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ABBREVIATIONS

AKI Acute kidney injury

ARDS Acute respiratory distress syndrome
DAMP Danger-associated molecular pattern
DIC Disseminated intravascular coagulation
FMT Fecal microbiota transplantation
GM-CSF Granulocyte-macrophage colony-stimulating factor
HIV Human immunodeficiency virus

HLA Human leukocyte antigen

ICU Intensive care unit

IL Interleukin

v Intravenously

IVIG Intravenous immunoglobulins

IVIigGM IgM-enriched immunoglobulins

LPS Lipopolysaccharide

MHC Major histocompatibility complex

NP Nanoparticles

PAMP Pathogen-associated molecular pattern
SOFA Sequential organ failure assessment
TLR Toll-like receptor

TNF Tumor necrosis factor
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Summary

Title: Non-antibiotic treatment options in patients with sepsis and septic shock

syndrome

Author: Marian Thomas Hradil

Sepsis, currently defined as dysregulated systemic immune response of the host to an
infectious insult with subsequent life-threatening organ dysfunction, is a common
multifactorial disease. In conjunction with septic shock, the most severe form of sepsis
characterized by profound circulatory and metabolic derangement, the two are one of the
leading causes of mortality and critical illness worldwide. Despite improvements in the
management of sepsis, including timely administration of antibiotic agents, optimization of
intravascular volume status and supportive care, no specific treatment exists as of yet.
However, an increased understanding of the pathophysiological mechanisms and the
biphasic course consisting of pro and anti-inflammatory states, has paved the way for
alternative treatment options. Active research has spawned candidate drugs including
extracorporal blood purification, immune modulation with corticosteroids, intravenous
immunoglobulins, mesenchymal stem cells, GM-CSF, rhIL-7, thymosin-a1 or nanoparticles.
Vasopressin-agonists and beta-blocker are agents regulating the cardiovascular system.
Promising strategies targeting other organ systems involve novel agents like alkaline
phosphatase, thrombomodulin and the gut microbiome. Finally, micronutrients have been
assessed as treatment alternatives. However, investigations on new efficient therapy agents
are hampered by the broad spectrum of the syndrome, its definition and the heterogeneity of
the patients affected. Lacking identification of sepsis subtypes limits the applicability of
research results. The outcomes of studies conducted on alternative treatment agents for
sepsis and septic shock distance themselves from one-size-fits-all, to focus on individualized
medicine including careful treatment timing and clinical pheno- and genotyping. In this
context, the mentioned agents are currently of particular interest in treatment for sepsis and
give a promising outlook. Therefore, the aim should be stratification of disease and patient to

identify who benefits most from therapy.

Keywords: Sepsis; Septic shock; Critically ill; Therapy



Sazetak

Naslov: Moguénosti ne-antibiotskog lijeenja bolesnika sa sepsom i

sindromom septickog Soka

Autor: Marian Thomas Hradil

Sepsa je Cesta multifaktorna bolest koja se trenutno definira kao neregulirani sustavni
imunoloski odgovor domacina na infekciju s naknadnom disfunkcijom organa koja je opasna
po Zivot. Najtezi oblik sepse je septiCki ok, kojeg karakterizira poremeéaj cirkulacije i
metabolizma. Zajedno predstavljaju jedan od vodecih uzroka smrtnosti i kriticnih bolesti u
svijetu. Unato¢ napretku postignutom u lije€enju sepse, ukljuujuci pravovremenu primjenu
antibiotskih sredstava, optimizaciju stanja intravaskularnog volumena i potpornu njegu, ne
postoji specificno lijeCenje. Veée razumijevanje patofizioloSkih mehanizama i dvofaznog
tijeka koji se sastoji od pro i protuupalnih stanja, otvorilo je put alternativnim moguénostima
lieCenja. PostojeCa istrazivanja rezultirali su pronalaskom mogucih lijekova, ukljuCujuci
ekstrakorporalno proci§¢avanje krvi, imunoloSku modulaciju kortikosteroidima, intravenske
imunoglobuline, mezenhimske mati¢ne stanice, GM-CSF, rhlL-7, timozin-a1 ili nanoCestice.
Vasopresin agonisti i beta-blokatori su lijekovi koji djeluju na kardiovaskularni sustav.
Obecavajuce strategije usmjerene na druge organske sustave uklju€uju nova terapija poput
alkalne fosfataze, trombomodulina i crijevnog mikrobioma. Konaéno, mikroelementi su
procijenjeni kao alternative lije€enju. Medutim, istrazivanja novih ucinkovitih terapijskih
sredstava otezana su Sirokim spektrom sindroma, njegovom definicijom i heterogenosc¢u
pacijenata. Nedostatak identifikacije podtipova sepse ograniava primjenjivost rezultata
istraZivanja. Rezultati studija provedenih alternativnim terapijama za lije€enje sepse i
septicnog Soka, ukazuju na vecCu uspjeSnost individualnog pristupa pacijentu od
univerzalnog. Takav pristup ukljuuje pazljivo odredivanje vremena lijeCenja te klinicke feno-
i genotipiziranje. Upravo zbog prethodno navedenog, spomenuta sredstva trenutno su od
posebnog interesa za lije€enje sepse i daju obeéavajuce izglede stoga bi cilj trebao biti
raslojavanje bolesti i pacijenta kako bi se utvrdilo tko ¢e najvjerojatnije imati koristi od

terapije.

Kljuéne rijeci: Sepsa; Septicki Sok; Kriticno bolestan; Terapija



Introduction

Recognizing sepsis as a global health priority in May 2017, the World Health Organization
(WHO) adopted a resolution to improve diagnosis, prevention and management of this life-
threatening disease. For centuries, the term “sepsis” had been used broadly, dating back to
the time of Hippocrates who regarded it as a process of rotting flesh and wound fester (1).
More recently, sepsis has been defined as life-threatening organ dysfunction caused by a
dysregulated host response to infection. As a subset of sepsis and associated with a higher
risk of mortality, septic shock describes the state of circulatory, cellular and metabolic
dysfunction (2). Despite this long history and advances in medical care, sepsis remains one
of the leading causes of critical illness and death globally. Indeed, mortality from septic shock
is severly high, at nearly 35% to 40%. Overall, the worldwide incidence has increased over
the past years and is expected to adhere to this trend, in light of the ageing population,
increased chronic diseases and immunosuppressant and chemotherapy drug use (3). In light
of its known impact, research focused on understanding the complex mechanisms of the
immune responses underlying sepsis. However, despite substantial progress, there is no
specific treatment for sepsis, and the basic elements of management have not changed for
decades. The Surviving Sepsis Campaign guidelines summarize current recommendations.
The timely initiation of broad-spectrum antibiotics is the mainstay of treatment. Still, there is a
strong urgency for specific treatment options in sepsis and septic shock. The worldwide
increasing frequency of antimicrobial resistant pathogen strains, antibiotic toxicity and
superinfection risk further emphasizes this need (2). By presenting and discussing
pathophysiological based starting points and current state of research, the aim of this review

is to give an insight into possible non-antibiotic treatment options for sepsis and septic shock.



Pathophysiology

Describing the human response mechanism which underlies the state of sepsis is complex.
Despite progress made in the comprehension of pathophysiology, it remains unclear why
part of patient’s immune response successfully fights infection, while others slide off into a
dysregulated state. Contrary to previous assumptions, the septic course encompasses both,
a state of excessive inflammation and immunosuppression, unable to return to homeostasis.

However, the most common starting point of this highly heterogeneous and multifaceted
syndrome is infection of the lungs, comprising 64% of all cases (4). The subsequent
response of the body is mediated by the innate and adaptive immune system. The former
consists of pattern recognition receptor (PRR) bearing cells, including macrophages,
polymorphonuclear leukocytes, dendritic cells and epithelial cells. The Toll-like receptor
(TLR) family, cytoplasmic receptors and mannose receptors are able to recognize pathogen-
associated molecular patterns (PAMPs). PAMPs are bacterial triggers that activate the innate
immune system. Components found in the bacterial cell membrane, such as
lipopolysaccharides (LPS), are the prototypical class of PAMPs. Flagellin, peptidoglycan,
bacterial DNA and glycoproteins are further examples. PPRs can also recognize danger-
associated molecular patterns (DAMPs), which are released during the inflammatory insult.
The adaptive immunity, also known as acquired immune system, is mediated by cellular
responses via T- and B-cells. Additionally, this type of immunity constitutes the
immunological memory. Not only the bacterial insult but also failure of timely activation and
cessation of immune activation leads to tissue damage. After binding of microbial
components to the immune cell receptors, downstream signaling leads to release of
proinflammatory cytokines (e.g. TNF-a, IL-1, IL-6), chemokines (e.g. ICAM-1, VCAM-1) and
nitric oxide. Subsequently, more inflammatory cells, like leukocytes, get recruited. As
mentioned before, the overall response is regulated by a mixed proinflammatory and anti-
inflammatory balance of mediators. Although this state involves more signalling pathways, to
explain these in detail would be beyond the scope of this review. Once the host response
becomes dysregulated, including the so-called cytokine storm of uncontrolled
proinflammatory mediator production, sepsis occurs. Furthermore, transition to an
immunosuppressive state follows at variable times. Particularly in elderly people this state
may dominate. The generalized immune reaction leads to extensive cell damage and as an
end result to multiple organ dysfunction. The exact causative mechanisms are still unknown
but possibly encompass tissue hypoxia, direct cell damage by mediators and products of
inflammation, in addition to altered apoptosis. Part of the cumulative outcome is capillary
leakage and a distorted microcirculation. In the end, sepsis is a syndrome involving all organ

systems (5).



Fundamentals of Management

Opinions regarding the optimal treatment of patients with sepsis and septic shock are diverse
up to now. Early administration of antibiotics, source identification and control, and
resuscitation are widely accepted. Despite these, the Surviving Sepsis Campaign guidelines
reflect the agreement on the fundamentals of treatment (2).

So as to reduce sepsis-related mortality, the “hour-1 bundle” was introduced, which
highlights explicitly the importance of immediate initiation of management. Lactate levels
should get obtained and if initial lactate is elevated (> 2 mmol/L), it should be remeasured
within 2-4 hours. Prior to administration of antibiotic agents, blood cultures must be obtained
to prevent sterilization. Furthermore, empiric broad-spectrum antibiotic therapy should be
introduced. In most cases, this should be directed against gram-positive and gram-negative
bacteria, and if there is the suspicion of an intra-abdominal process, anaerobic coverage has
to be warranted. When the results of the pathogen identification including sensitivities are
known, the therapy should be narrowed down. Fluid resuscitation is crucial, in order to
address septic shock and tissue hypoperfusion. Moreover, guidelines recommend rapid
administration of 30 ml/kg intravenous crystalloids (2). Since concerns of fluid overload and
its harmful effects have been raised, continuous infusion beyond initial measures requires
careful assessment (4). Lastly, for a hypotensive patient after or during fluid resuscitation,
vasopressors should be applied to maintain the mean arterial pressure (MAP) = 65 mm Hg.
The Surviving Sepsis Campaign guidelines recommend norepinephrine as first-line agent (2).
Over the entire course of sepsis, high-quality supportive care has to be warranted as it has
been demonstrated to correlate with improved outcomes. Nursing, specific organic support,

mechanical ventilation and nutritional support are the substance of this approach (5).



Corticosteroids

Dating back to the first proposal for sepsis treatment in the 1950s, corticosteroids have a
long history of research (6). Agents like methylprednisolone, dexamethasone and
hydrocortisone are known to suppress inflammation. Therefore, in various inflammatory
conditions, like asthma and rheumatoid arthritis, they have been utilized successfully. Very
recently, corticosteroids were tested as treatment option in critically ill COVID-19 patients,
showing promising results in terms of mortality reduction (7). However, due to beneficial
effects on blood vessels and hemodynamics, hydrocortisone is included in the international
treatment guidelines if adequate fluid resuscitation and vasopressor therapy are ineffective to
restore hemodynamic stability (2). Given the known catecholamine-sparing effects in
vasodilatory shock known, research focused firstly on high dose corticosteroid administration
(IV hydrocortisone of = 400 mg/day). However, most results showed no valuable
improvement in reversal of the pathophysiological shock state. Changing the aim, low dose
corticosteroids (IV hydrocortisone < 400 mg/day) yielded benefits in reversal of shock.
Contrary to assumptions, it was found that the hemodynamic effects were unrelated to the
severity of illness (8). Currently, the surviving sepsis campaign guidelines suggest IV
hydrocortisone at a dose of 200 mg per day (2). Furthermore, corticosteroids interfere with
proinflammatory signaling pathways through inhibition of NF-kR. Additionally, neutrophil
activation and production of inflammatory cytokines, such as IL-6 and IL-8, is decreased.
Another reason for the impulse to administer corticosteroids is based on the relative
corticosteroid deficiency due to inadequate adrenal response in critically ill patients (8).
Notwithstanding the physiologic rationale, research data remained inconclusive regarding the
therapeutic effects in sepsis and septic shock for a long time. This uncertainty is reflected in
the strength of recommendation of the above-mentioned international guidelines, which
refers to only a weak recommendation and low quality of evidence (2).

In the recent years, two larger randomized controlled trials were conducted regarding the use
of corticosteroids (9,10). Both studies, published in the year 2018, showed different results.
Annane et al. (9) found in their trial, which involved 1,241 patients receiving hydrocortisone
plus fludrocortisone, a lower 90-day all-cause mortality if treatment was offered compared to
placebo. Hydrocortisone, administered to 3,658 patients, did not result in lower mortality in
contrast to the placebo group (10). Still, one should note that both trials differed in several
respects, for example in the severity of illness, type and method (intermittent boluses vs
continuous) of drugs administered. So as to assess the wide range of conducted studies and
gain insight in the treatment of septic patients with corticosteroids, the most recent Cochrane
meta-analysis evaluated the data from 61 randomized clinical trials (11). The promising

results showed a slightly reduced 28-day mortality with moderate-certainty evidence.
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Moreover, the patients treated with corticosteroids had a large reduction in ICU and length of
hospital stay with high-certainty evidence. The positive trend in survival and length of stay
was also reflected in similar meta-analyses (12,13). The same systematic reviews also report
of vasopressor sparing effects and a faster shock reversal. One should remark that most
evidence is based on studies using hydrocortisone as drug of choice. Besides these findings’
suggestion of a beneficial role in the sepsis treatment, harmful effects have to be considered.
Apprehensions of corticosteroids increasing the risk of superinfections, gastrointestinal
bleeding, stroke, cardiac events and neuropsychiatric effects were unsubstantiated (11-13).
However, the results of the mentioned meta-analyses coincided in a higher finding of
hypernatraemia, hyperglycaemia and neuromuscular weakness.

To conclude, in light of the considerable amount of studies, corticosteroids seem promising in
increasing survival and decreasing the length of stay in patients with sepsis and septic
shock, while adverse effects compared to placebo or usual treatment are minimal.
Furthermore, corticosteroids have been researched in combination therapy with ascorbic
acid and thiamine. They have been proposed to be beneficial as treatment option. This will

be discussed in detail in the following chapter on vitamin C.

Vitamin C

Ascorbic acid is a natural micronutrient with antioxidant effects that serves as an important
cofactor in processes involving iron and copper-containing enzymes. It became prominent for
its essential role in humans with James Lind’s discovery of scurvy treatment in the 18"
century (14). From thereon, the beneficial effects of vitamin C to prevent disease have often
been proposed. The key physiologic role lies in its function as scavenger of free radicals.
This gives rise to possible beneficial effects in the sepsis treatment by protecting the
endothelial function and improving micro-vascular flow (15). Elimination of reactive oxygen
species counteracts pathophysiological septic shock changes like endothelial cell apoptosis,
smooth muscle mediated vasodilation and the permeability of vessels. The characteristic
hypotension refractory to catecholamines may be alleviated by vasopressor sparing effects.
Ascorbate enhances the endogenous synthesis of norepinephrine and vasopressin by acting
as a cofactor of the respective enzymes (16). Furthermore, it has been stated that vitamin C
has bacteriostatic activity (17). By complex interactions, such as preventing the activation of
nuclear factor-kB leading to a reduction in inflammatory mediators and effects on the
macrophage function, ascorbic acid serves as an immunoregulatory agent (18).

Previous studies showed that during critical iliness, the plasma and intracellular levels of
vitamin C are decreased (19). Findings by Carr et al. (20) reported that 40% of patients in the

ICU with septic shock had serum levels close to the diagnosis of scurvy (< 11.3 u/mol/l).
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Recently, the results of the meta-analysis by Langlois et al. (19) showed a possible tendency
towards mortality reduction when administering vitamin C high dose intravenously. A large
multicenter study by Fowler et al. (21), including 167 patients with sepsis and ARDS who
received either a vitamin C infusion or a placebo every 6 hours for 96 hours, was designed to
determine the effects of ascorbic acid on organ failure scores and inflammatory markers.
Vitamin C did not significantly improve the Sequential Organ Failure Assessment (SOFA)
score or inflammatory markers, but showed a lower 28-day mortality rate during the first 96
hours (29.8%) compared to the placebo group (46.3%). Three other systematic reviews and
meta-analysis investigated the effects of vitamin C in critically ill subjects. In contrast to the
prior results, the outcomes indicated that no significant reduction in the incidence of mortality
took place. Still, a common finding was that the intravenous administration of ascorbic acid
alone was associated with decreased duration of mechanical ventilator support, decreased
length of ICU stay and a decreased need for vasopressors (22—24).

Despite these results, the evidence for the use of vitamin C alone still remains inconclusive

and needs further research. Still, the treatment seems a promising option.

A new approach distances itself from the use of ascorbic acid as monotherapy, to the
combination of this drug with corticosteroids and thiamine. The concept of these cheap and
available drugs builds on their synergistic effects when administered together. These include
a decreased oxidative stress, improved endothelial function, supported catecholamine
synthesis, decreased immune suppression and improved aerobic processes. A more detailed
insight of the physiologic effects is given in the chapters of each individual drug. It should be
mentioned that, besides an ascorbic acid deficiency, septic patients showed a prevalence of
thiamine deficiency as well. This ranged between 20-71% (25).

A study conducted by Marik et al. (15) in the year 2017 on 47 patients presented a positive
outlook for this therapy. The four-day combination of hydrocortisone 50 mg IV every 6 hours,
1500 mg of vitamin C IV every 6 hours and thiamine 200 mg IV every 12 hours demonstrated
significant effects. The hospital mortality was reduced from 40.4% to 8.5%. Moreover, a
decreased SOFA-score and earlier weaning off vasopressors in the treatment group
advocated the use of the combination treatment in sepsis patients. However, the small size,
study design and no blinding are certain limitations of the scope. Another study by Byerly et
al. (26) involving data of 146 patients concluded that the treatment yielded an increased
survival and lactate clearance. However, these preliminary positive results did not get
replicated further by following studies. Several randomized controlled trials conducted in the
recent years following Marik et al. publication showed similarities with regard to a not
significantly improved survival. Nevertheless, a decreased need of vasopressors, a better

SOFA score and an improved lactate clearance were discovered (27—-29). A retrospective



before-and-after cohort study with 229 septic shock patients further underlined these findings
(30).

Although the current evidence does not fully support the direct effects of the combination
therapy on a survival benefit, positive effects have been proven and the data will support
further research and a better understanding of the role in the treatment of sepsis patients. In
the future, other trials, like the large VICTAS trial (31), involving 501 patients, that terminated
in October 2019 and still needs evaluation, will bring further insights. In the end, the
combination treatment of the three drugs remains a promising approach with sufficient
availability and cost efforts. If further research shows a safe and effective profile, the bundle

will save billions of dollars and millions of life-years in the US (32).

Immunoglobulins

Immunoglobulins, secreted by differentiated B-cells, are a pivotal part of the defense against
infection. In the humoral immunity, the classes of IgA, IgG and IgM play the most important
role. Acting between the adaptive and innate immune system, immunoglobulins possess
both pro- and anti-inflammatory properties. Intravenous immunoglobulins are prepared from
a donor pool. This kind of treatment strategy has been already applied to hematological,
immunological and neurological ilinesses. The rationale backing up this application is the
direct antibacterial, via recognition and removal of pathogens, anti-inflammatory, via
inhibition of mediator gene transcription and anti cell-death effects. However, in sepsis a
deficit of immunoglobulins is a common finding. This may affect phagocytosis justifying this
treatment approach. Furthermore, IgG can block superantigens released by staphylococci
and streptococci. Polyclonal IVIG contain autoantibodies that neutralize cytokines leading to
anti-inflammatory impacts (33).

Trials investigating the administration of IgG in septic patients have shown disappointing
results (34,35). The largest, a Phase lll trial involving 653 patients with sepsis or septic
shock, identified no effect on the 28-day mortality (35). As mentioned above, the most
important constituents of the humoral immunity are IgA, IgG and IgM. However, the classical
IVIG agents mainly contained IgG. More recently, different, more physiologic, formulations
have been articulated. Pentaglobin contains 12% IgM, 12% IgA and 76% IgG. Trimodulin has
an even further increased amount of IgM, with 23%. These two preparations are summarized
under the term IgM-enriched immunoglobulins (33). The results of many studies and meta-
analysis of these agents raises a more promising outlook, suggesting that IVIgGM is
connected to an improved mortality rate (36—40). The most recent meta-analysis, by Cui et
al. (40), evaluated nineteen studies comprising 1,530 patients. The treatment group

experienced favorable outcomes regarding a reduced mortality risk and a shortened length of
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mechanical ventilation. However, similar to the other meta-analysis, Cui et al. highlighted the
drawback of heterogeneity, with the effects tending to be smaller if only high quality studies
are considered. The CIGMA study (41), a double-blind Phase Il study of patients receiving
trimodulin or placebo, could not yield significant differences in mortality. Nevertheless, post
hoc analyses performed in a subset group with either high C-reactive protein, procalcitonin or
low IgM suggested a significant relative reduction of 54-68% in mortality. The results suggest
that a patient profile with heightened inflammatory indicators has to be identified in future
treatments to warrant beneficial effects. Besides ambiguities with regard to the subjects to
whom to deliver IVIG, the timing is also of question. Overall, most studies are in favor of an
early administration. In the CIGMA trial, IVIG was to be administered within 12h and Berlot et
al.” study (42) of 355 patients reported a connection of early application with a more positive
outcome.

In order to draw a full conclusion regarding the efficacy of IVIG in sepsis therapy, one must
take into consideration safety and costs as well. Even though most of the discussed studies
assume a relatively safe profile of IVIG, some serious adverse reactions have been reported.
These include thromboembolism, cholestasis and renal failure, more common in patients
with pre-existing risk factors (33). Further, one should bear in mind the high costs of the IVIG
formulations (43). The cost-benefit ratio should be taken into account before treatment. The
future path of IVIG seems one of the most promising in the treatment of sepsis and septic
shock. Still, the Surviving sepsis guidelines (2) advises against the use of this agent due to

low quality of evidence.

Alkaline Phosphatase

As the renal function is assessed in the SOFA score, so as to determine a patient’s status
and organ function in the state of sepsis, the presence of acute kidney injury affects the
prognosis. In general, half of the sepsis cases are admitted to the ICU because of reduced or
absent function of one or multiple organs (44). In a clinical setting, AKI is characterized by a
decrease in urine output and an increase in creatinine in the serum. Over 40% of AKI cases
in patients at the ICU are attributable to the presence of sepsis (45). The mortality increases
with increased AKI severity and sepsis related mortality approximately doubles in the
occurrence of end-stage renal disease (46). In light of these correlations, alkaline
phosphatase posed as a promising treatment, even though it was initially thought to be a
direct antisepsis drug due to the dephosphorylizing of LPS and DAMPs and thus detoxifying
action. LPS belongs to the group of PAMPs, which are key initiators of the inflammatory
process in the body via activation of TLRs. Through complex interplay, renal microcirculation

suffers damage and cell death, as a result of impaired microcirculatory flow and hypoxia.
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Moreover, this cell death leads to release of DAMPs, proceeding the inflammatory processes
and impacts. Long-term effects are fibrosis and chronic kidney disease (47).

The use of alkaline phosphatase yielded positive results showing improved survival and
diminished inflammation in several animal models (48,49). Following the encouraging results
of the animal trials, a small Phase Il clinical trial with 36 septic patients was done by
Heemskerk et al. (50). In addition to no safety issues, better survival rates, reduced proximal
tubule injury, improved endogenous creatinine clearance and thus an improved renal
function were demonstrated. A recent systematic review and meta-analysis conducted by
Tang et al. (51) analyzed four randomized clinical trials involving 392 patients with alkaline
phosphatase therapy, including the above mentioned. They concluded that the patients with
sepsis associated AKI receiving treatment showed protective effects. The endogenous
creatinine clearance enhanced at days 7, 14 and 28 with a dose of 0.212 mg/kg. Mortality
showed an improvement at days 28 and 90 with a dose of 1.6 mg/kg. These findings
correlate with a late effect, possibly explained by the effects of alkaline phosphatase on
inflammation induced fibrosis. In the short-run, only overall AKI biomarkers improved.
Nevertheless, the longer-term benefits on renal function by alkaline phosphatase treatment in
sepsis patients advocate for a future treatment option and further studies. The better survival
of treated patients in comparison to patients with placebo impressively underlines this
conclusion. As an interesting side note regarding the long term benefits, a recently published
study proposed a novel role for alkaline phosphatase as protector of the integrity of the
blood-brain barrier. This may reveal a therapeutic approach to decrease long-term cognitive
impairment symptoms in sepsis patients and possibilities of altering drug pharmacokinetics
which affect the brain (52).

Granulocyte-macrophage colony-stimulating factor (GM-CSF)

GM-CSF belongs to the first pioneer agents in the young field of immunostimulatory therapy
for septic patients. Up to now, it is one of the most studied immune-activating agents. It has
been in use for several years in neutropenic hematologic patients or in autoimmune diseases
like rheumatoid arthritis. GM-CSF is a hematopoietic growth factor that mobilizes neutrophils
and monocytes from the bone marrow. Acting on the JAK-STAT, MAPK and PI3K pathway,
the agent leads to increased cell survival and proliferation. Moreover, in vitro experiments
showed that, following administration, monocyte HLA-DR expression is increased as well as
pro-inflammatory cytokine production.

Considering these results, it has been postulated that therapy with GM-CSF is potentially
immune-activating in patients with sepsis associated immunoparalysis. Therefore, it was

hypothesized that the rate of nosocomial and secondary infection and the resulting morbidity
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and mortality decreases if applied (53). The studies conducted in the last years are diverse,
spanning from neonates to elderly. A randomized controlled trial of non-neutropenic children
with immunoparalysis demonstrated a facilitated recovery of TNF-a and a protection from
nosocomial infections (54). In the study of 56 septic neonates, GM-CSF therapy increased
the number of monocyte HLA-DR (55). Similar to agents introduced in the previous chapters,
one must find the ideal time span for appropriate treatment. Taking this as a major factor, a
Phase Il study addressed the problem by implementing HLA-DR expression as biomarker
guidance for immunosuppression in the study population. In this study, Meisel et al. (56)
provided encouraging results showing improved immunocompetence, a shorter mechanical
ventilation time and decreased length of stay in hospital. The authors state, that biomarker
guided GM-CSF therapy is safe in septic patients. Recently, a similar Phase lla trial using the
personalized medicine approach by selecting only critically ill patients with impaired
neutrophil phagocytosis was conducted. Besides similar findings according to the safety
profile, the study supports the beneficial effects on monocyte HLA-DR and neutrophil
phagocytosis, albeit limited to the patients responding (57). Since most trials tend to be small
in size, it is helpful to take a look at the meta-analysis of twelve randomized controlled trials,
conducted by Bo et al. (68). Unfortunately, the data analysis could not show any direct
impact of GM-CSF treatment on the mortality. However, one positive result was the earlier
resolution of infection. Regarding the disappointing results, one should keep in mind that
GM-CSF was not the sole therapy in this study.

Generally, most of the data is still insufficient for a full evaluation of survival, and the
treatment group is often unselected and evaluated based on the stage of
immunosuppression. It thus may appear that the treatment has not a significant impact on
septic patients, while there might be a subset of patients who benefit from it. Overall, this
heterogeneity of immune system and responses among septic patients gives reason for

future studies investigating how to select the right patients and combination of treatment.

Recombinant human interleukin-7 (rhiL-7)

Until recently, the classic approach to sepsis was to focus on the excessive inflammatory
response of the body to the intruding pathogen. Nowadays, research started focusing more
on the subsequent phase, the overriding immunosuppression. Efforts to improve the
outcomes are steadily carried forward by new data. Patients with sepsis have a high one-
year mortality rate, attributable to opportunistic infections. More precisely, over 70% of
deaths are actually occurring after several days to weeks after the onset of sepsis (59,60).
Immunostimulatory therapy agents, like interleukin-7, pursue the goal to prevent

immunosuppression. IL-7 arises mainly from stromal cells in organs like the thymus, liver,
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skin, intestine and peripheral lymphoid organs. This multifunctional cytokine affects T- and B-
cells, being indispensable for the proliferation of naive and memory T-cells (61).

As demonstrated by Venet at al. (62), ex vivo treatment of lymphocytes from septic patients
leads to restored T-cell proliferation and IFN-y secretion. Proliferative and anti-apoptotic
effects are believed to be mediated by IL-7 through recruitment of the STAT transcription
factors and the phosphoinositide 3-kinase pathway activation. Animal models supported
these findings of restored lymphocyte function, which came to be associated with improved
survival (61). However, many of the anticipated results for clinical use of this
immunostimulatory agent were posed by Francois et al. (63) in the IRIS-7 randomized clinical
trial. Twenty-seven patients received recombinant human IL-7, also known under the name
CYT107, in this double-blind, placebo controlled study. The analysis yielded a good
tolerance for the administered agent. Positively striking were the immune characteristic
findings. The absolute lymphocyte count and the circulating CD4+ and CD8+ T-cells were
three- to four-fold elevated and even persisted for 2-4 weeks following cessation of
treatment. Moreover, the results were consistent with previous studies on other immune
system related diseases regarding the long-lasting effects on the lymphocyte count (64). This
reversal in loss of adaptive immune cells gives promising future prospects of IL-7 in the
sepsis treatment, as it is one of the hallmarks and probably a main mechanism in its
morbidity and mortality. Unfortunately, the mentioned clinical trial did not assess differences
in the mortalities between groups. When searching for new treatment alternatives, one must
also consider the safety profile. Immunotherapies have been connected to harmful side
effects, as seen in past studies involving different agents for oncological treatment.
Fortunately, current literature does not report of any life-threatening adverse effects after IL-7
therapy. The most common side effect is a skin rash at the injection site (64).

Despite lack of objections regarding the safety of IL-7, one can agree that the present data is
still insufficient to fully confirm reliability. Finally, the promising approach regarding
immunotherapy in sepsis requires an individual approach, similar to other agents mentioned.
Present investigations are currently searching for biomarkers to stratify suitable patients and
the right timing of treatment. Patients receiving IL-7 should be in the immunosuppressed
stage of sepsis to profit. Moreover, due to the patients’ variation in response to sepsis and
treatment, the combination of several immunomodulatory agents may increase the chances
of success. Aiming at different targets in the immune system is the rationale advocating
combination treatment. Still, one needs to understand the underlying mechanisms and

concentrate on data collection.
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Micronutrients (Thiamine, Vitamin D, L-carnitine, Selenium)

Part and parcel of the septic course is a high energy expenditure. The metabolic demands
are elevated and fundamental biochemical processes are distorted; the cellular damage and
this hypermetabolic state lead to deficiencies in the micronutrients. So as to restore
homeostasis and counteract destructive processes like the generation of free radicals, the
use of micronutrient treatment is of help. Its attractiveness lies in the simple, safe and cheap
attributes of this therapy. This chapter will provide a brief overview of the micronutrients
thiamine, vitamin D, L-carnitine and selenium as treatment option in sepsis. Vitamin C is

discussed in the according chapter.

Thiamine is needed by the body as an important cofactor for enzymatic processes like
carbohydrate metabolism, energy production and preservation of the redox status. Humans
are not able to endogenously produce thiamine. By obtaining thiamine through dietary intake
of cereal grains, beans, nuts and meat, the body can store up to 30 mg in the tissue. Still, the
quick turnover leads to a deficiency within 2 weeks in absence of intake. If deficient,
syndromes such as cardiac beriberi or Wernicke’s encephalopathy might develop (18).
Among septic patients, one can often measure a deficiency state ranging in prevalence up to
71% (25). In previous investigations of lactic acidosis and reversing shock, thiamine
administration yielded inconclusive results (18). Moskowitz et al. (65) studied thiamine as
monotherapy in 88 patients with septic shock. The results made clear that no overall benefits
on mortality, shock reversal or lactate levels could be derived. Improvement was only found
in those with baseline thiamine deficiency. A post-hoc analysis was conducted in accordance
with this study. This time, results were more promising, showing decreased requirements for
renal replacement therapy and thus risk reduction for AKI (66).

Considering the inconsistency of these results, the evidence for use of thiamine remains
debatable. One could consider supplementation in septic patients being of risk for deficiency.
However, combining thiamine with corticosteroids and ascorbic acid is a promising new

approach and further discussed in the chapter of vitamin C.

Vitamin D is widely known for its effects on bone strength. Obtained through either synthesis
in the skin with the help of ultraviolet (UV) light, or directly absorbed from the gastrointestinal
tract, the active form of vitamin D is calcitriol. However, vitamin D was found to play a role in
the regulation of the innate and adaptive immune system with the detection of its receptor on
T-cells, B-cells, neutrophils and antigen-presenting cells. It is determined that CD4+ Th1 cell
production of inflammatory cytokines gets blocked, while IL-4, IL-5 and 1I-10 production by

Th2 cells is increased resulting in anti-inflammatory properties of the agent (67).
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3,000 critically ill patients were evaluated by Moromizato et al.(68), showing that vitamin D
deficiency is a significant predictor of sepsis and determines a high increase in mortality. In
light of the assumption of the beneficial role of vitamin D, its repletion has been a promising
target. On the other hand, the clinical studies up to day, even when stressing benefits,
remain heterogeneous in their conclusions. The meta-analysis of six randomized clinical
trials by Langlois et al. (69) summarizes the state of research. Unfortunately, no reduction in
mortality or length of stay in hospital or ICU was found. Nevertheless, one of the included
trials, involving 475 critically ill patients, showed a significantly lower hospital mortality in the
severe vitamin D deficiency subgroup (70). A post hoc analysis of the same study, after
excluding the early deaths to allow more time for action of vitamin D, revealed a reduction of
28-day mortality (71).

It can be concluded that there is evidence for a high prevalence of vitamin D insufficiency in
septic patients with a potential impact on the outcome. Screening and treatment of deficient
patients could be advised. However, when applied to clinical practice as therapy, studies

diverge and suggest only a marginal effect as treatment option.

L-Carnitine, a coenzyme needed for R-oxidation of fatty acids, has been investigated by a
manageable number of studies. After promising animal studies, two clinical studies assessed
a potential profit (25). Firstly, a Phase | trial of 31 patients, found no reduction of the SOFA
score in the treatment group. However, there was improvement of mortality (72). The second
was a Phase Il clinical trial, involving 250 patients. Again, a significant reduction of the SOFA
score could not be seen (73). It has been proposed that interpatient variability of the
levocarnitine levels and unidentified patient characteristics have led to these disappointing

results (74). Further research is needed.

Selenium is important for the production of antioxidant enzymes. It reaches the body via the
dietary intake of dairy products, meat, grains and vegetables. The state of research provides
insight into a possible selenium deficiency in patients with sepsis. Furthermore, it was
postulated that low levels of selenium might be associated with mortality (25). The recent
meta-analysis, by Li et al. (75), analyzed the data of 13 randomized controlled trials
comparing selenium and placebo in septic patients. Besides an effect on duration of
vasopressor therapy, length of hospital stay and incidence of ventilator-associated
pneumonia, the results failed to show a mortality benefit. Thus, even given a rationale for

administering selenium, current evidence is not in favor of suggesting clinical use.
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Extracorporal Blood Purification

In order to improve therapeutic efficacy and support sepsis treatment, extracorporal blood
purification emerged. The idea is to attenuate the sepsis-related enormous inflammatory
response by clearance of PAMPs and DAMPs including endotoxins and cytokines. Various
techniques were developed with different types of membranes. One strategy is to remove the
endotoxins, with polymixin B beads being one of the most widely used. This device binds and
neutralizes LPS in the circulation. However, it has been found to be toxic if administered
directly into the blood stream. Therefore, the blood of the patients is filtered through the
extracorporal system with polymixin fibers. Another strategy focusses on cytokine reduction.
High-volume hemofiltration and coupled plasma filtration and adsorption are examples
thereof. Finally, some therapies involve both techniques (76).

In light of the many different technologies and studies done on extracorporeal blood
purification, meta-analysis can be of great help. Putzu et al. (77) conducted a meta-analysis
recently, which assesses if this treatment option reduces mortality in sepsis and septic shock.
Thirty-seven trials involving 2,499 patients were included. Hemoperfusion yielded a lower
mortality, as did hemofiltration and plasmapheresis. However, unexpectedly hemoperfusion
filters using polymixin coating did not result in a mortality difference. Unfortunately, as the flip
side of these promising results, the quality of evidence is low.

Mixed results were also found by the meta-analysis conducted by Snow et al. (78). Only
hemofiltration, endotoxin removal and nonspecific adsorption devices revealed a mortality
benefit, not combined hemofiltration and adsorption or cytokine removal. However, after trial
sequential analysis based on the number of existing patients recruited, this meta-analysis of
39 randomized clinical trials yielded no mortality benefit. Interestingly, both meta-analyses
revealed geographical impacts on the outcome of the studies. Taking into consideration
these differences in patients and health care systems, one could see that particularly Asian
countries were connected to a survival benefit. However, excluding single center studies
from Japan, no benefit was found any longer (77,78). Additionally, it may be debatable if by
extracorporal blood purification techniques also potentially favorable molecules are cleared,
including drugs. All in all, inadequate and inconclusive data leave room for a clear

recommendation for use of this treatment option.

Vasopressin Agonists

Vasoplegia describes the pathological state of low systemic vascular resistance. The
consequence is profound hypotension, often in the presence of a normal or increased
cardiac output. Sepsis counts as one of the most prevalent etiologies of vasoplegia. The
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Sepsis-3 consensus (79) states that septic shock patients are clinically identified by
vasopressor requirements to maintain a mean arterial pressure of 65 mmHg (in the absence
of hypovolaemia) and an elevated lactate level. As already mentioned, the current Surviving
Sepsis Campaign guidelines (2) recommend that crystalloid fluids be used first, and if this
strategy fails or mean arterial pressure falls below 65 mmHg, to administer vasopressors,
with norepinephrine being the first choice. However, vasopressin is mentioned for additional
use to norepinephrine at doses of 0.03 units/min and in lower doses for catecholamin-
resistant shock. Moreover, it has been reported that patients with septic shock express a
relative vasopressin deficiency (80). As also mentioned in previous chapters, since
catecholamines may have deleterious adverse effects, for example myocardial cell damage,
immune suppression, hypermetabolic state and coagulation alteration, the concept of
vasopressor sparing therapy emerged over the last years. The main current focus is on using
V1a receptor agonists, as other vasopressor may also activate V2 receptors leading to
potential severe adverse effects like vasodilatation, impaired diuresis and thromboembolism.
One of these is selepressin. Besides stimulating vasoconstriction, other beneficial effects
different from norepinephrine are exerted by prevention of endothelial permeability. This is
beneficial in terms of prevention of pulmonary capillary fluid leakage, often found in septic
patients. However, this agent is still under investigation (81).

As already described, vasopressin is a catecholamine-sparing agent, which, by the current
state of evidence, is still not considered to be used as a single agent. The VAAST study (82)
was a multicenter randomized placebo controlled trial which evaluated the effects of
vasopressin with norepinephrine compared to norepinephrine alone. It concluded that the 28-
day mortality showed no difference between the study groups. Nonetheless, the study
showed that patients with milder septic shock had a superior survival outcome with low dose
administration. Additionally, the application appeared to be safe, since no differences in
adverse events were found. The authors commented that norepinephrine doses were
reduced as well. A Phase lll trial, by Gordon et al. (83), aimed to define the outcomes of
vasopressin as the first vasopressor therapy. The study yielded no hemodynamic differences
between the groups, but with the norepinephrine requirements being greater in the
norepinephrine group. Much like the trial mentioned before, mortality rates were similar.
Taking a look at the renal failure free days, no differences could be discerned, however,
fewer patients with vasopressin needed renal replacement therapy. A meta-analysis,
conducted by Rhodes et al. (2) took into account data from nine trials and further supported
the findings of the above-mentioned studies.

Regarding these results, one could question why vasopressin agents should not be
prioritized over the use of norepinephrine. As mentioned, mainly the catecholamine sparing

effect has been proven, while benefit on mortality seems uncertain. Additional large studies
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in the future could create more clarity, also in the face of emerging novel agents like

selepressin.

Thrombomodulin

So as to fight off infections, the body mobilizes host defense mechanisms like inflammation
and coagulation. The term immunothrombosis describes this interplay between the innate
immunity, the platelet activation and coagulation pathways in order to protect the host
integrity (84). In a severe state of disease, this may lead to the occurrence of disseminated
intravascular coagulation (DIC), manifested by the simultaneous formation of blood clots and
an increased propensity of bleeding. Multiple organ failure is a feared outcome. About 35%
of septic patients apply to the criteria of DIC. Generally, a high INR and low platelet counts
are characteristic findings and are connected with mortality (85,86). Moreover, some patients
exhibit a coagulopathic phenotype connected with a higher mortality in sepsis (86).
Regarding these data, investigation focused on this path of treatment in severe sepsis.
Previous candidates did not yield success. Drotrecogin alfa, a human recombinant activated
protein C, after showing great mortality improvements in the huge PROWESS trial (87), was
first included in the Surviving Sepsis Campaign guidelines (88); at a later stage, it was
withdrawn from the market.

A new encouraging alternative seems to be thrombomodulin. Downregulated in severe
sepsis, it normally enhances the activation of protein C which proteolytically inactivates the
coagulation factors Va and Vllla. As a unique feature, anti-inflammatory action has been
shown by suppression of leukocyte adhesion, complement activation and inactivation of
DAMPs like HMGB1 (89). Thrombomodulin proved safety in a Phase | trial (90) and Phase |l
and Il trials proposed beneficial effects and confirmed effectiveness (91-93). Yamakawa et
al. (94) conducted a systematic review and meta-analysis including 12 studies, consisting of
3 randomized controlled trials and 9 observational studies. In the three randomized
controlled trials, a 20% risk reduction of mortality was observed, but these results were
statistically insignificant. The analysis of the observational studies yielded similar results.
However, no risk differences of serious bleeding complications between the study groups
could be noted. The authors suggested that the application of recombinant human
thrombomodulin is associated with a trend in mortality reduction at 28-30 days in sepsis
patients with DIC. They remarked that the effect with therapy increases with an increasing
baseline risk.

Very recently, another systematic review and meta-analysis was conducted by Valeriani et
al. (95). In summary, the analysis confirmed the uniformity of bleeding risk between the study

groups and the higher 28-day mortality in patients with sepsis associated coagulopathy. In
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addition, a by one-fourth decreased 28-day mortality in the thrombomodulin group was
revealed. Lately, a study involving 800 patients with sepsis associated coagulopathy have
complied with the mortality finding of the prior studies (96).

Concludingly, thrombomodulin in patients with sepsis associated coagulopathy seems to be
a reasonable treatment option. Still, in patients without increased coagulation it may be of no

benefit and the identification of the right phenotype of patient for the treatment is essential.

Thymosin alpha 1

Sepsis counts as complex immune disorder leading to critical illness and death. Among other
factors, the complexity lies in the two stage course of hyperinflammation subsequently
followed by immunosuppression (97). It is assumed that reinforcing the host immunity with
appropriate timing might be beneficial for severely septic patients in early,
immunosuppressed, stages. This rationale led to the research of immunomodulating agents
like thymosin alpha1. To date, this approach involving thymosin alpha1 has been extensively
investigated in similar immunodeficiency diseases, such as cancer, hepatitis virus infections
and HIV (98). More recently, several studies tested and demonstrated its lymphocyte
restoring effects in COVID-19 patients (99,100). The beneficial mechanism of this naturally in
the thymus occurring peptide lies in its immune restoring and augmenting function. In
addition to directly activating natural killer cells and CD8+ T-cells, T-cell maturation into
CD4+/CD8+ T-cells is stimulated. Moreover, it also suppresses IL-18 and TNF-a and
increases the expression of MHC Class I, MHC class Il which play a role in antigen
presentation and recognition by the immune system. The immunomodulating action is
exhibited through its interaction with TLRs (101).

Liu et al.’ systematic review (102) analyzed the efficacy of thymosin alpha1 in sepsis patients
incorporating 19 randomized clinical trials. Besides a good safety profile with a rate of
adverse reactions of less than 1%, the results corresponded in a decrease of the mortality
and a positive impact on the cytokine levels (IL-6, IL-10, TNF-a), as well as an increased
level of HLA-DR, an immunologic indicator. Several studies pointed toward an association of
a higher mortality in septic shock and increased secondary infections with a low expression
of mHLA-DR (103,104). Alongside these promising results, the length of ICU stay, incidence
of multiple organ failure and mechanical ventilation period remained unchanged. As
mentioned by the authors, the limitations are found in the low quality of evidence, due to the
small sample sizes and missing standardized reporting guidelines.

Next to these promising results, studies emerged which added another, already widely used
drug in inflammatory states, ulinastatin, to the treatment. Ulinastatin is a urinary trypsin

inhibitor arising in the liver and found in human urine. As a broad-spectrum serine protease
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inhibitor, it affects inflammatory processes. It modulates chemokines and proinflammatory
cytokines such as IL-113 through the inhibition of the enhanced expression.Thus, it protects
against the systemic inflammatory response (105-107). Wang et al. (108) analyzed and
compared six randomized clinical trials in a systematic review and meta-analysis. The
outcome is in accordance with the above-mentioned findings in thymosin alpha1
monotherapy and vyielded optimistic results. The combination treatment conveyed an
increased 28-day survival rate and CD4+T-cell expression, whilst the mean time of ICU stay
and mechanical ventilation time was decreased. Another systematic review and meta-
analysis of eight randomized clinical trials, conducted by Liu et al. (109), matches the
findings except that the ICU stay was not decreased. Taking into consideration both
treatment options, thymosin alpha1 alone and in combination with ulinastatin, there is a
visible trend towards a lower mortality as demonstrated by a systematic review and meta-
analysis of 12 randomized controlled trials (110). The mortality in the treatment groups was
28.5%, compared to 42.2% in the control groups. However, all the listed meta-analysis
remarked the small sample sizes and insufficient quality of evidence of the included studies.

Still, in fact of the promising safety profile and great results regarding the mortality rate, the
treatment with thymosin alphal as monotherapy or in combination seems a hopeful
approach. The agent, if administered at a right time in the progression of the disease, can
help to enhance the immune competence and target the immunosuppressed state. However,
cautious interpretation is needed, since size and quality in the trials were their main

limitations.

Microbiome

There have been ample attempts to understand the role of intestinal microbiome balance in
disease states. Today, it is known that a healthy composition of the commensal bacteria
holds stake in the finely tuned host immunity and its competence. However, septic patients
present with a disturbed composition and low diversity. The etiologies of this dysbiosis are
assigned to clinical interventions, for example parenteral feeding, mechanical ventilation and
of course the use of antibiotics and other drugs. Moreover, the disease encompasses
pathophysiological changes like decreased gastrointestinal motility, mucosal perfusion and
cell integrity. Vice versa, a non-functioning gut microbiome is suspected to increase the
chances of immunosuppression, sepsis and multiorgan dysfunction. The intestinal
microbiome serves as activator of innate and adaptive immunity. In addition to metabolic
significance and preservation of the epithelial barrier, short-chain fatty acids from dietary

fibers possess immunomodulatory properties through activation of G-protein receptors,
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cytokine production and regulatory T-cells. Further, there is a proposed emphasis on
microbial products having an effect on brain receptors (111).

These immunomodulatory properties have been studied as therapeutic opportunity in septic
patients. Here, the strategies of replenishing the pool of good microbes via probiotics and the
total recolonization of the intestine with fecal microbiota transplantation come into play. The
meta-analysis of 30 trials with 2,972 patients, conducted by Manzanares et al. (112),
evaluated the overall efficacy of probiotics for clinical outcomes. The outcome was promising
in decreasing infections, counting in ventilator-associated pneumonia. However, no effect on
mortality or length of hospital stay was observed. Clinical recommendation is minor, given
the significant heterogeneity of the studies. The variety of strains and the dosages are further
conclusive limitations. Recently, concerns regarding the safety of probiotics arose. A study
postulated the possibility that probiotic strains can lead to bacteremia (113). Investigating the
safety, optimal choice of species and dosage of probiotics should be subjected to future
research. In comparison to probiotics, FMT might show superiority. Apart from the higher
number of transferred bacteria, bile acids, proteins and bacteriophages are included.
Currently, FMT is an effective and commonly used treatment option in Clostridium difficile
infections (111). Nevertheless, there are not many clinical studies which address this
treatment option in sepsis. In four case reports, patients with different etiologies of sepsis
received FMT. These showed improved organ function, improvement of sepsis and survival
(114-116). Although these results are highly promising, FMT application in septic patients is
still in its infant stages. Moreover, late reports raised caution, in light of infection with E. coli
after FMT (117,118). Thus, careful donor screening is warranted. In the end, improving
sepsis treatment by way of the addition of microbiome modulation needs larger trials to
document the exact composition, dosages and patient characteristics so as to make further

assumptions.

Beta-Blocker

As discussed in previous chapters, sepsis is a multimodal disease which affects many
different organ systems. The most commonly affected organ is the heart (119). The
dysregulated host response leads to hemodynamic instability in many cases. The physiologic
response is that of a hyperdynamic state with increased cardiac output and decreased
systemic vascular resistance, leading to cardiac exhaustion at an early stage of sepsis.
Bacterial toxins, inflammatory responses and oxidative damage further exaggerate the
condition and frequently ends in septic cardiomyopathy (120). In order to ameliorate the risk
of hypoperfusion of peripheral tissues and organ injury, aggressive fluid resuscitation and

vasopressor use are recommended in the current guidelines. However, there is a downside
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which affects especially the heart, which already suffered sustained damage in the beginning
of sepsis. Not only the so far elevated endogenous catecholamine levels, but also the
administration of exogenous catecholamine lead to sympathetic nerve overstimulation with
detrimental effects. It stands to reason, that cardiac dysfunction induced in the early stage of
sepsis influences the mortality rate and belongs to one of the major prognostic factors of
sepsis (121). Beta-blockers have proven their productivity as common therapy for chronic
heart failure and ischemic heart diseases. The application averts harmful effects on the
sympathetic adrenergic nerves. Interestingly, selective betal- blockade may not only
modulate cardiovascular but also metabolic, immune and hemostatic factors. To name a few,
R-adrenergic blockade improves glucose maintenance, facilitates Th2 cell responses and
decreases levels of circulating cytokines, therefore suppressing pro-inflammatory processes
and reduces platelet activation (121).

The beneficial potential of this treatment gave reason for the meta-analysis by Liu et al. (122)
to explore the efficacy of esmolol in sepsis and septic shock. Esmolol is especially suitable,
due to its quick efficiency characteristic and high selectivity for R1-receptors. Positive
expectations gave the significantly increased survival rate. Secondary findings were a
decreased heart rate and decreased levels of troponin |, a marker of myocardial injury.
Counterintuitively and despite the decreased heart rate, no effects were observed on the
mean arterial blood pressure and central venous pressure. These promising results were
supported by a recently conducted meta-analysis by Li et al. (119) involving six studies. It
was demonstrated that beta-blocker use is safe and reduces the 28-day mortality rate.
Cardiac troponin and heart rate were reduced. The risk of reduced cardiac output and blood
pressure resulting in hypoperfusion of vital organs, one of the main concerns, was defused
as well. No observed difference in mean arterial and central venous pressure was found
between the study groups. Lastly the lactate levels were indistinguishable.

Ultimately, circulatory failure is one of the main causes of death in sepsis patients, the beta-
receptor antagonizing approach seems promising. Further, several non-cardiac related
effects have been suggested. The present studies underline this positive course. Yet, clinical
data is still sparse and future research is necessary. Subcategories, like individual patient
characteristics and dosage studies, to customize the treatment for best results are points of

investigation.

Mesenchymal stem cells

Mesenchymal stem cell therapy is a novel strategy of the fight against sepsis. These cells
were described for the first time in the 1970s in guinea pig bone marrow (123). They

delineate adult stem cells which are undifferentiated. Mesenchymal stem cells possess the
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ability of self-renewal, by proliferating and differentiating into many types of cells, including
for example osteoblasts, chondroblasts, adipocytes, macrophage-like cells and marrow
stroma (124). Multiple advantages, compared to other stem cell types, such as easier and
more efficient isolation from adult tissue, builds a steady premise for a promising new way of
treatment (125). The therapeutic potential of mesenchymal stem cells lies in their
immunomodulatory, anti-inflammatory, anti-bacterial, anti-apoptotic and differentiation
properties (126). Due to their low expression of MHC | and Il, they are immune privileged and
there is no need for the use of immunosuppression. Also, they enhance preserving
mechanisms which lead to better tissue repair and restoration after sepsis, further leading to
faster function restoration in organs after multiple organ failure (125).

It is not surprising that a lot of research focused on this drug, which showed that
mesenchymal stem cells can dampen inflammatory processes and improve survival rate.
Unfortunately, most of the data up to day focuses on preclinical studies, experiments mainly
conducted on animal models. A detailed meta-analysis of all related studies from the years
2009 to 2019, published by Sun et al. (127), summarizes the current status of research. The
results obtained from 1,266 animals demonstrated a significantly lower mortality rate. Since
this data mainly reflected the application in rodents, very recently a randomized controlled
porcine study was designed which evaluated 32 pigs. The main outcome was that the
treatment group with bone marrow-derived mesenchymal stem cells showed good tolerance,
but there was no overlap in mortality with the other studies. No improvement of the sepsis
outcome was found (128). Even though this invites caution, one should keep in mind the
small sample size. Three Phase | studies, relating to sepsis patients, were conducted and
raised a promising outlook with regard to the therapy with mesenchymal stem cells. In all
studies the treatment was assessed as safe to administer to patients with sepsis (129-131).
In general, a favorable safety profile, not limited to sepsis in particular, was underlined by the
meta-analysis by Thompson et al. (132). Next to an increased risk of fever, no major adverse
effects like infusion-related toxicity, infection, thrombotic or embolic events were identified.
Interestingly, theoretical concerns of tumorgenicity had been raised, but could not be well-
founded by the clinical studies. Eventually, there have been two recent Phase |l clinical trials.
The START study (133) conducted with ARDS patients, besides favorable endothelial
biomarker changes, reported no improvement in survival. However, the high cell-viability in
the cell batches could be held responsible for this. A larger study is necessary to draw
conclusion on clinical benefits. Nevertheless, the RUMCESS study (134) finally yield
encouraging results. Patients with mesenchymal stem cell therapy had a faster
hemodynamic stabilization, vasopressor withdrawal, attenuation of respiratory failure and

shortening of the neutropenia period.
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Up to now, mesenchymal stem cells have not yet been investigated enough to draw an
ultimate conclusion about their efficacy in sepsis patients, improving present treatment
guidelines. Still, progress in revealing the mechanism and the beneficial effect has been
made. The design of most of the studies is not uniform, varying a lot in the severity of iliness,
time of intervention, source of mesenchymal stem cells and their dosage. Additionally,
patients may also have received conventional therapy, making it difficult to evaluate the
efficacy. In the end, a lot of distortion of the studies may be based on the heterogeneity of

each patient and should be kept in mind for further research and clinical application.

Nanoparticles

Given steady advancement in technologies, nowadays it is possible to engineer nanoscale
particles. These nanoparticles have been proposed as profitable in the therapy of sepsis and
septic shock. Usually, small molecular drugs have a high distribution profile, which leads to
unwanted side effects and rapid clearance by the kidneys. Since NPs can be created with
most favourable pharmacokinetic properties, relating to surface, composition and size, their
half-life and biodistribution profile is enhanced. In the end, this leads to more time for
developing effects like antimicrobial, before they get cleared from the circulation. In this
sense, strategies involve other drugs that are combined with nanoparticles to improve poor
solubility and bioavailability. Additionally, the high surface area compared to a lower volume
might be used for better functionality in ligand interactions with other cells (135). Since these
discoveries, NPs have been employed for diagnostic and therapeutic strategies. However, to
focus on the diagnostic aspects is out of scope of this chapter. In order to provide an
overview, NPs scope of application ranges from drug delivery, antibacterial, immune
modulating, endotoxin antagonizing and bloodpurification mechanisms.

As before mentioned, unfavorable pharmacokinetic properties of many drugs has led to the
idea of encapsulating antimicrobial agents with the help of NPs. There have been many
studies investigating for example antibiotic drug combinations with NPs for a targeted
delivery. It has been shown that this strategy also overcomes issues like biofilms or
degrading enzymes produced by many bacteria. For other indications than sepsis, the US
Food and Drug Administration approved nanoparticle powered drug delivery systems with
amphotericin B. However, these have been restricted again due to toxicity issues recently
(136). Silver (Ag) nanoparticles have been postulated to act directly as antibacterial agent.
By toxic accumulation and generation of free radicals, they induce death in many gram-
negative and positive bacteria. Additionally, it has been stated that resistance development

against nanoparticles is unlikely. Even if studied in many in vitro experiments, in vivo trials
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are largely absent due to safety concerns (137). However, there are many similar nanoscale
agents constantly engineered and tested (135-137).

Besides acting directly on pathogens, immunomodulatory strategies have been pursued. The
idea is to reprogram the immune system by suppressing cytokine production and enhancing
pathogen elimination. Naturally secreted nanovesicles, called exosomes, are a suitable
agent since they carry microRNAs and other proteins. Alexander et al. (138) made use of the
anti-inflammatory properties of miR-146a, contained in exosomes released from bone
marrow-derived dendritic cells. After administration to LPS-induced mice, TNF-a and IL-6
levels were reduced significantly. In a similar study by Wang et al. (139), miR-223 from
mesenchymal stem cells, after injection in mice, lead to decreased proinflammatory cytokines
and further protected against cardiac injury and death. However, careful identification and
understanding is warranted since some exosomes can aggravate inflammation (138).
Nanoparticles can act as antagonists to toxins, as seen in a study using polymeric cores
wrapped with cell membrane from macrophages. Behaving like a macrophage decoy, they
neutralized endotoxins after binding. Further, proinflammatory cytokines got sequestered and
terminated the downstream inflammation cascade. In a mouse E. coli bacteremia model the
outcome was a decreased proinflammatory cytokine level, inhibited bacterial dissemination
and enhanced survival (140).

As mentioned before, nanoparticles have been utilized in extracorporal blood cleansing
devices. One example is the “biospleen” developed by Kang et al. (141). The idea was to mix
blood in a septic individual with magnetic nanobeads coated with an engineered human
opsonin. The mannose-binding lectin, capturing pathogens and toxins, was then passed
through the device with a magnet pulling the bound complex from the blood. Testing in a rat
model with Staph. aureus and E. coli in the blood removed 90% of pathogens in one hour.
Moreover, inflammatory cytokines were removed. In a model of endotoxemic rats, substantial
survival improvement was shown after a five-hour treatment period.

These promising results of nanoparticle based therapy uncover a multitude of treatment

opportunities. Still, this field is in its infancy and needs trials to be collected in the future.
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Conclusion

In summary, sepsis remains a profound and widespread health problem, connected to high
mortality and morbidity. Identification and timely treatment are key strategies to ensure the
highest chances of survival. Due to the strong need for a specific treatment, research
investigated the pathophysiology of sepsis. However, supportive care of high quality, such as
early administration of antibiotics and source control, remain the best propositions to improve
the outcome of patients. The non-antibiotic treatment options described here all seem
promising, but are not suitable for monotherapy given the current stages of research. Still,
investigation has led to several hopeful starting points for adjunctive therapy in the fight
against sepsis and septic shock.

Being already integrated in the international treatment recommendations, corticosteroids
seem the most promising adjunctive treatment option. This drug has been extensively
researched and offers not only benefits in the state of shock, but shows also direct effects
against inflammatory processes in the body, leading finally to a positive outlook in terms of
survival. Due to its long history in medical application, the side effect profile is well known
and shows only minimal risks.

Even more interesting is the combination of this agent with two other, readily available and
cheap drugs, namely vitamin C and thiamine. The recent data of this synergistic combination
advocates for the possibility of application in the future treatment of septic patients.
Therefore, if future studies prove fruitful, corticosteroids alone and combined could be
integrated in the guidelines, apart from being just a vasopressor alternative.

Generally speaking, simple agents like ascorbic acid and micronutrients are easily and
widely accessible drugs with a very good safety profile. The distorted homeostasis in septic
patients is mostly accompanied by deficits in these substances and therefore should be
taken into account when considering treatment.

Since sepsis affects the entire body, its mortality is attributable to the failure of vital organs.
Protecting these organs from harmful effects of the septic state improves survival in the short
and long-term. Alkaline phosphatase is the best example in the strategy of defending against
these influences, in particular with regard to the fact that there has been no licensed drug yet
for the prevention and treatment of sepsis-associated AKI. Considering the much higher
mortality when accompanied by kidney damage, and the long-term impact on renal function
even after the disease, the need for treatment is paramount.

The great depth of the septic pathophysiology and steady advances in technology gave rise
to more complex and more targeted drugs. Nanoparticles and intravenous immunoglobulins
reflect the powerful possibilities of today's technologies. The scope of application is wide and

is only just being discovered. Up to now, more research is needed in this young field of
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treatment agents, and costs are still one of the main limiting factors. However, the future

prospect seems exciting and promising.

Finally, the gained knowledge in the last years has uncovered the principle of the biphasic
disease course in sepsis and septic shock. Additionally, considering the high variability in
clinical response to immunotherapy and the heterogeneity of the sepsis affected population,
the pivotal approach of patient centered and individualized care gained recognition and is
going to establish a new field in medicine. Drugs that intervene with stimulating or depressing
the inflammatory state, like GM-CSF, rhIL-7 and corticosteroids may reveal very promising
treatment options if timing and patient's biological characteristics are taken into
consideration. Progress in this field is slow as of yet, but has already defined potential
biomarkers for identification of the right phase of disease and subset of patients that could
benefit from immunomodulatory drugs. Moreover, this may help to improve accuracy of the
diagnosis, reduce delayed treatment while ensuring the best treatment, and overall to limit

unnecessary tests and interventions.
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