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ABSTRACT

Sepsis is a syndrome that includes physiological, pathological, and biochemical abnormalities resulting from
the host immune response to infection. Despite the improved treatment modalities in recent years, the inci-
dence and mortality of sepsis are still increasing. Sepsis immunopathology is increasingly attracting the atten-
tion of researchers. The successes experienced with immunotherapeutics in the treatment of cancer and
coronavirus disease 2019, which are diseases with similar pathophysiological features and common immune
defects with sepsis, have given rise to the hope that similar successes can be achieved in the treatment of
sepsis. In this review, future perspectives on the immunopathology of sepsis and immunotherapeutics are
presented to improve the current understanding of the disease.
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Introduction

Sepsis is not merely a modern problem. The condition was referenced in poems dating back
thousands of years." According to Avicenna, it was the decay of blood and tissues with fever.?
Current definitions explain it to be a life-threatening organ dysfunction caused by a systemic,
dysregulated inflammatory host response to infection.>*

Despite developing treatment modalities and a better understanding of the pathophysiology
of sepsis, its mortality is extremely high due to tissue damage, vital organ failures, and excessive
inflammatory responses.””'¢ In addition, the morbidity of post-sepsis with its wide spectrum of
symptoms constitutes a severe health problem."” Sepsis is a huge burden on health economics
due to high treatment costs.'® With an alarmingly high rate of incidence, sepsis has become one
of the leading causes of death in the world. Half of all in-hospital deaths in the USA are directly
or indirectly related to sepsis.'” Sepsis has undoubtedly transformed into an issue in global public
health.2% In 2017, sepsis was officially recognized as a global health priority by the World Health
Assembly.?'

Sepsis is a syndrome that requires urgent treatment. Based on recent developmenits, both the
rate of early diagnosis and the rate of treatment have increased.”? An effective sepsis treatment is
as important as early sepsis diagnosis. Although nosocomial deaths due to sepsis have decreased
in recent years with the onset of supportive care and early diagnosis, our improved understand-
ing of its pathogenesis has not greatly improved outcomes.”

Consequently, a re-examination of the pathophysiological basis underlying sepsis has become
necessary.'® Researchers have done a great deal of work on its immunopathology in the last
decade.'*"® The complex pathophysiology of sepsis has become better understood, given new
theories circulating on issues regarding host immune response.'® Understanding the mechanisms
responsible for pro- and anti-inflammatory responses in the disease has shed light on effective
treatment approaches."
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There is no known, effective pharmacological
treatment for sepsis.?' The researchers chose
to call it a pharmaceutical graveyard because no
effective treatment for sepsis could be found.?*
Although successes have been achieved in sepsis
experiments with various drugs in preclinical ani-
mal experiments,'®*° the clinical translation of
these successes has been almost nonexistent.*

Sepsis and cancer share many pathophysiologi-
cal features and common immune defects.'>*'
The achievements that immunotherapy has had
in cancer treatment, especially in this period
when the immunology of sepsis was well under-
stood, gave rise to hope that similar successes
can be attained against sepsis.”> The potentiality
of overcoming the failures experienced in clini-
cal trials for sepsis®> with sepsis immunotherapy
is extremely attractive. In order to identify new
drug targets, there is a need to increase the
focus on basic studies of the pathophysiology of
the disease.*” This review aims to contribute to
the future perspective by examining the immu-
nopathology of sepsis and immunotherapies.

Pro-Inflammatory Mechanisms in
Sepsis

An excessive pro-inflammatory response to the
pathogen is the hallmark of sepsis, a disease that
is almost synonymous with terms such as exces-
sive inflammation, cytokine storm, and systemic
inflammation.®**** In sepsis, the eradication
of pathogens is targeted with the pro-inflam-
matory response, and leukocyte activation,
cytokine production, reactive oxygen species
release, and complement and coagulation sys-
tem activation occur with the pro-inflammatory
response.*> An uncontrolled, excessive pro-
inflammatory response can have detrimental
effects on the host, such as high fever, tachy-
cardia, tachypnea, hypotension, coagulation
disorders, and organ failure from collateral tis-
sue damage.*® After infection, the sepsis agent
encounters the host's innate immune system,
which becomes alert to pathogens by recog-
nizing pathogen-associated molecular patterns
(PAMPs) through pattern recognition recep-
tors? Pattern recognition receptors are also
capable of distinguishing endogenous distress

* The failure of many clinical trials in sepsis has
required new insights into the pathophysiological
basis of the disease.

* Detailed examination of sepsis immunopathol-
ogy has strengthened our understanding of sepsis
pathogenesis.

* The success achieved with immunotherapy in
coronavirus disease 2019 and cancer treatments
has also been hope for sepsis.

signals called damage-associated molecular pat-
terns (DAMPs). These signals are released by
damaged/necrotic host cells and potentiate the
pro-inflammatory response.®®

Neutrophils play an important role in control-
ling the infection. However, it is thought that
neutrophil migration and antimicrobial activity
are impaired in sepsis and contribute to the
dysregulation of immune responses.’® It was,
nevertheless, observed that neutrophil lifespan
increased with the activation of anti-apoptotic
pathways during sepsis.®® One of the numer-
ous antimicrobial mechanisms of neutrophils is
neutrophil extracellular traps (NETs), consist-
ing of modified chromatin “decorated” with
bactericidal proteins.*!
and coagulation are enhanced by the release
of NETs.*2 However, NETs can cause also tis-
sue damage. An association has been found
between increased NETs and organ dysfunction
in sepsis patients.”® Cytokines, such as tumor
necrosis factor-a (TNF-ar), interleukin (IL)-1p,
and IL-6, are important mediators of the innate
immune system and play a crucial role in the
first response to injury or infection. Pathogen-
associated molecular patterns or DAMPs from
invading organisms are recognized by macro-
phage receptors such as Toll-like receptors. As
a result, the production of pro-inflammatory
cytokines such as TNF-a, IL-1B, and IL-6 and
chemokines such as IL-8 and monocyte che-
moattractant protein-| occurs. Tumor necrosis
factor-a, IL-6, IL-1B, IL-12, nuclear factor kappa
B, and IL- 18 are pro-inflammatory cytokines that
have their own impact on sepsis inflammation.
Their functions have been repeatedly demon-
strated in many experimental studies***¢#

Vascular inflammation

The complement system is a very powerful
component of immunity. However, uncontrolled
complement activation can harm the host. It has
been shown in experiments that the results of
sepsis are improved by blocking the comple-
ment component 5a signal.® The coagulation
system is also strongly activated during the onset
of the disease. This response is likely based on
a reflex that creates microvascular occlusion to
prevent the spread of the pathogen into the
system. Platelets increase immune cell activa-
tion and inflammation, facilitate vaso-occlusive
thrombus formation in capillary vessel beds, and
may have direct toxic effects on cells. Excessive
platelet activation likely contributes to organ
damage."® The excessive inflammatory response
in sepsis affects all organs and tissues as well as
activates the endothelium, causing the release
of pro- or anti-infllmmatory mediators. The
integrity of the endothelial barrier also becomes
compromised. Increased barrier insufficiency

causes leakage of intravascular proteins and
plasma into the extravascular space.”” While this
infiltration provides benefits in infected areas
by the entry of complement, immunoglobulins,
and other protective molecules, it often causes
diffuse tissue edema and reduced microvascular
perfusion.' Oxidative stress occurs in response
to hypoxia, microbial clearance, and endothelial
repair processes in sepsis. However, as a result
of an excessive increase in reactive oxygen spe-
cies, the balance of the antioxidant system is
disrupted and endothelial damage inevitably fol-
lows. It is accepted that reactive oxygen species
play an important role in triggering many media-
tors and pro-inflammatory cytokines produced
in acute inflammatory responses associated with
sepsis.*®

Immunosuppression Mechanisms in
Sepsis

When examining host response theories
regarding sepsis, anti-inflammatory responses
are a vital element of its pathophysiology.”
Lymphocyte exhaustion can be defined as pro-
gressive loss of functionality and decreased pro-
liferative ability induced by prolonged antigen
stimulation in the course of cancer or chronic
infections. A strong depletion of CD4+ and
CD8+ T cells, B cells, and dendritic cells is
seen in sepsis.® T lymphocyte exhaustion was
observed in postmortem examinations of
patients who died from the disease. In many
fatal cases, increased expression of programmed
cell death | (PDI) was observed in CD4+ T
cells.®® Apoptosis aims to remove damaged cells
and maintain homeostasis under normal physi-
ological conditions' In the sepsis experiment
performed with the cecal ligation and puncture
model in mice, it was shown that Bim, caspase-3,
caspase-8, and caspase-9 levels were significantly
elevated, thus increasing apoptosis in sepsis.>
Antigen-presenting cells (APCs) are derived in
the bone marrow. This team consists of den-
dritic cells, Langerhans cells, macrophages, and
B cells. Antigen-presenting cells capture antigens
and process and present antigens to T cells.>
Sepsis indirectly or directly impairs the function
of almost all immune cells, as well as impairing
the functions of APCs, preventing them from
fully performing their functions.'*!®

There are a number of immune regulatory
molecules that control the pro-inflammatory
cytokine response. Chief among these are anti-
inflammatory cytokines. Major anti-inflamma-
tory cytokines include IL-4, IL-10, IL-11, and
IL-13.5%%% Interleukin-4, IL-10, and IL-37 are
anti-inflammatory cytokines that have impor-
tant functions, especially in sepsis.>® Interleukin-4
and IL-10 inhibit the differentiation of CD4+ T
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cells into T helper | cells, reducing the release
of pro-infllammatory cytokines, including IL-2
and interferon-y (IFN-y). Interleukin-10, an
immunosuppressive  cytokine  with  multiple
functions, is mainly secreted by monocytes/mac-
rophages and T helper 2 cells. Interleukin-10
has been shown to inhibit TNF formation in
sepsis-induced mice. Interleukin-10 can also
promote the proliferation of myeloid-derived
suppressor cells in mice with sepsis and exacer-
bate immunosuppression in mice with advanced
sepsis>® Although belonging to the IL-1 family,
which contains cytokines that generally have
pro-inflammatory properties, IL-37 reduces
inflammation and adaptive immune responses.
Interleukin-37 can also inhibit the release of
pro-inflammatory cytokines>’ Expression of
IL-37 in patients with sepsis is significantly upreg-
ulated, which may obstruct proliferation and
release of pro-inflammatory cytokines, and is
closely related to the severity of sepsis-induced
immunosuppression.®®

Immunotherapies in Sepsis

The search for treatments that specifically
target the immune system has dominated
the sepsis research field for over 40 years®
Granulocyte-macrophage  colony-stimulating
factor (GM-CSF), recombinant human IL-7,
IFN-y, PDI and programmed cell death pro-
tein | (PDLI)-specific antibodies, anti-TNF-a,
recombinant human IL-3 and IL-15 treatments
are among those that have undergone significant
research.

[t is known that dysregulated immune responses
triggered by sepsis cause dysfunction of neu-
trophils.®®  Granulocyte-macrophage  colony-
stimulating  factor enhances immunity by
augmenting the bactericidal abilities of neutro-
phils and monocytes during sepsis.'”® According
to the results of a clinical trial with GM-CSF,
GM-CSF treatment helped shorten the dura-
tion of antibiotic therapy, although it did not
change the mortality rate.®’ Other studies have
shown that patients treated with GM-CSF in the
immunosuppressive phase of sepsis shorten the
ventilator-dependent time and intensive care
periods.®? Interleukin-7 is a pleiotropic cytokine
and is extremely important for the development
of T cells.** Considering the T cell exhaustion
that develops in sepsis, the importance of IL-7 in
treatment is better understood. In clinical trials,
recombinant IL-7 has been used to treat idio-
pathic lymphopenia and diseases caused by lym-
phopenia, proving its potential for the future.**
In a study of mice with sepsis, IL-7 treatment
increased the percentage of survival.®® In phase
Il clinical study, it was shown that 27 septic shock
lymphopenia patients did not develop excessive

inflammatory reactions or experience wors-
ened organ dysfunction as a result of IL-7 treat-
ment, but significantly saw increased CD4+ and
CD8+ T lymphocyte counts.®®

In a study on the therapeutic effect of IFN-y in
sepsis patients, it was observed that monocyte
human leukocyte antigen-DR isotype expres-
sion accelerated and TNF-a secretion from
monocytes increased, thereby improving patho-
gen elimination capacity.®” If IFN-y is added to
the treatment protocol in immunosuppressed
patients, patients exhibiting adaptive immune
dysfunction or chronic inflammation, or at risk,
its effects on sepsis can be seen more clearly.®
Programmed cell death | is a protein expressed
in T cells, and when it binds with PDLI, it pre-
vents other cells from being killed by T cells.*’
[t has been suggested that both anti-PDI and
anti-PDLI treatments, which show great prom-
ise in cancer treatments, also have potential
in sepsis-induced immunosuppression.”® The
PDI-PDLI blockade improved survival out-
comes in animal models of bacterial sepsis.”!
In a clinical patient study, the tolerability of an
anti-PD 1 antibody, nivolumab, was appropriate
and did not cause conditions such as cytokine
storm.”

Elevated TNF-a levels detected in the serum
of septic patients in early sepsis studies led to
the assumption that this cytokine has an impor-
tant role in septic shock.”> Administration of
neutralizing anti-TNF monoclonal antibodies
to baboons 2 hours before induction of sep-
sis with Escherichia coli has been observed to
protect animals from shock and organ failure.”
However; clinical studies conducted in the 90s
resulted in the failure of TNF inhibition treat-
ments.”””” Interleukin-3 and IL-15 should also
be considered as potential sepsis treatments.
Being foundational in the development and
activation of effector and memory T, Natural
killer and Natural killer T cells, and neutrophils,
IL-15 has great potential in the treatment of sep-
sis immune dysfunction.”® In fact, an increased
survival rate has been noted in mice with sepsis
treated with IL-15.7” The synergistic role of IL-3
with IL-7 makes it a candidate therapeutic to
augment the potential effect of IL-7.%

Future Perspectives

Although excessive inflammation is one of the
trademarks of sepsis, the terms sepsis-induced
immune dysfunction and immunoparalysis have
gained traction in the last 2 decades.'**?#'®2 This
shows that the cult and plain excessive inflam-
matory view of sepsis has changed. While it is
argued that mortality in sepsis is due to inflam-
mation and permanent immune activation,

immunosuppression is increasingly recognized
as the driving force behind sepsis mortality.2*¢453

A few decades ago, treatment strategies for
sepsis were almost entirely aimed at suppress-
ing the hyperinflammatory response in the early
stages.” Clinical trials of anti-inflammatory ther-
apies targeting specific inhibition of elements
that cause excessive inflammation in sepsis are
fraught with failures."* In recent years, therapeu-
tic strategies for immunosuppression in sepsis
have also been developed. Some researchers
also advocate for the use of immunostimulants
in sepsis.'

Immunomodulation is  revolutionizing  the
treatment of cancer, autoimmune diseases,
and many other inflammatory disorders.®
Immunomodulatory therapy is very important
in sepsis because patients may arrive in the early
hyperinflammatory phase or in the immuno-
suppression phase.'> Whichever it is, deducing
the phase is extremely important. While the
sepsis agent is actively spreading through the
body, anti-cytokine drugs may put the patient
at a disadvantage in the fight against the agent.
However, while targeting immunomodulation,
immune augmentation in a sepsis patient with
cytokine storm can take excessive inflammation
to incredible levels.

Another issue is the effects of cytokine storm
on the patient. If the clinician is monitoring
patients with biomarkers that rise during the
cytokine storm, there are certain factors to
consider, as anti-inflammatory signal pathways
are triggered in response to high inflammation
in sepsis.'> Although we know how and the rate
by which cytokines such as IL-6 bind to their
receptors in the presence of specific antibod-
ies such as tocilizumab,®®> we still do not know
exactly how cytokines bind to their receptors
in sepsis. A second issue is that a biomarker
followed in a patient with sepsis may show high
levels in the blood, but the patient may not
have any clinical symptoms. Hypothetically, in
the presence of a cytokine receptor that can
become desensitized with high cytokine values,
the signal pathway may not be activated. On
the other hand, the cause of cytokine elevation
may also be a receptor in sensitivity itself. For
this reason, it is extremely important to mea-
sure the activity of signaling pathways involved
in inflammatory signaling in sepsis patients. In
the treatment of sepsis, a treatment based on
time-dependent correlations of organ damage
with biomarker measurements and knowing
the activity of the relevant inflammatory signal-
ing pathway may be much more beneficial for
patients.
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In treatment, the principle of right medication,
right dose, right patient, right time, and right
route is extremely important Unfortunately,
finding the right time is almost impossible in sep-
sis patients. For this reason, the progression of
clinical findings in patients will be important. In
order to choose the right time for sepsis treat-
ment, the clinician must first know which stage
of sepsis the patient is in. However, in order
to find the right drug expression in sepsis, the
expression of the right time must be fulfilled.
Examination of the molecular pathophysiology
of the disease at short-term intervals during the
sepsis process can provide important informa-
tion. In this way, more accurate predictions can
be made about which stage of sepsis the patient
is in and how the host immune response may
progress in sepsis.

Sepsis and cancer share many common immune
defects.”® At the root of both diseases is the
inability of the host's immune system to cope
with the initial insult. Immune dysfunctions due
to sepsis and cancer are some of the common
aspects of changes in the function of immune
elements.?' Because of the major role of immu-
nity in anti-tumor surveillance, scientists are
investigating this issue, as latent malignancies
are likely to be present in the host due to the
strong acute inflammatory response or immune
defects seen in patients with sepsis.®'® Clinical
and experimental data indicate a potent immu-
nomodulatory effect of sepsis on cancer?' The
success of immunotherapies in cancer treat-
ments has been well-proven in recent years.®
While cancer and sepsis have so many immuno-
logical points in common, the success rate seen
in cancer immunotherapies has given rise to the
hope that such treatment may also prove effec-
tive against sepsis. Though it is early now, in the
future, sepsis may even be interpreted as “acute
form of cancer”

Sepsis immunotherapies are promising.'”
Coronavirus disease 2019 (COVID-19) has
encouraged us in this regard. The common
features found in the immunopathogenesis
and pathophysiology of sepsis and COVID-19,
and the treatment management of COVID-
19 benefited from the experience of sepsis.®’
Immunotherapeutics such as tocilizumab and
anakinra have been used successfully in com-
bating COVID-19.7%°" This success is likely
to be achieved in sepsis, which has many
common pathophysiologic properties with
COVID-19. Sepsis studies need a new direc-
tion. Here, the bedside and the bench need to
work together. A molecular pathophysiology
study that will examine the sepsis process in
very thin sections in large patient populations

will provide important information about how
sepsis progresses and the optimal timing of
treatment.

Peer-review: Externally peer-reviewed.

Author Contributions: Concept — T.T, N.A.; Design —
TT, NLA,; Supervision — TT, N.A; Materials — T.T,
NL.A,; Data Collection and/or Processing — T.T, NLA;;
Analysis and/or Interpretation — T.T,, N.A,; Literature
Review — TT, N.A; Writing Manuscript — T.T, N.A;
Ciritical Review — T.T, N.A.

Declaration of Interests: The authors have no con-
flicts of interest to declare.

Funding: The authors declared that this study has
received no financial support.

References

I. Funk D), Parrillo JE, Kumar A. Sepsis and septic
shock: a history. Crit Care Clin. 2009;25(1):83-
101. [CrossRef]

2. Majno G. The ancient riddle of ciiyig (sepsis).
J Infect Dis. 1991;163(5):937-945. [CrossRef]

3. Akpinar E, Kutlu Z, Kose D, et al. Protective
effects of idebenone against sepsis induced acute
lung damage. | Invest Surg. 2022;35(3):560-568.
[CrossRef]

4. Ugan RA, Un H, Gurbuz MA, et al. Possible
contribution of the neprilysin/ACE pathway to
sepsis in mice. Life Sci. 2020;258:118177.
[CrossRef]

5. Keskin H, Tavaci T, Halici H, et al. Early adminis-
tration of milrinone ameliorates lung and kidney
injury during sepsis in juvenile rats. Pediatr Int.
2021;64(1):e14917. [CrossRef]

6. Singer M, Deutschman CS, Seymour CW, et al.
The third international consensus definitions for
sepsis and septic shock (Sepsis-3). JAMA.
2016;315(8):801-810. [CrossRef]

7. Kutlu Z, Celik M, Bilen A, et al. Effects of umbel-
liferone isolated from the Ferulago pauciradiata
Boiss. & Heldr. Plant on cecal ligation and punc-
ture-induced sepsis model in rats. Biomed Phar-
macother. 2020;127:110206. [CrossRef]

8. Cinar |, Sirin B, Aydin P, et al. Ameliorative effect
of gossypin against acute lung injury in experi-
mental sepsis model of rats. Life Sci. 201922 1:327-
334. [CrossRef]

9. Cadirci E, Ugan RA, Dincer B, et al. Urotensin
receptors as a new target for CLP induced sep-
tic lung injury in mice. Naunyn-Schmiedebergs
Arch Pharmacol. 2019;392(2):135-145.
[CrossRef]

0. Koése D, Yuksel TN, Halic Z, Cadircr E, Gir-
bz MA. The effects of agomelatine treatment
on lipopolysaccharide-induced septic lung inju-
ries in rats. Eurasian | Med. 202 1;53(2):127-131.
[CrossRef]

I'l. Bayraktutan Z, Dincer B, Keskin H, et al. Rof-
lumilast as a potential therapeutic agent for
cecal ligation and puncture-induced septic lung
injury. | Invest Surg. 2022;35(3):605-613.
[CrossRef]

20.

21.

22.

23.

24.

25.

26.

Kutlu Z, Gulaboglu M, Halicr Z, Cinar |,
Diyarbakir B. Biochemical research of the effects
of essential oil obtained from the fruit of Myrtus
communis L. on cell damage associated with lipop
olysaccharide-induced endotoxemia in a human
umbilical cord vein endothelial cells. Biochem
Genet. 202 1;59(1):315-334. [CrossRef]

Kose D, Un H, Ugan RA, et al. Aprepitant: an
antiemetic drug, contributes to the prevention
of acute lung injury with its anti-inflammatory
and antioxidant properties. | Pharm Pharmacol.
2021;73(10):1302-1309. [CrossRef]

van der Poll T, van de Veerdonk FL, Scicluna BF,
Netea MG. The immunopathology of sepsis and
potential therapeutic targets. Nat Rev Immunol.
2017;17(7):407-420. [CrossRef]

Hotchkiss RS, Monneret G, Payen D. Sepsis-
induced immunosuppression: from cellular dys-
functions to immunotherapy. Nat Rev Immunol.
2013;13(12):862-874. [CrossRef]

Ates |, Dogan N, Aksoy M, Halici Z, Gun-
dogdu C, Keles MS. The protective effects of
lgM-enriched immunoglobulin and erythropoie-
tin on the lung and small intestine tissues of rats
with induced sepsis: biochemical and histopatho-
logical evaluation. Pharm Biol. 2015;53(1):78-84.
[CrossRef]

Prescott HC, Angus DC. Postsepsis morbidity.
JAMA.2018319(1):91-91. [CrossRef]
Fleischmann-Struzek C, Rose N, Freytag A, et al.
Epidemiology and costs of postsepsis morbidity,
nursing care dependency, and mortality in Ger-
many, 2013 to 2017. JAMA Netw Open.
2021;4(11):e2134290. [CrossRef]

Liu V, Escobar GJ, Greene |, et al. Hospital deaths
in patients with sepsis from 2 independent
cohorts. JAMA. 2014;312(1):90-92. [CrossRef]
Fleischmann C, Scherag A, Adhikari NK; et al.
Assessment of global incidence and mortality of
hospital-treated sepsis. Current estimates and
limitations.  Am | Respir Crit Care Med.
2016;193(3):259-272. [CrossRef]

Thompson K, Venkatesh B, Finfer S. Sepsis and
septic shock: current approaches to management.
Intern Med J. 2019;49(2):160-170. [CrossRef]
Cecconi M, Evans L, Levy M, Rhodes A. Sepsis
and septic shock. Lancet. 2018;392(10141):75-
87. [CrossRef]

Kaukonen KM, Bailey M, Suzuki S, Pilcher D, Bel-
lomo R. Mortality related to severe sepsis and
septic shock among critically ill patients in Aus-
tralia and New Zealand, 2000-2012. JAMA.
20143 11(13):1308-1316. [CrossRef]

Calfee CS. Stirrings in the graveyard. Sci Trans!
Med. 2012;4(152):152ecl71-152ecl71.
[CrossRef]

Cadirci E, Halici Z, Bayir Y, et al. Peripheral
5-HT7 receptors as a new target for prevention
of lung injury and mortality in septic rats. Immu-
nobiology. 2013;218(10):1271-1283.[CrossRef]
Polat B, Cadirci E, Halici Z, et al. The protective
effect of amiodarone in lung tissue of cecal liga-
tion and puncture-induced septic rats: a per-
spective from inflammatory cytokine release and
oxidative stress. Naunyn-Schmiedebergs Arch
Pharmacol. 2013;386(7):635-643. [CrossRef]


https://doi.org/10.1016/j.ccc.2008.12.003
https://doi.org/10.1093/infdis/163.5.937
https://doi.org/10.1080/08941939.2021.1898063
https://doi.org/10.1016/j.lfs.2020.118177
https://doi.org/10.1111/ped.14917
https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1016/j.biopha.2020.110206
https://doi.org/10.1016/j.lfs.2019.02.039
https://doi.org/10.1007/s00210-018-1571-8
https://doi.org/10.5152/eurasianjmed.2021.20342
https://doi.org/10.1080/08941939.2021.1908462
https://doi.org/10.1007/s10528-020-10005-y
https://doi.org/10.1093/jpp/rgab088
https://doi.org/10.1038/nri3552
https://doi.org/10.3109/13880209.2014.910535
https://doi.org/10.1001/jama.2017.19809
https://doi.org/10.1001/jamanetworkopen.2021.34290
https://doi.org/10.1001/jama.2014.5804
https://doi.org/10.1164/rccm.201504-0781OC
https://doi.org/10.1111/imj.14199
https://doi.org/10.1016/S0140-6736(18)30696-2
https://doi.org/10.1001/jama.2014.2637
https://doi.org/10.1126/scitranslmed.3004934
https://doi.org/10.1016/j.imbio.2013.04.012
https://doi.org/10.1007/s00210-013-0862-3

Eurasian ] Med 2022; 54(Suppl. 1): $127-5132

Tavaci and Akgun. Sepsis and Immunotherapies ® S131

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Albayrak A, Halici Z, Polat B, et al. Protective
effects of lithium: a new look at an old drug with
potential antioxidative and anti-inflammatory
effects in an animal model of sepsis. Int Immunop-
harmacol. 2013;16(1):35-40. [CrossRef]

Demir R, Cadirci E, Akpinar E, et al. Does bosentan
protect diabetic brain alterations in rats? The role
of endothelin-1 in the diabetic brain. Basic Clin Phar-
macol Toxicol. 2015;1 16(3):236-243. [CrossRef]
Akpinar E, Halici Z, Cadirci E, et al. What is the
role of renin inhibition during rat septic condi-
tions: preventive effect of aliskiren on sepsis-
induced lung injury. Naunyn-Schmiedebergs Arch
Pharmacol. 2014;387(10):969-978. [CrossRef]
Nandi M, Jackson SK, Macrae D, Shankar-Hari M,
Tremoleda JL, Lilley E. Rethinking animal models
of sepsis — working towards improved clinical
translation whilst integrating the 3Rs. Clin Sci
(Lond). 2020;134(13):1715-1734. [CrossRef]
Mirouse A, Vigneron C, Llitjos JF, et al. Sepsis and
cancer: an interplay of friends and foes. Am |
Respir Crit Care Med. 2020;202(12):1625-1635.
[CrossRef]

Cohen J, Vincent JL, Adhikari NK], et al. Sepsis: a
roadmap for future research. Lancet Infect Dis.
2015;15(5):581-614. [CrossRef]

Chousterman BG, Swirski FK, Weber GF. Cytokine
storm and sepsis disease pathogenesis. Semin
Immunopathol. 2017,39(5):517-528. [CrossRef]
Cadirci E, Halici Z, Odabasoglu F, et al. Sildenafil
treatment attenuates lung and kidney injury due
to overproduction of oxidant activity in a rat
model of sepsis: a biochemical and histopatho-
logical study. Clin Exp Immunol. 201 1;166(3):374-
384. [CrossRef]

Angus DC, Van der Poll T. Severe sepsis and
septic shock. N Engl | Med. 2013;369(9):840-851.
[CrossRef]

Huang M, Cai S, Su J. The pathogenesis of sepsis
and potential therapeutic targets. Int | Mol Sci.
2019;20(21):5376. [CrossRef]

Takeuchi O, Akira S. Pattern recognition recep-
tors and inflammation. Cell. 2010;140(6):805-
820. [CrossRef]

Wiersinga W/, Leopold SJ, Cranendonk DR, van
Der Poll T. Host innate immune responses to
sepsis. Virulence. 2014;5(1):36-44. [CrossRef]
Galen BT, Sankey C. Sepsis: an update in manage-
ment. | Hosp Med. 2015;10(I1):746-752.
[CrossRef]

Luan YY, Yao YM, Xiao XZ, Sheng ZY. Insights
into the apoptotic death of immune cells in sep-
sis. | Interferon Cytokine Res. 201535(1):17-22.
[CrossRef]

Vorobjeva NV, Chernyak BV. NETosis: molecular
mechanisms, role in physiology and pathology.
Biochemistry ~ (Mosc).  2020;85(10):1178-1190.
[CrossRef]

Serensen OF, Borregaard N. Neutrophil extra-
cellular traps - the dark side of neutrophils. | Clin
Invest. 2016;126(5):1612-1620. [CrossRef]
Czaikoski PG, Mota JM, Nascimento DC, et al.
Neutrophil extracellular traps induce organ
damage during experimental and clinical sepsis.
PLoS One. 2016;11(2):e0148142. [CrossRef]

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Albayrak A, Uyanik MH, Odabasoglu F, et al. The
effects of diabetes and/or polymicrobial sepsis
on the status of antioxidant enzymes and pro-
inflammatory cytokines on heart, liver; and lung
of ovariectomizedrats./SurgRes. 201 |;169(1):67-
75. [CrossRef]

Guo RF Ward PA. Role of Cba in inflammatory
responses. Annu Rev Immunol. 2005;23:821-852.
[CrossRef]

de Stoppelaar SF van 't Veer C, van der Poll T.
The role of platelets in sepsis. Thromb Haemost.
2014;112(4):666-677. [CrossRef]

Coskun AK, Yigiter M, Oral A, et al. The effects
of montelukast on antioxidant enzymes and pro-
inflammatory cytokines on the heart, liver, lungs,
and kidneys in a rat model of cecal ligation and
puncture—induced sepsis. The Sci World |
1900;11:657560. [CrossRef]

Karamese M, Erol HS, Albayrak M, Findik Guv-
endi G, Aydin E, Aksak Karamese S. Anti-oxi-
dant and anti-inflammatory effects of apigenin
in a rat model of sepsis: an immunological, bio-
chemical, and histopathological study. Immunop-
harmacol - Immunotoxicol. 2016;38(3):228-237.
[CrossRef]

Kaiser M, Semeraro MD, Herrmann M, Absen-
ger G, Gerger A, Renner W. Immune aging and
immunotherapy in cancer. Int | Mol Sci.
2021;22(13). [CrossRef]

Boomer JS, To K, Chang KC, et al. Immunosup-
pression in Patients who Die of Sepsis and Multiple
Organ Failure. 2011;306(23):2594-2605.
[CrossRef]

Tang D, Kang R, Berghe TV, Vandenabeele P, Kro-
emer G. The molecular machinery of regulated
cell death. Cell 2019;29(5):347-364.
[CrossRef]

Luan YY, Yin CF Qin QH, et al. Effect of regula-
tory T cells on promoting apoptosis of T lym-
phocyte and its regulatory mechanism in sepsis.
J Interferon Cytokine Res. 2015;35(12):969-980.
[CrossRef]

Kalogeropoulos D, Papoudou-Bai A, Lane M, et
al. Antigen-presenting cells in ocular surface dis-
eases. Int Ophthalmol. 2020;40(6):1603-1618.
[CrossRef]

Zhang JM, An J. Cytokines, inflammation, and
pain. Int Anesthesiol Clin. 2007;45(2):27-37.
[CrossRef]

Aydogdu S, Karamese M, Altoparlak U, Aksak
Karamese S. The protective effects of long-term
probiotic application on experimental sepsis-
dependent inflammation process [article].
Bezmialem Sci. 2019;7(3):180-185. [CrossRef]
Liu DB, Huang SY, Sun JH, et al. Sepsis-induced
immunosuppression: mechanisms, diagnosis and
current treatment options. Ml Med Res.
2022,9(1):56. [CrossRef]

Cavalli G, Dinarello CA. Suppression of inflam-
mation and acquired immunity by IL-37. Immunol
Rev. 2018;281(1):179-190. [CrossRef]

Wang YC, Weng GP, Liu JP, Li L, Cheng QH.
Elevated serum IL-37 concentrations in patients
with  sepsis.  Medicine.  2019;98(10):e14756.
[CrossRef]

Res.

59.

60.

61l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Peters van Ton AM, Kox M, Abdo WF, Pickkers P
Precision immunotherapy for sepsis. Front Immu-
nol. 2018;9:1926. [CrossRef]

Hampson B, Dinsdale R], Wearn CM, et al. Neu-
trophil dysfunction, immature granulocytes, and
cell-free DNA are early biomarkers of sepsis in
burn-injured patients: a prospective observa-
tional cohort study. Ann Surg. 2017,265(6):1241-
1249. [CrossRef]

Orozco H, Arch ], Medina-Franco H, et al. Mol-
gramostim (GM-CSF) associated with antibiotic
treatment in nontraumatic abdominal sepsis: a
randomized, double-blind, placebo-controlled
clinical trial. Arch Surg. 2006;141(2):150-154.
[CrossRef]

Paine R 3rd, Standiford T), Dechert RE, et al. A
randomized trial of recombinant human granu-
locyte-macrophage colony stimulating factor for
patients with acute lung injury. Crit Care Med.
2012;40(1):90-97. [CrossRef]

Bekele Y, Sui Y, Berzofsky JA. IL-7 in SARS-CoV-2
infection and as a potential vaccine adjuvant.
Front Immunol. 202 1;12:737406. [CrossRef]
Lévy Y, Sereti |, Tambussi G, et al. Effects of
recombinant human interleukin 7 on T-cell
recovery and thymic output in HIV-infected
patients receiving antiretroviral therapy: results
of a phase I/lla randomized, placebo-controlled,
multicenter study. Clin Infect Dis. 2012;55(2):291 -
300. [CrossRef]

Unsinger ], McGlynn M, Kasten KR, et al. IL-7
promotes T cell viability, trafficking, and function-
ality and improves survival in sepsis. | Immunol.
2010;184(7):3768-3779. [CrossRef]

Francois B, Jeannet R, Daix T, et al. Interleukin-7
restores lymphocytes in septic shock: the IRIS-7
randomized clinical trial. JCI Insight. 2018;3(5).
[CrossRef]

Docke WD, Randow F, Syrbe U, et al. Monocyte
deactivation in septic patients: restoration by
IFN-gamma treatment. Nat Med. 1997,3(6):678-
681. [CrossRef]

Delano MJ, Ward PA. Sepsis-induced immune
dysfunction: can immune therapies reduce mor-
tality? | Clin Invest.  2016;126(1):23-31.
[CrossRef]

Safi M, Ahmed H, Al-Azab M, et al. PD-1/PDL-1
inhibitors and cardiotoxicity; molecular; etiologi-
cal and management outlines. | Adv Res.
2021;29:45-54. [CrossRef]

Topalian SL, Hodi FS, Brahmer JR, et al. Safety,
activity, and immune correlates of anti-PD- | anti-
body in cancer. N Engl | Med. 2012;366(26):2443-
2454. [CrossRef]

Zhang Y, Zhou Y, Lou |, et al. PD-LI blockade
improves survival in experimental sepsis by
inhibiting lymphocyte apoptosis and reversing
monocyte dysfunction. Crit Care.
2010;14(6):R220. [CrossRef]

Hotchkiss RS, Colston E, Yende S, et al. Immune
checkpoint inhibition in sepsis: a Phase |b rand-
omized study to evaluate the safety, tolerability,
pharmacokinetics, and pharmacodynamics of
nivolumab. Intensive Care Med. 2019;45(10):1360-
1371. [CrossRef]


https://doi.org/10.1016/j.intimp.2013.03.018
https://doi.org/10.1111/bcpt.12318
https://doi.org/10.1007/s00210-014-1014-0
https://doi.org/10.1042/CS20200679
https://doi.org/10.1164/rccm.202004-1116TR
https://doi.org/10.1016/S1473-3099(15)70112-X
https://doi.org/10.1007/s00281-017-0639-8
https://doi.org/10.1111/j.1365-2249.2011.04483.x
https://doi.org/10.1056/NEJMra1208623
https://doi.org/10.3390/ijms20215376
https://doi.org/10.1016/j.cell.2010.01.022
https://doi.org/10.4161/viru.25436
https://doi.org/10.1002/jhm.2435
https://doi.org/10.1089/jir.2014.0069
https://doi.org/10.1134/S0006297920100065
https://doi.org/10.1172/JCI84538
https://doi.org/10.1371/journal.pone.0148142
https://doi.org/10.1016/j.jss.2009.09.055
https://doi.org/10.1146/annurev.immunol.23.021704.115835
https://doi.org/10.1160/TH14-02-0126
https://doi.org/10.1100/tsw.2011.122
https://doi.org/10.3109/08923973.2016.1173058
https://doi.org/10.3390/ijms22137016
https://doi.org/10.1001/jama.2011.1829
https://doi.org/10.1038/s41422-019-0164-5
https://doi.org/10.1089/jir.2014.0235
https://doi.org/10.1007/s10792-020-01329-0
https://doi.org/10.1097/AIA.0b013e318034194e
https://doi.org/10.14235/bas.galenos.2018.2643
https://doi.org/10.1186/s40779-022-00422-y
https://doi.org/10.1111/imr.12605
https://doi.org/10.1097/MD.0000000000014756
https://doi.org/10.3389/fimmu.2018.01926
https://doi.org/10.1097/SLA.0000000000001807
https://doi.org/10.1001/archsurg.141.2.150
https://doi.org/10.1097/CCM.0b013e31822d7bf0
https://doi.org/10.3389/fimmu.2021.737406
https://doi.org/10.1093/cid/cis383
https://doi.org/10.4049/jimmunol.0903151
https://doi.org/10.1172/jci.insight.98960
https://doi.org/10.1038/nm0697-678
https://doi.org/10.1172/JCI82224
https://doi.org/10.1016/j.jare.2020.09.006
https://doi.org/10.1056/NEJMoa1200690
https://doi.org/10.1186/cc9354
https://doi.org/10.1007/s00134-019-05704-z

S132 * Tavaciand Akgun. Sepsis and Immunotherapies

Eurasian ] Med 2022; 54(Suppl. 1): $127-5132

73.

74.

75.

76.

77.

78.

Steinhagen F, Schmidt SV, Schewe JC, Peukert K,
Klinman DM, Bode C. Immunotherapy in sepsis
- brake or accelerate! Pharmacol Ther.
2020;208:107476. [CrossRef]

Tracey K], Fong Y, Hesse DG, et al. Anti-cachec-
tin/TNF monoclonal antibodies prevent septic
shock during lethal bacteraemia.
1987;330(6149):662-664. [CrossRef]
Abraham E, Wunderink R, Silverman H, et al.
Efficacy and safety of monoclonal antibody to
human tumor necrosis factor o in patients with
sepsis syndrome: a randomized, controlled, dou-
ble-blind, multicenter clinical ~trial. JAMA.
1995;273(12):934-941.

Abraham E, Glauser MP, Butler T, et al. p55
Tumor necrosis factor receptor fusion protein in
the treatment of patients with severe sepsis and
septic shock: a randomized controlled multi-
center trial. JAMA. 1997,277(19):1531-1538.
Abraham E, Anzueto A, Gutierrez G, et al. Dou-
ble-blind randomised controlled trial of mono-
clonal antibody to human tumour necrosis factor
in treatment of septic shock. NORASEPT I
Study Group. Lancet. 1998;351(9107):929-933.
[CrossRef]

Pelletier M, Ratthé C, Girard D. Mechanisms
involved in interleukin-15-induced suppression
of human neutrophil apoptosis: role of the anti-
apoptotic Mcl-1 protein and several kinases
including Janus kinase-2, p38 mitogen-activated
protein kinase and extracellular signal-regulated
kinases-1/2. FEBS Lett. 2002;532(1-2):164-170.
[CrossRef]

Nature.

79.

80.

8l.

82.

83.

84.

85.

86.

Inoue S, Unsinger J, Davis CG, et al. IL- 15 prevents
apoptosis, reverses innate and adaptive immune
dysfunction, and improves survival in sepsis. |
Immunol. 2010;184(3):1401-1409. [CrossRef]
Weber GF Chousterman BG, He S, et al. Inter-
leukin-3 amplifies acute inflammation and is a
potential therapeutic target in sepsis. Science.
2015;347(6227):1260-1265. [CrossRef]
Jensen 1), Sjaastad FV, Griffith TS, Badovinac VPR
Cell Immunoparalysis S-IT. Sepsis-induced T cell
immunoparalysis: the ins and outs of impaired T
cell immunity. | Immunol. 2018;200(5):1543-
|553. [CrossRef]

van der Poll T. Immunotherapy of sepsis. Lancet
Infect Dis. 2001;1(3):165-174. [CrossRef]

Patil NK, Bohannon JK, Sherwood ER. Immuno-
therapy: a promising approach to reverse sepsis-
induced immunosuppression. Pharmacol  Res.
2016;111:688-702. [CrossRef]

Deng J, Wang J, Shi J, et al. Tailoring the physico-
chemical properties of nanomaterials for immu-
nomodulation.  Adv Drug  Deliv Rev.
2022;180:114039. [CrossRef]

Mihara M, Kasutani K, Okazaki M, et al. Tocilizumab
inhibits signal transduction mediated by both mlL-
6R and sIL-6R, but not by the receptors of other
members of IL-6 cytokine family. Int Immunophar-
macol. 2005;5(12):1731-1740. [CrossRef]

Ladak SSJ, Chan VWS, Easty T, Chagpar A. Right
medication, right dose, right patient, right time,
and right route: how do we select the right
patient-controlled analgesia (PCA) device! Pain
Manag Nurs. 2007;8(4):140-145. [CrossRef]

87.

88.

89.

90.

91.

Fridman WH, Zitvogel L, Sautes—Fridman C,
Kroemer G. The immune contexture in cancer
prognosis and treatment. Nat Rev Clin Oncol.
2017;14(12):717-734. [CrossRef]

Zhang Y, Zhang Z. The history and advances in
cancer immunotherapy: understanding the char-
acteristics of tumor-infiltrating immune cells and
their therapeutic implications. Cell Mol Immunol.
2020;17(8):807-821. [CrossRef]

Olwal CO, Nganyewo NN, Tapela K, et al. Paral-
lels in sepsis and COVID-19 conditions: implica-

tions for managing severe COVID-19.
Perspective.  Front  Immunol.  2021;3:12doi.
[CrossRef]

Huet T, Beaussier H, Voisin O, et al. Anakinra for
severe forms of COVID-19: a cohort study. Lan-
cet Rheumnatol. 2020;2(7):e393-e400.
[CrossRef]

Somers EC, Eschenauer GA, Troost JP et al
Tocilizumab for treatment of mechanically venti-
lated patients with COVID-19. Clin Infect Dis.
2021;73(2):e445-e454. [CrossRef]


https://doi.org/10.1038/330662a0
https://doi.org/10.1016/S0140-6736(05)60602-2
https://doi.org/10.1016/s0014-5793(02)03668-2
https://doi.org/10.4049/jimmunol.0902307
https://doi.org/10.1126/science.aaa4268
https://doi.org/10.4049/jimmunol.1701618
https://doi.org/10.1016/S1473-3099(01)00093-7
https://doi.org/10.1016/j.phrs.2016.07.019
https://doi.org/10.1016/j.addr.2021.114039
https://doi.org/10.1016/j.intimp.2005.05.010
https://doi.org/10.1016/j.pmn.2007.08.001
https://doi.org/10.1038/nrclinonc.2017.101
https://doi.org/10.1038/s41423-020-0488-6
https://doi.org/10.3389/fimmu.2021.602848
https://doi.org/10.1016/S2665-9913(20)30164-8
https://doi.org/10.1093/cid/ciaa954

