli with
respect to operon structure and regulation. Journal of Bacteriology, 180(3), 722—

731. https://doi.org/10.1128/JB.180.3.722-731.1998

Schulz, M., Zambrano, F., Schuppe, H.-C., Wagenlehner, F., Taubert, A., Gaertner, U.,
Sanchez, R., & Hermosilla, C. (2019). Monocyte-derived extracellular trap
(MET) formation induces aggregation and affects motility of human spermatozoa
in vitro. Systems Biology in Reproductive Medicine, 65(5), 357-366.
https://doi.org/10.1080/19396368.2019.1624873

Shi, L., Zhang, Z., Yu, A. M., Wang, W., Wei, Z., Akhter, E., Maurer, K., Costa Reis, P.,
Song, L., Petri, M., & Sullivan, K. E. (2014). The SLE transcriptome exhibits
evidence of chronic endotoxin exposure and has widespread dysregulation of non-
coding and coding RNAs. PloS One, 9(5), €93846.
https://doi.org/10.1371/journal.pone.0093846

Smith, C. K., & Kaplan, M. J. (2015). The role of neutrophils in the pathogenesis of
systemic lupus erythematosus: Current Opinion in Rheumatology, 27(5), 448—

453. https://doi.org/10.1097/BOR.0000000000000197

117



Smith, C. K., Vivekanandan-Giri, A., Tang, C., Knight, J. S., Mathew, A., Padilla, R. L.,
Gillespie, B. W., Carmona-Rivera, C., Liu, X., Subramanian, V., Hasni, S.,
Thompson, P. R., Heinecke, J. W., Saran, R., Pennathur, S., & Kaplan, M. J.
(2014). Neutrophil Extracellular Trap-Derived Enzymes Oxidize High-Density
Lipoprotein: An Additional Proatherogenic Mechanism in Systemic Lupus
Erythematosus: NETs, HDL, and Lupus. Arthritis & Rheumatology, 66(9), 2532—

2544. https://doi.org/10.1002/art.38703

Smith-Bouvier, D. L., Divekar, A. A., Sasidhar, M., Du, S., Tiwari-Woodruff, S. K.,
King, J. K., Arnold, A. P., Singh, R. R., & Voskuhl, R. R. (2008). A role for sex
chromosome complement in the female bias in autoimmune disease. Journal of
Experimental Medicine, 205(5), 1099-1108.
https://doi.org/10.1084/jem.20070850

Serensen, O. E., & Borregaard, N. (2016). Neutrophil extracellular traps—The dark side
of neutrophils. Journal of Clinical Investigation, 126(5), 1612—1620.
https://doi.org/10.1172/JCI84538

Tan, E. M., Cohen, A. S., Fries, J. F., Masi, A. T., McShane, D. J., Rothfield, N. F.,
Schaller, J. G., Talal, N., & Winchester, R. J. (1982). The 1982 revised criteria for

the classification of systemic lupus erythematosus. Arthritis and Rheumatism,

25(11), 1271-1277.

Terlizzi, M. E., Gribaudo, G., & Maffei, M. E. (2017). UroPathogenic Escherichia coli
(UPEC) Infections: Virulence Factors, Bladder Responses, Antibiotic, and Non-
antibiotic Antimicrobial Strategies. Frontiers in Microbiology, §.

https://doi.org/10.3389/fmicb.2017.01566

118



Teruel, M., & Alarcon-Riquelme, M. E. (2016). The genetic basis of systemic lupus
erythematosus: What are the risk factors and what have we learned. Journal of

Autoimmunity, 74, 161-175. https://doi.org/10.1016/j.jaut.2016.08.001

Thanarajasingam, U., Muppirala, A. N., Jensen, M. A., Ghodke-Puranik, Y., Dorschner,
J. M., Vsetecka, D. M., Amin, S., Makol, A., Ernste, F., Osborn, T., Moder, K.,
Chowdhary, V., & Niewold, T. B. (2019). Type I Interferon Predicts an Alternate
Immune System Phenotype in Systemic Lupus Erythematosus. ACR Open

Rheumatology, 1(8), 499-506. https://doi.org/10.1002/acr2.11073

Tiikel, C., Nishimori, J. H., Wilson, R. P., Winter, M. G., Keestra, A. M., Van Putten, J.
P. M., & Baumler, A. J. (2010). Toll-like receptors 1 and 2 cooperatively mediate
immune responses to curli, a common amyloid from enterobacterial biofilms:
TLR2 interacts with TLR1 to recognize curli. Cellular Microbiology, 12(10),
1495-1505. https://doi.org/10.1111/7.1462-5822.2010.01485.x

Tiikel, C., Raffatellu, M., Humphries, A. D., Wilson, R. P., Andrews-Polymenis, H. L.,
Gull, T., Figueiredo, J. F., Wong, M. H., Michelsen, K. S., Ak¢elik, M., Adams,
L. G., & Biumler, A. J. (2005). CsgA is a pathogen-associated molecular pattern
of Salmonella enterica serotype Typhimurium that is recognized by Toll-like
receptor 2: CsgA is a PAMP recognized by TLR2. Molecular Microbiology,
58(1), 289-304. https://doi.org/10.1111/1.1365-2958.2005.04825.x

Tiikel, C., Wilson, R. P., Nishimori, J. H., Pezeshki, M., Chromy, B. A., & Baumler, A. J.
(2009). Responses to amyloids of microbial and host origin are mediated through
toll-like receptor 2. Cell Host & Microbe, 6(1), 45-53.
https://doi.org/10.1016/j.chom.2009.05.020

119



Tursi, S. A., Lee, E. Y., Medeiros, N. J., Lee, M. H., Nicastro, L. K., Buttaro, B.,
Gallucci, S., Wilson, R. P., Wong, G. C. L., & Tiikel, C. (2017). Bacterial
amyloid curli acts as a carrier for DNA to elicit an autoimmune response via
TLR2 and TLRY. PLOS Pathogens, 13(4), e1006315.
https://doi.org/10.1371/journal.ppat. 1006315

Tursi, S. A., Puligedda, R. D., Szabo, P., Nicastro, L. K., Miller, A. L., Qiu, C., Gallucci,
S., Relkin, N. R., Buttaro, B. A., Dessain, S. K., & Tiikel, C. (2020). Salmonella
Typhimurium biofilm disruption by a human antibody that binds a pan-amyloid

epitope on curli. Nature Communications, 11(1), 1007.

https://doi.org/10.1038/s41467-020-14685-3

Ueki, S., Melo, R. C. N., Ghiran, 1., Spencer, L. A., Dvorak, A. M., & Weller, P. F.
(2013). Eosinophil extracellular DNA trap cell death mediates lytic release of free
secretion-competent eosinophil granules in humans. Blood, 121(11), 2074-2083.

https://doi.org/10.1182/blood-2012-05-432088

van der Linden, M., van den Hoogen, L. L., Westerlaken, G. H. A., Fritsch-Stork, R. D.
E., van Roon, J. A. G., Radstake, T. R. D. J., & Meyaard, L. (2018). Neutrophil
extracellular trap release is associated with antinuclear antibodies in systemic
lupus erythematosus and anti-phospholipid syndrome. Rheumatology, 57(7),

1228-1234. https://doi.org/10.1093/rheumatology/key067

Vazquez-Torres, A. (2000). Salmonella Pathogenicity Island 2-Dependent Evasion of the
Phagocyte NADPH Oxidase. Science, 287(5458), 1655—1658.
https://doi.org/10.1126/science.287.5458.1655

120



Vorobjeva, N. V., & Pinegin, B. V. (2014). Neutrophil Extracellular Traps: Mechanisms
of formation and role in health and disease. Biochemistry (Moscow), 79(12),

1286-1296. https://doi.org/10.1134/S0006297914120025

Yu, Yanbao, Kwon, K., Tsitrin, T., Bekele, S., Sikorski, P., Nelson, K. E., & Pieper, R.
(2017). Characterization of Early-Phase Neutrophil Extracellular Traps in Urinary
Tract Infections. PLOS Pathogens, 13(1), e1006151.
https://doi.org/10.1371/journal.ppat. 1006151

Yu, Yuetian, Li, J., Wang, S., Gao, Y., Shen, H., & Lu, L. (2019). Effect of Candida
albicans bronchial colonization on hospital-acquired bacterial pneumonia in
patients with systemic lupus erythematosus. Annals of Translational Medicine,

7(22), 673—673. https://doi.org/10.21037/atm.2019.10.44

Yung, S., & Chan, T. M. (2015). Mechanisms of Kidney Injury in Lupus Nephritis—The
Role of Anti-dsDNA Antibodies. Frontiers in Immunology, 6, 475.

https://doi.org/10.3389/fimmu.2015.00475

Zack, D. J., Yamamoto, K., Wong, A. L., Stempniak, M., French, C., & Weisbart, R. H.
(1995). DNA mimics a self-protein that may be a target for some anti-DNA
antibodies in systemic lupus erythematosus. The Journal of Immunology, 154(4),

1987.

Zhang, F., Yang, X.-M., & Jia, S.-Y. (2020). Characteristics of neutrophil extracellular
traps in patients with periodontitis and gingivitis. Brazilian Oral Research, 34,

e015. https://doi.org/10.1590/1807-3107bor-2020.vol34.0015

121



Zhang, H., Fu, R., Guo, C., Huang, Y., Wang, H., Wang, S., Zhao, J., & Yang, N. (2016).
Anti-dsDNA antibodies bind to TLR4 and activate NLRP3 inflammasome in
lupus monocytes/macrophages. Journal of Translational Medicine, 14(1), 156.

https://doi.org/10.1186/s12967-016-0911-z

Zheng, X., Chen, M., Meng, X., Chu, X., Cai, C., & Zou, F. (2017). Phosphorylation of
dynamin-related protein 1 at Ser616 regulates mitochondrial fission and is
involved in mitochondrial calcium uniporter-mediated neutrophil polarization and

chemotaxis. Molecular Immunology, 87, 23-32.

https://doi.org/10.1016/j.molimm.2017.03.019

122



APPENDIX

Portions of this dissertation were originally published in Pachucki, R. J., Corradetti, C.,
Kohler, L., Ghadiali, J., Gallo, P. M., Nicastro, L., Tursi, S. A., Gallucci, S., Tiikel, C., &
Caricchio, R. (2020). Persistent Bacteriuria and Antibodies recognizing Curli/eDNA
complexes from E. coli are Linked to Flares in Systemic Lupus Erythematosus. Arthritis
& Rheumatology.

Copyright 2020. Arthritis & Rheumatology.

123



Ryan Pachucki

507A Kresge Hall

3400 N. Broad Street
Philadelphia, PA 19140
September 16 2020

Arthritis & Rheumatology
2200 Lake Boulevard

Atlanta, GA 30319-5312
Phone Number: 919-650-1459
Dear Brittany Swett,

| am completing a doctoral dissertation at Temple University entitled “ The role of curli/eDNA
complexes in the pathogenesis of SLE in humans." | would like your permission to reprint in my
dissertation excerpts from the following:

Pachucki, R. J., Corradetti, C., Kohler, L., Ghadiali, J., Gallo, P. M., Nicastro, L., Tursi, S. A,
Gallucci, S., Tikel, C., & Caricchio, R. (2020). Persistent Bacteriuria and Antibodies recognizing
Curli’leDNA complexes from E. coli are Linked to Flares in Systemic Lupus Erythematosus.
Arthritis & Rheumatology.

There will not be a direct copy and paste of material in the dissertation. Data will be rearranged
and more details will be added to results and methods.

A full citation to the publication in Arthritis and Rheumatology will be included in the dissertation.

If these arrangements meet with your approval, please sign this letter where indicated below and
return it to me via email. Your consideration is appreciated.

Sincerely,

4
4&“’ 4/{;@’/f Date: 9/16/2020
I d

Ryan J. Pachucki

PERMISSION GRANTED FOR THE USE REQUESTED ABOVE:

A @/\%“"‘9/ Date 9//00/9 Q20

Jane Diamond, Managing Editor

124



