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POPULAR SCIENCE SUMMARY OF THE THESIS

The bacteria Streptococcus pyogenes and Staphylococcus aureus have been leading causes of
human infections throughout history. After a century of research, no effective vaccines are
available. For a few decades, we have had weapons against these bacteria. Antibiotics gave
hope of a world where fever did not equal a death sentence. The development of antibiotic
resistance is rapidly changing hope into worry about the future in a post-antibiotic era. But also
currently, where antibiotic alternatives are available, and mortality has decreased, deaths still
occur. Sequelae after infection are also common. Hence, improved therapeutics against
bacterial infections are badly needed. Also, we need to know the efficacy of the treatments used
today. Are expensive drugs effective? At what dose? Are bacteria in tissue killed by antibiotics?
If not, how can we improve the antibiotic efficacy? Can we dampen bacterial pathogenicity,
without promoting resistance, through interference with bacterial communication? Does lack
of bacterial communication lead to increased persistence in tissue? These are the main
questions assessed in this thesis.

Through culture of artificial human skin tissue, bacterial infection, and treatment, we have
studied these questions. We found that 25g IVIG is enough to neutralize the explosive
proliferation of T-cells induced by the toxins of Streptococcus pyogenes. We observed that the
dose administered to patients correlated with the ability to neutralize these toxins. Our
collaborators observed a trend of improved outcome in patients with necrotizing soft tissue
infections caused by these bacteria when randomized to IVIG treatment, and IVIG treatment
was an independent factor for survival in a large observational study.

When allowed to infect artificial human skin tissue, Streptococcus pyogenes forms biofilm, a
molecular shield of protection. The standard treatment of penicillin and clindamycin was used
in low, medium, and high doses and was only able to reduce the number of viable bacteria to a
minor degree. When a low dose of rifampicin, another antibiotic, was added, the treatment
outcome was better. Not only were more bacteria killed, but it also took longer time for the
remaining bacteria in the biofilm to start to grow back, and the growth was decreased.

Staphylococcus aureus is a well-known producer of bacterial biofilm. This is regulated by a
communication system, so that the individual bacteria can coordinate its behavior to the
bacterial group. We used a strain that had a dysfunction in this system and studied the biofilm
it formed. On plastic, the strain formed biofilm but was unable to disperse the biofilm, as the
functional variant did after 9 hours of culture. In our tissue model, biofilm was formed
irrespective of communication, but the communicating strain also dispersed the epithelium and
invaded the deeper layers of the tissue. The dysfunctional variant continued to form biofilm on
top of the intact skin tissue. This shows that drugs targeting this system would decrease the
invasive properties of Staphylococcus aureus but not biofilm formation.

These studies illustrate the therapeutic challenges and opportunities of today, in tissue
infections by Streptococcus pyogenes and Staphylococcus aureus.



ABSTRACT

Streptococcus pyogenes and Staphylococcus aureus have been leading causes of human
infections throughout history. S. pyogenes is of the top-ten pathogens responsible for most
death globally, 0.5 million deaths per year. S. aureus is carried asymptomatically by half the
population at any point in time and S. aureus bacteremia is probably the most common life-
threatening infection worldwide. These bacteria colonize us, cause mild self-limiting infections
such as 1impetigo and pharyngitis but also rare grave conditions such as
streptococcal/staphylococcal toxic shock syndrome (STSS) and necrotizing soft tissue
infections (NSTI).

In STSS, patients are recommended to receive adjunctive intravenous immunoglobulin (IVIG)
to dampen the mitogenic superantigen-response in T-lymphocytes. In NSTI, the benefit of
IVIG treatment is unclear. The first randomized controlled trial of IVIG in NSTI by all
microbiological etiologies showed no benefit, but the subgroup dominated by S. pyogenes and
S. aureus infections indicated a trend of improved outcome. Here, we assessed plasma samples
from these patients, demonstrating that a dose of 25g IVIG is effective at neutralizing toxins
from most S. pyogenes strains. The neutralizing capacity of patient plasma correlated with the
IVIG dose administered.

In NSTI, the antibiotic treatment recommendations include a B-lactam antibiotic such as
penicillin, and a toxin-dampening antibiotic such as clindamycin. Using an organotypic 3D
model of human skin, we treated S. pyogenes tissue infections with this standard treatment and
observed only a minor effect on reduction of bacterial viability. When we added the antibiotic
rifampicin as adjunctive treatment, we observed a significant reduction of bacterial viability
and metabolism. Bacterial biofilm formation has been recognized as a complicating
microbiological feature of S. pyogenes NSTI, and this could be the reason behind the treatment
failure and high morbidity and mortality associated with the infections.

S. aureus biofilm formation is regulated by the Accessory gene regulator or Agr system. Using
an Agr-silent mutant, we measured biofilm formation by methicillin-resistant S. aureus
(MRSA). We observed impaired biofilm dispersal in the Agr-silent MRSA strain, resulting in
sustained biofilm formation on polystyrene surfaces. When grown on collagen-coated surfaces,
biofilm increased by both strains. In our skin tissue model, both isolates formed biofilm, but
the Agr-silent strain did not affect the epithelial integrity while the Agr-signaling strain caused
epithelial damage and disseminated into the deeper layers of the tissue.

Host-pathogen interactions are complicated due to the multitude of cells and molecules
involved. In this thesis, we have studied bacterial pathogens in their natural habitat: near human
cells. Although not as complex as real tissue, our model systems are relevant by mimicking
important features of the clinical setting. Our research questions are clinical, and our setup is
experimental.
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1 LITERATURE REVIEW

TO CARRY A KILLER

All people carry bacteria, but most of them are harmless. What is frightening, is bacteria that
act as "kind" commensals, but suddenly cause life-threatening infections. Several hundred
thousand people in Sweden carry Streptococcus pyogenes (S. pyogenes) asymptomatically, and
almost half the population carry Staphylococcus aureus (S. aureus) at any point in time. These
are healthy people, at an increased risk for invasive bacterial infections.

Humanity has but three great enemies: fever, famine and war;
of these by far the greatest, by far the most terrible, is fever.

Sir William Osler, 1896.

TYPICAL CASE REPORT

November 1st, a 42-year-old man walks into the emergency room at Danderyds Hospital north
of Stockholm. For two days he has experienced increasing pain in his left foot, where he has
had an eczema for a couple of weeks. He is previously healthy, except for a sore throat. Despite
low inflammatory values (CRP 8), he is admitted for observation and the next morning the staff
find him feverish with decreased consciousness and low blood pressure. He is given broad
antimicrobial treatment and a total of six liters of fluids, but still, he is unable to keep adequate
blood pressure, with a lactate value of eight. He is transferred to the intensive care unit via the
operating room. An orthopedic surgeon makes an incision, removes necrotic tissue, and makes
the diagnosis of necrotizing fasciitis. In wound cultures from his foot grows S. aureus. In blood
cultures and cultures taken from the necrotic tissue grows S. pyogenes. He needs high doses of
noradrenaline and dobutamine to keep blood flow to important tissues, his blood is taking 2.5
times longer than normal to coagulate, and he is sedated using propofol and morphine. He
receives intravenous immunoglobulins and hydrocortisone. He is moved to Karolinska
University Hospital and is treated with hyperbaric oxygen in a pressure chamber. November
7th the man is brought back to consciousness and on the 10th the wound is finally shut, after
several surgeries. He still needs complex bandaging, oxygen treatment, pain, and sleep
medications, and he lacks the strength to stand on his own feet for a couple of more weeks. But
he is now a survivor of a necrotizing soft tissue infection.

INVASIVE INFECTIONS THAT CAUSE NECROSIS

Necrosis is a destructive way of cell death where damage leads to unregulated spread of cellular
content. Necrotizing skin and soft tissue infections (NSTI), including necrotizing fasciitis, is
the most severe form of bacterial-induced tissue pathology with unpredictable onset and rapid
development into life-threatening conditions. NSTI is associated with high mortality (20-40%)
and morbidity despite adequate antibiotic and organ-supporting treatment [1]. The infection is
located deep in the fascia with rapid progressive tissue destruction and is often complicated by
septic shock and multiorgan failure. Finding of necrosis at exploration of the affected area by
a surgeon provides the diagnose of NSTI. Bacteria can be isolated from sterile sites as blood or
tissue, or in some cases the causative agent is not identified. Factors that influence NSTI clinical
presentation and course of outcome are host genetics, age, comorbidities, immunity, preceding



events (virus, trauma), bacterial port of entry, species and virulence, infection duration before
treatment, and type of treatment. The diagnosis of NSTI is notoriously difficult. Some argue
that ‘pain out of proportion’ is an early sign of NSTI, that CRP levels and LRINEC-scoring
can aid in differentiating NSTI from milder infections [2]. Others argue that the most prevalent
symptom (skin rash) is present in only around half of all NSTI patients (and all patients with
milder infections) and that initial inflammatory values vary, making symptomatic/laboratory
differentiation impossible [3]. The earliest report of NSTI was made within an outbreak of
erysipelas [4]:

...[T]he erysipelas would quickly spread widely in all directions. Flesh, sinews and bones fell away in large
quantities... Fever was sometimes present and sometimes absent... There were many deaths. The course of
the disease was the same to whatever part of the body it spread. Many lost the arm and the entire forearm.
If the malady settled in the sides there was rotting either before or behind...

Hippocrates, 5™ century BC

MICROBIOLOGY OF NECROTIZING SOFT TISSUE
INFECTIONS

NSTI is often placed in one of two categories. Type | NSTI affect either the
thorax/abdomen/genital area and is caused by a polymicrobial infection including one or more
anaerobic bacteria. Type Il NSTI affect the extremities/head/neck-area and most commonly
comprise of monomicrobial infections. Type Il account for approximately half of NSTI cases
and are the focus of this doctoral work. Beta-hemolytic Streptococci are the most common
cause of monomicrobial NSTI and another common cause is S. aureus. The bacteria spread
through direct and indirect contact between individuals and the most common way for bacteria
to get access to the human body is through the throat or pre-existing wounds or cuts in the skin.
Risk factors are diabetes mellitus, immunosuppression, obesity, malignancy, intravenous drug
use and blunt trauma [5, 6].

HISTORY OF STREPTOCOCCUS PYOGENES

Theodor Billroth, an Austrian surgeon, described streptococcal erysipelas and wound
infections in the 1860s. He observed "small organisms™ (kettenkokken) organized in pairs or
chains. In 1879, Louis Pasteur tried to resolve the problem of high rates of females dying of
child-birth fever and stated: "Let the Academy allow me to draw the dangerous microbe I
believe is responsible for puerperal fever". After this, he isolated "an organism made of grains
in couples or chains” from a woman with puerperal fever. The name Streptococcus pyogenes
was coined 1884 by Friedrich Julius Rosenbach, translating to "pus-forming round bacteria in
chains". Two of three post-partum deaths were caused by S. pyogenes [7], that could spread
easily in 19th century settings, and there was little physicians could do about the infections.
Rebecca Lancefield discovered in 1919 that streptococci evoked protective, type-specific
antibodies and classified them into groups [8], of which pyogenes belong to Lancefield group
A (group A streptococci: GAS). In 1928 bacteriologist Alexander Fleming discovered
penicillin and in the 1940s chemists Howard Florey and Ernst Chain succeeded in developing
large-scale production of the drug (for which the trio was awarded the Nobel prize in 1945).
The USA played a major role in the development, due to World War |1, and priority for the
miracle drug was given to military use. When penicillin became available to a larger audience,
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the fear of bacteria decreased. There was a dramatic drop in S. pyogenes related conditions in
the western world over the 20th century related in part to improved socioeconomic conditions,
timely antibiotic treatment of streptococcal pharyngitis, and secondary prophylaxis for
rheumatic fever [9]. In 1967, the American Surgeon General William H. Stewart travelled to
the White House to deliver one of the most encouraging messages: the war on infectious disease
is over. In the 1980s experimental infections (injections and inoculations onto skin) of S.
pyogenes into human volunteers were performed on laboratory personnel, college student
volunteers and investigators themselves [10]. In the late 1980s reports started to arise world-
wide describing increased incidence and severity of S. pyogenes infections [9]. After years of
steadily declining morbidity and mortality due to group A streptococcal infections young,
previously healthy individuals fell victim of what the media termed "flesh eating bacteria".
Since then, increased attention has been given to S. pyogenes. Invasive infections by S.
pyogenes are notifiable and regulated in the The Swedish Law for Communicable Disease
Control since 2004.

If you don''t like bacteria, you are on the wrong planet.

Stewart Brand

STREPTOCOCCAL BURDEN OF DISEASE

S. pyogenes is a human pathogen, almost exclusively restricted to humans [11]. Healthy
asymptomatic carriers of about 2-6% of the population function as reservoirs, most commonly
in the respiratory tract [12-15]. School aged children, 5-15 years of age, are more often
asymptomatic carriers: 10-25% [16-20]. There is a seasonal variation with increased levels of
colonization and infections during winter months [21]. S. pyogenes cause a spectrum of
diseases, ranging from superficial skin and throat infections such as impetigo to life-threatening
toxic shock syndrome, necrotizing soft tissue infections, puerperal sepsis and additionally,
there are autoimmune post-streptococcal sequelae such as rheumatic heart disease. Globally,
there are over 616 million incident cases per year of streptococcal pharyngitis and more than
111 million cases of pyoderma [22]. The prevalence of severe streptococcal disease is at least
18,1 million cases, with 1,78 million new cases each year. An estimate is that there are at least
517 000 deaths each year due to severe S. pyogenes disease, making S. pyogenes one of the
top-10 pathogens causing human death [22].

The greatest burden of disease is due to the post-streptococcal sequelae called rheumatic heart
disease, with a prevalence of at least 15,6 million cases, with 282 000 new cases and 233 000
deaths each year. In low-income countries where living conditions are crowded, less hygienic,
and there is low access to medical care and nutrition; the major severe diseases related to S.
pyogenes are invasive streptococcal disease and acute rheumatic fever, rheumatic heart disease,
and post-streptococcal glomerulonephritis. An autoimmune response to repeated throat
infection with S. pyogenes result in acute rheumatic fever, and repeated episodes of rheumatic
fever results in immune attack on the heart: rheumatic heart disease [23]. Throat and skin
infection with S. pyogenes can lead to glomerulonephritis, where immune complex
composition in the kidney’s glomeruli post streptococcal disease cause non-reversible damage.
In low-income countries, there is also high morbidity due to streptococcal impetigo and
puerperal fever in pregnant and post-partum women. In high-income countries rheumatic fever
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has become a forgotten disease, while tonsillopharyngitis and invasive streptococcal disease
are of greatest public health importance [24]. Interestingly, a recent meta-analysis reported that
asymptomatic carriage rate in children is higher in high-income countries [20]. The global
burden of invasive S. pyogenes diseases is over 663 000 new cases and 163 000 deaths each
year [22]. The most recent incident rate reported in Sweden is 6.5 cases per 100 000 inhabitants,
an 8% increase since the year before [21]. Around 60% of invasive S. pyogenes infections occur
in the gyneco-obstetrical sphere, for women between 18 and 40 years of age [25]. Group B
Streptococcus (GBS) is more common in the female reproductive tract, but GAS/S. pyogenes
causes more severe maternal infections [25]. S. pyogenes infections have also been associated
with other disorders such as pediatric acute onset obsessive compulsory disorder [26] and acute
guttate psoriasis [27].

HISTORY OF STAPHYLOCOCCUS AUREUS

1881 the Scottish surgeon Sir Alexander Ogston identified Staphylococcus as a causative agent
of wound infection and named it for the grape-like clusters (staphyle-grape and kokkos-
berry/seed in Greek) he observed under the microscope [28]. In 1884, German scientist Anton
Rosenbach grew two strains of Staphylococcus, one white and one yellow. The yellow staph
(due to staphyloxantine [29]) was named "golden": Staphylococcus aureus [30]. 1930 a
coagulase-test made it possible to detect the plasma-coagulating enzyme secreted by S. aureus,
the enzyme that separates it from most other stapylococci. 1941 a British policeman, seriously
ill with S. aureus infection, was the first to be treated with penicillin. Before the community
introduction of penicillin, the mortality rate of S. aureus bacteremia was reported as high as
80% [31]. In the end of the 1940s, benzylpenicillin had cured many staphylococcal infections,
but penicillin-resistant outbreaks began to occur. In 1959, the new drug methicillin was
introduced in Europe. Two years later, 1961, methicillin-resistant S. aureus (MRSA) was
detected [32]. MRSA appeared first in hospitalized patients, and for three decades MRSA was
contained to health care-settings. Though, in the 1990s reports started to arise about MRSA
spreading in the community among otherwise healthy individuals [33, 34]. Also, these
community-associated strains seemed to migrate into hospital settings [35], adding to the
problem of traditional MRSA strains. Vancomycin is the usual compound used for MRSA
treatment. In 2002, the first vancomycin-resistant S. aureus (VRSA) was described [36].

STAPHYLOCOCCAL BURDEN OF DISEASE

Thou art a boil, A plague sore, an embossed carbuncle, In my corrupted blood.
Shakespeare: King Lear

S. aureus has been a leading cause of human infections throughout history, responsible for a
never-ending pandemic of human infections [37]. S. aureus bacteremia is probably the most
common life-threatening infection worldwide [38]. Up to 30% of the human population are
asymptomatically and permanently colonized with nasal, cutaneous or gastrointestinal S.
aureus, and an additional 30% are non-permanent carriers [39]. Humans, dogs, cats, sheep,
cattle, and poultry can host this highly successful pathogen. Although some researchers has
explored the idea that S. aureus might only happen to be on the wrong place at the wrong time
and attract blame due to their abundance [40], most researchers and physicians believe that S.
aureus is a highly virulent bacterial pathogen causing community- and healthcare-acquired
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infections. S. aureus is one of the most frequent pathogens isolated from the bloodstream of
seriously ill patients in any hospital in the world [41-45], and despite the availability of
antibiotics, the mortality of S. aureus bacteremia remains high [46]. Much like S. pyogenes, S.
aureus infections range from superficial and self-limiting pyoderma to invasive necrotizing
infections and toxic shock syndrome. S. aureus represent the main cause of infective
endocarditis, septic arthritis, osteomyelitis and surgical wound contamination [47, 48]. It has a
pronounced versatility and capacity to infect almost any type of tissue. Blood-borne septic
metastasis facilitates its spread. S. aureus toxins cause the classical “food poisoning”
gastrointestinal disease. Also, S. aureus cause pneumonia secondary to viral infection,
aspiration, or mechanical ventilation [49-51]. Orthopedic surgeons are well-familiar with S.
aureus infections of implanted materials, that are difficult to treat. A significant increase in
hospitalizations associated with S. aureus was observed in all age groups in the US between
2001-2009 [52]. NSTI mortality is generally lower with S. aureus versus S. pyogenes [53]. The
added burden of resistance differs between countries. In Europe, the proportion of MRSA
ranges from 1% to 50% [54]. MRSA account for 44% of hospital associated infections, 41%
of extra days of hospitalization and 22% of attributable extra deaths in the European Union
[54]. 1t has been debated whether MRSA bacteremia causes higher mortality than methicillin-
sensitive S. aureus. Vancomycin is an inferior alternative than p-lactams in the treatment of S.
aureus infections with a deep focus. Two meta-analyses have found increased mortality risk
associated with MRSA (1.93 and 2.03) but there is ongoing discussion about the
methodological flaws of the studies [54].

SEPSIS, TOXIC SHOCK AND SUPERANTIGENS

NSTI are often associated with sepsis, which is a syndrome caused by a large variety of
microbes. Sepsis is defined as the life-threatening organ dysfunction caused by a dysregulated
host response to infection. These criteria were reassessed in 2016, resulting in the Sepsis-3
consensus definitions [55]. The new diagnostic criteria were developed due to the inadequate
specificity and sensitivity of the systemic inflammatory response syndrome (SIRS) criteria
used in previous definitions. A bedside clinical score called quickSOFA can be used to value
the risk of sepsis: respiratory rate of 22/min or greater, altered mentation, or systolic blood
pressure of 100 mm Hg or less. In the clinical setting organ dysfunction should be evaluated
by an increase in the Sequential [Sepsis-related] Organ Failure Assessment (SOFA) score of 2
points or more, which is associated with an in-hospital mortality greater than 10% [55]. Septic
shock, which is worse, was re-defined as a subset of sepsis associated with in-hospital mortality
rates greater than 40% due to particularly profound circulatory, cellular, and metabolic
abnormalities [55]. Patients with septic shock can be clinically identified by a vasopressor
requirement and elevated serum lactate level in the absence of hypovolemia. A challenge with
these criteria can be to identify patients that are actually infected, since other sources of organ
dysfunction exist. Another study assessed fever in the emergency department and found that it
predicts survival of patients with septic shock admitted to the intensive care unit, although not
in the way one might imagine. More than half of patients had a body temperature below 38,3°C
and in-hospital mortality was inversely correlated with temperature, decreasing on average
>5% per °C increase. Patients with the lowest temperature had the highest mortality: 50%, in
large because they received less timely and lower quality care [56].
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The most fulminant expression of the spectrum of diseases caused by toxin-producing strains
of S. aureus and S. pyogenes is staphylococcal/streptococcal toxic shock syndrome (STSS)
which can present with different types of infections, most commonly necrotizing fasciitis
(70%) [57]. First described in 1978, though similar descriptions exist as early as 1927, patients
with STSS are in septic shock (including at least 3 dysfunctional organ systems) with fever of
at least 39°C and in addition show specific signs of toxic influences on the skin and mucosal
sites [58]. STSS occurs sporadically although some clusters of cases have been reported, with
mortality rates varying between 30-80% [59-63]. A specific subcategory, the menstrual
staphylococcal TSS, was associated to highly absorbent tampon use in the 1980s [64].

STSS is thought to be mediated by bacterial exotoxins acting as superantigens [65].
Superantigens are the most powerful T-cell mitogens ever discovered, hijacking the immune
system, and activating up to 20% of all T-cells at low concentrations. This can be compared to
regular antigens activating <0.01% of T-cells at much higher concentrations [66-69].
Superantigens bypass regular antigen processing, presentation and bind intact without prior
cellular processing to major histocompatibility complex Il on antigen presenting cells (APCs)
and variable regions of the T-cell receptor (TCR) leading to polyclonal proliferation and a
cytokine cascade (tumor necrosis factor (TNF)-a, interleukin (IL)-1, IL-2 and IL-6) and
refractory shock [53, 70]. In total 19 distinct superantigens gene have been identified in S.
aureus and most strains harbor one or more of them [71, 72]. Similarly, 14 distinct group A
streptococcal genes encoding superantigens have been identified, and each strain generally
harbor three to four [71, 73].

Streptococcal isolates from severe and non-severe cases induce similar mitogenic and cytokine
responses [74]. However, there seem to be host variations in the responses to superantigens.
Patients suffering from severe invasive cases of toxic shock and/or necrotizing fasciitis have
been shown to have significantly higher frequencies of IL-2, IL-6, and TNF-a-producing cells
in their circulation as compared to non-severe invasive cases [75]. It seems that patients with a
propensity to produce higher levels of inflammatory cytokines in response to
streptococcal superantigens develop significantly more severe systemic manifestations. Kotb
et al. described that human leukocyte antigen (HLA) class Il haplotypes conferred strong
protection from severe systemic disease, whereas others increased the risk of severe disease
[76]. Also, the HLA of the antigen presenting cell was shown to dictate the magnitude of the
mitogenic T-cell response and the net cytokine release, rather than the V3-region of the T-cells
[77]. Levels of anti-M1 bactericidal antibodies and of anti-streptococcal superantigen
neutralizing antibodies in plasma have been reported to be lower in patients suffering from
streptococcal infections than in matched healthy controls. However, the lower levels did not
seem to modulate disease outcome [78]. There is much epidemiological evidence for
superantigen involvement in invasive infections, but also serological and T-cell based studies
[71]. The evidence of T-cell involvement has been supported by a trial of an anti-CD28
monocloncal antibody, acting as a superagonist that directly stimulate T-cells [79]. Six healthy
young male volunteers were involved in a phase 1 clinical trial of this drug, and 90 minutes
after receiving a single intravenous dose, all six had a systemic inflammatory response
characterized by rapid induction of proinflammatory cytokines and unspecific sepsis-
symptoms such as headache, myalgia, nausea, diarrhea, erythema, vasodilation and
hypotension [79]. Within 12-16 hours after infusion, they became critically ill, with pulmonary
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infiltrates and lung injury, and disseminated intravascular coagulation, and they were
transferred to an intensive care unit, receiving cardiopulmonary support (including dialysis),
high-dose methylprednisolone and anti-1L2-receptor antagonist antibody [79]. After 24 hours,
their lymphocyte and monocyte levels decreased. The levels of cytokines such as INFy, TNFa.,
IL-1p and IL-2 all increased rapidly and then decreased in 24 hours. Two patients developed
cardiovascular shock and acute respiratory distress syndrome, requiring intensive organ
support for 8-16 days [79]. All patients survived. All of them experienced generalized
desquamation, a sign usually seen after STSS.

PATHOGENIC MECHANISMS

S. pyogenes and S. aureus produce a myriad of individual virulence factors that in different
ways promote its survival. Some key virulence factors will be discussed below, which may be
divided into surface-related and secreted factors (Table 1). Importantly, there is considerable
heterogeneity among strains and the virulence factors they express.

Pathogenicity is, in a sense, a highly skilled trade, and only a tiny minority of all the
numberless tons of microbes on the earth has ever involved itself in it; most bacteria are
busy with their own business, browsing and recycling the rest of life. Indeed, pathogenicity
often seems to me a sort of biological accident in which signals are misdirected by the
microbe or misinterpreted by the host.

Lewis Thomas, The Medusa and the Snail

Surface associated factors are of importance for evasion of phagocytosis and adherence to host
cells. S. pyogenes express an anti-phagocytic hyaluronic acid (HA) capsule, with HA similar
to that of human connective tissue. This enables the bacteria to disguise as an immunological
"self” and interact with CD44 enabling adherence to host cells [80, 81]. Typing of S. pyogenes
is commonly based on the M protein, its major virulence and immunological determinant,
protruding from the streptococcal surface like a strand of hair. Classic M-protein serological
typing was largely replaced by sequence typing of the 5° end of the M protein (emm) gene in
the late 1990s. There is substantial overlap in common emm types found in invasive and
pharyngeal isolates, but less overlap to common emm types found in skin isolates [24]. M-type
1 and 3 are strongly associated with invasive disease, which some argue is due to their
procoagulant activity through stimulation of tissue factor [82]. M-protein bind complement
factors [83], fibrinogen [84] and interact with C4b-binding protein [85]. M-protein can be
cleaved off the bacterial surface by human or bacterial proteases and act pro-inflammatory
through activation of neutrophils that cause release of heparin binding protein which induce
vascular leakage [86] and there are also reports of superantigen activity [87]. One of the most
successful clones, the M1T1 strain, possess the emm1.0 allel of the M1 gene but has through
loss and/or acquisition of phages evolved into a more virulent phenotype [88].

The most well-known surface associated factor of S. aureus is protein A. Staphylococcal
protein A is a cell wall anchored protein released during bacterial growth composed of two
regions with clear structural and functional differences: Region X (that connects to the cell
wall) and the five immunoglobulin binding domains that bind human IgG so efficacious that it
is used as a column substrate to purify antibodies [89]. This protects S. aureus from humoral
immune responses and acts as a superantigen against B-cells [90]. Staphyloxanthin, the golden
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pigment in S. aureus, functions as a virulence factor by serving as an antioxidant protecting the
bacterium from neutrophil oxidative burst [29].

Secreted factors contribute to immune evasion mechanisms as well as growth and
dissemination of the bacteria. Many virulence factors cause lysis of host cells, promote tissue
invasion and destruction. There are also factors with the ability to specifically manipulate both
innate and adaptive immune responses, including inhibition of complement activation,
prevention of neutrophil function and recruitment, and inhibition of phagocyte function [89] S.
pyogenes secrete two hemolysins, Streptolysin O and S (SLO and SLS) that form pores in the
membranes of human erythrocytes [91, 92]. Hyaluronidase is an enzyme that facilitate the
degradation of hyaluronic acid in connective tissue [93]. SpeB is a cysteine protease with many
human substrates such as extracellular matrix proteins, antibodies, antimicrobial peptides;
thereby promoting dissemination and immune evasion [94]. It can also cleave endogenous
virulence factors and therefore, its secretion is tightly regulated.

Many S. aureus virulence factors are defined as toxins that are secreted from the bacteria and
in a direct way damage host cells. o-toxin (o-hemolysin, hla) is a well-known,
proinflammatory and beta-barrel forming toxin that causes cytolysis through pore formation
[47]. Panton-Valentine leukocidin (PVL) is a bi-component, pore-forming toxin consisting of
the LukS and LukF proteins [47]. It is non-hemolytic although highly cytotoxic toward human
neutrophils, monocytes, and macrophages [95]. There is a strong epidemiological association
among genetically diverse S. aureus strains carrying the PVL genes and disease outbreaks like
fatal necrotizing pneumonia [96, 97]. Phenol soluble modulins (PSMs) are amphipathic
peptides causing cell lysis without requiring specific receptor binding [47]. S. aureus also
possess more toxin with superantigen activity, such as enterotoxins and toxic shock syndrome
toxin-1. S. aureus also produce exoenzymes such as coagulase that clot blood plasma.

It should be noted that different strains produce different levels of each factor, and that
distinguishing the role of specific factors can be challenging. Likely, different factors are
involved in different processes of the pathogenesis [98].

Weckel et al. recently studied decidual infection by S. pyogenes and showed that SLO and speB
are main factors in dissemination and that S. pyogenes limits the hosts immune response [25].
S. pyogenes invaded phagocytic cells in the first minutes of infection, and induced death in
about half the stromal and immune cells in the decidua [25]. Both S. aureus and S. pyogenes
can colonize humans without creating disease. The molecular basis for colonization is often
described like that of infection. Schulz et al. used a humanized model to study how healthy
adult human skin responds to colonizing MRSA and saw that adhesion to corneocytes induced
a local inflammatory response in underlying skin layers, which recruited neutrophils that could
regulate the bacterial population [99]. What determines our colonizers are not only our host
cells and secreted factors but also who we are close to [100].
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TABLE 1. MAJOR VIRULENCE FACTORS IN STREPTOCOCCUS
PYOGENES AND STAPHYLOCOCCUS AUREUS.

Action/mechanism | S. pyogenes S. aureus
Adherence/colonization Capsule Fibronectin binding protein A and B
M protein Fibrinogen binding proteins; Efb, EAP, CIf A and B

Fibronectin-binding protein
Collagen-binding proteins

Lipoteichoic acid

Collagen binding protein
Elastin binding protein

Extracellular adherence protein (EAP)

Anti-phagocytic

Capsule

M protein

M-like protein

C5a peptidase

Streptococcal inhibitor of complement (SIC)
Streptococcal cystein protease (SpeB)

Cell envelope proteinase (SpyCEP)

Capsule

Protein A (SpA)

Clumping factor A (CIf A)

Extracullular fibrinogen binding protein (Efb)
Staphylococcal complement inhibitor (SCIN)
Staphylokinase

Chemotaxis inhibitory protein (CHIPS)

Extracellular adherence protein (EAP)

Dissemination

DNase
Hyaluronidase
Plasminogen-binding proteins

Streptokinase

Systemic toxicity and pro-
inflammatory activity

Streptolysins O and S

Superantigens: SpeA-M, SmeZ, SSA
Peptidoglycan

Lipoteichoic acid

CpG DNA

a-haemolysin (o-toxin)

y-haemolysin

Panton-Valentine leukocidin

Leukocidin E/D and M/F

Superantigens: staphylococcal enterotoxins A-E, G-
Q and TSST-1

Expholiative toxin A and B (SEA, SEB)
Peptidoglycan

Lipoteichoic acid

CpG DNA

Protein A

Inhibition of leukocyte
chemotaxis

C5a peptidase

SpyCEP

Chemotaxis inhibitory protein (CHIPS)

Extracellular adherence protein (EAP)
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NO AVAILABLE VACCINES

There is currently no vaccine available for the prevention of S. pyogenes infection, despite over
a century of research and careful scrutiny of many promising targets [101]. Lancefield's studies
in the 1950s indicated M-protein as a vaccine candidate as sera containing serotype-specific
antibodies protected against re-infection [102]. However, to protect against a large proportion
of epidemiologically significant strains, a vaccine would need to be relatively complex. Some
M proteins elicit both protective antibodies and antibodies that cross-react with human tissues,
hindering attempts to develop an M protein-based vaccine. Sequencing of M-proteins revealed
that tissue—cross-reactive epitopes were localized to repeating amino acid sequences. Hence,
an M-protein vaccine would need to cover the different serotypes of clinical relevance while
avoiding the regions associated with tissue cross-reactive antibody development. New
molecular techniques have allowed the previous obstacles to be largely overcome and currently
a 26-valent M-protein-based S. pyogenes vaccine is under clinical investigation [103]. Shaw et
al. investigated protein antigens targeting a broad range of S. pyogenes disease presentations

Vaccine approaches to S. aureus thus far have proven unsuccessful when progressed to clinical
trials and it has been proposed that S. aureus cannot be hindered by pre-existing antibodies as
long as protein A bind human IgG. Although, it may be feasible to utilize vaccine-based
strategies as adjuvant infectious treatment to limit the severity of infection [104]. Recently, a
four-component vaccine consisting of two capsular polysaccharides conjugated to tetanus
toxoid, mutated a-toxin, and clumping factor A has been developed and has completed phase
one clinical trials [105]. Others believe we need to consider the route of vaccination, suggesting
intranasal administration is more efficacious [106].

ANTIBIOTIC TREATMENT AND RESISTANCE

The World Health Organization (WHO) classifies antibiotic resistance as one of the greatest
threats to global health, food security and development [107]. Antibacterial resistance is
defined as the reduction or loss of bacteriostatic or bactericidal efficacy of an antimicrobial
agent at doses that would normally exert its therapeutic effect [107]. Infections by antibiotic
resistant bacteria in Europe more than doubled between 2007 and 2015, and the burden of
disease is now comparable to that of influenza, tuberculosis and human immunodeficiency
virus (HIV) combined [108]. The prevalence of multi-resistant bacteria in the community can
increase fast [109].

It has been demonstrated that a species of penicillium produces in culture a very powerful
antibacterial substance which affects different bacteria in different degrees. Generally
speaking, it may be said that the least sensitive bacteria are the Gram-negative bacilli,
and the most susceptible are the pyogenic cocci.

Alexander Fleming

Penicillin remains an appropriate antibiotic treatment in infections by S. pyogenes since these
bacteria are known to be uniformly susceptible to all B-lactam antibiotics [110]. However, there
are reports on the emergence of antibiotic resistance in S. pyogenes. Alarmingly, strains with
decreased sensitivity to penicillin were recently described, consistent with the first step towards
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developing penicillin resistance [111]. Resistance has been described in S. pyogenes against
commonly used antibiotics such as erythromycin, tetracycline, clindamycin, and
fluroquinolone [16, 112-114]. During an outbreak of scarlet fever in Beijing, the strains were
resistant to erythromycin in 96% of cases and 79% to clindamycin [112]. In asymptomatic
Korean children, rates of resistance were 51% towards erythromycin and 34% against
clindamycin 2002, a marked increase from 1995 [16].

In addition to reports on developing resistance, a previous finding of susceptible yet viable S.
pyogenes in 74% of infected patient tissue, despite prolonged antibiotic therapy, demonstrated
an antibiotic treatment failure at the tissue site [115]. This opened a novel line of research
focusing on improved antimicrobial strategies against bacterial resistance phenotypes at the
tissue site. In patients with toxic shock or a deep tissue focus, the recommendation is that a 8-
lactam is combined with a drug capable of suppressing toxin production, most often
clindamycin but also linezolid is an alternative [70, 116]. Clindamycin reduces SLO activity
and DNase Sdal in vivo, whereas subinhibitory concentrations are suboptimal [117]. Also,
there is reduced expression of penicillin-binding proteins and diminished susceptibility to p-
lactams when S. pyogenes reaches the stationary growth phase. This is known as the Eagle-
effect [118].

Contrary to the naivety of S. pyogenes, S. aureus is on the WHO list of priority pathogens for
which new antibiotics are badly needed [119]. In S. aureus infections, choice of antibiotics
includes penicillinase-resistant isoxazolyl-penicillins, clindamycin, vancomycin, linezolid or
daptomycin [120]. S. aureus has a pronounced capacity to acquire and express antibiotic
resistance. It has acquired resistance to virtually all antibiotics [46]. Methicillin-resistant S.
aureus (MRSA) has become an inclusive common term used to describe S. aureus strains that
are typified by resistance to most p-lactam antibiotics with the exception of some modern
cephalosporin classes of B-lactam compounds [89]. MRSA constitute a large clinical problem
worldwide [34, 37]. 20-80% of all S. aureus infections worldwide can be attributed to MRSA
strains, depending on the country reporting [107]. The WHO report that MRSA infections
result in more hospital days to resolve the infection, an increase in sepsis outcomes and
increased duration in intensive care units [107]. MRSA, once known as “the hospital
superbug”, now seems to recirculate from reservoirs in the community, such as daycares,
prisons, dorm rooms, or locker rooms, referred to as community-associated S. aureus [33-35,
121]. Unlike hospital-associated MRSA, this type is typically resistant only to B-lactam
antibiotics [34, 37]. The emergence of MRSA in the community has several clinical
implications: treatment failure and increasing costs, as the alternative vancomycin is inherently
less efficacious [37, 43, 122, 123]. Methicillin resistance in S. aureus is carried by the genetic
element SCCmec, of which there are four different types [124]. Intrinsic bacterial resistance to
B-lactam antibiotics is associated with altered production of penicillin binding proteins [125].
It is likely that virulent CA-MRSA strains can arise from insertion of SCCmec (especially type
IV) into a virulent MSSA strain through horizontal gene transfer [51]. Some argue that what
makes S. aureus a dangerous pathogen is the combination of antibiotic resistance and high
virulence [121]. CA-MRSA have been reported in severe fatal infections that only rarely are
associated with S. aureus [51, 121], which indicates that CA-MRSA has a virulence potential
that exceeds that of traditional hospital associated MRSA strains. Sweden has low prevalence
of MRSA, but occasional outbreaks occur [126]. Recently, MRSA was found in 64% of wild
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hedgehogs in Sweden [127]. When resistance increases in society, more people will learn how
to cope with the stress of carrying a resistant bacterium [128].

Antibiotic research and development have steadily decreased in the last twenty years, with only
seven new antibiotics launched from 2009-2012. Although, a range of approved antibiotics to
treat MRSA infections have been implemented only recently including established classes such
as fluoroquinolones and cephalosporins, but also novel compound classes such as peptide
mimics, oxadiazoles, and diaminopyrimidines [129, 130]. In the case of vancomycin-resistant
S. aureus effective alternatives include daptomycin, linezolid, tigecycline, trimethoprim-
sulfamethoxazole or a 5™ generation B-lactam (e.g. ceftaroline or ceftobiprole) [131].

PERSISTENCE

Notably, treatment recommendations are based solely on in vitro susceptibility and do not take
into account potential resistance phenotypes at the tissue site. Regarding invasive infections,
most research has focused on bacterial toxin-mediated tissue pathology [47, 95, 97, 132-135].
However, recent attention has been given to certain subpopulations of bacterial cells
demonstrating an increased antibiotic tolerance at the tissue site, known as persisters [136-138].
Bacterial persisters are different from antibiotic-resistant mutants in that their antibiotic
tolerance is non-heritable and reversible [136]. The persistence phenomenon demonstrates that
a bacterium that is susceptible to an antibiotic in vitro might still have means to survive in vivo
despite of antibiotic therapy. Potential mechanisms behind persistence are biofilm formation,
small colony variants and intracellular survival. Contrary to antibiotic resistant clones,
persistent clones are not able to grow in the presence of antibiotics [131]. Andreoni et al.
observed persistence in a patient with NSTI, reporting that the clindamycin concentration was
10xMIC in necrotic tissue at day 0 and day 2, while the bacterial load was 10° viable CFU/g
tissue at day 0 and >10% at day 2 [117]. Even in the healthy tissue, >10° viable CFU/qg tissue
was found at day 0.

Traditionally S. pyogenes and S. aureus have been considered extracellular bacteria, and they
are treated with extracellular antibiotics such as penicillin. However, S. pyogenes has been
found to survive within phagocytes [115]. M-protein has been show to mediate survival of
intracellular S. pyogenes in neutrophils [139, 140] and macrophages [141]. S. pyogenes was
also shown to internalize into epithelial cells [142], and even at higher rates then GBS [143].
However, no intracellular replication was observed. Also S. aureus is increasingly being
recognized as an opportunistic intracellular pathogen [121].

Small-colony variants are characterized by slow growth in small colonies approximately one-
tenth the size of the parent strain [144]. Small-colony variants emerge because of stress due to
nutrient limitation or exposure to sublethal concentrations of antibiotics resulting in genetic
mutations or metabolic variations.

BIOFILM - BUGS IN A SHIELD OF PROTECTION

Biofilm formation is an ancient mode of growth where bacteria grow in a protected manner.
The bacteria can alter their genetic expression from planktonic “swimmers” to biofilm
“stickers” in minutes [145], and adhere to biological and non-biological surfaces. There, the
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bacteria aggregate and produce an extracellular matrix consisting of carbohydrates, lipids and
extracellular DNA. A lawn of growth is formed and when reaching a certain tension, tower
formation is initiated and the bacterial growth rises to form a mature biofilm [146]. This
protects the bacteria from antibiotics, immune attacks, mechanical assault and provides
growing bacteria with nutrients [145]. The opposite of biofilm mode of growth is planktonic
growth, formerly thought to dominate the bacterial life cycle. Now, biofilm is increasingly
being recognized as the dominating way of bacterial existence. Classical biofilm-associated
infections are chronic infections such as diabetic wound ulcers and infections of implanted
materials: hip replacement implants, mechanical heart valve infections and catheters. Some
argue that biofilm formation and antimicrobial resistance are deeply interconnected and do not
function independently of each other [147]. Waters et al. recently explored the idea that
research into biofilm and persister phenotypes has converged, arguing that biofilm cells,
persisters and stationary phase cells are quite similar [148]. Biofilm formation provides a
mechanical barrier and bacteria inside a biofilm are in an altered metabolic state with a
decreased susceptibility towards most antibiotics. The antibiotic concentration needed to
inhibit or eradicate biofilm can be a thousand times higher than that needed for planktonic
bacteria. Concentrations that high are not achievable in humans, leaving biofilm associated
infections with limited prospects for clinical cure [149]. Hence, there is an unmet need to
develop and include parallel approaches that target S. aureus biofilm infections [150, 151].
Some antibiotics are more efficacious towards biofilms. The research field of staphylococcal
biofilm is massive, and biofilm is a well-known microbiological factor in many, or all,
staphylococcal infections.

Streptococcal biofilm has been described in vitro and in vivo [152, 153] but it's implications
for disease are not fully understood. Our research group identified streptococcal biofilm
formation in the soft tissue of 32% of patients tested during acute NSTI1 [154]. This underscores
the limitations of in vitro bacterial antibiotic susceptibility assays as they fail to consider the
properties of bacteria in tissues. We hypothesize that bacterial persistence, because of antibiotic
failure at the tissue site, is a key determinant of disease severity as it results in continued
replication, sustained toxin production [132] and pathology locally. SpeB has been implicated
in streptococcal biofilm dispersal, and some argue that it leads to increased disease severity
[153]. Other research groups have also identified biofilm as a mechanism for treatment failure
[155]. Baldassarri et al. investigated 289 S. pyogenes strains and found that 90% had the ability
to form biofilm [155].

QUORUM SENSING - BACTERIAL CONVERSATION

If a bacterium is trying to infect you, it won't secrete alone, because your immune system
will block it. Bacteria will hide until they can all act together and make an impact.

Bonnie Bassler

In order to communicate cell-cell, bacteria use a mechanism called quorum sensing [156].
Depending on signals such as cell density, bacteria can organize behavior like exotoxin
production or biofilm formation to strategize pathogenesis [157]. Species-specific auto-
inducing peptides (AIPs) are produced during the exponential growth phase of the bacteria,
upon reaching a threshold cell density where a genetic locus gets auto-activated. Of particular
interest for my project: transcription of many virulence factors in S. aureus is regulated by a
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gene complex called Accessory gene regulator, Agr, which is the main staphylococcal system
for quorum sensing using the regulatory molecule RNAIII [158]. Toxins and enzymes are
generally positively regulated by this system, in contrast to cell surface molecules that are
repressed [159]. In 2011, Cheung et al. [160] demonstrated that Agr functionality is critical for
S. aureus disease and indicated that an adaptation of the agr regulon contributed to the
evolution of the highly pathogenic CA-MRSA.

Streptococcal quorum sensing is mediated by several systems that can be categorized into four
groups: regulator gene of glucosyltransferase, Sil, lantibiotic systems and LuxS/Al-2 [161].
Our previous research has implicated that neither CovR/S, SpeB nor capsule are required for
biofilm formation in the tissue setting [154]. Instead Nra/RofA,which are negative and positive
regulators of genes in the FCT-region (fibronectine-binding, collagen-binding, T-pilus), were
indicated as biofilm controllers in S. pyogenes.

TREATMENT OF NECROTIZING SOFT TISSUE
INFECTIONS

Historical depictions of NSTI were mainly recorded in wartime reports of battle injuries.
Treatment approaches originate from those used in wars: infection control by surgical
debridement of necrotic tissue, also referred to as source control [162]. Antibiotics and
intensive care are other corner stones in the treatment of NSTI. Time to antibiotics and surgery
are considered the most critical treatment factors [6]. Delay of surgery has been shown to be
an independent risk factor for mortality, and studies stress the importance of surgical
debridement and early amputation of infected limbs. However, an aggressive surgical
approach increases the risk of severe disability and impaired quality of life [163]. Antibiotic
treatment is empirical meaning that it is based on etiological studies, clinical trials &
observational studies until the causative agent is isolated and the resistance pattern identified.
In some cases, NSTI treatment includes hyperbaric oxygen and intravenous immunoglobulin.

HYPERBARIC OXYGEN TREATMENT

Hyperbaric oxygen treatment (HBOT) was first used for decompression sickness, also called
divers disease, in 1937. In 1961, Willem Hendrik Brummelkamp made a seminal finding:
hyperbaric conditions inhibit anaerobic infections [164]. Oxygen is necessary for cellular
metabolism, promotion of host defenses and tissue repair. Leukocytes bactericidal abilities are
enhanced, collagen formation is stimulated, and superoxide dismutase levels increase (resulting
in increased tissue survival) [165]. Vasoconstriction decreases tissue edema and efficacy of
certain antibiotics is enhanced [166]. HBOT has shown proinflammatory effects such as
decreasing plasma levels of TNF-a in animal infection models and production of reactive
oxygen species by neutrophils in sepsis [167]. The effects of HBOT were studied in the 1960s
indicating that HBOT inhibits the growth of many aerobic bacteria in vitro [168]. HBOT was
implemented as adjuvant treatment in NSTI and the outcome in case-reports and observational
studies have been varying [1, 169-175]. A recent systematic review failed to locate relevant
clinical evidence to support or refute the effectiveness of HBOT in the management of NSTI
[176]. Clinical trials are needed to define the role of HBOT in NSTI treatment.
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INTRAVENOUS IMMUNOGLOBULIN G

Polyspecific intravenous immunoglobulin G (IVIG) is comprised of pooled 1gG antibodies
from the serum of thousands of donors and is commonly used as IgG replacement therapy in
immunocompromised patients [177]. Adjuvant IVIG treatment has been suggested in
invasive infections by S. pyogenes as a means of limiting the effects of bacterial toxins in
regard to septic shock and tissue damage [178]. The clinical efficacy of IVIG has also been
proposed in a variety of diseases associated with either viral or microbial infections [179-182].
IVIG has three known mechanisms of action: opsonization of bacteria, binding of specific
(Fab-) parts to toxins/superantigens that inhibit their activation of T-cells and anti-
inflammatory effects due to anti-cytokine autoantibodies, replacement of soluble immune
components and binding of unspecific (Fc-) parts to Fc-receptors [183]. IVIG have been found
to efficiently neutralize streptococcal superantigens and to mitigate subsequent tissue damage
(reviewed in [70]).

Through in vitro studies IVIG has been shown to neutralize S. pyogenes superantigenicity,
enhance bacterial killing, systemic clearance of bacteria and neutrophil infiltrate into infected
tissues [184]. IVIG has been shown to enhance the ability of patient plasma to neutralize
bacterial mitogenicity and reduce T cell production of IL-6 and TNF-o. [185, 186].
Staphylococcal superantigens have been demonstrated to require higher doses of IVIG in order
to achieve protective titers [187, 188]. The clinical evidence for the use of IVIG in invasive
disease by S. pyogenes or S. aureus comes mainly from observational studies and case reports.
Several studies have reported beneficial effects [116, 186, 189-191]. However, some studies
found no impact of IVIG [192, 193]. A trial comparing IVIG to placebo in invasive infections
has been greatly anticipated [194]. Darenberg et al. randomized patients with STSS to IVIG or
placebo, but the trial was stopped prematurely after the inclusion of only 21 patients because
of slow patient recruitment [187]. A recent advance was the randomized trial by Madsen et al.
that observed no beneficial effect of IVIG versus placebo in NSTI by all microbial etiologies.
However, a trend of benefit towards IVIG was observed in the subgroup dominated by S.
pyogenes and S. aureus infections. Potential biases include that 40% of placebo-treated patients
had been treated with IVIG prior to inclusion in the study (compared to 16% in the IV1G-group)
and the rate of S. pyogenes-infections in the placebo group was low (15% compared to 38% in
the IVIG-group). A meta-analysis of IVIG in clindamycin treated streptococcal TSS reported
a mortality reduction of 33.7% to 15.7% [195]. Also in sepsis, effects of IVIG treatment are
unclear. This meta-analysis suggest that the patients most likely to benefit from IgM-enriched
IVIG therapy are those with Gram-negative septic shock [196].

INNOVATIVE THERAPEUTIC STRATEGIES

New anti-infectious agents are badly needed, and researchers are looking beyond classic
chemical inhibition of growth and means of bacterial killing. Inhibiting bacterial virulence
without inhibiting growth is a way of reducing the risk of resistance development.

Let’s start with S. aureus virulence factor inhibitors. For S. aureus, a-toxin is an obvious
target for therapeutic blocking. A monoclonal antibody aimed at a-toxin was shown to
increase survival in a mouse pneumonia model [197]. The authors suggested a combination
of virulence targeting and classical antibiotic treatment to increase survival and reduce the
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duration of treatment, possibly reducing resistance development. This antibody has been
under clinical trials and was shown to be safe [198] but failed to reduce the frequency of
ventilator-associated pneumonia in intensive care treated patients colonized with S. aureus
[199]. Frangois et al. report that 18% of the antibody-treated and 26% of the placebo-treated
patients developed S. aureus pneumonia, a relative risk reduction of 32%, but with a wide
confidence interval of -7.5% to 57% [199]. Despite this, monoclonal antibodies still represent
a promising therapeutic option to be evaluated.

Both vaccination against a-toxin and a-toxin antisera resulted in a reduction of skin lesions
and dermonecrosis in a murine model of S. aureus infection [200]. Another group created a
crossreactive antibody that bind both a-toxin, y-hemolysin and PVL [201]. This antibody
increased survival in murine models, infected both intranasally and intravenously. A
monoclonal Fab fragment antibody with high affinity to a-toxin was tested in eye-infections
of rabbits caused by S. aureus [202]. The authors were concerned that the full antibody would
have limited penetration into the corneal tissue. The area of the corneal erosion was reduced,
and this was enhanced when it was used in combination with a compound that increase the
ocular permeability. Baicalin is a naturally occurring compound from a traditional Chinese
medicinal herb which has shown to be effective in disrupting a-toxin oligomerization which
prevents its pore assembly. This was shown to reduce hemolysis and increase mice survival
in a S. aureus pneumonia model [203]. Anti-platelet adhesive drug Ticagrelor has been
shown to block a-toxin mediated platelet injury and resulting thrombocytopenia, and to
protect mice in a lethal S. aureus sepsis model [204]. It has also been tested as adjunctive
therapy in a patient with promising result [204]. The Agr system is an attractive target for S.
aureus anti-virulence agents. This is discussed in further detail in the discussion-part of this
thesis.

PSMs have been targeted since they are present in almost all S. aureus strains and involved
in dissemination. In animals treated with anti-PSMp, reduced dissemination to organs
including the liver, spleen and lymph nodes were seen from a biofilm-associated infection by
S. epidermidis on a catheter [205]. Targeting the transporter of PSMs (phenol-soluble
modulin transporter) could lead to their cytosolic accumulation, bacterial membrane damage
and abnormal cell division [206]. Protein A is another S. aureus virulence factor that could
be targeted. Its IgG binding activity protects against opsonophagocytic killing and acts as a
B-cell superantigen. Deleting protein A reduces mortality from 60% to 25% in a mouse
model [207]. Also, vaccination with this mutant was able to raise antibodies that blocked
against infection by a virulent MRSA strain [207]. Others have used anti-protein A antibodies
to deliver gold nanorods to selectively kill S. aureus using photothermal therapy [208]. In a
mouse model, this treatment resulted in a significant reduction (73%) of CFU.

PVL is an additional factor to inhibit through targeted therapy. Using a humanized mouse
model, Tseng et al. could show that a PVVL knockout strain had decreased lesion size [209].
However, many hospital-associated MRSA strains lack PVL and directed therapy would in
those cases be ineffective. Superantigens such as the staphylococcal enterotoxins could also
be targets for treatment. Vaccinating mice against one enterotoxin developed high cross-
specific antibody titers against other enterotoxins [210]. Also, multivalent vaccination
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resulted in higher titers against each superantigen. Using monoclonal antibodies against SEB,
Varshney et al. showed that human PBMC proliferation could be reduced with 50% [211].
Using cholesterol synthesis inhibitors, Liu et al. could show that biosynthesis of
staphyloxanthine was blocked and that this increased the susceptibility to bacterial clearance
in human blood and in a mouse infection model [212].

Bacteriophages have been explored as a possible treatment against MRSA infection [89] and
there are specific centers for phage therapy for example in Thilisi, Georgia [213]. However,
phages are generally highly specific for bacterial strains and thus can exhibit lower efficiency
within strains of the same species [214]. Attempts using phages placed on the surface of
implanted material have shown promise: CFU counts were lower than on control implants,
the infection cleared earlier, however, the phage-coating did not completely block MRSA
infection of the implant [215].

Nanomedicine strategies have emerged as a promising therapy that show great promise in the
field of MRSA biofilm infections [216]. Nanoparticles themselves can be cytotoxic for
bacteria, can enhance the efficacy of current antibiotics by protecting them from detection
and degradation or provide a means of targeted delivery to the microorganism to maximize
the local concentration of agent and bactericidal effect [217, 218]. Also, nanopatterning and
modification of surfaces and implants at the nanoscale can interfere with bacterial adherence,
colonization, and biofilm formation. However, despite the wealth of research studies
available, few of the promising preclinical studies have translated into clinical trials.

Metal-containing nanoparticles (NPs) such as silver, zinc, gold etc. are used to eradicate or
inhibit the bacterial growth. Bacterial cell membrane disruption occurs when the positively
charged ions of the NP bind to negatively charged parts of the bacterial membrane. When the
NP is internalized, it results in DNA damage and cell death. However, these
chemotherapeutic effects are equally damaging to eukaryotic cells, inducing gravely toxic
injuries to the kidneys, liver, and spleen of experimental mice [219]. In contrast, cationic
anti-microbial peptides (AMPs), derived from host cells, represent natural antibiotic
compounds aimed at pathogens, produced by eukaryotic cells. These are pore-forming
compounds that intracellularly also inhibit bacterial protein and cell wall synthesis [220].
However, their stability and activity at physiological conditions is poor, also, they are
vulnerable to protease degradation and cytotoxic against red blood cells [220].

RNA interference in eukaryotic cells using oligonucleotides is well-established, but now this
is also being considered in bacterial infections [221] with solutions such as RNAI,
transcription factor decoys, clustered regularly interspaced short palindromic repeats
(CRISPR) and aptamers (single-stranded nucleic acids, 20-100 nucleotides of RNA/DNA).
By encoding S. pyogenes CRISPR cas9-system in MRSA it was possible to elicit a 10*-fold
reduction in viable colonies in vitro [222]. However, it is challenging to deliver negatively
charged nucleic acids across both the cell wall and membrane of gram-positive bacteria, such
as MRSA. Others are trying to reinvigorate or repurpose previously approved molecules
through screening of approved drugs or adding NPs to improve the efficacy of existing
therapeutics [223]. Chitosan is a linear polysaccharide, obtained from chitin in crustaceans
or fungi [224]. It is especially attractive to use for nano-encapsulation of drugs since it has
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been found to exhibit its own antimicrobial effects through its positive charge, and it is
described to be biodegradable and non-toxic [225]. Additional ways of creating spherical
vesicles for drug delivery is using liposomes and solid lipid NPs [226]. There are some
advantages: flexibility in size, composition, charge, lamellarity, and the pre-existing record
of clinical approval. However, they are unstable and unwanted burst drug release occur.
Another way of drug delivery are synthetic polymer nano-carriers [227].

For S. pyogenes, less novel anti-virulence agents are in development, due to the relative
effectiveness of existing antibiotic treatments. However, there are a few novel concepts to be
explored. Bioengineered nanoparticles have been shown to inhibit the cytotoxicity of SLO in
S. pyogenes and a-toxin in S. aureus, a type of broad spectrum neutralizing and absorbing
agent [228]. One of the most potent bacterial cytolytic toxins know is SLS. S. pyogenes SLS-
deficient mutants produced fewer necrotic lesions and lead to less weight loss in a mice model
[229]. This was also seen in another work where both necrotic skin ulcers and dissemination
to circulation was diminished by deleting SLS [230]. Also, the SLS toxin impaired
phagocytic clearance and promoted epithelial cell cytotoxicity. Dale et al. inhibited SLS
through an antibody produced in rabbits following stimulation with a synthetic peptide
containing amino acid residues of the putative SLS propeptide [231]. SLS is non-
immunogenic, and no neutralizing antibodies are evoked during natural infection. These
antibodies completely neutralized the hemolytic activity of the toxin in vitro. However, the
SLS antisera did not opsonize S. pyogenes.

Pinho-Ribeiro et al. recently described that S. pyogenes through nociceptor activation inhibit
recruitment of neutrophils [232]. Mediated through bacterial SLS, nociceptors release a
neuropeptide that has anti-chemotactic effects. This neuron-mediated suppression of host
defense could be prevented by botulinum neurotoxin A and other antagonists. It is plausible
that the optimal treatment of invasive infections is neurological. Intrathecal injection of
neurotoxin efficiently blocked pain and hyperalgesia but had no effect on dermonecrotic
lesions, abscess size or body weight loss. Using dual transcriptome RNA-sequencing of a
primate NSTI-model Kachroo et al. described bacterial upregulation of virulence genes and
altered metabolic genes, as well as host inflammation and defense processes [233]. This work
identified 5 new pathogen genes as therapeutic targets. Xu et al. discovered a series of
antivirulence agents against S. pyogenes that were able to inhibit gene expression of multiple
virulence factors and protect mice in infection models [234]. Sortase A has been targeted
with an inhibitor [235], however its efficacy remains to be shown. The sortase enzymes pose
interesting targets for antivirulence strategies due to their catalyzation of virulence factors
attachment to the cellular membrane, which is a transpeptidation reaction.

Using secreted streptokinase S. pyogenes can induce plasmin, the central enzyme of the
fibrinolysis system [236]. Streptokinase-mediated plasminogen activation and protease
activity on the cell surface is critical for dissemination, and thus could be targeted [237]. This
was done by Sun et al. who tested 55,000 small molecules and report that they found several
compounds that can downregulate both streptokinase and other important virulence factors
of S. pyogenes. This results in enhanced granulocyte phagocytosis and killing as well as
protection in a mice infection model [238]. 5-Dodecanolide is a compound with antivirulence
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and antibiofilm potential, present in fresh fruit in low abundance, commonly synthesized and
used as a flavoring agent. It was recently shown to inhibit S. pyogenes synthesis of hyaluronic
acid, hemolysin, proteases, surface hydrophobicity and biofilm [239]. Similarly, a compound
called fukugiside, from Garcinia travancorica, also has antivirulence and antibiofilm
properties against S. pyogenes [240]. The CRISPR-Cas system, today a widely used gene-
editing tool, origins as a prokaryotic immune system. Hynes et al. identified a phage-encoded
protein with anti-CRISPR-Cas activity in a virulent phage of Streptococcus thermophilus
[241]. This protein inhibited S. pyogenes Cas9 and resulted in immune evasion. Tu et al.
reviewed the functions of small RNAs in S. pyogenes regulatory networks and pathogenicity,
which could be exploited as therapeutic targets [242].
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2 RESEARCH AIMS

The overall aim of my doctoral studies is to further our understanding regarding the
pathogenesis and therapeutic options in severe invasive infections caused by the Gram-positive
bacteria Streptococcus pyogenes and Staphylococcus aureus. A particular focus is the tissue
persistence and it’s underlying mechanisms, related to therapeutic interventions. My studies will
explore bacterial behavior and the effects of treatments in patient samples and artificial skin.

Determine the efficacy of immunotherapeutic strategies used in severe tissue infections.

A particular focus is on adjunctive IVIG-therapy.

Determine the efficacy of antimicrobial strategies used in severe tissue infections.

A particular focus is on efficacy against bacterial biofilm.

Characterize the development of antibiotic resistance phenotypes at the tissue site in relation to
pathogenic events.
A particular focus is biofilm by MRSA and its control by the Agr system.
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3 MATERIALS AND METHODS

ETHICAL CONSIDERATIONS

INFECT

All studies were conducted in accordance with the Helsinki Declaration [3]. Patient
enrolment and sample analyses were approved by the regional Ethical Review Board at the
National Committee on Health Research Ethics in Copenhagen (Ref 1151739), the regional
ethics committee in Gothenburg (Ref 930-12), the regional ethics committee Vest, Norway
(Ref 2012/2227), and the regional Ethics Committee in Stockholm (Ref 2012/2110-31/2).

INSTINCT

The trial was approved by the Regional Ethics Committee of the Capital Region (Ref
30113713), Denmark, and the Danish Medicines Agency and was externally monitored by
the Good Clinical Practice Unit, Copenhagen University Hospital [243].

The clinical material collected in the INFECT-project was pseudonymized at collection and |
have not been in direct contact with patients or sensitive patient data during my studies.
However, | need to consider the milieu in where my research samples were collected. All
patients or, if impossible, next of kin have been provided with written information including
the complete voluntarism of their contribution before leaving written consent. All tissue
material collected consisted of tissue that was clinically indicated to be removed. Since NSTI
are associated with high mortality and morbidity, it's easy to see the benefits of this research.
In INFECT, no treatment intervention is included. Some people, after losing tissue, function or
a close one, to this terrible disease, might feel anger towards science. Why did we not perform
clinical studies of therapeutic strategies sooner, so that their outcome would've been higher?
From time to time, | believe, researchers lose precious time while observing. Regulations and
financing are important determinants of what studies are performed, but it is also important to
have a solid scientific evidence base before moving into clinical trials. When randomizing
patients to placebo versus a treatment believed to be superior to placebo, we treat people
differently and hope for outcome to be higher in one group. The idea of randomized placebo-
controlled trials is unethical, although they need to be performed. This is since the alternative,
to not know, is worse for humanity and will result in more people not getting the treatment
believed to be the best.

When a trial cannot answer the question it was supposed to answer, due to lack of quality in
study design, it can be considered unethical. In INSTINCT, an attempt was made to further our
knowledge on adjuvant treatment with IVIG in NSTI. The study had several strengths, but also
limitations. An efficacious drug could be considered non-significant when used in a low dose
in a clinical trial. This could be considered unethical. In INSTINCT, a dose of 25g IVIG was
used, which is lower than that used in previous studies reporting a positive effect. This drug is
a biological product and has a high price. Before the trial, treatment protocols in Copenhagen
stated that all patients with NSTI should be treated with 25g 1VIG. Now we know that 259
IVIG given to all NSTI patients does not influence outcome in a significant way, but that there
is a trend of benefit in the subgroup dominated by S. pyogenes and S. aureus infections. This
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subgroup should therefore be studied further, and samples collected was used in my follow-up
study, which provided additional answers.

These studies could not have been performed without blood donations from healthy volunteers.
These donations are given in a pseudo-anonymous fashion through buffy coats, decay products,
from the blood donation reception at the Karolinska University Hospital. However, in some
periods, for example during the summer vacations, there is no blood available from this source.
During these times, there were occasional possibilities to sample blood from healthy volunteers
at the research facilities, or in other words, colleagues. This is the opposite of anonymous
donations, and several ethical considerations need to be addressed. Of most importance is the
question of peer-pressure, and issues of integrity. However, the volunteers are well-acquainted
with the research performed and this is not a rarity in research environments. In this research,
the immune cells are used to study the function of bacteria and treatments against bacteria. The
research question is not focused on the immune cells from the donor. Hence, we are not
studying our colleagues, we use their blood at rare occasions when other options are not
available to enable studies on human cells, which greatly enhances the clinical relevance of
obtained data. Considering the high morbidity and mortality of these infections, there is a clear
benefit gained from the studies.

My studies are based on tissue-modelling in which I use cell-lines and primary cells isolated
from volunteer donors. If a donor would regret his/her donation later, it would be a complex
task to collect all infected tissue-models since it has been a widely used technique in our lab
and results are stored in many boxes in our biobank. Also, for publication ethical reasons results
should not be destroyed within a period of time after publication. The cells are anonymized,
but with modern technology one could find genetic information in these cells and discover
things about the donors. That could lead to an ethical conflict. We have no plans of studying
our donors and try to identify ethical conflicts when we plan future analysis of samples. Studies
using human cells and tissue modelling are not only more relevant due to the complexity of
molecular interactions in host-pathogen interactions, but also spare animal lives and suffering.
Animal models are important for humanity, without them we would lead lives colored by more
disease, less high efficacy treatments and more low efficacy treatments. However, when
possible, one should aim to use models that does not cause suffering and death of animals. In
this thesis work, no animals have been harmed.

When working with BSL2 pathogens, radioactive material and biobanks, it is important to
remember that there are forces in the world who could try to gain access to your material to use
for vicious purposes. In everyday life, it could easily be forgotten, and one could happen to
open the door for someone, one did not want to let in.

Finally, this research is important, and one of the worst things one could do, is to quit science
and stop trying to make the world a better, more enlightened place.

BACTERIAL STRAINS

In experimental microbiology, it is of importance to study bacteria that have caused severe
disease clinically. The bacterial strains used in these studies have all been isolated from patients
with either NSTI or other biofilm-associated infections. | had the advantage of working in the
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INFECT consortium that during five years collected the largest cohort of NSTI patients ever
described [3]. From that collection, many bacterial isolates were available. Great care has been
taken to minimize passage of the strains in the laboratory. Determination of minimum
inhibitory concentration (MIC) was performed by broth microdilution assay or agar gradient
diffusion.

PATIENT SAMPLES

Patient samples (blood, plasma, surgical biopsies) were available from NSTI patients in the
INFECT and INSTINCT cohort [3]. This allowed the study of IVIG-related neutralization of
streptococcal superantigens in patient plasma. In INSTINCT, plasma was collected from
patients before and after treatment with 1VIG [243].

PROLIFERATION ASSAY

Human peripheral blood mononuclear cells were purified from buffy coats of healthy
volunteers and used in proliferation assays as previously detailed [244]. A method using 3H-
coupled Thymidine was chosen. This method is sensitive, robust, and high throughput. Also,
the aim of the study was clear and uncomplicated, making more complex methods unnecessary.
However, this required a specific permit, course, radioactive waste-handling and the method
did constitute a minor health risk for the laboratory staff.

BIOFILM ASSAYS

To measure formation of bacterial biofilm and investigate how it is affected, bacteria are
cultured in liquid media in wells with different conditions. Most commonly polystyrene 96
well plates are used. This setting is easy to reproduce and manipulate. Different protocols for
measuring biofilm formation in polystyrene 96 well plates have been developed.

First, we designed a protocol based on the publication by Lembke et al [152]. In this protocol
S. pyogenes strains are grown in BHI media and stained with safranin. The biofilm is read in
the microplate reader at 495 nm, optical density values above 0.05 are considered positive. The
microplate reader measure safranin binding in the center of the well, and at times the biofilm
could be decreased in thickness in the center due to the PBS washing. The plate could be used
uncoated or coated with different proteins such as fibronectin, collagen I, collagen IV.

When the ST22 MRSA-biofilm project was initiated, it was obvious that S. aureus did not grow
as well as S. pyogenes in BHI media, even though overnight cultures contain higher amounts
of CFU. When BHI was supplemented with 1% glucose it increased biofilm formation to the
same ODs as S. pyogenes biofilm and therefore this media was used throughout the project.

An investigation around the strong biofilm produced by the S. pyogenes strain 2028 on collagen
coated plates was initiated and it was of importance to measure small differences in biofilm
formation, then the protocol was changed to include more washing steps and an additional step
was added to elute the stain from the biofilm. This method was more time consuming but had
less standard deviation. This protocol used crystal violet instead of safranin. Also, another
collaborator recommended using yet another protocol using crystal violet. This protocol was
less time consuming, but when compared to the safranin-staining protocol, several differences
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were found. We also measured biofilm grown in minimal medium that had been exposed to
human cells in the skin tissue model. In the end, we decided to not use these protocols in my
studies. Several researchers report [145], as observed by us, that bacterial biofilm is highly
dependent on the growth conditions: what nutrients and adherence-molecules are available, the
timing of measurement, the inoculum, the mechanical stress, and dye included in the protocol.
This made us even more certain that we had to measure biofilm in a biologically relevant
system.

ORGANOTYPIC 3D TISSUE MODELS

Experimental research that aims to understand the pathophysiology of bacterial infections
require models that recapitulate the human conditions. This has stimulated biologist and
engineers to develop in vitro organotypic models mimicking human tissues [245]. The models
contain, in varying degrees, cell types present in real tissue in combination with different
extracellular matrix components. Animal studies, particularly mouse models, that can be
troublesome in several aspects. Ethically, animal studies are always problematic. Also, S.
pyogenes and S. aureus are primarily human pathogens, and many secreted factors and surface
associated molecules are human specific [246]. Mouse cells are resistant to several
staphylococcal toxins, including superantigens and PVL. Also, many drugs that perform well
in preclinical animal studies have failed in humans due to toxicity and/or poor efficacy. This
work has been done in a group with much experience in tissue culture [132, 154, 247-250]. We
work with multilayered multicellular organotypic 3D tissue models with an air-liquid interface,
sharing several features with the microenvironment of real tissue. However, the tissue models
are not as complex as real tissue. Also, NSTI is localized in the deep soft tissues, a depth not
resembled by the skin tissue models. The tissue models recapitulate important features of real
skin, with a protective epithelium and a dermal layer, but as a model of NSTI, they are
simplistic. Also, the model used in this work lacked immune system. It is also possible to make
these models immunocompetent by including immune cells, however this was not done in the
work described in this thesis. Recently, advances in the use of pluripotent stem cells have made
it possible to generate tissue models developed in the laboratory, so called organoids. However,
the cells used in this work are primary in vitro immortalized cells, hence, the term organotypic
models are a more fitting description. Despite immortalization, the cells used have not lost
important structural features and framework proteins such as E-cadherin and claudin-1 can be
found in appropriate compartments of the model [247]. Previous studies have shown that the
tissue models are susceptible to bacterial virulence factors and the flexibility of these in vitro
systems make them highly valuable tools [132, 154, 248-250]. Mairpady Shambat et al.
described that IVIG could hinder toxin-related injury in these tissue models [132]. In this
doctoral work, the tissue models are used for the first time to do antimicrobial drug testing.

CONFOCAL MICROSCOPY

The infected skin tissue models are snhap-frozen using liquid nitrogen. The tissue was
cryosectioned and immunofluorescence staining was performed as previously described [154].
The stained sections were visualized using a Nikon A1R confocal microscope (Nikon
Instruments).
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MICROCALORIMETRIC ASSAY

To study antimicrobial treatment efficacy, we utilized a new development allowing for more
quantitative measurements of metabolism in real time. Microcalorimetric measurements were
carried out using the CalScreener® according to the manufacturer’s instructions (Symcel AB,
Sweden). The individual heat flow (uW) per insert was recorded at 42 second intervals for 120
hours.

MINIMUM BIOFILM ERADICATION CONCENTRATION

Minimum biofilm eradication concentration (MBEC) was determined by a modification of the
broth microdilution assay [251]. Biofilm was formed by overnight incubation in a microtiter
plate using Tryptic Soy Broth containing 1% glucose as growth medium. After rinsing with
sterile PBS, antibiotics were added in Mueller-Hinton-F broth in two-fold serial dilutions [252].
Following overnight incubation and PBS wash, fresh broth without antibiotics was added. The
biofilms were disintegrated by sonication and the resulting suspensions were transferred to a
fresh microtiter plate and incubated overnight. MBEC was determined as the lowest
concentration of antimicrobial agent resulting in no growth evident by visual assessment.
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4 RESULTS AND DISCUSSION

I. CORRELATION BETWEEN IMMUNOGLOBULIN DOSE
ADMINISTERED AND PLASMA NEUTRALIZATION OF
STREPTOCOCCAL SUPERANTIGENS IN PATIENTS WITH
NECROTIZING SOFT TISSUE INFECTIONS.

Polyspecific IVIG has been suggested as adjunctive therapy in STSS due to its ability to
neutralize bacterial superantigens and dampening inflammation. 1VIG was recently assessed in
the INSTINCT study; a randomized, placebo-controlled clinical trial of NSTI[253]. The results
showed no statistically significant differences in outcome between the placebo and IVIG-
treated groups. However, a favorable trend was noted in the subgroup of patients that are
associated with a higher rate of S. pyogenes or S. aureus infections. There are unresolved
issues with regards to IVIG use, including the optimal dosage. Here, we assessed S. pyogenes
toxin-triggered T-cell proliferation in PBMCs through a proliferation assay. Analyses of
plasma collected pre- and post-administration of IVIG from patients with S. pyogenes NSTI
demonstrated a negative correlation between IVIG dose and toxin-triggered T-cell proliferation
(r=-0.67, p<0.0001). Low dose (25g) IVIG was sufficient to neutralize streptococcal
superantigenic activity in most strains. However, 25g was borderline effective towards some
strains, hence we found it reasonable to propose a dosage regimen of 0.5g/kg bodyweight day
1, followed by fixed doses of 25g daily for 1 to 2 additional days. We also present the emm
type and superantigen gene profile of 29 S. pyogenes strains included in the INFECT cohort.
In addition, we screened the strains for mitogenic T-cell activity (present in 27 of 29 strains)
and determined their dose-response to IVIG. All mitogenic strains were neutralized >90% by
the low dose 0.5 mg/ml IVIG.

The cytokine storm induced by superantigens, resulting in STSS, is rare and rapid. The patient
arrives at the hospital in a pre-septic state, and the clinical condition quickly deteriorates. This
is where IVIG is most likely to be effective, and this is where one would like to randomize
patients to receive treatment or placebo. This is also where it is most difficult to find time to
give out study information, get patient consent, include patients in trials and randomize them
to receive different treatments. The INSTINCT study was a major advancement in the field,
showing that it is possible to do large-scale randomized trials in NSTI [243]. When trials of
rare diseases include several clinical sites, and every site only include a few cases, it affects the
quality of the trial, and this was not done here, which is a strength. However, since the
infections are rare, NSTI by all microbiological etiologies were included, even though S.
pyogenes is only the causal agent in a third of cases. INSTINCT showed that IVIG should not
be given to all patients with NSTI, because there is no benefit. However, there are
pathophysiological differences between pathogens, and this was not accounted for. Also, the
fact that 40% of the placebo-treated patients had received IVIG prior to inclusion in the study,
illustrates the difficulties of studying rare and rapid diseases: it is only possible to collect the
cohort at a major referral center, but once the patients get there, many have already received
the treatment. Despite this, there was a trend towards benefit of three doses of IVIG in the
subgroup dominated by S. pyogenes and S. aureus. Would the trial have shown benefit of IVIG
if it would have been performed not in Denmark but in Sweden, where IVIG is usually
administered later in the disease? It is possible. In the study by Darenberg et al. (randomized
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controlled study of IVIG in STSS in Sweden) the mortality was 3.6-fold higher in the placebo
group, however not statistically significant, due to the small size of the cohort, 21 patients
[187]. It’s also possible that IVIG administration is not effective, if not provided within the first
few hours of the cytokine storm. On the other hand, presence of high bacterial load, bacterial
virulence factors including toxins, and cytokines have been detected up to 20 days after
diagnosis in studies of patient tissue biopsies, which would motivate IVIG also at later time
points [115]. Our study demonstrated that 25g IVIG resulted in a sufficient neutralization of
the mitogenic T-cell response to most S. pyogenes superantigens. The lack of placebo-treated
patients infected with S. pyogenes in INSTINCT made us include a comparator cohort from
INFECT (larger observational study), and the results clearly demonstrate the lack of patients
susceptible to a superantigen response in INSTINCT. Also, a negative correlation between
IVIG administered and toxin-triggered T-cell proliferation was observed. Additionally, in the
analysis of S. pyogenes NSTI within INFECT, Bruun et al. identified IVIG as an independent
factor for 90-day survival [254].

In another recent observational study, Peetermans et al. studied IVIG given to patients with
STSS requiring extracorporeal membrane oxygenation and observed a mortality rate lower
than expected [255]. Tarnutzer et al. performed an experimental study and observed that IVIG
decreased several S. pyogenes virulence factors in vitro: hemolytic SLO and Sdal activity was
completely abolished, SpyCEP activity was significantly reduced, while SpeB was not
influenced [256]. Also, IVIG treatment was shown to reduce the disease severity in a murine
necrotizing fasciitis model, but the bacterial load was not influenced [256]. Additionally, after
IVIG treatment, patient sera showed elevated titers of antibodies specific for SLO and Sdal,
which resulted in reduced SLO and Sdal activity [256]. It is clear that IVIG inhibit S. pyogenes
virulence in vitro at several levels. A reason why its clinical efficacy has been more unclear
could be the tissue penetrance. Tarnutzer et al. observed six times lower 1gG concentrations in
the skin compared to the serum, demonstrating the difficulty of delivering large molecules to
the site of infection is NSTI [256]. If superantigens and other virulence factors that can be
inhibited by IVIG are important at the tissue site, it might be difficult to deliver enough
molecules where they’re needed and make a difference in NSTI. However, much of the
pathogenesis relating to the cytokine storm and septic shock is thought to take place in the
patient’s blood. Therefore, it is still probable that IVIG can be beneficial in S. pyogenes NSTI.
This should be studied in a clinical trial.

1. ADJUNCTIVE RIFAMPICIN INCREASES ANTIBIOTIC EFFICACY IN
GROUP A STREPTOCOCCAL TISSUE INFECTION MODELS.

Biofilm formation at the tissue site has been as a complicating feature of patients with S.
pyogenes NSTI. Also, viable bacteria have been isolated from patients despite prolonged
antibiotic therapy [115]. In this study, we assessed antibiotic combinations against bacterial
biofilm formed in a 3D organotypic skin tissue model to try to improve antimicrobial efficacy
at the tissue site. We found that the standard treatment of benzylpenicillin and clindamycin
only reduced the bacterial load with about 10-fold, despite high concentrations (500 x MIC).
When adjunctive rifampicin was added, a 100-fold reduction was seen. Compared to the
standard treatment, adjunctive rifampicin increased the antibiotic efficacy of bacterial
clearance with 97.5% versus 93.9% (p=0.006). Also, microcalorimetric measurements
revealed that adjunctive rifampicin resulted in decreased metabolic activity and prolonged time
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to regrowth for all clinical S. pyogenes strains tested (p<0.05). In addition, a case report
describes a case of a persistent S. pyogenes tissue infection where the patient receives
rifampicin treatment.

The role of rifampicin in staphylococcal biofilm infections is well defined [257], but the role
in streptococcal biofilm infections is not. The tissue penetrating abilities of rifampicin are well
known, the systemic bioavailability of rifampicin is 90-100% on an empty stomach, and there
is no rationale for intravenous administration unless there is an inability to swallow or evidence
of poor enteral uptake [257].

Adjunctive rifampicin was recently tested in the ARREST trial of S. aureus bacteremia [38].
After 12 weeks of treatment, 17% vs. 18% suffered severe adverse events such as treatment
failure or death. No benefit of adjunctive rifampicin was seen, even though 40% of participants
had an initial deep infection focus on an implanted vascular device, native or prosthetic heart
valve, native or prosthetic bone or joint, deep tissue infection or abscess (including vertebral
bone or disc or other bone infection, epidural or intraspinal empyema, infected intravascular
thrombus, brain infection). 17% in the rifampicin-group had antibiotic adverse events and 6%
had drug interactions vs. 10% and 2% in the placebo-group. The authors concluded that
adjunctive rifampicin still could have benefits long-term but that it does complicate other drug
treatment. It cannot be excluded that a clinical trial of adjunctive rifampicin in S. pyogenes
NSTI would give the same results. However, the data is promising enough to support a clinical
trial. The timing of rifampicin administration could be discussed, for NSTI patients, typically
treated in the intensive care unit, rifampicin is likely be introduced in the post-acute phase, to
reduce interactions with other drugs. Especially cases complicated by bacterial persistence
despite comprehensive surgical debridement and treatment with -lactams and clindamycin.

The treatment of a patient with a severe infection is usually decided by an infectious disease
specialist. Commonly, a set dosage is used, that is above the minimum inhibitory concentration
(MIC) for most strains. The bacterial viability in treated tissue is not determined in routine
clinical practice. Infectious disease specialists calculate risks and recommend empirical
treatment that is likely to inhibit bacteria in their planktonic state. The results of this study
clearly show that bacterial susceptibility in tissue is different from that in blood. Potentially
could several treatments used today only be effective in blood, and our immune system could
account for all the bacterial clearance in tissue. In this study, bacterially infected tissue was
treated with high doses of antibiotics for several days, and they were still able to grow back
when the antibiotic pressure was removed. This method of determining treatment efficacy in
tissue could be used more broadly, but there are technical limitations. The method is not high
throughput, instead it requires weeks of care in a laboratory and well-timed infection, treatment,
and processing. The amount of data per hour spent in the laboratory is strikingly low. However,
it does provide important insight into a phenomena that could be applicable to additional fields:
tissue antibiotic resistance phenotypes.

Paradoxically, increased ambition in the treatment of antibiotic resistance phenotypes in tissue
could drive development of antibiotic resistance. It is possible that antibiotic combination
therapy and adjunctive treatments increase in the coming years, increasing the environmental
antibiotic pressure and driving antibiotic resistance. It is important to perform clinical trials to
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know that added treatment also provide a benefit, and not only selection for resistant
phenotypes.

I11. DYSFUNCTIONAL QUORUM SENSING IN A NATURAL AGRC
VARIANT RESULTS IN SUSTAINED BIOFILM BY ST22 METHICILLIN-
RESISTANT STAPHYLOCOCCUS AUREUS.

The alarming increase of methicillin-resistant Staphylococcus aureus (MRSA) worldwide,
including an emergence of highly virulent community associated strains, is a major concern.
Recently, natural variants of the rapidly disseminating MRSA clone of sequence type 22
(ST22), with starkly different phenotypes, were identified in community associated strains
[258]. The phenotypic variants were separated only by a single amino acid substitution in AgrC,
a component of its quorum sensing system resulting in defective Agr signaling in one of the
strains. Here, we sought to investigate whether this Agr inactivation also made these variants
to differ with respect to biofilm formation. Through culture on polystyrene surfaces and
infection of an organotypic skin tissue model we observed differences between the strains.
Initial biofilm formation by both strains on polystyrene was dispersed after 9 hours by the Agr
signaling strain that then became biofilm negative. The Agr-silent strain continuously formed
biofilm at late time points (up to 72 hours). Collagen coating of the polystyrene surface
increased biofilm formation by both strains and decreased the differences between the strains.
In the skin tissue model, both isolates formed biofilm but only the Agr-signaling variant
disrupted the epithelium and disseminated into deeper tissue layers. It seems like dysfunctional
quorum sensing in strains of the Agr-silent phenotypes with cysteine at position 223 of AgrC
resulted in sustained biofilm formation while the Agr-signaling strains instead are more
invasive.

This work shows that stimulating Agr would be a way of dispersing S. aureus biofilm. Agr-
agonists could be combined with toxin-dampening agents and used to treat biofilm-associated
infections. However, most people focus on inhibiting the virulence properties of S. aureus, and
what better way than inhibiting Agr?

Inhibiting Agr signaling would decrease S. aureus virulence, while not being bacteriostatic or
bactericidal, which would not drive resistance as much as classical antibiotics do. Also, Agr-
targeting is likely to be more effective than inhibiting single virulence factors since it controls
transcription of many S. aureus factors. In addition, it would preserve the commensal bacteria.
Sully et al. described an inhibitor targeting AgrA that was dubbed savarin (S. aureus virulence
inhibitor) [259]. Savarin was identified through screening for Agr-blocking molecules, that did
not affect Staphylococcus epidermidis. The authors could show that savarin treatment resulted
in decreased tissue injury and reduced bacterial burden upon treatment. Another group
inhibited Agr using a naturally isolated substance named Solonamide B from Photobacterium
halotolerans [260]. Bacterial growth was not impaired but a reduction in hemolysis and
neutrophil lysis were shown. Also, Solonamide B did not elicit cytotoxicity for human PBMCs
[261]. w-hydroxyemodin (OHM) is another compound shown to inhibit Agr [262]. OHM is
isolated from Penicillium restrictum and, without affecting bacterial growth, it reduced lesion
size as well as bacterial burden when used in treatment of infected mice. OHM did not elicit
cytotoxicity against eukaryotic cells (kidney, alveolar and hepatocytes).
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Perhaps one of these treatments will be available to prescribe in S. aureus infections soon. If
so, it could dampen the epithelial damage and tissue invasion in skin infections, but biofilm is
likely to form irrespective of Agr-inhibition, and it will be important to have an awareness of
the potential of increased biofilm formation.
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5 CONCLUSIONS

The treatment of bacterial tissue infections caused by S. pyogenes and S. aureus is more
complicated than some may think. The threat of antibiotic resistance is a major concern. Also,
the treatment available today is not good enough. There are challenges to overcome, such as
the life-threatening toxic effects of superantigens, but also persistence and biofilm formation
at the tissue site. However, there are therapeutic opportunities available today with efficacy
against these complicating features of infection.

KEY FINDINGS
e Administration of 25g IVIG result in S. pyogenes superantigen-neutralizing activity in
patient plasma.
e Adjunctive rifampicin treatment enhances clearance of S. pyogenes in an in vitro
tissue infection model.
e Dysfunctional quorum sensing in ST22 MRSA results in sustained biofilm formation
and reduced invasive capacity.

CLINICAL ASPECTS: TAKE HOME MESSAGE

There are knowledge gaps and a lack of tools today within the field of infectious
diseases/microbiology, relating to antibiotic resistance phenotypes in tissue during acute
infections. Treatment regimens are focused mainly on minimum inhibitory concentrations
(MIC). Some NSTI patients are treated with a carbapenem antibiotic in single therapy since
they are broad spectrum drugs. However, penicillin and clindamycin would be a better
treatment option to inhibit S. pyogenes, the causal agent in a third of NSTI cases. Also, an
addition of IVIG and rifampicin is likely to be beneficial. When only considering MIC values,
one treats the infectious setting in blood but disregard the situation in the tissue. In a patient
that has an NSTI focused to an extremity (OR 7.8 for S. pyogenes [3]), has an age below 61,
are previously healthy and has septic shock — there are reasons to suspect S. pyogenes as causal
agent. The adjuvant treatments aimed at S. pyogenes should not be wasted on non-S.
pyogenes/non-S. aureus cases due to the cost, development of resistance, and development of
disbelief in their effectiveness. NSTI of the abdomen or anogenital area are likely to be caused
by polymicrobial type I NSTI (OR 8.0 [3]), rarely S. pyogenes. When it comes to S. aureus
infections, their basal mode of growth is biofilm formation, and this is only disrupted when
signaling through Agr occurs. Agr inactivation unable epithelial disruption and tissue
dissemination. Clindamycin and rifampicin are recognized as anti-biofilm agents and are
frequently used in suspected biofilm-related S. aureus infections today. It is likely that biofilm
is present in additional infections and that these compounds would improve the outcome in
these infections, however this needs to be tested and balanced against the potential of resistance
development. IVIG does inhibit the superantigens of S. aureus, but the dosage required has not
been tested and there are some indications that it could be higher than that for S. pyogenes.
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6 POINTS OF PERSPECTIVE

Without effective human intervention, epidemics and pandemics typically end only when the virus
or bacteria has infected every available host and all have either died or become immune to the
disease.

Alan Huffman

S. pyogenes and S. aureus are on us all the time. They infect us repeatedly without causing
long-lasting immunity. The burden of disease is massive, making effective human
interventions badly needed. In tissue infections by S. pyogenes and S. aureus, future studies on
therapeutic options are required:

Firstly, the efficacy of 25g IVIG in S. pyogenes NSTI needs to be tested in a clinical trial.

Secondly, the efficacy of adjunctive rifampicin in S. pyogenes biofilm-associated tissue
infections (such as NSTI) should be tested in a clinical trial.

Thirdly, Agr-targeting in S. aureus shows promise as a way of decreasing tissue pathology,
preserving epithelial integrity, decreasing bacterial dissemination with the side-effect of also
enhancing biofilm formation. Opposingly, Agr-stimulation could help disperse biofilm in
biofilm-related infection. Drugs with Agr-action should be tested in relevant model systems.

Other substances could be as or more effective than the drugs tested in this doctoral work, using
the same mechanism. Perhaps there are less costly ways of neutralizing superantigens than
IVIG? Reglinski and Sriskandan recently affinity-purified pathogen reactive antibodies from
IVIG preparations and found antibodies that recognize cell wall antigens of S. pyogenes and S.
aureus [263]. Treatment with these preparations resulted in higher levels of neutrophil bacterial
uptake. This type of boosted-1VIG preparations could be more effective and less costly. Also,
monoclonal antibodies aimed at superantigens, or T-cell proliferation could to the same thing.
However, monoclonal antibodies could be more expensive than IVIG, hence defeating the
purpose of development. Also, they would not have the polyspecific effects that IVIG has, such
as anti-cytokine antibodies and Fc-receptor-interactions.

Perhaps other antibiotics such as linezolid, macrolides or tetracyclines are as effective as
adjunctive rifampicin against streptococcal biofilm in tissue. This could be tested in our model
system; however, candidates should be screened in assays such as microcalorimetric assays
which are more high throughput before being tested in the tissue models. When anti-biofilm
agents enter the market, also these substances could be tested in our model system to view their
efficacy on biofilm in tissue. Of course, the skin tissue model is designed to reflect the skin and
soft tissue setting, while our lung tissue model is designed to mimic lung tissue. Host cells have
different receptors and other characteristics depending on their origin, and a model should
always try to imitate the tissue in focus of the study.

Bacterial clearance after antibiotic treatment of S. aureus infection in the skin tissue model
should be assessed using the ST22 AgrC variants. This will reveal the effect of Agr-silencing
in tissue under treatment. One can speculate that the Agr-silent isolate should be more difficult
to treat due to sustained biofilm formation, however this is not known. Also, one should
challenge the AgrC variants against each other in coinfections.

45



Another important aspect is patient stratification and individualized medicine. However, this
requires improved diagnostics. Today, even the diagnosis of (untyped) NSTI is difficult to
make. However, there have been some progress. Recently, Palma Medina et al. described
thrombomodulin as a unique biomarker for detection of necrotizing soft tissue infections [264].
If confirmed, it may be used as a diagnostic tool. Also, all patients do receive individualized
antimicrobial therapy as soon as the microbiological diagnostics are done. However, it can take
days to get the full resistance profile on an isolate, and that is time that some patients don’t
have. While waiting for the diagnostics, patients are usually treated with broader treatment than
needed, to be on the safe side, and some receive treatments such as IVIG even though there is
low risk of a superantigen-producing causal agent (S. pyogenes/S. aureus). This can decrease
the in-hospital confidence in these drugs, and the cost can make people question their use.
Improved diagnostics are vital for the development in the field of acute infectious diseases.
Soon, we will know the causal agent, its resistance profile and virulence factors at the first
encounter with the patient. This will revolutionize the field, decrease usage of broad-spectrum
antibiotics, facilitate usage of adjunctive therapeutics such as IVIG and rifampicin and facilitate
randomized controlled trials. That in turn, will further accelerate our understanding of acute
infectious diseases and the effectiveness of treatments.

Another diagnostic tool that is missing today is a biomarker for biofilm. In our previous studies,
we identified biofilm in over 30% of patients with NSTI caused by S. pyogenes. If this is the
incidence of biofilm in S. pyogenes NSTI, this is the number of patients that should be treated.
Performing a trial on all patients with S. pyogenes NSTI could mask a benefit in the subgroup
of patients with actual biofilm infections. However, we believe that biofilm is more frequent
and without a promising biomarker in development, we need to start with a trial on all S.
pyogenes NSTI with anti-biofilm agents such as rifampicin, to gain more knowledge and
potentially improve the outcome in S. pyogenes NSTI.

An initial plan for this thesis work was to include a study on the efficacy of HBOT on S.
pyogenes-infected skin tissue models. Logistically, this was complicated. To be able to study
HBOT, hyperbaric pressure and high oxygen concentrations are required. One needs to be
educated in safety procedures when working with pressure and high concentrations of oxygen
(fire hazard). There was no pressure chamber at Kl allocated for research (patient chambers
cannot be used for research). We were able to collect one pressure chamber that was found to
lack appropriate safety gear, one that was too large for the lab and one that was well-suited for
the studies except that it could only be borrowed for a short period of time. A few months ago,
an experimental chamber was placed in a laboratory at KI which could facilitate future studies
in this area. A study of specific interest would be infection of immunocompetent skin tissue
models containing live neutrophils, with and without HBOT. It would be possible to determine
treatment efficacy through bacterial counts and to isolate the neutrophils for characterization.
This could be done in the presence or absence of antibiotics.

Though media coverage on NSTI and STSS has decreased, cases still occur [3, 265], and both
S. aureus and S. pyogenes strains seem to circle in the community in 10-year intervals, possibly
due to immune status [266, 267]. In addition, most of the burden of disease is in the less
developed part of the world, invisible to western media.
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One thing is certain: humans will continue to live with these terrible infections and related
conditions until vaccines are developed and distributed globally. Until then, we should treat the
infections properly. That includes awareness of the therapeutic challenges and opportunities
today, and continued scientific endeavors.
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