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1. Introduction 

 

1.1 Sepsis as a global clinical challenge 

 

“Some very important clinical issues, some of them affecting life and death, stay largely in 

a backwater which is inhabited by academics and professionals and enthusiasts, dealt with 

very well at the clinical and scientific level but not visible to the public, political leaders, 

leaders of healthcare systems. . . . The public and political space is the space in which 

[sepsis] needs to be in order for things to change.” – Sir Liam Donaldson, May 2017 [3]. 

 

Sepsis is an overwhelming dysregulated host response to infection with one or more organ 

dysfunction which may be life-threatening [1]. Which also means that an infection which 

leads to death is nonetheless a sepsis-associated death. In its utter detriment, it is a clinical 

challenge often restricted within the critical care units of hospitals apart from liminal 

awareness in the lay masses. The estimated incidence rate of sepsis was pegged at an 

astounding 49.8 million cases worldwide [2]. In addition to that, 11 million yearly deaths 

were assigned to it, with the African continent and the Asian mainland predicted to carry the 

highest burden. It is seen mostly in neonates, the elderly, in immunocompromised patients 

and patients with comorbidities, where the immune system is incapable of resolving a 

systemic inflammatory response which is evoked in the wake of an overwhelming primary 

infection. Sepsis is overlooked as a “major” cause of death, often written off as an 

intermediate causation, which stymies efforts to detect deaths due to sepsis in part. 

Therefore, bringing sepsis-associated patient-complications within the ambit of proper 

public health policy constitution as well as evidence-based treatment and prevention 

methods are vastly inconsistent around the world. Though a barrage of knowledge has 

accumulated to define the epidemiology of sepsis in high-income countries, the long- and 

short-term burdens of sepsis speculated to be carried by middle- and lower-income countries 

lack substantial empirical evidence [3]. Additionally, an incumbent problem is the inability 

to exactly estimate sepsis associated mortality rates through medical coding, which calls for 

it to be first recognized as a primary cause of death. Apart from the complication that sepsis 

as itself poses clinically, it is still a challenge which derides healthcare systems due to 

inadequate understanding of its true epidemiology. This has been compounded by the fact 

that lack of general awareness in the lay masses deters early detection of sepsis, often 

hindering preventable deaths through faster diagnosis. A recent study applied a machine 
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learning algorithm based diagnostic tool to predict sepsis, wherein not only prediction was 

enabled, but it also helped in reducing in-hospital duration of stay and 30-day re-admission 

rates [4]. Another key deterrent in the diagnosis of sepsis is the lack of sure-shot biomarkers. 

While procalcitonin (PCT) and C-reactive protein (CRP) are commonly accepted markers, 

they are rather helpful in excluding the possibility of sepsis than diagnosing sepsis itself or 

even distinguishing sepsis from other SIRS [5]. Often bacterial culture results are negative, 

apart from being time consuming, thus confounding the management strategy for such 

patients. In a study by Phua and colleagues, 415 out of 1001 patients were found to be culture 

negative and with lower procalcitonin levels (median 3,95 ng/mL; inter-quartile range of 

0,09 to 17,27 ng/mL) when compared to culture positive patients [6]. This has been attributed 

to inadequate culture techniques, inability to detect pathogens through established 

microbiological techniques, presence of non-bacterial pathogens, antibiotic treatment, and 

could also be the absence of any infectious cause as such [7]. For example, progression into 

sepsis physiology has been reported in COVID-19 patients as well, the current pandemic 

caused due to the novel SARS-CoV-2 virus [8-11]. As the demographics of adult sepsis has 

gained momentum in the past decade, the knowledge about neonatal sepsis has only started 

accumulating. Six countries in Europe participated in a multicenter study involving 98 

hospitals, called the European Union Childhood Life-threatening Infectious Disease 

(EUCLID) Study, to identify the age-groups in which sepsis and severe infection are more 

likely to occur [12]. Such studies go a long way in generating evidence. For example, in a 

study concerning neonatal sepsis based in the United Kingdom, the prevalence of late-onset 

sepsis was investigated, and premature babies were identified to have higher susceptibility 

[13].   Another challenge is the burden of the cost involved to diagnose and treat sepsis and 

septic shock patients. Several studies, even before the term “severe sepsis” was marked 

redundant by the Sepsis-3 definitions, have attempted to discuss inpatient to post-discharge 

costs in such patients [14;15]. This shows that in the United States of America, the presence 

or absence of organ failure and the presentation of sepsis at the time of admission or during 

hospitalization greatly influence costs involved in treatment [16]. Nonetheless, since the 

revision of definitions, any substantial report has not been added to the current repository, 

impairing an unambiguous conclusion on the economics of sepsis.  

 

Currently, the clinical picture is far more definitive as clarified by the latest Sepsis-3 

definition [1]. An overwhelming inflammatory response which generates at the wake of an 

overwhelming infection is described as a systemic inflammatory response syndrome (SIRS) 



3 
 

and  can be diagnosed when two or more of the following symptoms are present; i) 

temperature which is >38oC or <36oC, ii) heartrate >90 beats per minute, iii) respiratory rate 

>20 per minute or PaCO2 <32 mm of Hg, iv) white blood cell count >12,000/mm3 or 

<4000/mm3 of blood, or >10% of immature bands [1]. It was also observed that these 

symptoms could stem from not only an infectious cause, but also due to sterile injury like 

polytrauma or hemorrhagic shock [1]. As the progressive sequelae of sepsis or sterile SIRS 

involve the deterioration of organ function, termed as multiple organ dysfunction syndrome 

(MODS), SIRS is a colossal threat to intensivists in the critical care units around the world. 

Organ dysfunction is a common occurrence in sepsis [17]. The Sepsis Occurrence in Acutely 

Ill Patients (SOAP) study by Vincent et al. was particularly instrumental in this regard [18]. 

This study described that most patients with sepsis had at least more than one organ 

dysfunction, with the highest percentage of deterioration seen in cardiovascular, followed 

by renal and then respiratory functions [18]. The high prevalence of MODS was also proven 

in the PIRO study [19]. A method was later developed to objectively monitor such critically 

ill, whereby organ dysfunction was indicated through a change of 2 or more points in the 

sepsis-related organ failure assessment (SOFA) score, [20]. While the glaring effect/s of 

sepsis can be quantifiably surmised, the causation to these multifactorial complication lies 

in the intricacies of the immune response, the earliest of alarm responses of the human body. 

Therefore, to understand the gamut of pathophysiological responses during sepsis, one needs 

to first understand how an initial and early immune response after a pathogenic threat is 

detected and therefore generated.  

 

1.2 The immunology and pathophysiology of sepsis 

 

Clinical management of sepsis is often tailored for each individual patient. It consists of 

antibiotic treatment to control the infection and providing fluid and catecholamine support 

to restore hemodynamic stability. Cardiovascular dysregulation, coagulopathy, respiratory 

failure, excretory complications, hepatic abnormalities and even altered mental state are 

common to sepsis patients, indicating progressive organ dysfunction. Yet, these are not 

isolated events, but are often due to organ-to-organ crosstalk whose basis lies in intricate 

physiological, immunological and humoral repertoires. Further, systemic vascular 

dysregulation and perfusion disturbances contribute to the deterioration of organ functions 

[17]. Mortality due to sepsis occurs in a biphasic manner; early deaths due to an inadequate 

resuscitation regime leading to failure in cardiac or pulmonary function and later deaths 
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owing to prolonged organ and immune dysfunction [21].  Delayed mortality has been 

attributed to comorbidities, persistent immune dysfunction, inflammation, and catabolic 

syndrome [21]. Therefore, to understand the ensuing pathophysiology of sepsis, the 

“immunopathology” of sepsis must be understood first.  

In a study which involved long-term follow-up of community acquired pneumonia, out of 

2320 patients enrolled in the study, 307 patients succumbed during the one-year observation 

period and mortality risk was correlated with higher IL-6 and IL-10 levels prior to patient 

discharge [22]. Indication to an initial potency of aberrant innate immune response is 

possible [23], and an elegant study even explained genome wide upregulation of innate 

immune responses and depression of adaptive immune response in leukocytes, albeit 

obtained from trauma and burn injury patients [24]. However, similar genome wide studies 

are slowly dotting the landscape of sepsis research. One study identified a protooncogene 

FER, which expresses a cell-adhesion, molecule to be associated with 28-day sepsis 

mortality in patients [25]. In this regard, whole-blood RNA profiling of pediatric septic 

shock patients has proven to be vastly instrumental [26]. One particular study revealed an 

upregulation of proinflammatory and innate immune responses in pediatric septic shock 

patients in the first 3 days [27]. A different study which took to analyzing leukocyte subsets 

like neutrophil, monocytes and lymphocytes, found decrease in adaptive immune responses 

like those involving antigen presentation, IL-4 signaling, CTLA4 signaling pathways, T-

helper cell differentiation, iCOS signaling and CD28 signaling [28].  Therefore, the 

developing paradigm indicates not only at a need of circumventing the severity of 

proinflammatory and innate immune responses, but also at salvaging the stifled adaptive 

immune responses as these two effects occur simultaneously [23]. Furthermore, a study went 

on to analyze whole-blood RNA from adult sepsis patients at earlier time-points (0, 24 and 

48 hours) with low and high SAPSII score who had median ages 59 years and 74 years 

respectively [29]. Revealed through cluster analysis, the complement system was 

persistently upregulated transcriptomically in sepsis patients while the IL-6 pathway was 

upregulated beginning from 24-hour time-point, with concomitant decrease in adaptive 

immune response related pathways starting from the 48-hour time-point [29].  

 

The response of the host to infection is a pervasive cascade which attempts to contract the 

infection temporally through activation of various cells and recruitment of motile immune 

cells at the site of infection [30]. Such a response is subject to various checks and balances, 

whose failure is the very immunological basis of sepsis and septic shock [31]. An infection 
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attracts a variety of innate immune cells like neutrophils, monocytes and macrophages, 

eosinophils, basophils and NK cells depending on the presence of specific antigens, 

pathogen-associated molecular patterns (PAMPs) and secreted chemotactic factors and 

activation of inflammatory cascades like the acute phase responses. When tissue damage and 

injury ensue, endogenous intracellular materials released in the immediate periphery cause 

local inflammatory responses [32-35]. DAMPs like mitochondrial DNA, ATP, S100 

proteins, HMGB-1 and many such ligands can induce recruitment of innate immune cells to 

contain the local inflammation [36]. Cell surface toll-like receptors TLRs [37;38], and intra-

cellular pathogen recognition receptors (PRRs) like nucleotide binding and oligomerization 

domain like receptors or NLRs [39], Rig-I like receptors or RLRs [40] and c-type lectin 

receptors (CLRs) [41] engage with these PAMPs and DAMPs to elicit downstream signaling 

cascades within the recruited innate immune cells. These cascades activate the transcription 

factor NF-κB, which in turn leads to expression of proinflammatory cytokines like TNF-α 

and IL-1β. These two cytokines act synergistically to mount hypotensive and pyrogenic 

effects [42]. They also increase the expression of several enzymes which mediate the 

biogenesis of nitric oxide (NO synthase), prostaglandins (especially PGE2) and leukotrienes 

[42]. NO is the candidate which in turn spearheads systemic hypotension, a classic symptom 

in all septic shock patients [43], while prostaglandins effect in arthralgia, headache and 

myalgia [42].  

A plethora of proinflammatory cytokines have been identified in the context of the 

aggravating consequences of sepsis, like IL-6, IL-12, and IL-17 [30]. IL-1β further activates 

the genes for IL-6, MCP-1, IL-8 and many more interleukins [30], IL-12 helps in the 

maturation of naïve CD4+ T-cells to T-helper 1 (Th1) cells [44], and the combined activity 

of several cytokines along with IL-6 and IL-1β helps in the maturation and activation of 

Th17 cells [45;46]. NF- κB also induces the expression of several chemokines, which are 

specific for the recruitment of immune cells for e.g., CCL2 (also known as MCP-1) 

specifically recruits monocyte recruitment while CXCL2 (or MIP2α) recruit neutrophils.  In 

addition to these, several growth factors have also been implicated in the context of sepsis. 

A rich repository of literature shows us that several attempts have been undertaken to 

understand as well target this ensuing cytokine storm through the activation of PRR 

downstream signaling cascades [47-52]. Several attempts have been made to alleviate this 

cytokine storm through blocking cell-surface signaling modalities as well. Quite notably, in 

two different experimental models of sepsis (murine and porcine), double blockade of CD14 

and C5 was shown to be protective [53;54]. In the murine polymicrobial sepsis study, this 
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double blockade improved survival and reduced the circulatory levels of cytokines 

(interferon, chemokines, interleukins and growth factors) in the sepsis animals like IFN-γ, 

CCL11, GM-CSF, IL-1α and IL-1β, IL-6, IL-10, CCL2, CCL3, CCL5 and IL-17 [53]. CD14 

is a coreceptor to the commonly studied TLR4, which together recognize   the gram-negative 

bacterial PAMP lipopolysaccharide (LPS). LPS recognition is not mediated only by these 

two receptors as such but involves the LPS-binding protein (LBP) and MD2 as well [55;56]. 

Additionally, CD14 is known to perform this accessory function for other TLRs as well, like 

TLR3 [57], TLR7 and TLR9 [58]. This multifaceted interaction provides in part the 

biological explanation to the immunopathology accompanying sepsis. This initial tip-off to 

the innate immune response is not only facilitated through the PRRs, but also a family of 

humoral factors known as the complement system. 

 

 

1.3 The Complement System in innate immunity 

 

“A curious point about this property of blood serum is that it vanishes in the act of killing 

the microbe. That is to say, a given quantity of blood serum can only kill a limited number 

of microbes, If the number of microbes added is beyond this limit, the survivors find the 

blood serum to be excellent food medium, and after a time, begin to grow and reproduce.” 

- Earnest Hanbury Hankin (1865-1939) [218]. 

 

The discovery of the complement system was one of the few cornerstones in establishing the 

field of Immunology as an active area of research. The fundamentals of a sentinel of factors 

impeaching microbial invasion was made not only made by Jules Bordet, but alluded to by 

several before him as well, like Josef von Fodor, George Nuttall, Hans Buchner, Earnest 

Hanbury Hankin, Richard Pfeiffer and Josef Denys [59]. This phylogenetically “olden” 

immune response comprises of an arsenal more than 60 serum and cell surface proteins in 

humans, which are orchestrated through physiological checks and balances [60]. Ionic 

strength, temperature and pH are determinants of optimal complement activity [61]. The 

function of this system is to identify, opsonize and eradicate potentially dangerous and 

foreign cells, which can be pathogens as well as apoptotic or necrotic cells [62-72].  

Therefore its “ulterior motive” to exert the first line of defense can be enumerated as follows: 

i) to generate anaphylatoxins C3a and C5a, which recruit leukocytes and help initiate a 

proinflammatory response, ii) to generate opsonins to tag target cells for destruction and 
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lastly, iii) to generate the membrane attack complex (MAC) or the terminal complement 

pathway complex (TCC) to lyse the opsonized cells [73].  Moreover, the function/s of the 

complement system and its effectors have been found to regulate a broad range of 

physiological functions as well, like maturation of synapses, angiogenesis, tissue 

regeneration and lipid metabolism [60].  These three common effector functions are achieved 

by three different complement pathways, segregated based on what primarily initiates this 

mechanism of innate immunity. 

 

 It was the seminal work of Paul Ehrlich and J Morgenroth which first showed that coating 

of red blood cells (RBCs) with antibody must precede before complement could react and 

perform immune hemolysis [74;75].  The classical complement pathway is triggered by the 

identification of antibodies (IgG and IgM) and C-reactive protein (CRP) bound on foreign 

and “dying” self-cells by its recognition subunit C1q [73;76]. The C1 is a protein complex 

formed through a Ca2+-dependent binding of the C1q, C1r and C1s, where binding of C1q 

initiates a conformational change in C1r which in turn activates C1s into an active protease 

[76;77]. Activated C1s target two complement factors C4 and C2, and cleaves them into 

smaller (C4a, C2a) and bigger fragments (C4b, C2b) which bind to form the C3 convertase 

C4b2b. The activation of the lectin complement pathway also converge into generation of 

the same C3 convertase complex, though the recognition complex here is a family of plasma 

collectin proteins, like mannose binding lectin (MBL) and ficolins. These recognition 

complexes identify conserved microbial surface carbohydrates like mannose and N-acetyl 

glucosamine, which contain hydorxyl groups present in their pyranose ring [78]. On the other 

hand, mammalian glycoproteins do not have these hydroxyl groups [79].  This recognition 

can then activate the MBL-associated serine protease (MASPs) [78].  Several MASPs have 

been identified, for e.g., MASP1, MASP2, MASP3 and a truncated version of MASP2 

known as MAp19, where MASP2 has been reported to cleave both C2 and C4, MASP1 can 

directly cleave C3 and the role of MASP3 and MAp19 remains unknown [78;80]. The stark 

contrast of the alternative pathway is not only in the covalent binding of C3 to hydroxyl and 

amine groups on target cells, but also in the composition of the C3 convertase which is 

different, and it is constitutively active at low levels at the rate of 1% of total circulatory C3 

[73;78;81]. The relatively inert native C3 is hydrolyzed to C3(H2O) by virtue of this tick-

over mechanism, which induces structural changes and exposes new binding sites [60;82]. 

This facilitates its binding to factor B, which itself alters its conformation thereafter to have 

the constitutively active factor D cleave it into Ba and Bb [81]. Bb, in bound state with 
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C3(H2O), cleaves additional C3 molecules through its serine protease domain, and therefore 

constitutes the alternative pathway C3 convertase C3bBb. This alternative pathway can also 

contribute as an “amplification loop”, whereby bound C3b on target surfaces binds to factors 

B, accentuating the effects of the classical and lectin pathways so forth.  

 

The objective of C3 convertase formation is in the generation of the anaphylatoxin C3a and 

the opsonin C3b, and a range of other cleaved C3 products like iC3b, C3c, C3d and C3dg 

which may mediate a range of processes through engagement with cognate complement 

receptors [83]. The addition of one C3b molecule to the existing C3 convertase complex 

leads to the C5 convertase formation which are- C4b2b3b or C3B2Bb. These convertases 

activate C5 into C5a and C5b, whose function is two-fold; while C5a aids the recruitment of 

innate immune cells, C5b initiated the process of assembling the MAC on target cells. The 

TCC or MAC complex is the fastest mode of killing bacteria [84], by formation of a 

membrane penetrating pore on the surface, causing osmotic flux and also allowing 

lysozymes to invade the target cells [85]. These target cells may be gram negative bacteria, 

gram positive bacteria [86], parasites [87], and even apoptotic cells [85]. C5b binds to that  
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Fig. 1. Activation of the complement pathways. Complement activation can occur via three 

different initiating signals. These separately constitute the classical, mannose-binding lectin 

(MBL) and the alternative pathways. Serine proteases sequentially cleave substrates and generate 

activation products for a range of responses apart from driving the complement cascade further. 

The generation of C3 and C5 convertases are two major events where the three different pathways 

come together. The terminal response comprises of generating a multi-subunit pore complex 

which inserts into the target cell and facilitates its destruction. Image prepared by self.    
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of C6, forming a nascent C5b6 complex. This complex is the target for C7, which binds and 

forms the lipophilic C5b-7, anchoring itself on to the plasma membrane of the target  

cell. Binding of C8 to this anchored complex induces conformational alterations in C8, due 

to which C8α of the heterotrimeric C8 can insert into the plasma membrane, furthering the 

recruitment and insertion of multiple C9 molecules, a resultant pore with an internal diameter 

of ~11nm [85]. A brief graphical representation of the complement pathways and their 

activation have been shown in Figure I.  

  

The complement system is a fast mode of bacterial targeting and extermination, often acting 

as fast as within 30 minutes to 1 hour. Such an efficient cascade requires express checks and 

balances to keep it from targeting and attacking healthy and harmless self-cells. This is 

mediated by a range of humoral and membrane bound complement regulators, which hinders 

complement activation. Most regulators mainly target the formation of C3 and the C5 

convertases, even within which many primarily target C3, its activation and its activation 

products. Surface bound regulators like CR1, CR2, CR3, CR4, CRIg, Factor H, Factor H- 

like protein 1 (FHL-1), CD46 and CD55 negatively regulate C3 convertases, C3 and its 

cleaved products, while properdin is the only positive regulator stabilizing the alternative 

pathway C3 convertase [88]. Allelic variants of CR1 determine its binding affinity to either 

C4b or C3b, and even C1q, ficolins and MBL [89]. Acting as a co-factor to Factor I, CR1 

purveys the degradation of C3b to iC3b and subsequently generates the ligand for CR2, 

which is C3c, whereby the presence of CR1 receptor on erythrocytes has a role in relaying 

bound opsonized antigens to phagocytes [90]. On the other hand, when an opsonized antigen 

engages with a B-cell receptor, the co-stimulatory activity conferred by CD19 in conjunction 

with CR2 bolsters the downstream signaling cascade [91]. Therefore, what emerges is not 

only an apparent regulatory activity of these “regulators” as such, but a range of functions 

which shape our immune responses through the collusion of the innate and the adaptive 

immune system. A more literal regulation is meted out on the C5 convertase targeted by 

CFHR1, while the terminal pathway is similarly under the control by cell surface expressed 

CD59 as well as humoral regulators like vitronectin and clusterin [88].  

Anaphylatoxins generated due to complement activation exert their effect/s by binding to 

their cognate receptors, which can be more than one, and which also help in clearing the 

circulatory load of these anaphylatoxins. C3a binds to C3aR, C5a binds to C5aR1 an C5aR2, 

though there is considerable promiscuity observed in the binding affinity of these 

anaphylatoxins. Apart from C5aR2, both C3aR and C5aR are G-protein coupled receptors.  
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Enzymes like carboxypeptidases rapidly target anaphylatoxins to cleave the C-terminal 

arginine residue and form C3a-desArg and C5a-desArg, which inactivates their potency, 

though even desarginated anaphylatoxins can bind to receptors. The pleiotropic functions of 

the complement anaphylatoxins encompass not only the activity of innate immune cells, but 

adaptive immune cells as well. C3a, while inducing an inhibitory effect on neutrophil 

chemotaxis and secretion [92;93] not only function through its cognate C3a receptor (C3aR) 

but has also been shown to bind with C5a receptor 2 (C5aR2) (formerly known as C5L2), 

which can bind to its desarginated form as well [94;95]. Effector function of C3a binding to 

C3aR causes degranulation of mast cells, eosinophils and basophils and also triggers induced 

T-reg (iTreg) generation concomitantly enhancing proinflammatory responses [96]. Among 

recently reported functions, C3a recruited monocytes have some regenerative potential on 

skeletal muscle after injury [97] and also in inducing type-II response generation in innate-

like lymphoid cells on mucosal surfaces [98]. With the affinity for C5aR1 being 100-times 

more in case of C5a compared to C5a-desArg, a wide range of effector responses are induced 

by C5a in innate as well as adaptive immune cells. Overall, C5a potentiates recruitment of 

granulocytes and their functions [99;100;100], upregulates receptors on professional antigen 

presenting cells, enhances secretion of cytokines, and can also induce effector T-cell 

phenotype [101;102].  

 

Consumptive complementopathy is a classic outcome in the due course of sepsis as indicated 

by higher circulatory levels of complement activation products and correlated with poor 

prognosis [103-105]. Complement blockade has proven to be protective in experimental 

models of sepsis as well, improving survival outcomes and parameters like leucocyte count, 

coagulation function, attenuation of inflammatory markers and recruitment of immune cells 

to organs [106-110]. Learning about the ubiquity of the complement system has gained 

considerable momentum in the last few years. Its homeostatic role in various organ systems 

has bolstered the fact that apart from acting as a quick responder during infection and injury, 

the complement has far more intricate activities. 

  

 

 

 

 

 



12 
 

1.4 Complement System in the gut- known and unknown caveats 

 

In 1998, Wang and colleagues showed that endotoxemic insult with 250 µg of LPS to mouse 

recipients resulted in enhanced C3 expression in enterocytes and lamina propria cells [111]. 

But this was not the first report of its kind. Way back in 1966, the first concrete evidence of 

complement factor synthesis was shown in vitro, using small intestines of guinea pigs and 

radiolabeled amino acids, and the expression of C1 was unequivocally demonstrated [112]. 

Subsequent evidence started to build up [113], even iterating the expression of hemolytically 

active C1 by human intestinal colonic epithelial cells, but not in the jejunum, stomach, liver, 

lungs spleen and thymus [113;114]. Here on, the attention to investigate complement factor/s 

expression as well activity in the intestine oriented more towards chronic inflammatory 

diseases ravaging the intestinal tissue. As shown by a study in Crohn’s disease patients with 

disease considered to be limited to the terminal ileum, s complement was not seeping into 

the intestinal lumen due to barrier damage. [115]. Significantly higher levels of C4 and C3 

were found in fluids from the jejunum, and the authors concluded, that a systemic impact 

could affect local expression of complement into the intestinal lumen [115]. Subsequently, 

this “claim” was countered by another study characterizing expression of C3 by intestinal 

crypts in Crohn’s disease patients [116]. As any paradigm in development, contradictions 

and evidence have opposed each other in this developing concept as well. Celiac disease 

patients have shown C3 deposition in jejunal mucosa [117]. When Gallagher and colleagues 

endoscopically obtained small intestinal biopsies, they found high C3 staining in patients 

with celiac disease, with the Brunner’s gland of those patients staining for both C3 and C5b-

9 [118]. The authors surmised that these findings were indicative of complement factors 

extravasating from the systemic circulation to the local site. Not only in ulcerative colitis, 

activated complement fragment C3b was found deposited on the mucosal, submucosal and 

muscularis mucosal surfaces and epithelial surfaces from resected colon and terminal ileum 

of Crohn’s disease and ileitis patients [119;120]. Expression of C3 and Factor B was shown 

in the crypts of normal colonic epithelia, with higher expression in the event of 

adenocarcinomas and loss of the polarized expression otherwise seen in healthy tissues 

[121].  

A deluge of data still supports and reports the expression of complement factors in the 

context of chronic inflammatory disease with little insight into the relevance of these factors, 

its mechanistic evaluation or its role in the setting of acute infection [118;122-126]. Often a 

common statement is made at the end of these studies; “complement plays a role in….” such 
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and such model of inflammatory bowel diseases. However, explicit answers to “what role?” 

and “how?” are still missing. Additionally, what also remains indefinite is whether 

enterocytes and its different subtypes of cells can express complement factors themselves, 

while actively secreting in the intestinal lumen, and if such an activity is subject to varying 

conditions.  

Seminal reports have begun emerging carrying the answers to few of those questions. For 

example, a model of C3 deficient mice immunized through oral administration of ovalbumin 

(OVA) showed decreased response to OVA injection, alluding to complement’s role in 

induction of tolerance through the intestine [127]. The presence of the mucosal immune 

system, integrated with the absorptive enteric epithelia provides the ground where active 

immune responses are shaped in sampling antigens, evading unwarranted inflammatory 

responses, and inducing tolerance. A common product of digestion of dietary fibres, 

butyrate, was shown to enhance C3 and inhibit factor B synthesis in T84, HT-29 and Caco-

2 cell lines in the presence of TNF-α [128]. The same group reiterate on this observation, by 

proving that intestinal epithelial cells are not only sources of C3, C4 and factor B, but this 

C3 and C4 can mount hemolytic activity as well [129]. Expression of C3 was increased in 

the Caco-2 cell line upon IL-1β and TNF-α stimulation, for C4 with IL-6 and IFN-γ 

stimulation and for factor B with IL-6 and IL-1β stimulation [129-131].  These stimulatory 

cytokines are of clinical relevance as they are highly expressed in the event of SIRS and 

sepsis. Subsequent studies have also delved into discovering novel roles of complement in 

the intestine. For example, intestinal epithelial cell lines have been shown to have a distinct 

function of C5a, as T84 cells express both its cognate receptors C5aR1 and 2, functions 

through the ERK pathway and loosens the barrier through the effect of increased IL-8 

expression [132]. Another study evaluated publicly available dataset for gene expression 

studies from murine intestines owing to various antigenic challenges and found complement 

pathway regulation to be altered the most [133]. When an organoid system was used to 

investigate the effect of flagellin, TNF-α and PPARα challenges, TNF-α induced significant 

increment in C2, C3 and factor I expression [133].  

 

The need here directs towards a more composite understanding of the role the complement 

system plays in the intestine, more so, in the intestinal lumen, where a gel-like mucus barrier 

which also harbors an eclectic variety of commensal microbes. Secondly, most studies have 

focused on analyzing the large bowel in vivo, whereby seldom attention has been given to 

the small intestine. This skewed approach renders incomplete description of the exact role 
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the complement system in the intestine, which may be differ spatially. But first, one needs a 

comprehensive overview of the intestinal mucosal immune system.  

 

 

1.5   Organization of the intestinal mucosal immune system 

 

Mucosal surfaces are highly active grounds of secretory and absorptive functions. The 

gastrointestinal, respiratory and the urogenital systems together offer a vast scope of 

interaction between the external and internal environments, in the form of the ingested food 

and inspired air for example. These surfaces open possibilities of various agents to interact 

with these interfaces, which can quite often be harmful microbes. This necessitates the 

mucosal surface to act as a defensive physical barrier. They are endowed with an integrated 

mucosal immune system [134], offering humoral and cellular responders engaged in 

immunosurveillance, assessing and sampling antigens and containing any untoward immune 

response.  

 

The elegant architecture of the intestinal mucosa indicates at the multifaceted role it plays 

apart from absorbing digested nutrients. The multilayered intestine is composed of different 

subtypes of cells, the frontlines of which are composed of columnar epithelial cells. Forming 

villous structures which highly increase the absorptive surface area, these vascularized 

finger-like projections are 0,5 to 1 mm in length with 10-40 villi populating each mm2 of the 

small intestine. One each, of the arterial, venous and lymphatic capillary branches 

vascularize a villus, which aid in assimilation of digested nutrients through their absorptive 

transport. Each villus is surrounded by multiple invaginations termed as crypts, which are 

lined by intestinal stem cells and Paneth cells (Fig. B). Crypt base columnar cells are stem 

cell niches which proliferate and successively move upward along a villus giving rise to 

several subtypes of intestinal cells, like, enterocytes, enteroendocrine cells, goblet cells, tuft 

cells, Paneth cells and M-cells. Once reaching the villus tip, each mature cell undergoes 

apoptosis and is shed off every 3 to 5 days. On the other hand, the colon lacks these villous 

structures, consists of only crypts, does not have Paneth cells and has an inner attached and 

an outer loose mucus layer.  Goblet cells synthesize and secrete mucins which form a gel-

like thick layer covering the apical side of the epithelial cell layer in the small as well as 

large bowel. Extending protective function to maintain the intestinal stem cell, Paneth cells 

secrete antimicrobial peptides and lysozymes, expediting protection of progenitor cells 
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within the crypts. Enteroendocrine cells are involved in sensing nutrients and generating gut 

hormones [135]. Tuft cells are chemosensory cells, which synthesize and secrete IL-25 to 

activate ILC2 cells [136].   Microfold cells (M-cells) are specifically found sitting on top of 

the subepithelial dome (SED) of Peyer’s Patches and they sample intestinal microbes by 

transcytosing bacteria to underlying dendritic cells (Fig. B).  Further, antigen presentation to 

lymphocytes and activation of B-cells within the lymph nodes cater to the generation of 

adaptive immune responses which results in the generation of soluble IgA (sIgA). B-cells 

which outnumber T-cells in the germinal centers of Peyer’s Patches are conducive 

microenvironments to induce expansion of antigen specific IgA+ B-cells [137-141]. The 

transport of the IgA secreted from these B-cells to the luminal side of  

the intestine occurs with the help of an antibody transporter a polymeric Ig receptor (pIgR) 

which is expressed on the basolateral side of the enterocytes [142]. This secreted IgA 

therefore helps in neutralizing microbes, sterically hindering it to bind with epithelial 

surfaces and in the uptake of antigens by M-cells as well as DCs. A study conducted with 

murine cells showed that CD11c+ and CD11b+ DCs specifically isolated from intestinal 

Peyer’s Patches were capable of internalizing sIgA while CD11c+ CD19+ DC only bound it 

to the surface and did not internalize it [143].  Furthermore, M-cells were also shown to 

express a special receptor to bind with sIgA [144]. Yet, apart from all these “self-cells”, the 

intestine is inhabited by microbes. The diversity of microbes in the intestine could be ones 

which are indigenous, termed as autochthonous microbes, while those which are not are 

termed as allochthonous microbes. In a study, Eckburg et al., provided with a first of its kind 

complete analysis of all known and unknown microbial species inhabiting the large  

intestine from the 6 following portions: cecum, ascending colon, transverse colon, 

descending colon, sigmoid colon, and rectum [145]. 80% of the bacterial species obtained 

from these mucosal samples were of unknown species. On the other hand, the diversity in 

the proximal intestine is less, though commensals present in this portion have a crucial role 

to play in mediating nutrition absorption across the enterocytes apart from determining the 

kind of microbes which would inhabit therein [146]. The small intestine is interspersed with 

Peyer’s Patches, which are active hubs of shaping immune responses. Peyer’s Patches, also 

known as follicle-associated epithelium (FAE), are dome shaped follicles harboring 

macrophages, professional antigen presenting cells (APCs) like dendritic cells (DC), CD4+ 

T-cells, CD8+ T-cells and B-cells. The apices of these domes are lines by M-cells, which 

actively participate in transcytotic activities of antigens and microbes, relaying them to APCs 

for processing and presentation of antigens to T-cells. These M-cells have a different 
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appearance to enterocytes; they lack the typical villi, their surface thrown into characteristic 

microfolds (short-fold invaginations) instead. Their broad basal end establishes intimate 

contact with the underlying DCs and lymphocytes. It is also hypothesized that terminal 

fucose residues emanating from the surface glycoproteins of M-cells help in the reduction 

of electrostatic repulsion of luminal microbial particles [147]. This same study also showed 

that bacterial endocytosis was increased in Caco-2 cell lines deficient of microvilli and 

inversely correlated with the surface charge of the particles i.e., more positive the surface 

charge, lesser the adherence to the epithelial cells [147]. Interestingly, the presence of M-

cells is not the functional monopoly of the intestine alone and the airway has been shown to 

harbor similar cells performing similar functions [148-151]. Furthering characterization of 

this respiratory M-cell, a study elucidated that like intestinal M-cells, induced bronchus 

associated lymphoid tissue (iBALT) expressed M-cells similarly staining common M-cell 

markers like GP2, RANK and Tnfaip2 [152]. The first described uptake of bacteria by nasal 

M-cells were made in the year 2011 [150].  

Taking together all the existing evidence at hand, we find that microbial particle and antigen 

uptake has a wide range of effects modulating intestinal homeostasis. The function of antigen 

delivery has also been associated with the non-follicle associated mucin secreting goblet 

cells [153;154]. In this regard, a seminal study took to describing the mechanism underlying 

such goblet cells where, mucus growth in the colon was significantly enhanced upon 

treatment with ligands for TLR2, TLR4 and TLR5 [155]. This was mediated by a specific 

group of sentinel goblet cells which take up antigens in a gap junction and Ca2+ dependent 

manner [155].  The function of the TLR signaling repertoire is not limited to just that. 

Deficiency of MyD88 in mice, an adaptor molecule transducing all TLR signaling repertoire, 

resulted in heightened intestinal bleeding upon 2% DSS treatment, caused not due to 

infiltrating leukocytes but due to lack of proliferative cells in the crypts [156].  
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Fig. 2. The small intestine. The small intestine is thrown into characteristic folds, called villi, 

which are lined by various subtypes of intestinal epithelial cells. Arising from the proliferation of 

intestinal stem cells, these cells acquire various functionality and therefore mature into 6 types of 

cells- enterocytes, goblet cells, Paneth cells, enteroendocrine cells, tuft cells and M-cells. A single 

loosely attached mucus covers the apical side of the villi. The intestinal microbiota is not as diverse 

as found in the large intestine. Special lymphoid follicles are found in the intestine, known as 

Peyer’s Patches, where lymphocytes are actively involved in local immunosurveillance associated 

responses. Image prepared by self.      
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Here one may guess that the polarity of enterocytes determines the surface where TLRs are 

expressed on enterocytes. TLR2 and TLR9 are expressed on the basolateral as well as apical 

side and TLRs 4, 3 and 5 expressed on the basolateral side [157]. Therefore, the direction of 

stimuli perceived, either in the form of inflammatory cytokines or as ligands of cognate 

TLRs are likely to elicit responses in the homeostatic upkeep of the intestinal environment.  

 From the presence of mesenteric lymph nodes to isolated lymph nodes scattered through the 

length of the intestine, the gut deeply invests into deploying its lymphoid tissues to generate 

immune responses. Hence, it is justified to presume if a spatial resolution of these responses 

Fig. 3. The large intestine. The large intestinal epithelial surface does not contain villi. It is 

characterized by 2 layers of mucus; an inner layer which is attached wo the epithelial surface and 

an outer loose layer. The microbial diversity and number within the large intestinal lumen are 

higher. The epithelial lining is decked with all types of cells otherwise found in the small intestine, 

except the Paneth cells. Image prepared by self.     



19 
 

is characteristic of the local environment. A pertinent study in this regard aimed at 

characterizing if gut draining lymph nodes mount “compartmentalized” responses in 

different portions of the small and large bowels [158]. Esterhazy et al., reported that indeed, 

the adaptive immune responses shaped in different portions of the intestine were different, 

with a tolerogenic response in the proximal portions and proinflammatory responses further 

distal along the length of the intestine [158]. Precedence set by available literature so far 

have not voluntarily addressed the fact that depending on the site of the intestine, an innate 

immune response may vary. Moreover, what is also missing is a clear description of prior 

innate immune responses, be it in healthy or in the diseased state, that might drive these 

immune responses locally in the gut.  

 

 

1.6 Effect of sepsis on the gut 

 

Only one reported study has investigated the effect of endotoxemia in a murine experimental 

setting and its effect on intestinal immunological responses. LPS treated male Wistar rats 

were tested for proinflammatory cytokines and sIgA in the mucus and the number of M-

cells, CD4+ T cells, CD8+ T cells and Treg cells from the Peyer’s Patches were analyzed 

[159]. M-cells, DCs and IgA+ B-cells were significantly decreased at time-points 2, 6, 12 

and 24 hours after LPS-treatment [159]. This study, with all its inherent demerits, lacked a 

suitable explanation as to why these changes were observed. In the context of gut associated 

changes post experimental sepsis, studies do not provide clear explanation/s on the causality 

of the local events generated in the intestine. Examples of such studies are: LPS treatment 

or CLP-sepsis in rats have reduced amino acid absorption [160]; increased intestinal 

permeability due to tight junction alteration in mice with CLP as well as when infected with 

Pseudomonas aeruginosa [161]; reduced expression of polo-like kinase 1 (PLK1) 

expression due to LPS reducing enterocyte proliferation [162]; absence of a G-protein couple 

receptor GPR109A worsening survival time in CLP treated mice [163]; and the recuperative 

effects of blocking P2X7 receptor [164], effects of  antimicrobial cathelicidin [165] and 

intravenous injection of tranexamic acid in rescuing sepsis mediated intestinal barrier 

function [166]. Additionally, there is no study at hand which has explicitly attempted to 

investigate the intestinal microenvironment and the immune responses generated locally 

after sepsis. As SIRS induces high circulatory levels of proinflammatory cytokine, these can 

stimulate enterocytes from the basal end, apart from increasing its secretory activities. The 
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common agent of inducing endotoxic shock, LPS, has been shown to mediate intestinal stem 

cell apoptosis by binding to crypt expressed TLR4 and initiating a downstream signaling 

cascade involving TRIF and PUMA [167]. Organoids have also proved to be instrumental 

in vitro tools in this regard, where they have helped to prove that colonospheres and 

colonoids can themselves secrete IL-8 and TNF-α upon stimulation with flagellin but not 

with LPS, lipoteichoic acid (LTA), Pam 2CSK4 and Pam3CSK4 though colonic epithelial 

cells are known to express TLR2 and TLR4 [168]. Therefore, apart from intestinal immune 

cells, intestinal epithelial cells are also actively involved in immune response mediation.  

What remains to be understood are- how the intestine perceives a systemic infection and 

responds to it locally if such alterations involve upregulation of innate immune factors and 

how these factors sensitize the intestinal environment with a tailored immune response. It is 

also not known if the recognition and uptake of microbial particles in the intestinal lumen 

require other humoral factors apart from sIgA to facilitate its transport through antigen 

sampling cells, especially in the context of sepsis. Another intervening biology which could 

crucially alter these local immune responses in the intestine are the digestive proteases. 

Zymogens of enzymes, namely trypsinogen, chymotrypsinogen, procarboxypeptidases and 

proelastase are synthesized by the pancreas and drained into the duodenum. Enterokinase, 

an enzyme specifically generated by the enterocytes of the duodenum and proximal jejunum 

enzyme, cleaves trypsinogen to trypsin, which further cleaves chymotrypsinogen, 

procarboxypeptidases and proelastase to chymotrypsin, carboxypeptidases and elastase, 

respectively.  A developing paradigm has taken the task of describing a phenomenon, 

currently named as “autodigestion hypothesis” [169]. According to this hypothesis, 

pancreatic proteases in the intestine are increased in the event of SIRS, which percolates into 

the systemic circulation through intestinal barrier damage. In an experimental model of 

ischemia/reperfusion of male Wistar rats, treatment with serine protease inhibitor was shown 

to attenuate systemic and local organ inflammation [170]. Additionally, this study also 

figured out an “activator” within the intestine, which could activate naive leukocytes, and 

the activity of which increased in the presence of trypsin in a dose- and time-dependent 

manner [170]. Eventually, a follow-up report could not clearly identify this “activator” in 

question, or if more than one activator is involved [171]. Altshuler et al., showed that 

blocking proteases transmurally in the intestine were protective in the event of hemorrhagic 

shock as well [172] and in a later study, a peptidomic profiling performed to test plasma 

samples from septic shock patients showed high circulatory chymotrypsin activity [173]. 

This meant that the pervasive nature of these proteases enhanced during any form of SIRS, 
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being imminent culprits in provoking systemic and local inflammatory cascades. The fact 

that the intestinal epithelium could synthesize a few complement factors tempts one to 

explore if the complement cascade could have any role to play as the yet unidentified 

“activating factor” within the intestine. Moreover, the secretory activity of the various 

intestinal epithelial cells makes the luminal content, i.e., the mucus, a suitable target to be 

investigated for these factors. This offers the possibility to explore the previously described 

observation of complement factors within the intestine.  
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1.7 Aims and objectives 

 

An increasingly evident role of the complement system within the intestine warrants further 

investigation, especially in the context of acute SIRS. Therefore, I proposed the hypothesis 

that secreted complement factors may vary within the intestinal lumen after sepsis. To this 

effect, the project aimed to compare mucus samples from the small intestine of healthy, 

sham- operated and CLP-sepsis mice to answer the following questions: - 

 

 

 

Fig. 4. Graphical summary of aims and objectives. To investigate complement factors within 

the small intestine, six pertinent questions were asked within the presented thesis. A graphical 

representation of the small intestine here enumerates these questions in the intestinal luminal 

interface. Further, these questions will also be addressed from the proximal to the distal portions 

of the small intestine. Image prepared by self.    
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1) Can complement factors be detected in mucus obtained from the small intestine? 

2) Is there differential generation of complement anaphylatoxins, C3a and C5a, in sham 

operated and CLP-sepsis mice? 

3) Can these mucus lysates be tested for complement activity? 

4) Does healthy mouse mucus have C3a, C5a and can it be tested for complement 

activity? 

5) What is the source/s of these complement factors? 

6) Can digestive proteases cleave C3 and C5 into anaphylatoxins?  

 

This thesis also evaluated another overarching factor, the spatial resolution of the 

complement factors from the proximal to the distal end of the small intestine, and the 

respective variations which take place after sepsis.  
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2. Materials and Methods 

2.1 List of materials  

 

Method Name Material name Product 

number 

Company Region/Country 

1. CLP-sepsis Sevoflurane Zul. Nr. 

34054.00.00 

Abbvie Wiesbaden, 

Germany 

 Buprenorphine Zul. Nr. 

997.00.00 

Movianto Neunkirchen, 

Germany 

 Jonosteril Zul. Nr. 

6100285.00.00 

Fresenius Bad Homburg, 

Germany 

 21G needle 15765850 Medipha GmbH Geislingen an der 

Steige, Germany 

 Silkam 5.0 C0266639 B. Braun Melsungen, 

Germany 

 Vicryl 4.0 V310H Johnson-Johnson Neuss, Germany 

 Ethilon II 4.0 EH7270H Johnson-Johnson Neuss, Germany 

2. Mucus 

processing 

Halt protease 

inhibitor 

78429 ThermoFisher 

Scientific 

USA 

 Dulbecco’s 

Phosphate 

Buffered Saline 

14190-094 Gibco Carlsbad, 

California,USA 

 Hank’s balanced 

salt solution 

14175-053 Gibco Carlsbad, 

California,USA 

3. ELISA Mouse C1q LS-F8963 LifeSpan 

BioSciences 

USA 

 Mouse C4 LS-F20751 LifeSpan 

BioSciences 

USA 

 Mouse Factor B LS-F5963 LifeSpan 

BioSciences 

USA 

 Mouse Factor D DY 5430 R&D Systems Minneapolis, 

USA 

 Mouse Factor H LS-F4381 LifeSpan 

BioSciences 

USA 

 Mouse C3b MBS 706977 My BioSource USA 
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Method Name Material name Product 

number 

Company Region/Country 

 Mouse MAC 

 

LS-F22262 LifeSpan 

BioSciences  

USA 

 

 Mouse C5a 

 

DY2150 

 

R&D Systems 

 

Minneapolis, 

USA 

 Mouse Mucin 2 LS-F12101 LifeSpan 

Biosciences 

USA 

 Purified Rat 

anti-mouse C3a 

monoclonal 

capture antibody 

558250 

 

BD Pharmingen 

 

USA 

 

 Biotin Rat anti-

mouse C3a 

558251 

 

BD Pharmingen 

 

USA 

 Recombinant 

mouse C3a 

8085-C3 

 

R&D Systems 

 

Minneapolis, 

USA 

 Human 

C3adesarg 

 

A301 

 

Quidel Microvue 

 

USA 

 Human C5a EIA-3327 DRG 

Instruments 

Gmbh 

Marburg, 

Germany 

 BD OptEIA 

Reagent A 

51-2606KC BD Pharmingen USA 

 

 BD OptEIA 

Reagent B 

51-2607KC BD Pharmingen USA 

 

4. 

Complement 

activity assays 

Mouse Classical 

Complement 

Pathway Assay 

HIT420 

 

Hycult Netherlands 

 Mouse 

Alternative 

Complement 

Pathway Assay 

HIT422 Hycult Netherlands 

5. Alternative 

pathway 

activity 

LPS from E. 

Coli (purified by 

phenol 

extraction) 

L2880-10MG 

 

 

Sigma Aldrich 

 

 

Missouri, USA 

 Bovine serum 

albumin 

 Sigma Aldrich Missouri, USA 

 Complement C3 

Antibody 

(11H9) 

NB200-540 

 

Novus 

Biologicals 

Wiesbaden 

Germany 
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Method Name Material name Product 

number 

Company Region/Country 

 Gt X Rat IgG 

HRP 

AP136P 

 

EMD Millipore Mannheim, 

Germany 

 Sodium Citrate 

dihydrate 

W302600-

1KG-K 

Sigma Aldrich 

 

Missouri, USA 

 ABTS 11204521001 

 

Roche Diagnostics USA 

 

 H2O2 solution 

30% solution 

PZN 

07284650 

Otto Fischar 

Gmbh 

Saarbrücken, 

Germany 

6. Classical 

pathway 

activity 

Chicken 

ovalbumin 

A5378-5G Sigma Aldrich 

 

Missouri, USA 

 Anti-OVA 

antibody 

AB1225-

100µL 

EMD Millipore Mannheim, 

Germany 

7. C5 and C3 

Cleavage 

Experiments 

Bovine 

pancreatic 

protease 

P4630-

250MG 

 

Sigma Aldrich 

 

Missouri, USA 

 Mucin from 

porcine stomach 

M2378-100G Sigma Aldrich 

 

Missouri, USA 

 Native Human 

C3 

A401 

 

Quidel 

 

USA 

 C5 purified 

human 

complement 

protein 

A120 Complement 

Technology Inc. 

USA 

8. Protease 

activity assay 

EnzChek™ 

Protease-Assay-

Kit 

E6638 ThermoFisher 

Scientific 

USA 

9. Charge 

changing 

peptides 

Ac-Asn-Asp-

Ala-Gly-Ser-

Val-Ala-Gly-

Ala-Gly-Lys-

NH2 acetate salt 

Order #9307 

CP-L-47453-4 

aappTec USA 

 Ac-Asn-Asp-

Gly-Asp-Ala-

Gly-Arg-Ala-

Gly-Ala-Gly-

Lys-NH2 acetate 

salt 

 

 

 

Order #9307 

CP-L-47453-2 

aappTec USA 



27 
 

Method Name Material name Product 

number 

Company Region/Country 

 Ac-Asn-Asp-

Gly-Asp-Ala-

Gly-Tyr-Ala-

Gly-Leu-Arg-

Gly-Ala-Gly-

ethylenediamine 

acetate salt 

Art no. 

4145127 

Bachem Bubendorf, 

Switzerland 

 BDP-FL NHS 

ester, green 

emitting 

fluorescent dye 

ab146451 Abcam Cambridge, UK 

 Dimethyl 

Sulfoxide 

D2650-100mL Sigma Aldrich Missouri, USA 

 20% TBE Gel EC63155BOX Invitrogen California, USA 

 10X TBE 

Electrophoresis 

Buffer 

B52 Thermo 

scientific 

Vilnius, 

Lithuania 

10. Immuno-

fluorescence 

staining 

ImmEdge 

Hydrophobic 

Barrier Pen  

VEC-H-4000  Vector (Biozol) Chicago, IL, 

USA 

 Normal goat 

serum 

005-000-121 

  

Jackson 

ImmunoResearch 

Pennsylvania, 

USA 

 TritonX-100 6683.1   Carl Roth Germany 

 Donkey anti-

rabbit 647nm 

A31573 

  

Invitrogen California, USA 

 Goat anti-mouse 

488nm 

A11001 

  

Invitrogen California, USA 

 ProLong Gold 

Antifade 

Mountant 

P36930 

  

Thermo Fisher 

Scientific 

Massachusetts, 

USA 

 Tissue-Tek 

O.C.T. 

Compound 

 

 

 

4583-600001 

  

Sakura Finetek Germany 
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Method Name Instrument/Software 

name 
Company Region/Country 

Absorbance 

measurement 
SunriseTM Microplate 

reader 
TECAN Switzerland 

Fluorescence 

measurement 
Fluoroskan Ascent 

Fluorometer 
Thermo Scientific  Im Heiligen Feld, 

Germany 

Fluoresence gel 

imager 
Amersham Imager 

680 blot and gel 

imager 

Cytiva (formerly 

GE Healthcare 

Life) 

Washington D.C., 

USA 

TBE Gel running XCell SureLock 

Mini-Cell 

Electrophoresis 

System 

ThermoFisher 

Scientific 

Massachusetts, 

USA 

Homogenization UltraTurrax T25 basic IKA®-Werke 

GmbH & Co. KG 
Germany 

Sonicator Bandelin Sonoplus BANDELIN 

electronic GmbH & 

Co. KG 

Berlin, Germany 

Image analysis Amersham Imager 

software 

Cytiva (formerly 

GE Healthcare 

Life) 

Washington D.C., 

USA 

 iMIC digital 

microscope 

FEI Munich Gräfelfing, 

Germany 

 Live Acquisition 2.6  FEI Munich Gräfelfing, 

Germany 

 ImageJ National Institutes 

of Health 

USA 

Statistics SigmaPlot 14 Systat Software Inc USA 

Citation and 

Reference 

Reference Manager 

12 

Thomson Reuters Canada 
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2.2 Methods 

 

2.2.1. Animal experiments: All animal experiments were performed after obtaining full 

permission of the Regierungspräsidium Tübingen (approval number 988). (For animals in 

SETs1-3) 10-12 weeks old C57Bl6 male mice were assigned to the following groups: 

healthy, sham surgery and cecal ligation puncture (CLP-sepsis). CLP-sepsis mice underwent 

the following procedure: Anesthesia was induced in mice using sevoflurane narcosis and 

analgesia was induced by subcutaneously injecting Buprenorphine (0,05mg/kg of 

bodyweight). The mouse was placed on a temperature-controlled heat-pad in supine position. 

The abdominal region was cleaned with 70% ethanol and then shaved. A mid-lateral 1-1.5 

cm incision was given on the abdomen, the peritoneum was incised, and the cecum was 

secured from within the peritoneal cavity. To induce midgrade sepsis, a ligation was applied 

about 2/3rds from the distal end of the cecum, after which a through and through perforation 

with a 21G needle was given without perforating the local blood vessels. Through these 

perforations, a small amount of stool was pressed out, and then the cecum was placed back 

into the peritoneal cavity. After suturing the peritoneal lining, the the abdomen was sutured. 

1mL of Jonosteril was subcutaneously injected to account for loss of fluids. Narcosis was 

stopped and the animals were put back into their cage.  

For sham animals, only the peritoneal incision was provided followed by sutures to the 

peritoneal lining and the skin of the abdomen. No procedure was performed on healthy 

animals prior to sacrifice through cardiac puncture mediated exsanguination. Sham and CLP 

animals were sacrificed after 24 hours. After sepsis, harvesting of jejunum mucus was 

standardized, and therefore 4 separate studies were used in total.  

SET4- All animal experiments were performed after obtaining full permission of the 

Regierungspräsidium Tübingen (approval number 1255). The animal groups and group sizes 

were as follows; Healthy mice (n=5); sham operated (n=5), CLP-sepsis (n=4). Jejunum 

mucus samples as explained in SET3 were harvested from jejunum, stored, and processed 

as explained in SET3. SET4 CLP- The animal procedure for this set was performed by Mrs. 

Ina Lackner from the group of  Prof. Miriam Kalbitz to whom we are grateful for the mucus 

samples. The procedure followed was as follows: The mouse was first anesthetized with 

Ketamine/Xylazine (Ketamine 12,5 mg/ml, Xylazine 2,5 mg/ml) and injected 

subcutaneously with Buprenorphine as an analgesic (0,05 mg/kg of bodyweight). After 
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ensuring complete narcosis, the abdomen was shaved, disinfected with 70% ethanol and an 

incision was applied with a scalpel. The peritoneum was cut with a scissor and then the 

cecum was carefully taken out. A ligation was applied with a 4.0 Ethicon thread after the 3rd 

vessel in the cecum. A through-and-through puncture was applied using a 22G needle, a 

small amount of stool was pressed out, after with the cecum was put back into the peritoneum 

the incision sutured along with the skin with 3 stitches. It was ensured that no stool 

contaminated the wound.  After the surgery, 1 mL of NaCl was injected subcutaneously as 

fluid replacement. Mucus and respective jejunum tissues were obtained as described for 

SET3. 

 

 

2.2.2. Mucus and tissue homogenate preparation: 4 separate CLP studies were performed, 

differing in the manner mucus samples were obtained, treated and used. These groups have 

been separately named as: 

 

 SET1: Sham/ CLP surgery was performed as explained in “Animal Experiments”. The 

group size was n=10. Glass slides were prepared by lightly moistening the smooth surface 

of the slides with 50µL of DPBS (w/o Ca2+ and Mg2+; Gibco, unless mentioned otherwise). 

Mucus sample was obtained from a random portion of the jejunum. Harvested portion of 

jejunum was first flushed with ice-cold DPBS to expulse undigested food and stool. The 

jejunum portion was then laid on the smooth side of a clean glass slide, cut open using scissor 

and forceps, to expose the luminal side containing the mucus. A coverslip was then used to 

gently scrap the surface of mucus, ensuring as much mucus recovery as possible in a 2mL 

tube (Eppendorf). The leftover jejunum tissue was immediately frozen in a 2mL tube in 

liquid nitrogen and finally stored at -80oC fridge. The collected mucus was kept on ice until 

it was centrifuged at 16,000 x g, for 15 minutes at 4oC. The supernatant was aspirated, 

protease inhibitor cocktail (Thermo Fisher Scientific; dilution 1:100 unless mentioned 

otherwise) was added and stored in a tube in -80oC. The remaining pellet was also stored at 

-80oC. 250 mL of ice-cold DBPS (Gibco) containing protease inhibitor cocktail was first 

added to each pellet sample, and then they were processed by sonicating twice (Bandelin 

Sonoplus), each round comprising of 5 pulses at 65% power, avoiding foaming as much as 

possible. Samples were always kept on ice during sonication. After sonication, samples were 

centrifuged at 16,000 x g, for 15 minutes at 4oC, the supernatant was collected, protease 

inhibitor was added and stored in -80oC fridge. Tissue samples were first homogenized, and 
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then sonicated as described above. After homogenization/sonification, the samples were 

centrifuged at 16,000 x g, for 15 minutes at 4oC, the supernatant collected and stored in -

80oC fridge.  

 

SET2- Sample collection and processing were modified in this study. Sham/ CLP surgery 

was performed as explained in “Animal Experiments”. The group size was n=6. Randomly 

selected one proximal jejunum portion (named as “sham mucus 1” or “CLP mucus 1”) and 

one distal jejunum portion (named as “sham mucus 2” or “CLP mucus 2”) were selected, 

harvested and mucus was separated as explained in SET1. Immediately after collecting this 

mucus in 2mL round bottomed tube, the sample was stored in liquid nitrogen and then in  

-80oC fridge. To process the samples, 300mL of ice-cold DPBS was added to each mucus 

sample, sonicated and centrifuged as explained in SET1. The supernatant was collected and 

50µL aliquots were retrieved in two separate group of tubes; 3 tubes containing protease 

inhibitor cocktail and 3 tubes with no protease inhibitor cocktail. All these tubes were labeled 

and stored in -80oC fridge until further use.  

 

SET3- An n=6 animals were assigned to this set. Full length of the jejunum was obtained 

from healthy mice post-sacrifice and divided into 4 parts; proximal to distal named as- 

Upper proximal, lower proximal, upper distal and lower distal. Lower distal portion of 

the jejunum corresponds to right up to before the ileum (about 1-1.5cm above the ileocecal 

valve). After gently flushing each portion of the intestine with ice cold DPBS, they were 

placed on glass slides and mucus collected, frozen and processed as explained in SET2.  

 

2.2.3. Total protein estimation: Processed mucus and tissue samples were tested for their 

total protein content using the Pierce Bicinchoninic Acid Assay (BCA Assay, Thermo Fisher 

Scientific). A dilution of 1:50 and 1:100 was used for mucus and tissue samples respectively. 

Bovine serum albumin (provided with kit) standards were prepared with 2mg/mL as the 

highest volume with serial dilutions as follows; 1mg/mL, 500µg/mL, 250µg/mL, 125µg/mL, 

62.5µg/mL, 31.25 µg/mL and blank. 25 µL of standard and diluted samples were loaded in 

separate wells and in duplicates. Standards and samples were loaded in duplicates. Reagent 

A from the kit was mixed with Reagent B at 50:1 dilution and 200µL of this working reagent 

was added to the loaded standards and samples and incubated at 37oC for 20 minutes. The 

plate was then measured at 562nm with TECAN microplate reader. Standard curve was 
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generated with the obtained absorbance values after subtracting the average absorbance 

value of the blank. Total protein content was calculated from this generated standard curve. 

 

2.2.4. Mouse C3a ELISA: C3a in mucus and jejunum tissue homogenates were tested using 

a lab-established muse C3a ELISA protocol. C3a monoclonal capture antibody (Purified Rat 

anti-mouse C3a, BD Pharmingen, #558250) at 2µg/mL concentration was prepared in a 

phosphate buffer (pH 6.5; recipe in “Materials”), 100µL of which was used to coat Nunc 

Maxisorp ELISA plates, overnight at 4oC. The plate was washed 3 times with 300µL of 

ELISA wash buffer (recipe in “Materials”), then coated with assay diluent (1% BSA solution 

in DPBS) for blocking at room temperature for 1h. After washing the plate (3 times, 300µL 

wash buffer), the plate is tapped dry ensuring no residual fluid remains in the wells. 

Standards (C3a, R&D, #8085-C3) were prepared in the assay diluent with a starting 

concentration of 125ng/mL, and serially diluting as follows; 125 ng/mL, 62,5 ng/mL, 31,25 

ng/mL, 15,625 ng/mL, 7,8125 ng/mL, 3,906 ng/mL and 1,953 ng/mL. Healthy samples at 

1:40, sham/CLP mucus samples at 1:30 and jejunum tissue samples at 1:30 dilution were 

prepared in assay diluent. 100µL of blank, standards and diluted samples were added in 

duplicates and incubated overnight at 4oC. Next day, after washing the plate 3 times with 

300µL of wash buffer, monoclonal detection antibody (Biotin rat anti-mouse C3a, BD 

Pharmingen, #558251) at 1µg/mL concentration was prepared in the assay diluent, 100µL 

of which was added to each well and incubated for 2h at room temperature. After repeated 

wash step 3 times, streptavidin enzyme conjugate (BD Pharmingen) was diluted in assay 

diluent at 1:1500 concentration, and then 100µL of it was further added to each well and 

incubated for 1h at room temperature (this step onwards preferably in the dark). Substrate 

was prepared by diluting Reagent A (BD OptEIA; 51-2606KC) and Reagent B (BD OptEIA; 

51-2607KC) at 1:1 concentration and adding 100µL of this to each well for a further 30-

minute incubation at room temperature in the dark. The reaction is stopped by 50µL of 1N 

H2SO4 solution, and the plate is measured at a wavelength of 450nm.  

 

2.2.5. Mouse and Human ELISAs: Homogenized fractions of mucus samples (supernatant 

and mucus pellet) and jejunum tissue from animal SET1 were diluted as follows for the 

respective ELISAs which were performed as per manufacturer’s protocol. C5a ELISA for 

mouse (R&D Systems; #DY2150) was used to test homogenized jejunum mucus and tissue 

samples from animal SET3 in dilutions 1:10 and 1:90 respectively. The ELISA was 

performed following manufacturer’s protocol.  
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Mouse Mucin-2 ELISA (LifeSpan Biosciences; #LS-F12101) was performed with a working 

dilution of 1:50 with homogenized jejunum mucus samples collected from animal SET4.  

 

 

ELISAs for cleavage experiments with native human C3 and C5 were performed using 

Human C3adesarg (Quidel Microvue; # A301) and Human C5a (DRG Instruments Gmbh; 

#EIA-3327) with sample dilutions 1:20 and 1:150 respectively, following manufacturer’s 

protocol. 

 

2.2.6. Alternative complement pathway activity measurement: This protocol has been 

modified for mouse serum as explained previously for human serum samples [174]. Nunc 

Maxisorp plates were coated with LPS from E.Coli (Sigma Aldrich, #L2880) at a 

concentration of 40µg/mL and kept overnight at 4oC. Next day, the plate is washed 3 times, 

with 250 µL of washing buffer (recipe described in “Materials” section). The plate is then 

blocked with 60 µL of blocking buffer (1% BSA in DPBS), for 2 hours at room temperature. 

After blocking, the plate is washed again 3 times, standards (with normal mouse serum), 

standards/samples were prepared in requisite dilutions in blocking buffer and loaded at 50 

Name of ELISA (Company Name) Supernatant 

dilution 

Pellet 

dilution 

Tissue 

dilution 

C3b (My Biosource; # MBS 706977) 1:20 1:20 1:20 

Mouse C1q (LifeSpan BioSciences; 

#LS-F8963) 

1:20 1:25 1:500 

Mouse Factor D (R&D Systems;  

#DY 5430)  

1:20 1:200 1:1000 

Mouse Factor B (LifeSpan 

BioSciences; #LS-F5963) 

1:1000 1:50 1:1000 

Mouse C4 (LifeSpan BioSciences;  

# LS-F20751) 

1:200 1:5 1:200 

Mouse Factor H (LifeSpan 

BioSciences; #LS-F4381)  

1:20 1:5 1:200 

Mouse MAC (LifeSpan BioSciences; 

# LS-F22262)  

1:20 1:5 1:5 
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µL per well, in duplicates. After 1,5 hours of incubation at 37oC, the plate is washed thrice, 

and monoclonal C3 primary antibody (Novus Biologicals, #NB200-540) is prepared at 0,4 

µg/mL concentration, 50 µL of which is added to each well. The plate is incubated for 1 hour 

at 37oC. After washing 3 times, goat anti-Rat secondary IgG conjugated with HRP (EMD 

Millipore, #AP136P), diluted at 1:5000 concentration was added at 50 µL per well, and 

incubated at 37oC for 1 hour. After finally washing the wells 3 times, 50 µL of substrate (10 

mL of 0,1 M sodium citrate, 5mg ABTS, 10 µL 30% H2O2 solution) is added to each well, 

and color could develop over 30 minutes. The plate was then measured at an absorbance 

wavelength of 405 nm setting the reference wavelength at 570 nm.  

Standard preparation- Normal mouse serum (Complement Tech Inc; #NMS) were prepared 

as follows by diluting in blocking buffer: undiluted, 1:2, 1:5, 1:10, 1:20, 1:30, 1:40, 1:50, 

1:60, 1:80, 1:100, 1:120, 1:160, 1:200, 1:250, 1:300, 1:400, 1:450, 1:500, 1:600 and blank 

(no serum, only blocking buffer).  For inhibition experiments, a final concentration of 5mM 

of EDTA was used.  

Sample preparation- For dilution testing (Fig. 4. A. (ii)), total protein loaded in each well 

was as follows- 200 µg, 100 µg and 50 µg. Finally, healthy, sham or CLP operated mouse 

mucus samples were tested at 400 µg of total protein loaded to test for inhibition with 20mM 

of EDTA (Fig. 4.B). The primary antibody dilution was further optimized to 0,05 µg/mL for 

final sample testing. To inhibit complement, 20 mM of EDTA was used.  

 

 

2.2.7. Classical complement pathway activity measurement: This protocol has been 

modified for mouse serum as explained for previously [174]. Nunc Maxisorp plates were 

first coated with 1% chicken ovalbumin (OVA) (Sigma Aldrich; #A5378) prepared in DPBS 

and incubated overnight at 4oC. This step can also be performed at room temperature for 2 

hours on the same day of performing the experiment.  Next day, the plate is washed 3 times, 

with 250 µL of washing buffer (recipe described in “Materials” section). The plate was 

blocked with 200µL of blocking buffer (1% BSA in DPBS), for 1 hour at room temperature. 

After the blocking step, the washing step was repeated, anti-OVA IgG prepared at 1:1000 

concentration in DPBS was then added at 50 µL volume in each well and incubated at room 

temperature for 1 hour. The plate was washed again 3 times, standards (with normal mouse 

serum), standards/samples were prepared in requisite dilutions in PBS++ (PBS containing 1 

mM MgCl2 and 0.9 mM CaCl2) and loaded at 60 µL per well, in duplicates. After 1,5 hours 

of incubation at 37oC, the plate was washed thrice, and monoclonal C3 primary antibody 
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(Novus Biologicals, #NB200-540) was prepared at 1:2500 dilution of stock, 50 µL of which 

is added to each well. The plate is incubated for 1 hour at 37oC. After washing 3 times, goat 

anti-Rat secondary IgG conjugated with HRP (EMD Millipore, #AP136P), diluted at 1:5000 

concentration was added at 50 µL per well, and incubated at 37oC for 1 hour. After finally 

washing the wells 3 times, 50 µL of substrate (10 mL of 0,1 M sodium citrate, 5mg ABTS, 

10 µL 30% H2O2 solution) is added to each well, and color could develop over 30 minutes. 

The plate was then measured at an absorbance wavelength of 405 nm setting the reference 

wavelength at 570 nm.  

Standard preparation- Normal mouse serum (Complement Tech Inc; #NMS) were prepared 

as follows by diluting in PBS++: undiluted, 1:10, 1:20, 1:40, 1:80, 1:100, 1:160, 1:200, 

1:320, 1:400, 1:640 and blank (no serum, only PBS++).  For inhibition experiments, a final 

concentration of 10mM of EDTA was used. 

Sample preparation- Mucus lysates from upper proximal, lower proximal and upper distal 

portions from 1 healthy control mouse to test 200µg, 100µg and 50µg of total protein loaded 

per well. Two sets of samples were used in this experiment; one which were reconstituted 

with Ca2+ (0,09mM) and Mg2+ (1mM) ions, and another set which was untreated. For 

inhibition, 200µg of total protein was loaded with 10mM of EDTA.  

 

 

2.2.8. Complement pathway inhibition with mucus samples: Mucus samples from SET3 

were prepared in DPBS with a total of 200µg of total protein. “Upper proximal” jejunum 

mucus samples were utilized for this experiment. An n=5 samples were used in each 

experiment set. Samples were treated at follows- untreated; heat inactivation by heating all 

samples at 56oC for 30 minutes; EDTA added from a stock of 1M to a final concentration of 

10mM, 50mM and 100mM; mini-Factor H (mini-FH) added at 2µM and 20µM 

concentration. After treatment as aforementioned, all samples were tested for alternative 

pathway activity (Hycult, #HIT422) by following manufacturer’s protocol.  

 

 

2.2.9. Native human C3 and C5 cleavage with bovine pancreatic protease: Native human 

C3 (Quidel; #A401) and C5 purified human complement protein (Complement Technology 

Inc; #A120) were prepared in DPBS at a concentration of 100µg/mL. Bovine pancreatic 

protease (Sigma Aldrich #P4630) was prepared at the following concentrations by diluting 

it with DPBS- 0.1U/mL, 10-3U/mL and 10-5U/mL. Here, “U” refers to “unit” which can be 
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explained as follows: 1mg of bovine pancreatic protease (BPP) produce activity equivalent 

to 5 units, where 1 “unit” corresponds to hydrolyzed casein to generating color (Folin-

Ciocalteu reagent) equivalent to 1.0 μM of tyrosine per minute at pH 7.5 at 37 °C. A stock 

concentration of 100U/mL (corresponds to 20mg of BPP) was first prepared to dilute them 

in the aforementioned final working concentrations.  

Each cleavage experiment with C3 or C5 was performed for n=3 times. The reaction 

conditions (Fig 7. (i) and (iii)) are as follows: no treatment; BPP at 10-5U/mL concentration; 

BPP at 10-3U/mL concentration. Initial reaction volumes for each experiment were 100µL 

of 100µg/mL of C3/C5, to which BPP was added to achieve the designated final 

concentrations. Reaction was stopped using protease inhibitor cocktail after incubating at 

room temperature for 2 min, 5 min and 10 min for C3 cleavage experiment and after 5min, 

30min and 60min for C5 cleavage experiment.  

Mucin co-incubation- Over a 30-minute incubation period at room temperature, two 

different concentrations of BPP (10-3U/mL and 10-5U/mL for C3; 0.1U/mL and 10-3U/mL 

for C5) were used to test its cleavage activity in the presence of 5µg/mL and 100µg/mL of 

crude mucin extract from porcine stomach (Sigma Aldrich # M2378-100G). Albumin at 

100µg/mL concentration was used as a control in the experiment. The starting concentration 

for both C3 and C5 was 100µg/mL. The total reaction volume was 100µL for each 

experiment and its replicates. Reactions were stopped after 30 minutes using protease 

inhibitor cocktail and immediately kept on ice.  

 

 

2.2.10. Global protease activity measurement: 25µg of total protein was prepared in 1x 

sample dilution buffer to test for each sample. EnzchekTM (Thermo Fisher #E6638). The 

principle of this assay is based on assessing the effect of proteases present in a sample on a 

substrate BODIPY-FL-casein, cleavage of which increases the fluorescence and directly 

corresponds with the amount of protease present in the sample. The assay was performed 

strictly by following manufacturer’s protocol.  

 

 

2.2.11. Protease activity analysis with charge changing peptides: The following peptides 

were used as substrates to determine specific proteolytic activities for the respective 

enzymes:  
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i) Elastase substrate- Ac-Asn-Asp-Ala-Gly-Ser-Val-Ala-Gly-Ala-Gly-Lys-NH2 acetate 

salt. 

ii) Trypsin substrate- Ac-Asn-Asp-Gly-Asp-Ala-Gly-Arg-Ala-Gly-Ala-Gly-Lys-NH2 

acetate salt. 

iii) MMP2 and MMP9 (MMP2/9) substrate- Ac-Asn-Gly-Asp-Pro-Val-Gly-Leu-Thr-Ala-

Gly-Ala-Gly-Lys-NH2 acetate salt. 

iv) Chymotrypsin substrate- Ac-Asn-Asp-Gly-Asp-Ala-Gly-Tyr-Ala-Gly-Leu-Arg-Gly-

Ala-Gly-ethylenediamine acetate salt. 

Each of these substrates were labeled with BODIPY, as described in [175] and [176]. 

BODIPY-FL NHS ester (Abcam; #ab146451) fluorophore which can bind to peptides 

containing a terminal primary amine group. Upon conjugating with peptide substrate, the 

substrates acquire a net charge of -1. A BODIPY conjugated peptide substrate does not 

fluoresce due to redistribution of electron around the BODIPY molecule. When incubated 

with their respective proteases, cleavage of the substrate resulted in generation of C-terminal 

products with a net charge of +1. These cleavage products were resolved on a 20% TBE Gel 

(Invitrogen; #EC63155BOX) run in a XCell SureLock Mini-Cell Electrophoresis System 

(ThermoFisher Scientific) with 0.5X TBE Buffer (Thermo scientific; #B52) and by 

switching the electrode connection converting the anode to cathode and cathode to anode, 

so that positively charged products can flow towards the negatively charged electrode 

(cathode).  

 

Labeling protocol of substrates: BODIPY-FL NHS ester was prepared in DMSO (Sigma 

Aldrich; # D2650) by dissolving 5mg of BODIPY-FL NHS ester in 500µL of DMSO. The 

tube in which the reaction is to be performed should be wrapped with an aluminum foil and 

exposure to light should be avoided. 5mg of protease peptide substrate was dissolved in 

500µL of 100mM NaHCO3 (pH 8.2). The two solutions were mixed in a single tube covered 

with an aluminum foil and allowed to incubate in stirring condition for 3 hours at least at 

room temperature. The mixture was centrifuged at 800 x g for 3 minutes, and the supernatant 

was collected and aliquoted at 100µL to be stored at -80oC for long term storage and -20oC 

for short term storage, until further use.  

 

Testing for protease activity- 3µL of the following concentrations of total protein of mucus 

lysates were used to obtain optimal cleavage activity when incubating with a volume of 2µL 

of protease substrate: - 
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i) 0.5 µg/µl of total protein for trypsin substrate 

ii) 4µg/µL of total protein for elastase substrate 

iii) 8µg/µL of total protein for MMP2/9 substrate 

iv) 8µg/µL of total protein for chymotrypsin substrate 

 

These volumes can be scaled up as per convenience, but the relative volumes of each solution 

should be maintained.  

After incubation with the substrate for 30 minutes, the reaction was stopped with protease 

inhibitor cocktail (final dilution 1:100; Halt protease inhibitor).  

The reaction volumes were then loaded in 20% TBE gels, run at 300 V for 20 minutes with 

switched electrodes and then were imaged with the Amersham Imager 600 by selecting the 

excitation at 460 nm. The exposure time was selected manually in-between 0,3s to 0,1s, 

whichever is optimally determined. 

Quantification of Fluorescence signal- Gel images were quantified with ImageJ, an 

opensource software. These fluorescence signals were only analyzed for the clear round dark 

“blob”, which is seen at a distance from the margin of the well. Unless the “signal” was 

separated from the well, a successful cleavage activity was not considered. The pixel value 

of each individual signal was calculated, thus giving information about the fluorescence 

intensity, directly corresponding with cleavage activity. 

 

  

2.2.12. Immunofluorescence staining of mini-gut organoid: This technique was learnt 

under the kind guidance of Mrs. Anna Anastasia from the working group of Prof. Holger 

Barth.  

12 µm embedded sections (embedded in Tissue-Tek O.C.T. Compound) of human mini-gut 

organoids on glass slides were first marked around with Dako-Pen with a thick margin. The 

sections were rehydrated with 200µL of PBS for 20 minutes at room temperature. Next, 

blocking and permeabilization solution was prepared (PBS+ 5% normal goat serum + 0,5% 

TritonX-100), 150µL of this solution was added to each section and incubated at room 

temperature for 1 hour. After blocking, primary antibodies were prepared in 

blocking/permeabilization solution as per the following dilutions:  
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Name of the primary antibody Company name, product 

number 

Dilution used 

from stock 

Mouse anti-C3d against human 

C3d (to detect C3) 

Quidel, #A207 1:600 

C5/C5a antibody (to detect C5); 

(raised in mouse) 

Hycult, #HM2077 1:100 

Rabbit Mucin-2 (anti-human) 

antibody 

Santa Cruz, #SC-15334 1:1000 

 

 

150µL of primary antibodies’ solution was added to each mini-gut in a humidified covered 

box (lining the box with wet tissue paper) and incubated overnight at 4oC. From this step 

onwards, the slides should not be allowed to dry out.  

 

Next day, slides were washed thrice with washing solution (PBS+ 0,5% TritonX-100), for 5 

minutes each at room temperature. Secondary antibodies were prepared in 

blocking/permeabilization solution at the following dilutions: 

 

 

Name of the secondary 

antibody 

Company name, product 

number 

Dilution used 

from stock 

Phalloidin (FITC labeled) - 1:100 

DAPI - 1:5000 

Goat anti-mouse 488nm A11001, Invitrogen 1:500 

Donkey anti-rabbit 647nm A31573, Invitrogen 1:500 

 

 

150µL of secondary antibodies’ solution was added to each section and incubated in the dark 

1 hour at room temperature. After incubation, the slides were washed twice for 10 minutes 

each in washing solution, and then once for 10 minutes in PBS, each wash performed in a 

shaker in the entire duration. Before putting coverslips on the wet slide, the bottom part of 
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the slides was wiped dry with a hand-tissue paper, 1 drop of Prolong Gold antifade reagent 

without DAPI (Life Technologies) was applied, and the glass slide was laid on it ensuring 

no bubbles are formed. Imaging is performed with iMIC digital microscope (FEI Munich), 

images were captured using the software Live Acquisition 2.6 (FEI Munich) and the images 

were recolored using ImageJ.  

 

 

2.2.13. Statistics: Descriptive statistics including all graphs were analyzed and prepared 

with SigmaPlot (version 14.0, Systat software, Inc, USA). Each group of tested samples were 

analyzed for normal distribution with the Kolmogorov-Smirnov-Test. Grubbs-outlier test 

was performed, and outliers were removed. For parametric dataset, student’s t-test for two 

groups, one-way ANOVA with multiple groups with one factor difference and Two-way 

ANOVA for multiple groups with 2 factors were used. Student-Newman-Keul’s was the 

post hoc analysis used. For non-parametric dataset, Mann Whitney’s rank sum test was 

applied for comparison between two groups and Kruskal Wallis’ rank sum test was used 

with Dunn’s post hoc analysis. Calculated significance has been mentioned with the exact 

P-value.   

When data has been represented as boxplots, the lower margin refers to the 25th percentile, 

the upper margin the 75th percentile, the whiskers representing the lowest and the highest 

values of the dataset, dashed lines within the box representing mean and solid line 

representing median values. For histograms, data has been represented with standard error 

of mean.   
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3. Results 

3.1. Detecting various complement factors in mucus preparations and jejunum tissue lysates 

of treated mice 

In order to test if complement factors belonging to the classical and alternative complement 

pathways are present, the mucus supernatant (Mucus SN), pellet of mucus (Pellet) and tissue 

from the jejunum of sham and CLP-sepsis mice (SET1; as indicated in the Methods section), 

were obtained. Three types of samples were tested for complement factors C1q, C4, factor 

D, factor B, factor H, C3b and MAC (Fig. 5. A-C respectively).  

 

 

 

 

 

 

 

Fig 5. Complement factors of the classical pathway detected in the jejunum mucus 

supernatant, jejunum mucus pellet and jejunum tissue. Factors C1q (i-iii) and C4 (iv-vi) of 

the alternative complement pathway were measured in the supernatant obtained after centrifuging 

jejunum mucus (Mucus SN), the remaining pellet after homogenizing it (Pellet) and in the jejunum 

tissue (Jejunum Tissue) of sham and CLP-sepsis mice. N=5-8 were used for supernatants tested 

in each group. Jejunum pellets and Jejunum tissues were tested for n=8-10 animals from each 

group. Student’s t-test for normally distributed and Mann-Whitney rank sum test for non-

normally distributed data were used to test for significance. Solid line refers to the median and 

dashed line refers to the mean values of the dataset.  
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The levels of C1q and C4 in the mucus supernatant did not vary between sham and CLP-

sepsis mice group (Fig 5. (i) and (iv) respectively), though in the pellet, both C1q and C4 

levels were significantly less in CLP-sepsis mice (Fig. 5. (ii) and (v) respectively). In the 

jejunum tissue lysates, while the level of C1q was significantly higher in CLP-sepsis mice 

when compared to the sham-operated mice (Fig. 5. (iii)), the level of C4 in CLP-sepsis group 

was significantly lower compared to the sham treated group (Fig. 5. (vi)).  

 

 

 

 

Fig 6. Complement factors of the alternative pathway detected in the jejunum mucus 

supernatant, jejunum mucus pellet and jejunum tissue. Factor D (i-iii), Factor B (iv-vi) and 

Factor H (vii-ix) were measured in the supernatant obtained after centrifuging jejunum mucus 

(Mucus SN), the remaining pellet after homogenizing it (Pellet) and in the jejunum tissue 

(Jejunum Tissue) of sham and CLP operated mice. N=5-8 were used for supernatants tested in 

each group. Jejunum pellets and Jejunum tissues were tested for n=8-10 animals from each group. 

Student’s t-test for normally distributed and Mann-Whitney rank sum test for non-normally 

distributed data were used to test for significance. Solid line refers to the median and dashed line 

refers to the mean values of the dataset.  
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Mucus supernatant showed perceptible changes in the levels of factors D, B and H, 

significantly decreasing in the CLP-sepsis group compared to the sham-operated group (Fig. 

6. (i), (iv) and (vii) respectively). The levels of factors D, B and H were not in the mucus 

pellet fractions of the two groups of (Fig. 6. (ii), (v) and (vii) respectively). In jejunum tissue 

lysates, there were no differences in factor B and D concentrations between CLP-sepsis and 

sham-operated groups (Fig. 6. (iii) and (vi) respectively, while the level of Factor H was 

significantly higher in CLP-sepsis compared to sham-operated group (Fig. 6. (ix)). Further 

on, apart from testing singular factors, complement activation was also measured by virtue 

of (Fig. 6. (i-iii)) and the membrane attack complex (MAC) (Fig. 6. (iv-vi). 

 

 

Fig 7. Complement activation products C3b and membrane attack complex (MAC) in jejunum 

mucus supernatant, jejunum mucus pellet and jejunum tissue. C3b (i-iii) and MAC (iv-vi) were 

measured in the supernatant obtained from centrifuging jejunum mucus (Mucus SN), the remaining 

pellet after homogenizing it (Pellet) and in the jejunum tissue (Jejunum Tissue) of sham and CLP 

operated mice. N=5-8 were used for supernatants tested in each group. Jejunum pellets and Jejunum 

tissues were tested for n=8-10 animals from each group. Student’s t-test for normally distributed and 

Mann-Whitney rank sum test for non-normally distributed data were used to test for significance. 

Solid line refers to the median and dashed line refers to the mean values of the dataset.  
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Within the mucus supernatant, there were no differences in C3b (Fig. 7. (i)) and MAC levels 

(Fig. 7. (iv)) when sham-operated and CLP-sepsis mice groups were compared. However, 

in the mucus pellet, while no difference is seen in the levels of C3b between the two animal 

groups (Fig. 7. (ii)), MAC concentration is significantly less in the mucus from CLP-sepsis 

mice compared to sham-operated mice (Fig. 7. (v)). In jejunum lysates, CLP-sepsis mice 

mucus had a trend of higher C3b levels (Fig. 7. (iii)) and no differences within MAC 

concentrations were detected between the two groups (Fig. 7. (vi)).  
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3.2 Measuring C3a, C5a and complement activation in mucus obtained from two different 

jejunum portions of sham- and CLP-treated mice 

To circumvent the complexity of data interpretation, mucus samples were processed as 

explained for animal SET2. As detecting complement activation was relevant, bioactive 

products of the complement, namely anaphylatoxins C3a and C5a were tested within these 

processed mucus samples.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 8. Complement anaphylatoxins C3a, C5a, classical pathway activity and alternative 

pathway activity after CLP-sepsis. Jejunum mucus from sham and CLP operated mice were 

tested and compared for i) C3a, ii) C5a and iii) Classical Pathway activation and iv) Alternative 

Pathway activation with respect to complement preserved mouse serum. Each group had n=5. For 

classical and alternative pathway activation, sham/CLP mucus 1 and sham/CLP mucus 2 were 

obtained from two consecutive portions of the jejunum. Comparison between two groups were 

performed with Student’s t-test. Multigroup comparison for normally distributed data was 

performed with Two-Way ANOVA with Student-Newman-Keul’s post-hoc analysis.  



46 
 

At first, complement anaphylatoxins were only tested from “mucus 1” samples. Significantly 

higher levels of C3a and C5a (Fig. 8. (i) and (ii)) were found in mucus lysates of CLP treated 

mice group, indicating an increase in the complement activity locally. Albeit these samples 

only represent one portion of the intestine. Subsequently, when the mucus from the two 

different portions were tested (“mucus 1” and “mucus 2”) for complement activity, no 

difference was observed within the sham and CLP-sepsis groups of the two mucus varieties 

in terms of classical complement pathway activation (Fig. 8. (iii)). Yet, the activity of 

alternative pathway was significantly reduced in the mucus from proximal portion of CLP-

sepsis mice compared to the same samples obtained from sham-operated mice (Fig. 8. (iv)), 

and no difference was observed within the “mucus 2” samples within the two groups.  

As indicated by the spatial variation in complement activity, it was imperative to test basal 

levels of complement activation in the mucus from different portions of the small intestine. 

Therefore, untreated healthy control mice (animal SET3) were used to obtain 4 different 

portions from the jejunum as follows: (from proximal, right below the duodenum; to distal, 

right above the ileum) “upper proximal”, “lower proximal”, “upper distal” and “lower 

distal”. Basal C3a levels in jejunum mucus and jejunum tissue lysates increased 

progressively as seen from the upper proximal to the lower distal portions (Fig. 9. (i) and 

(iii)). When compared with CLP-sepsis mice, C3a concentrations observed were 

approximately 3-fold higher when compared to healthy control mice (Fig. 8. (i) and  

Fig. 9. (i) respectively).  On the contrary, the basal C5a levels were higher in the upper 

proximal and lower distal portions only (Fig. 9. (ii)), reflected similarly in the jejunum tissue 

lysate levels of C5a (Fig. 9. (iv)). Classical and alternative pathway activities measured in 

these samples reflected the pattern observed for C3a. (Fig. 9. (v) and Fig. 9. (vi)). 
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Fig. 9. Spatial activation of C3, C5, classical and alternative pathways in healthy control 

mouse jejunum. Jejunum mucus from the proximal to distal-most (In figures, always from left 

to right- upper proximal, lower proximal, upper distal and lower distal) portions of the jejunum 

from healthy mice were tested and compared for i) C3a and ii) C5a in jejunum mucus; iii) C3a 

and iv) C5a in jejunum tissue; v) Classical Pathway activation and vi) Alternative Pathway 

activation with respect to complement preserved mouse serum in jejunum mucus. Each group had 

n=6. Comparison between two groups were performed with student ‘s t-test. Multigroup 

comparison for non-parametric dataset was performed with Kruskal-Wallis test Dunn ‘s post-hoc 

analysis.  
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3.3 Inhibition of Complement Pathway activation in the mucus 

A basal level of complement activation along with a specific pattern of complement factors 

and activation detected along the length of the jejunum was intriguing. Therefore, this mucus 

complement arsenal warranted further confirmation. Inhibitors which are used to block 

Fig 10. Complement pathway inhibition in jejunum mucus. Sham/CLP mucus 1 and mucus 2 

were tested for i) Classical Pathway and ii) Alternative Pathway activation with/without 10mM 

EDTA. Activity calculated with respect to complement activity in mouse serum control provided 

by the kit. Each group had n=8-10 animals. iii) Alternative pathway inhibition was tested in 

healthy mouse mucus. Effect of two complement inhibtors, with EDTA (10mM, 50mM and 

100mM) and mini Factor H (miniFH, 2µM and 20µM) and heat-inactivated mucus samples were 

tested. An n=5 animals was used in each group.   
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complement activity in the serum could be used to test if these agents can block the 

complement system in mucus too.  

Complement pathway can be inhibited in 3 ways; through heat inactivation, through 

chelation of Ca2+ and Mg2+ ions using 10mM of EDTA, and through pharmacological 

reagents like mini-Factor H. In the first set of experiments, mucus samples from animal 

experiment SET2, were used, whereby “mucus 1” and “mucus 2” from jejunum of sham-

operated or CLP-sepsis mice to test for classical pathway (Fig. 10. (i)) and alternative 

pathway (Fig. 10. (ii)) activity with or without 10mM of EDTA. The percentage of activity 

calculated with respect to the positive control, showed no difference within the EDTA 

treated and untreated groups for both pathways’ activities, in either of the pathways tested.  

It was probable that mucus could require a different concentration of EDTA to inhibit its 

complement, as the mucus matrix itself is different compared to serum. An EDTA titration 

experiment was designed, apart from using two more methods of inactivation, i.e., heat 

inactivation and treatment with two different concentrations of mini-Factor H (miniFH).  As 

a indicated by the C3a and C5a levels tested previously (Fig. 8. (i-ii)), complement 

consumption after CLP-sepsis would invariably reduce the capability of renewed in vitro 

complement activation by mucus samples (Fig. 8. (iv)). Therefore, mucus samples from the 

“upper proximal” jejunum portion of untreated healthy mouse controls were used to test for 

these experiments.  

Alternative complement pathway activity was tested using mucus from the upper proximal 

portions of jejunum, with 200µg of total protein loaded for each sample per well, to achieve 

optimal activation. The treatment conditions were as follows; untreated, heat inactivation 

performed by heating the samples at 56oC for 30 minutes, EDTA treatment at 10mM, 50mM 

and 100mM concentrations and finally miniFH treatment at 2µM and 20µM concentrations. 

The median percentage of alternative pathway activity is a little over 60% when compared 

to the positive control and heat inactivation attenuated this activation to well below 10% 

(Fig. 10. (iii)). Yet, the confounding results were obtained with the EDTA and miniFH 

treatments. While higher concentrations of EDTA rather enhanced the percentage of 

complement activity, treatment with miniFH did not show any effect at all when compared 

with the untreated mucus samples ((Fig. 10. (iii)).  
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3.4 Establishing in-house alternative pathway activity measurement assay and testing 

samples  

As commercially available kits were not effective in measuring complement activity, an 

ELISA-based alternative pathway assay was established in the lab (refer to Methods section). 

The principle of this assay was adapted and modified as explained in Schmidt et al [174].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Alternative pathway activity in serum and mucus using lab-established assay. To 

test complement activity of mucus samples, lab established assay was used first (i) to analyze 

normal mouse serum alternative complement activation along with its inhibition with EDTA, ii) 

test the dilution of mucus samples at 200µg, 100µg and 500µg of total protein loaded per well 

(for 1 mucus sample) and iii) test alternative complement activity in upper proximal, lower 

proximal, upper distal and lower distal mucus samples obtained from the jejunum.  
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Serially diluted complement preserved normal mouse serum was used, with or without 

10mM EDTA to test for complement activity (Fig. 11. (i)). Serum treated with 10mM EDTA 

promptly inhibited complement activation (Fig. 11. (i)). In this regard, one needs to note that 

higher dilution diminishes complement activity, as seen from dilution 1:30 for mouse serum, 

after which the difference between EDTA treated and untreated serum is not distinguishable. 

Next, an optimal amount of mucus lysate protein to obtain complement activity was 

determined. 200µg, 100µg and 50µg of protein of total mucus protein were loaded in each 

well from each portion of jejunum (Fig. 11. (ii)). Low but detectable complement activity 

was seen in these mucus samples, decreasing with decrease in total protein amount loaded 

(Fig. 11. (ii)). After confirming on the optimal protein to be loaded, healthy mice mucus 

samples from all 4 portions of jejunum were tested for complement activity (Fig. 11. (iii)). 

200µg of total protein was loaded in each LPS coated well. Along the length of the jejunum, 

the alternative complement activity decreased, which partially confirms the progressively 

increased appearance of activated C3 product, C3a (Fig. 9. (i)).  

Subsequently, inhibition using 20mM of EDTA was performed, firstly with proximal 

portions of control jejunum mucus (Fig. 12. (i)) and then with sham-operated (Fig. 12. (ii)) 

and CLP-sepsis jejunum mucus (Fig. 12. (iii)) mice. These experiments were further 

optimized to give better absorbance values by increasing the concentration of LPS coating 

to 80µg/mL per well, and by loading 400µg of total protein per well. These adjustments 

increased the absorbance values for alternate pathway activity in control mucus, with a two-

fold increase in the absorbance values (Fig. 12. (i)) when compared with the mucus samples 

were tested in Fig. 12. (iii). The characteristic pattern of complement activity decreasing 

along the length of jejunum in healthy control and sham-operated mouse mucus is lost in 

CLP-sepsis mouse mucus samples (Fig. 11. (iii), Fig. 12. (ii) and Fig. 12. (iii) respectively).    

Though a pronounced effect of EDTA mediated inhibition was not seen, EDTA treated 

samples had lower alternate pathway activity compared to untreated samples (Fig. 12. (ii) 

and Fig. 12. (iii) respectively).  
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Fig. 12. Characterizing alternative pathway activity in jejunum mucus after experimental 

sepsis. Blockade of complement pathway was first performed with 20mM EDTA. i) Mucus from 

two upper portions of the jejunum were tested for complement inhibition. A sample size of n=4 

was used in each set. ii) jejunum mucus from all four portions were used to test for alternative 

complement activity without or with 20mM EDTA. Sample size used was n=4. Similarly, iii) 

CLP mucus from all four portions of the jejunum were tested for alternative complement activity 

without or with 20mM EDTA. Samplesize used was n=4. 
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3.5 Establishing in-house classical pathway activity measurement assay and testing samples  

Low activity detected in mucus samples coupled with EDTA treatment not inhibiting 

alternate pathway activation completely highlighted a major technical error. The PBS to 

prepare mucus lysates did not have Ca2+ and Mg2+; this could have diluted the overall ionic 

concentration of the mucus samples, resulting in low activity as well as undetectable 

complete inhibition by EDTA. The establishment of classical pathway activity was therefore 

performed keeping these conclusions in mind. Normal mouse serum was diluted with PBS 

supplemented with Ca2+ and Mg2+ (described in Methods). As the absorbance of undiluted 

serum was lower 1:10 diluted serum, it has been omitted from the presented graph (Fig. 13. 

(i)). 10mM of EDTA promptly inhibited complement activation in the serum (Fig. 13. (i)).  

As control mucus samples were used up for previous experiments, classical pathway activity 

could be tested with mucus samples from 1 mouse only.  Mucus harvested from 3 portions 

of jejunum (upper proximal, lower proximal and upper distal) were lysed in buffer. To test 

if reconstitution with Ca2+ and Mg2+ enhances complement activity, two equal aliquots of 

the lysates were made. One of the aliquots was reconstituted with 1mM MgCl2 and 0.9mM 

of CaCl2. Reconstituted and untreated lysates were tested for 3 different amounts of protein 

per well-200µg, 100µg and 50µg. To inhibit complement pathway activation, 20mM of 

EDTA was added to the untreated and reconstituted mucus containing 200µg of total protein. 

Each datapoint in Fig. 13. (ii) represents mucus obtained from a particular portion of 

jejunum. The absorbance values of these mucus samples are below the absorbance value of 

the negative control (well loaded with PBS++) (Fig. 13. (ii)). Therefore, no discernible effect 

was found in the EDTA treated groups either, be it with or without Ca2+ and Mg2+ 

reconstitution.   
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Fig. 13. Classical complement pathway assay to test mucus lysates. Maxisorp plates coated 

with OVA: anti-OVA complexes were used to test complement activation in i) serum at 

different dilutions without (in black) or with EDTA (in red). ii) Mucus samples obtained from 

upper proximal, lower proximal and upper distal portions of the intestine of one mouse was 

used to test for complement activity in different conditions. White histograms refer to mucus 

lysates not reconstituted with Ca2+ and Mg2+; grey histograms refer to mucus lysates 

reconstituted with Ca2+ and Mg2+; dotted histograms refer EDTA treatment of not reconstituted 

(white) and reconstituted (grey) mucus lysates where 200µg of protein was loaded per well. As 

reference, absorbance values of serum at 1:640 dilution and blank (containing only PBS++ 

buffer) have been presented.  
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3.6 Spatial and temporal resolution of C3a, C5a and proteolytic activity in mouse jejunum 

mucus 

As indicated by the previous results, it was imperative that the jejunal mucus could have a 

spatio-temporal variation of complement factors after CLP-sepsis. Therefore, mucus 

samples were obtained from animal SET4 and tested for C3a (Fig. 14), C5a (Fig. 15) and 

protease activity (Fig. 16). Each graph also represents healthy control mucus levels of C3a, 

C5a and protease activities.  

 

 

 

The gradual increase in mucus lysate C3a concentration along the length of the intestine was 

found within the sham treated and also the CLP treated animal mucus (Fig. 14). However, 

C3a was generated at significantly higher levels in the sham and CLP-sepsis mice, compared 

to the basal levels at 24 hours after sacrifice. A significant increment in C3a level is seen in 

the upper proximal jejunum mucus after sham, which is completely attenuated in the CLP 

Fig. 14. Spatiotemporal characterization of C3a in mouse jejunum mucus. Mucus samples 

obtained from upper proximal (U. proximal), lower proximal (L. proximal), upper distal 

(U.distal) and  lower distal (L. distal) portions of the jejunum were processed and used to test for 

C3a in healthy mice, in sham operated mice and CLP mice. Sham and CLP-sepsis mice were 

sacrificed after 24 hours (Fig. 14. (i)) or 72 hours (Fig. 15. (ii)). For Fig. 14, statistical analysis 

was performed with n=5 in healthy mice and sham operated groups and n=4 in CLP operated 

groups; outliers were removed after testing with Grub’s outlier test. Healthy, sham-operated and 

CLP-sepsis mice were compared within each group (location of jejunum) by one-way ANOVA 

with Student-Newman-Keul’s post-hoc analysis when data were normally distributed and by 

Kruskal Wallis Test with Dunn’s post-hoc analysis for nonparametric dataset.  
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treated group (Fig. 14. (i)). Further, when sham and CLP-sepsis animals were compared 

within the lower proximal and lower distal portions, mucus from CLP mice showed higher 

C3a (Fig. 14. (i)). 72 hours after sham or CLP-sepsis, the trend observed after 24 hours was 

absent. While the sham treated animals had reduced C3a levels, those of CLP treated animals 

showed sustained C3a generation, where down the length of the jejunum, significantly 

higher amount of C3a was generated when compared to the corresponding sham cohorts 

(Fig. 14. (ii)).  

 

 

 

 

 

When C5a was measured in healthy, sham treated and CLP treated mouse mucus, an overall 

pattern was found along the length of the jejunum (Fig. 15.). While the levels of C5a were 

higher in sham-operated and CLP-sepsis mice mucus when compared to the basal level of 

C5a, without any differences within the sham and CLP groups. This was the case not only 

for 24 hours after sham/CLP, but also within the groups where animals were sacrificed after 

72 hours (Fig. 15. (i) and (ii)).  

 

Fig. 15. Spatiotemporal characterization of C5a in mouse jejunum mucus. Mucus samples 

obtained from upper proximal (U. proximal), lower proximal (L. proximal), upper distal (U.distal) 

and  lower distal (L. distal) portions of the jejunum were processed and used to test for C5a in 

healthy mice, sham operated mice and CLP mice. Sham and CLP-sepsis were performed, and 

mice sacrificed after either 24 hours (Fig. 15. (i)) or after 72 hours (Fig. 15. (ii)). Experiments 

were performed with n=5 in healthy mice and sham operated groups and n=4 in CLP operated 

groups; outliers were removed after testing with Grubb’s outlier test.  
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Further, mucus samples from healthy controls, sham and CLP-sepsis mice jejunum were 

tested for global protease activity as well. In healthy controls, proteolytic activity 

progressively decreased from the upper proximal to lower distal jejunum mucus, as well as 

in sham-operated and CLP-sepsis mouse mucus (Fig. 16). 24 hours later, upper proximal 

mucus samples of CLP-sepsis mice had higher protease activity compared to sham-operated 

mice (Fig. 16. (i)). Additionally, after 72 hours, the activities observed within sham-operated 

and CLP-sepsis mice’s upper proximal jejunum mucus were similar, though comparatively 

higher activity was observed compared to CLP-sepsis upper proximal mucus samples from 

24 hours’ cohort (Fig. 16. (ii)).  

 

 

 

 

Fig. 16. Spatiotemporal characterization of proteolytic activity in mouse jejunum mucus. 

Mucus samples obtained from upper proximal (U. proximal), lower proximal (L. proximal), upper 

distal (U.distal) and  lower distal (L. distal) portions of the jejunum were processed and used to 

test for global protease activity in healthy mice, sham operated mice and CLP mice. Sham and 

CLP-sepsis mice were sacrificed after 24 hours (Fig. 16. (i)) and 72 hours (Fig. 16. (ii)). 

Experiments were performed with n=5 in healthy mice and sham operated groups and n=4 in CLP 

operated groups; outliers were removed after testing with Grubb’s outlier test. Fig. 16. (i) 

Statistical analysis between healthy, sham and CLP samples of the upper proximal portion was 

performed with one-way ANOVA with Student-Newman-Keul’s post hoc analysis.  
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3.7 Spatial variation in mucin-2 and endotoxin levels in mouse jejunum mucus 24 hours after 

experimental sepsis 

 

As it was observed that complement activation was increased in sham-operated and CLP-

sepsis mice after 24 hours (Fig. 14. & 15.), mucin-2 content and endotoxin levels in these 

samples were analyzed. Firstly, mucin-2 was characterized in healthy mouse mucus samples 

along the length of the jejunum (Fig. 17. (i)). In healthy control mice, a gradual decrease was 

seen in mucin-2 levels along the length of the jejunum up until the upper distal portion. A 

significant difference between the upper proximal versus the upper distal levels of mucin- 2 

was found. When mucin-2 mucus concentrations were compared in sham-operated and CLP-

sepsis mice, the median level of mucin-2 was higher within the CLP-sepsis group (Fig. 17. 

(ii)). Additionally, mucin-2 concentration from the upper proximal portion of CLP-sepsis 

animals were higher than that of the sham-operated animals, with a P-value of 0,055 (Fig. 

17. (ii)). Further, when endotoxin levels were tested, without substantial differences between 

healthy controls, sham-operated and CLP-sepsis mice (Fig. 17. (iii)).  
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Fig. 17. Mucin-2 and endotoxin levels in jejunum mucus. Mucin-2 concentration and endotoxin 

load were determined in mucus lysates obtained from upper proximal, lower proximal, upper 

distal and lower distal parts of the jejunum. i) Healthy control mouse mucus samples showing 

mucin-2 levels.  An n=5 animals were used in each group. Data was analyzed using one-way 

ANOVA. ii) Sham and CLP operated mice were tested for mucin-2 in mucus obtained from the 

four portions of the jejunum. An n=4 animals were used in each group. iii) LAL endotoxin assay 

was performed to assess endotoxin levels in healthy, sham and CLP operated mice. n=5 animals 

were used in each group. 
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3.8 Complement C3 and C5 expression in human mini-gut organoids 

To confirm if intestinal cells constitutively express complement factors C3 and C5 and to 

identify the cells expressing these factors, human mini-gut organoids were used. A switch 

from mouse to in vitro organoid system was made to provide a proof of concept if, the 

secretion of complement factors could take place in human intestine as well.  

 

 

 

 

12µm sections of untreated mini-gut organoids gifted by Prof. Holger Barth’s lab, were used 

to stain for the following; Hoechst (for nucleus), phalloidin (for actin), mucin-2 (for goblet 

cells), C3d/C3 neoepitope (for complement factor C3) and C5a/C5 (for complement factor 

C5). Mucin-2 co-staining was performed with C3d/C3 or C5a/C5, with controls where only 

the secondary antibody used with mucin-2 was used to test for non-specific staining. 

Untreated mini-guts expressed for both C3 (Fig. 18. (ii)) as well as for C5  

(Fig. 19. (ii)). While the all cells within the mini-gut seemed to express C3, C5 seemed to be 

concentrated in vesicular structures, which could be vesicles within goblet cells. The 

technical incompatibility of using the mucin-2 antibody with C3/C5 staining could not be 

averted. Therefore, it was imperative to use a co-staining, as was performed with mucin-2. 

Fig. 18. C3 expression in human mini-gut organoids.  12µm cryomold embedded sections of 

human mini-guts were stained for C3d using a monoclonal antibody with mucin-2 staining (left) 

or without mucin-2 staining (right). For each experiment, n=3 sections were stained, and 

representative images have been shown. In blue=Nucleus; in white=actin cytoskeleton; in 

red=C3d and in green=mucin-2/only secondary antibody (as indicated). 
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However, it was seen that the pattern of staining with mucin-2 seemed to replicate exactly 

as the pattern of C3d/C3 and C5a/C5 staining, further rendering the observation altogether 

inconclusive. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 19. C5 expression in human mini-gut organoids. 12µm cryomold embedded sections of 

human mini-guts were stained for C5a with mucin-2 staining (left) or without mucin-2 staining 

(right). For each experiment, n=3 sections were stained, and 1 set of representative images are 

shown. In blue=Nucleus; in white=actin cytoskeleton; in red=C3d and in green=mucin-2/only 

secondary antibody (as indicated). 
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3.9 Cleavage of native human C3 and C5 with bovine pancreatic protease  

The intestinal mucosa is a complex matrix, with a gel-like meshwork of highly glycosylated 

mucin proteins within which, the pancreatic proteases are one of the principal components 

which help in digesting nutrients. Therefore, in an environment where the sentinel of 

complement factors is concomitantly present with proteases, it is plausible that the 

complement activation machinery could be interrupted by these proteolytic activities.  

 

Fig. 20. Native human C3 and C5 cleavage with bovine pancreatic protease. Native human 

C3 and C5 were incubated with various bovine pancreatic protease (BPP) concentrations 

with/without 5µg/mL or 100µg/mL of mucin. i) C3adesArg generation. Native human C3 

incubated with/without BPP for 5 mins, 30 mins and (10-5U/mL BPP and with 10-3U/mL BPP).  

ii) C3 co-incubated with albumin, or mucin without BPP, with 10-5U/mL BPP and with 10-3U/mL 

BPP. iii) C5a generation. Native human C5 incubated with/without BPP for 5 mins, 30 mins and 

(10-5U/mL BPP and with 10-3U/mL BPP). iv) C5 cleavage in presence of only albumin, only 

mucin, with 10-3U/mL BPP and 0,1U/mL BPP with mucin. Each experiment was replicated 3 

times.   
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To test if pancreatic proteases themselves can cleave complement factors C3 and C5 into 

recognizable activation fragments, an experiment was carried out where these factors were 

incubated with two different concentrations of bovine pancreatic proteases (BPP); at 10-5 

U/mL and at 10-3 U/mL (described in the Methods section).  

When human native C3 or C5 was incubated for 2 minutes, 5 minutes or 10 minutes with 

10-5 U/mL BPP or 10-3 U/mL BPP, C3adesarg and C5a were increasingly generated (Fig. 20. 

(i) and (iii) respectively). Yet, the complexity and abundance of a bigger protein like mucin-

2 can additionally interfere, whereby the interaction of proteases with complement factors 

can either be impeded or enhanced. The effect of a crude preparation of mucin extract at two 

different concentrations corresponding to the physiological concentration of 5µg/mL and at 

a 20 times higher concentration of 100µg/mL were used respectively. Mucin and BPP were 

co-incubated with either native human C3 or C5 (Fig. 20. (ii) and (iv)). The amount of 

C3adesarg did not significantly vary at either of the two concentrations of mucin extract used 

(Fig. 20. (iii)). Similarly, when C5 was co-incubated with mucin, the incremental generation 

of C5a observed at 10-3 U/mL and at 0,1 U/mL BPP concentrations, remained unaffected 

(Fig. 20. (iv)). It was noteworthy to find that albumin alone seemed to have a specific 

cleaving activity on C5 and not on C3 with high C5a generation (Fig. 20. (iv)). Nonetheless, 

the scope of the thesis was limited to pancreatic proteases alone and cleavage activity of 

albumin was not investigated further.  
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3.10 Specific proteolytic activities in jejunum mucus of sham and CLP-sepsis mice  

Though it is difficult to deduce what exact interactions the complement factors could have 

with the pancreatic proteases in the intestine, it is known that SIRS induces an increase of 

pancreatic protease activity in the intestine [172;177]. Taking a cue from the supporting 

literature, mucus samples from various portions of the intestine were tested and a discernibly 

high proteolytic activity in the upper proximal portion of the intestine 24 hours after the 

induction of sepsis was seen (Fig. 16. (i)). Due to exhaustion of samples from SET4 and as 

correctly prepared mucus samples from the upper proximal jejunum were required, samples 

from animal SET2 were used. A new assay was established at the lab the principle of which 

was to deploy the specificity of a particular peptide to be cleaved by a specific protease. The 

conjugation of a fluorophore BODIPY-FL gives the advantage of synthesizing a protease 

substrate which fluoresces only after being cleaved by its cognate protease. Therefore, 4 

such substrates targeting proteolytic activities of trypsin, chymotrypsin, elastase and a single 

substrate helping to detect both MMP2 and MMP9 (MMP2/9) were prepared and sham and 

CLP-sepsis mucus samples were tested. As a clearly distinguished blob of dark round signal 

a little below the edge of the TBE gel is a confirmed indication of the proteolytic activity to 

have worked successfully, we concluded that MMP2/9 activity had not occurred in sham or 

CLP-sepsis mucus lysate samples (Fig. 21. (i)). While trypsin activity was seen, they 

occurred in 5 out of 7 loaded CLP-sepsis and as well as in sham-operated samples, without 

any substantial difference between the two groups. The high intensity of elastase and 

chymotrypsin activity signals in the CLP-sepsis group indicated a higher activity of these 

two enzymes specifically (Fig. 21. (i)), as also seen after quantification (Figures 21. (ii) and 

(iii)). As the total protease activity of other portions of the intestine were less (Fig. 16. (i)), 

they were not tested further for specific proteolytic activities using charge changing peptides.  
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Fig. 21. Specific protease activity measurement with charge changing peptides. i) Mucus 

from the upper proximal portion of the jejunum from sham-operated and CLP-sepsis mice were 

tested for trypsin, chymotrypsin, elastase and MMP2 and MMP9 activities. ii) Quantification of 

fluorescence intensity of detected elastase activity in jejunum mucus 24 hours after sham or CLP-

sepsis. iii) Quantification of fluorescence intensity of detected chymotrypsin activity in jejunum 

mucus 24 hours after sham or CLP-sepsis. 
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4. Discussion 

 

4.1 The complex mucus matrix 

 

The first three questions asked within this study were: 

 

1) Can complement factors be detected in mucus obtained from the small intestine? 

2) Is there differential generation of complement anaphylatoxins, C3a and C5a, in sham 

operated and CLP-sepsis mice? 

3) Can these mucus lysates be tested for complement activity? 

 

Before directly addressing the complement factors, it was necessary to optimize the steps to 

process jejunal mucus and understand its characteristics, influenced largely by its physical 

and chemical nature which is considerably different from a biological fluid like serum. The 

primary challenge was in identifying a suitable method of processing the mucus. In the very 

first study with animal SET1, mucus supernatants prepared right after collecting mucus 

samples and before storing them in -80oC. were instrumental in this regard (Figs. 5-7.). 

Centrifugation of fresh mucus gave two fractions: one, a supernatant and second a pellet. 

The pellet was further sonicated and centrifuged to obtain a “pellet” fraction. These two 

fractions seemed to vary in the concentration of the eluted complement factors. The 

variations were as follows- C4 and factor D were found in higher concentrations in the mucus 

supernatant compared to the pellet, C1q and C3b detected at about 10-fold higher 

concentration in the mucus pellet compared to mucus supernatant and factor B, factor H and 

MAC present at 2-4-fold higher concentration in the pellet (Fig. 5-7.). These variations 

invariably hampered conclusive understanding of complement factors within the mucus and 

the effect of sepsis thereof. In the very first instance, it only indicated that not only intestinal 

mucus in sham-operated mice had complement factors, but these factors could vary after 

CLP-sepsis.  A direct comparison with circulatory levels of complement factors in mouse 

may not be completely helpful to interpret these results. Present studies often depict 

circulatory complement concentrations either in “OD” values or in terms of amount per unit 

volume of tested plasma. A recent study had shown that not only strain-specific, but there 

are sex-specific differences in the circulatory levels of complement factors [178]. The 

complement concentrations depicted in the cited literature were expressed in “µg/mL”. As 
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the amount of mucus harvested would influence the respective concentration of the factors, 

it is important to normalize the complement content to the total protein measured within each 

mucus sample. At first it was necessary to process the mucus in a way to optimally elute 

complement factors. Mucolysis can be facilitated using longer sonication protocols and a 

reducing agent like dithiothreitol (DTT) [179;180]. This rationale stemmed from the fact 

that the mucus as an intricate meshwork of glycoproteins, acts as a selective barrier. Here, 

the passage of any molecule will be determined by its size, its residual charge, the pore size 

of the mucus and the combined effect of all these factors [181]. This matrix is not only 

complex, but also incompletely understood, especially in the context of the arsenal of 

complement factors. However, within the limited scope of this project, a sufficiently 

sonicated mucus fraction without DTT treatment proved to be the correct approach, though 

a screening of all complement factors to support this conclusion was not performed due to 

cost restraints. The choice of excluding DTT treatment proved to be beneficial later, as this 

agent efficiently reduces disulphide bonds leading to protein denaturation. Eventually, 

functional assays were employed in this study to test complement activity, and one could not 

have afforded the loss of function or denaturation of the complement factors. One may 

preemptively speculate on how complement factors could interact in such a complex mucus 

environment, making headway from its secretory venue to the apices, to opsonize local 

microbes. However, physicochemical analyses of mouse intestinal mucus were not within 

the scope of this study. 

 

Primarily a physical defense barrier, the mucus layer over the intestine’s epithelial surface 

is a gel-like viscoelastic latticework formed of mucins. Mucins comprise of a peptide 

backbone, with lengthy repeats of proline, threonine and serine residues (therefore, PTS-

regions) which offer sites for both O- and N-glycosylations [182]. Post-translational 

processing of mucins occurs in the Golgi apparatus, where membrane bound 

glycosyltransferase transform the naked peptide into a profusely glycosylated molecule. In 

neutral pH, mucins are polyanionic due to the terminal sialic acid and sulphate residues. Out 

of the 14 secretory and membrane-bound mucins, the best characterized members are the 

gel-forming mucins, found on chromosome 11p15 in humans [183] and on chromosome 7 

of the mouse genome [184]. These genes express for Muc6, Muc5a, Muc5b and Muc2. High 

expression of Muc2 is found in the colon and the small intestine but not the stomach of mice 

[185], and therefore mucin-2 became the candidate of assessing mucus secretion in this 

study. They are secreted by the columnar epithelial enterocytes named Goblet cells, which 
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undertake two secretory processes namely, baseline secretion and compound secretion. 

Baseline secretion is achieved through normal exocytosis which accounts for the constitutive 

secretion of mucins into the intestinal lumen, while stimulated acute release of stored mucins 

make up for compound secretory activities. One may wonder if this stimulated release 

partakes in augmenting host barrier responses during a systemic challenge like sepsis. 

Shekels et al., had shown in a murine experimental model of Trichinella spiralis infection 

that infected mice had goblet cell hyperplasia as well as higher Mucin-2 expression [186]. 

As presented in this study, when mucus samples from healthy mouse were tested for mucin-

2, a distinct pattern was seen along the length of the jejunum, where the upper proximal and 

the lower distal portions secreted more mucin compared to the intermediate two regions (Fig. 

17. (i)). This pattern of basal mucin-2 secretion seemed to mirror basal C5a secretion in the 

proximal to distal portions of the healthy mouse intestines (Fig. 9. (ii)). 24 hours after CLP-

sepsis, upper and lower proximal had higher mucin-2 levels than the corresponding portions 

of sham-operated mice (Fig. 17. (ii)). This was an intriguing observation. Going back to 

existing literature, no direct study has evaluated the effect of a systemic inflammatory 

challenge like sepsis in the context of mucus secretion within the small intestine. However, 

the distal intestine has been scrutinized in this context. In a key study, Grootjans et al., 

studied the effects of ischemia/reperfusion injury in human and rat colonic epithelial cells, 

whereby mucus secretion was enhanced during ischemia, with further increment during the 

reperfusion period [187]. In a murine experimental model of pancreatic duct ligation induced 

pancreatitis, mucus covering the terminal ileum villi was significantly attenuated without 

changes in the number of villi [188]. Further, when a study explored the synergistic effect 

of intestinal Pseudomonas aeruginosa injection with morphine in mice, it showed that the 

infection with bacteria alone led to increased mucus synthesis in the cecal tissue, which was 

reduced with morphine treatment [189]. To test if a direct association between mucin 

synthesis and goblet cell activity after sepsis exists, human mini-gut organoids were stained 

for complement factors. A constitutive expression of C3 was seen in the enterocytes, while 

C5 expression seemed to be concentrated in small vesicular structures, which could be 

situated in goblet cells (Fig. 18. & 19. respectively).  Co-staining mucin-2 with complement 

factors did not help confirming if goblet cells were active sources of the latter. This learning 

could have been impeded due to the inconsistency of C3 and C5 staining patterns when co-

stained with anti-mucin-2 antibody (Fig. 18. & 19.). Jejunum intestinal tissues from animal 

SET1 were tested for complement factors (Fig. 5-7.). Significant increment in C1q, Factor 

H and C3b were seen in intestinal tissues from CLP-sepsis mice when compared to sham 
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mice (Fig. 5. (iii); Fig. 6. (vi) and Fig. 7. (iii)). Yet, these results do not help in confirming 

which cell/s exactly synthesizing these factors as the intestinal villus are highly vascularized 

structures. Tissues were also tested for immunohistochemical staining of activated 

complement factor C3 as well as C5, and the antibodies did not suitably work on paraffin 

embedded sections prepared for histology.  The vascularized villus is also interspersed with 

several types of immune cells (Fig. 1.). Many of these immune cells, like polymorphonuclear 

leukocytes, mast cells, monocytes, macrophages, DCs and T-cells are known to express C3 

and C5 [101;190-195]. Therefore, confirming complement secreting cells directly from 

mouse intestinal tissues may lead to erroneous conclusions. As mini-gut organoids are not 

vascularized and do not contain immune cells, the source of complement factors can be 

objectively determined and was therefore used.  

 

 One may argue if these complement factors were “artefacts” due to serum contamination of 

mucus samples. This is an unwarranted concern due to two reasons; firstly, all mice samples 

were obtained after exsanguination of animals through cardiac puncture. Secondly, separate 

studies (SETs 2-4) performed at different times revealed the same pattern of complement 

activation products C3a and C5a along the length of the jejunum (Figs. 8, 9, 14 and 15). In 

future studies, a portion of the jejunum from each separate portion can be harvested to test 

for expression of complement related genes. Coming back to the present study, key decisions 

were taken at this juncture of the project. As complement activation could be indicated by 

the generation of anaphylatoxins C3a and C5a, these two products were brought within the 

ambit of testing. The long passage of the small intestine is not a consistent environment but 

subject to dynamic variations. Therefore, it was presumed that a spatial variation of the tested 

complement activation products could provide additional insights in the intestinal 

microenvironment. This spatial “pattern” was only tested with C3a and C5a and not for all 

the complement factors- a scope which can be explored in the future. The next step, 

therefore, merited the testing of complement factors in the basal condition activation and if 

this activity could be observed in vitro.  
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4.2 Complement activation in the mucus 

 

Major concerns in detecting complement factors in the intestinal mucus were- 

 

i) Is there a constitutive secretion of complement in the small intestinal lumen of 

healthy mouse?  

ii) Is there a constitutive “activation” of complement locally, and if so, can that be 

detected by testing C3a and C5a? 

iii) Is there any spatial variation of complement activation in the mouse intestinal 

mucus? 

iv) Is there difference of complement activation in the intestinal mucus of sham 

treated and CLP-sepsis mice? and  

v)  Can the complement factors in mucus lysates assemble and activate in vitro? 

 

There are no reports so far, where a study has taken up the task of unraveling the function of 

the complement factors within the small intestine and in the context of acute systemic 

infection. Therefore, analyzing mucus samples to analyze complement factors alone is not 

enough and leads to, in the very first instance, a manifold of questions. Certain demerits of 

the first study required immediate redressal. For the ease of executing the study, it was 

imperative that instead of including several complement factors, activation products C3a and 

C5a could instead be used as suitable surrogates to indicate complement activity. Both C3a 

and C5a were significantly increased in mucus samples from CLP-sepsis mice compared to 

sham mice (Fig. 8. (i) & (ii)).  It was also important to determine if this complement 

activation was subject to the location of the intestine from which the mucus was obtained. 

Additionally, the provision to directly test classical and alternative pathway activity using 

commercial kits was put to use, and mucus from 2 different portions of the jejunum were 

tested. These were qualitative tests to check the capacity of complement activity in the mucus 

sample after being harvested. Thus, any prior complement consumption in vivo would result 

in reduced complement activity observed in vitro.   Mucus obtained from two different 

portions had varying residual complement activity, which was further decreased in CLP-

sepsis mice (Fig. 8. (iii) & (iv)). Therefore, the possibility to test C3a, C5a and complement 

pathway activities were suitable parameters which could be used to define the nature of 

healthy control mouse mucus samples as well. These provisioned in answering the 4th 

question asked within the aims of this thesis.  
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Mapping the constitutive activation of complement in healthy murine intestinal mucus and 

further resolving it spatially small intestinal mucus was the next step. The small intestine 

was spilt into 4 different portions: upper proximal, lower proximal, upper distal and lower 

distal and then, mucus harvested from healthy control mice were tested (Fig. 9.). Not only a 

spatial gradient of increasing basal levels of C3a was detected (Fig. 9. (i)), the concentration 

of C5a did not correspond with the pattern of C3a content (Fig. 9. (ii)). This may indicate 

that the complement pathway/s do not play an unequivocal role in local complement 

activation. For example, C5a is known to effect in enterocyte proliferation through ERK 

pathway activation and Caco-2, T84 and HT-29 cell-lines expressed both, C5aR1 and 

C5aR2, the two cognate receptors of C5a [132]. When jejunum tissue samples were tested 

for C3a and C5a, they corresponded with the measured levels found in mucus portions (Fig. 

9. (iii) & (iv)). A constitutive basal consumption of complement factors was indicated 

through these results, alluding that these lysates would have lower complement activity. On 

the contrary, when in vitro classical and alternative complement pathway activity assays 

were performed with commercialized test kits, a graded increase in complement activity was 

seen from the proximal to distal mucus lysates (Fig. 9. (v) & (vi)). The readouts of these 

commercial kits are based on activation at the C9 level. If a certain level of complement 

activation (and therefore, consumption) was taking place at a particular portion of the 

intestine, it should reflect in reduced complement activity measured in vitro. Nonetheless, 

the observation was accepted in its objectivity and additional tests were performed to 

confirm the relevance of a mucus complement activity.  

 

In this direction, it was required to test if a known inhibitor of complement in serum can 

inhibit mucus complement activation as well.  Firstly, sham and CLP-sepsis mucus samples 

were tested for EDTA mediated inhibition (Fig. 10. (i) & (ii)). Complement pathway 

activation works with the help of Ca2+ and Mg2+ ions, where EDTA acts as a chelating agent 

for these two cations, therefore exerting its inhibitory activity. But classical and alternative 

complement pathway activities in the sham and CLP-sepsis mucus samples were not 

inhibited by EDTA (Fig. 3. (i) & (ii)).  There was a possibility that the cations’ activities in 

the mucus could differ from that in the serum, thus requiring an EDTA titration experiment. 

Additionally, other ways of complement activity inhibition could also be used. In this regard, 

an experiment was set up to test three different ways to inhibit alternative complement 

pathway activation: heat inactivation, treatment with 3 different concentrations of EDTA 

and treatment with 2 different concentrations of mini-factor H [61;174]. While a prompt 
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inhibitory effect was seen by heating samples at 56oC for 30 minutes, upon EDTA treatment, 

a dose-dependent increase in complement activity was observed on the contrary (Fig. 10. 

(iii)). Furthermore, miniFH did not inhibit alternative pathway activation at neither the 

recommended 2µM nor the 10-fold higher 20µM concentrations (Fig. 10. (iii)).  

 

These results dissuaded the initial hypothesis overall. Retrospectively, the very commercial 

kits which were utilized turned out to be unreliable, as the provided controls in these kits 

(lyophilized complement-preserved mouse serum) did not prevent complement activation 

when they were treated with EDTA. The test kit was also used “qualitatively” as such, as 

there was no approved animal protocol to isolate “normal mouse serum” in the lab at that 

point. Therefore, the best possible way to overcome all these shortcomings was to establish 

a self-made in vitro assay in order to measure complement activation.  

 

 

4.3 Principles of complement activation assays and measuring mucus lysates 

 

Coating Maxisorp microtiter plates with complement pathway activators like OVA-

antigen:anti-OVA antibody complex and LPS can help assembling and activating the 

classical and alternative complement pathways respectively [196-198]. The principle of 

these assays was to detect complement activation by detecting complement C3b bound to 

the activator of the respective complement pathways. Normal mouse serum was purchased 

to standardize the method through titrating primary anti-C3 antibody and HRP-linked 

secondary IgG concentrations and optimize the working concentration of each reagent. As 

shown in Figs. 11. (i) and 13. (i), serially diluted serum has decreasing alternative and 

classical complement activity, and EDTA treatment robustly attenuates these activities. The 

successful establishment of this assay at least offered a credible chance at assessing 

corresponding complement activities in mucus samples. While titrating mucus lysates with 

the amount of total proteins (200, 100 and 50 µg), they seemed to have extremely low 

complement activity, comparable in the range of 40 to 50-fold diluted normal mouse serum 

(Fig. 11. (ii)). Which meant, that if EDTA inhibition tests were to be performed, there was a 

likelihood that such an experiment would not show considerable difference between 

untreated and EDTA-treated samples. A graded decrease in alternative complement activity 

was found from the upper proximal to the lower distal portion of healthy control mucus 

samples by loading 200µg of protein per well (Fig. 11. (iii)). EDTA did not prove to 
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completely reduce this activity, though EDTA-treated mucus samples had less activation 

compared to untreated samples (Fig. 12. (i)). This alternative pathway test was further 

optimized and 400µg of total protein was loaded into each well. Samples from animal SET4 

were available to test spatial differences in mucus complement activity along the entire 

length of the small intestine as well. Alternative complement activity was found to decrease 

along the length in sham mice like healthy controls, while this tendency was lost in CLP-

sepsis mice (Fig. 12. (ii) and (iii)). Here as well, the effect of EDTA, used at double the 

recommended inhibition concentration, did not significantly reduce complement activity 

(Fig. 12. (ii) and (iii)). A possible explanation to this effect was at hand. A technical error in 

the standardization steps of classical and alternative pathway activity measured alluded to 

this explanation. Normal mouse serum for the alternative pathway activity was diluted in 

PBS, while for the classical pathway activity serum was diluted in PBS supplemented with 

Ca2+ and Mg2+ ions.  It was seen that the undiluted to sparsely diluted samples (undiluted vs 

1:5, 1:10 and 1:20 dilutions) had very high classical complement activation capacity, unlike 

the PBS diluted samples for the same concentrations tested for alternative pathway activity 

(Fig. 13. (i) vs. Fig. 11. (i)). Therefore, it was not a surprise that mucus processed in PBS 

which do not contain these ions would invariably show lesser complement activity. The 

opportunity to test this was not present, though mucus obtained from 4 different parts of a 

single mouse’s intestine was used as a “pilot test” to confirm on this technical error. The 

classical complement pathway experiment with mouse mucus should not be confused for an 

n=3; each dot represents mucus from one portion of intestine of the same mouse (Fig. 13. 

(ii)). The intent of this experiment was to check if reconstitution of samples with CaCl2 and 

MgCl2 can rescue the low complement activation of the mucus. This however could not be 

confirmed, as the absorbance values for the mucus samples were even lesser than the 

negative control used in the experiment (Fig. 13. (ii)). 

 

The outcome of these experiments in a way enabled the provision of a reliable complement 

pathway assay method, while keeping several avenues open to optimize its detection in 

mucus samples. The very first step that can be recommended hereafter is that the buffer used 

to lyse the mucus samples be replaced with PBS supplemented with Ca2+ and Mg2+, without 

which suitable complement activation may not be achievable. Secondly, one must keep in 

mind that from the scale of dimensions, the mucus obtained from those portions are subject 

to local synthesis and secretion of complement factors, which can be far less than hepatic 

synthesis of circulatory complement factors [199]. Therefore, the effectiveness of 
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complement factors in opsonizing microbes, if that is at all its function, could vary from 

serum’s opsonization capability. Considering future experiments which could evaluate 

mouse mucus complement opsonizing microbes in vitro, it is a prerequisite to first achieve 

an optimal complement activity by making the recommended changes in processing mucus.  

 

At this juncture one may ask, what purpose could opsonization of microbe serve, if a 

complete complement mediated lytic attack is unlikely in the intestinal lumen? The 

relevance of complement activation can be manifold and combine conventional and 

unconventional modes of complement activity and effect. Exploring this was not within the 

scope of the study. What is tempting to learn however, in the very first instance, is the 

relevance of complement activation in antigen delivery to the immune cells of the lamina 

propria. M-cells are enticing candidates in this regard, and so are goblet cells, known for 

transporting entire microbes through the cells by transcytosis, for uptake and antigen 

presentation within the FAE [154;200-203]. In the first instance, one could co-stain specific 

surface markers of goblet cells/M-cells with C3b, to check if C3b is internalized in these 

cells. In case of goblet cells, which could also actively synthesize, store, and secrete C3, this 

approach may be inconclusive. In this regard, translating to in vitro experiments may prove 

to be helpful. Expression of C3 and its activation product binding receptors like CR1, CR2, 

CR3, CR4 and CRIg may be evaluated to screen the possibility of a C3 mediated transcytosis 

process taking place. Then, mini-gut organoids for goblet cells [204] and Caco-2:Raji cell 

co-culture systems where the enterocytes acquire M-cell phenotype [205] maybe used to test 

opsonized particle uptake. If this further enhances uptake of microbes by dendritic cells and 

leads to efficient antigen presentation are questions that can be explored further. C3-deficient 

mouse models can also be used to clarify the exact role of complement activation in the 

mucus. As seen after experimental sepsis, not only a spatial resolution to C3a and C5a was 

observed, but even temporally these levels vary (Fig. 14. & 15.). A robust effect was seen 

for C3a, and not so for C5a. Measuring endotoxin levels in mucus could in part help explain 

the increase in complement activation products. As majority of this study focused on 

interpreting the effects 24 hours after sepsis, testing if endotoxin levels varied along the 

small intestine after 24 hours of sepsis did not reveal differences within the control, the sham-

operated and the CLP-sepsis groups (Fig. 17. (iii)). However, a higher trend of endotoxin 

levels was detected in the upper proximal portion of CLP animals sacrificed after 24 hours, 

compared to sham or healthy control animals (Fig. 17. (iii)). What also needs to be tested if 

there is increased synthesis of C3 by enterocytes during sepsis and if apical and/or basal 
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stimulation with pro-inflammatory mediators result in higher complement factor expression 

and secretory activity into the lumen. This can be explored using mini-gut organoids and 

stimulated with TLR agonists and cytokines like IL-6, TNF-α, IL-8 to test whether 

expression of complement factors is enhanced and to identify which cells are involved in 

this response.   

 

 

4.4 Could intestinal proteases also intervene during intestinal complement activation? 

 

A developing paradigm proposes that systemic inflammatory responses are potent in inciting 

pancreatic proteases to encroach upon systemic circulation through intestinal barrier damage 

[177;206;207]. Several reports have supported this theory, bolstering a concept which adds 

an irrevocable “nuance” to the local biological response of systemic inflammation in the 

intestine’s lumen.  Therefore, considering the secretion of any factor into the lumen has the 

possibility of encountering the proteases. Additionally, various non-canonical mechanisms 

of complement factors’ cleavage have also been reported of late [208-211]. It should be 

noted that in general, digestive proteases do not wreak havoc on the intestinal epithelial cells 

due to the overlying mucus. This is due to the mucin-2 PTS-region O-glycosylation which 

is highly resistant to proteolytic attack [212;213]. Therefore, it is difficult to gauge the extent 

to which complement factors within the mucus interact with pancreatic proteases like trypsin 

and chymotrypsin in homeostatic conditions. In a study where, splanchnic ischemia was 

induced in rats, with or without enteral protease inhibitor treatment, ischemic rats showed 

trypsin activity in jejunal tissues, along with visible disruption of the mucin-2 layer due to 

high levels of local endogenous protease activity [214]. Which means, in the event of SIRS, 

there is a possibility of complement factors interacting with proteases, though this is 

restrictive to speculations alone in the absence of concrete empirical support.  

This brings one to the fifth question asked in the study’s aims. When mucus samples were 

tested for total protease activity, it was found that the upper proximal portion had the highest 

protease content, sustained even 72 hours after sepsis, with a loss of the characteristic graded 

decrease in protease activity down the intestine of healthy control animals (Fig. 16. (i) & 

(ii)). Though high overall protease activity was highest only within the upper proximal 

portions, it was required to test if pancreatic protease can cleave complement factors into 

their activation products. The provision to analyze in vitro, if incubation of C3/C5 with a 

purified mixture of bovine pancreatic protease (BPP) can cleave them into C3a and C5a, was 
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within the scope of the study. Here it is important to note that, the BPP used should also 

contain carboxypeptidase, the enzyme which cleaves the terminal arginine in C3a to generate 

C3adesArg, the candidate detected by ELISA in this study (Figure. 20. (i) & (ii)). A time 

and dose-dependent increment in C3adesArg and C5a generation were seen, which was an 

expected outcome of this experiment (Figure. 20. (i) & (iii). But the mucus environment is 

complex with the presence of a larger and interlinked mucin protein. The next task at hand 

was to check whether the presence of a “bigger” protein discourages proteolytic activation 

of C3 and C5. Therefore, mucin extract obtained from porcine stomach was used. Porcine 

gastric mucin resembles human Mucin-6, another gel forming mucin like Mucin-2 [215]. 

The dissolution of porcine mucin into a homogenous solution does not emulate the gel-like 

aggregate that is found in the intestine. However, the objective of these experiments was to 

test if a larger protein can hamper or alter protease to complement interaction.  Co-incubation 

with this extract did not disturb the proteolytic activity of BPP on C3 and C5. In an additional 

control condition where C3 or C5 was only incubated with albumin resulted in an interesting 

finding. Albumin seemed to generate C5a and not C3a, without the presence of any protease 

(Fig. 20. (iv)). The effect of albumin was again, not within the ambit of this study and 

therefore was not further explored. In a recent report, the binding of two Clostridium difficile 

toxins with human serum albumin was shown to induce autoproteolytic in the latter [216]. 

    

Enabled through a scientific collaboration with the lab of Prof. Schmid-Schönbein, it was 

possible to import a technique to the lab, where small peptides labeled with fluorophore 

could be utilized to detect the cleavage activities of trypsin, chymotrypsin, MMP2 and 

MMP9 and elastase [175;176]. A significantly higher activity of chymotrypsin and elastase 

was observed (Fig. 21.), though this holds true for mucus samples obtained from the 

proximal portion of the intestine only. One may investigate further, how the levels of these 

two proteases vary along the length of the intestine, not only restricting it to the evaluation 

of the mucus samples, but also testing tissue samples to gauge the extent of damage, and 

even at later time-points. This may indicate if an event of sepsis induces local mucus barrier 

degradation and increases the possibility of complement factors to encounter these proteases. 

In this regard, local protease inhibition with agents like 6-amidino-2-naphtyl p-

guanidinobenzoate dimethanesulfate and tranexamic acid in experimental models of sepsis 

[217] and then evaluating complement activation in mucus samples can help clarify the 

suspected complement:protease interaction as well.  
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4.5 Conclusion and future perspectives 

 

This study holds the possibility to identify key biological mechanisms to further demystify 

the enigmatic intestinal mucosal environment. It is only a recent development where a 

momentous understanding was achieved how draining lymph nodes in the intestine, from 

the proximal small bowel to the colon, responds differently to antigens, in a 

compartmentalized and well-orchestrated manner [158]. This has set a precedence which 

helped in designing this study as well, as the question of innate immune responses in similar 

settings have not been addressed quite adequately. Therefore, what remains to be described 

are- 

 

a) how the activated complement contributes to sensing the luminal environment? 

b) if and how this information is communicated to the intestinal epithelium? and  

c) if that regulates an immune repertoire? 

 

 Through this study, one could figure out that there is a basal activation of complement 

pathway/s in the small intestinal mucus, proven through alternative complement pathway 

activity measurement and C3a and C5a levels measured through ELISA. It was interesting 

to observe differences in these respective levels not only spatially, but also temporally, in 

the event of experimental sepsis, albeit the detected activity was extremely low. After 

addressing the concern of optimizing activity detection, other models of SIRS, like trauma 

and hemorrhagic shock could be used to evaluate if local levels of complement factors and 

their activities within the intestinal mucus are altered during sterile injury as well. This could 

in part also help identify the key mechanisms whose dysfunction could contribute to post-

traumatic sepsis. The role of complement activation in the mucus may hold relevance in 

sampling microbes and antigens, tailoring local responses in the disbursal of tolerogenic 

adaptive immune responses in the proximal as opposed to pro-inflammatory responses in the 

distal gut. If assessment of sepsis and trauma patient mucus samples for complement factors 

can act as a prognostic tool, is difficult to be speculated at this stage.  

 

The key takeaway message from this study suggests that just like the adaptive immune 

responses, a compartmentalized innate immune response precedes it, and further studies 

must be directed in unraveling this local mucosal biological response.  
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Fig. 22. Graphical summary. To investigate complement factors within the small intestine, six 

pertinent questions were asked within the presented thesis. Increase in complement activation along 

the length of the small intestine was observed in controls and increased further after CLP-sepsis. 

CLP-sepsis caused increased complement consumption and mucin-2 secretion, increase in 

chymotrypsin and elastase activity and no changes in the luminal endotoxin levels. Image prepared 

by self.    
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5. Summary 

 

As a colossal challenge of intensive care units in hospitals, sepsis is accompanied by immune 

dysregulation and organ dysfunction. The underlying immunopathology of sepsis is being 

actively investigated though the intestinal mucosal immunology has not been adequately 

addressed so far in this context. In general, immune responses within the gut have mostly 

been described and characterized within the spectrum of inflammatory bowel disorder, with 

focus on the large intestine and sparse elucidation over innate immune responses thereof. A 

few complement factors are known to be expressed by intestinal epithelial cells though a 

functional consequence of complement synthesis within the intestinal mucosa is currently 

undefined. Therefore, it was hypothesized that the complement system may be functionally 

active within the small intestinal mucus. This thesis investigated if complement factors can 

be detected in mucus samples, if they vary during a systemic challenge like sepsis and if they 

also organize to activate known complement pathways.  

 

Mucus samples were isolated from the small intestine of sham-operated and CLP-sepsis 

mice and variation within several complement factors like C1q, C4, factor H, factor D, factor 

B and MAC was within the two groups compared. Higher C3a and C5a levels were detected 

in CLP-sepsis mice mucus compared to sham mice. A steady procedure to help detect 

complement activation within the mucus was developed, following characterization of basal 

complement activation in healthy control mice. Additionally, a spatial resolution of 

complement factor secretion and/or activation was performed by segregating the jejunum 

into four portions viz., upper proximal, lower proximal, upper distal and lower distal. Control 

mucus harvested from the proximal to distal end of the jejunum exhibited basal activation of 

C3, with sequential increase in C3a concentration from the upper proximal to the lower distal 

portions. Basal C5a concentration within mucus also revealed a pattern though unlike C3a. 

A spatio-temporal comparison between sham-operated and CLP-sepsis mucus samples 

revealed higher C3a but not C5a concentration in sepsis mouse mucus, which increased from 

the proximal most to the distal most portions of murine jejunum after 24 hours and was 

maintained up to 72 hours after sepsis.  

 

Upon confirming detectable complement factors within the mucus, it was required to test if 

mucus lysates can exhibit complement activation in vitro. As commercially available 
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ELISA-based assays to test classical and alternative pathway activities unreliable, new 

assays to test the same were established in the lab. Complement pathway activation in these 

assays were measured at the level of C3-activation. The lab-established alternative pathway 

assay revealed the potential of healthy control mucus to activate complement pathway in 

vitro, with a graded decrease in alternative pathway activity from upper proximal to lower 

distal portions of the jejunum. This pattern of complement activation was sustained in sham-

operated but lost in CLP-sepsis mice. Addition of EDTA to mucus lysates reduced but did 

not inhibit alternative pathway activity completely.  

 

The detected complement activity was extremely low, probably due to lack of Ca2+ and Mg2+ 

ions in the buffer used to process the mucus samples. Due to unavailability of enough sample 

volumes, this could not be confirmed. Secretory activity of intestinal goblet cells was tested 

by mucin-2 levels. Healthy control mucus reflected a similar pattern of mucin-2 

concentration as seen for C5a concentration, within higher mucin-2 detected in CLP-sepsis 

mice mucus 24 hours later. No changes in local endotoxin levels were observed when health 

controls, sham and CLP-sepsis mice mucus were compared. Further, a confirmation on 

which cells could putatively secrete complement factors was obtained by staining human 

mini-gut organoids. Constitutive expression of C3 and C5 were seen in untreated human 

mini-gut organoids, with C5 seemingly localized in concentrated vesicular packets which 

could be situated in goblet cells.   

An intervening biological activity which may affect complement activity are the digestive 

proteases drained into the small intestine. In vitro analyses were performed where C3 and 

C5 was incubated with bovine pancreatic proteases for a dose-over-time response. Pancreatic 

proteases could generate C3adesarg and C5a at stipulated concentrations and upon prolonged 

incubation. To test if the presence of a larger molecule like mucin protein influences 

protease:complement interaction, co-incubation experiments were performed and no such 

influence was discovered. CLP-sepsis mouse mucus samples not only had considerably high 

protease activity only in the upper proximal portion of the intestine 24 hours after sepsis, but 

also had specifically high chymotrypsin and elastase activity in this portion of CLP-sepsis 

animals.  

 

In conclusion, this study proves that murine small intestinal lumen has basal complement 

activity, increased further upon induction of a systemic infectious challenge. Future studies 

are required to delineate the exact role of these complement factors, and if an activated 
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complement pathway helps in luminal immunosurveillance through sampling microbes and 

antigens. In vivo approaches to locally block pancreatic protease activities may help clarify 

if the small intestinal mucosal barrier is breached due sufficiently high protease activity such 

that they can interact with complement factors’ activities. Lastly, it should be tested if 

circulatory proinflammatory mediators enhance local complement synthesis and secretion 

within the small intestine, to help achieve a comprehensive picture of how relevant the 

complement system functions within the small intestinal lumen.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



82 
 

6. List of References 

 

      1.    Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, et 

al. (2016). The Third International Consensus Definitions for Sepsis and Septic 

Shock (Sepsis-3). JAMA. 315 801-10. 

 2. Rudd KE, Johnson SC, Agesa KM, Shackelford KA, Tsoi D, Kievlan DR, et al. 

(2020). Global, regional, and national sepsis incidence and mortality, 1990-2017: 

analysis for the Global Burden of Disease Study. Lancet. 395 200-11. 

 3. Reinhart K, Daniels R, Kissoon N, Machado FR, Schachter RD, Finfer S. (2017). 

Recognizing Sepsis as a Global Health Priority - A WHO Resolution. N Engl J Med. 

377 414-7. 

 4. McCoy A, Das R. (2017). Reducing patient mortality, length of stay and 

readmissions through machine learning-based sepsis prediction in the emergency 

department, intensive care unit and hospital floor units. BMJ Open Qual. 6 1-7. 

 5. Pierrakos C, Vincent JL. (2010). Sepsis biomarkers: a review. Crit Care. 14 1-18. 

 6. Phua J, Ngerng W, See K, Tay C, Kiong T, Lim H, et al. (2013). Characteristics and 

outcomes of culture-negative versus culture-positive severe sepsis. Crit Care. 17 1-

12. 

 7. de Prost N, Razazi K, Brun-Buisson C. (2013). Unrevealing culture-negative severe 

sepsis. Crit Care. 17 1001-2. 

 8. Zhang W. (2020). Imaging changes in severe COVID-19 pneumonia. Intensive Care 

Med. 46 583-5. 

 9. Henderson LA, Canna SW, Schulert GS, Volpi S, Lee PY, Kernan KF, et al. (2020). 

On the Alert for Cytokine Storm: Immunopathology in COVID-19. Arthritis 

Rheumatol. 72 1059-63.  

 10. Kollias A, Kyriakoulis KG, Dimakakos E, Poulakou G, Stergiou GS, Syrigos K. 

(2020). Thromboembolic risk and anticoagulant therapy in COVID-19 patients: 

emerging evidence and call for action. Br J Haematol.189 846-47.  



83 
 

 11. Giamarellos-Bourboulis EJ, Netea MG, Rovina N, Akinosoglou K, Antoniadou A, 

Antonakos N, et al. (2020). Complex Immune Dysregulation in COVID-19 Patients 

with Severe Respiratory Failure. Cell Host Microbe. 27 992–1000. 

 12. Martinon-Torres F, Salas A, Rivero-Calle I, Cebey-Lopez M, Pardo-Seco J, Herberg 

JA, et al. (2018). Life-threatening infections in children in Europe (the EUCLIDS 

Project): a prospective cohort study. Lancet Child Adolesc Health. 2 404-14. 

 13. Cailes B, Kortsalioudaki C, Buttery J, Pattnayak S, Greenough A, Matthes J, et al. 

(2018). Epidemiology of UK neonatal infections: the neonIN infection surveillance 

network. Arch Dis Child Fetal Neonatal Ed. 103 547-53. 

 14. Chalupka AN, Talmor D. (2012). The economics of sepsis. Crit Care Clin. 28 57-76. 

 15. Tiru B, DiNino EK, Orenstein A, Mailloux PT, Pesaturo A, Gupta A, et al. (2015). 

The Economic and Humanistic Burden of Severe Sepsis. Pharmacoeconomics. 33 

925-37. 

 16. Paoli CJ, Reynolds MA, Sinha M, Gitlin M, Crouser E. (2018). Epidemiology and 

Costs of Sepsis in the United States-An Analysis Based on Timing of Diagnosis and 

Severity Level. Crit Care Med. 46 1889-97. 

 17. Lelubre C, Vincent JL. (2018). Mechanisms and treatment of organ failure in sepsis. 

Nat Rev Nephrol. 14 417-27. 

 18. Vincent JL, Sakr Y, Sprung CL, Ranieri VM, Reinhart K, Gerlach H, et al. (2006). 

Sepsis in European intensive care units: results of the SOAP study. Crit Care Med. 

34 344-53. 

 19. Rubulotta F, Marshall JC, Ramsay G, Nelson D, Levy M, Williams M. (2009). 

Predisposition, insult/infection, response, and organ dysfunction: A new model for 

staging severe sepsis. Crit Care Med. 37 1329-35. 

 20. Vincent JL, Moreno R, Takala J, Willatts S, de MA, Bruining H, et al. (1996). The 

SOFA (Sepsis-related Organ Failure Assessment) score to describe organ 

dysfunction/failure. On behalf of the Working Group on Sepsis-Related Problems of 

the European Society of Intensive Care Medicine. Intensive Care Med. 22 707-10. 



84 
 

 21. Delano MJ, Ward PA. (2016). Sepsis-induced immune dysfunction: can immune 

therapies reduce mortality? J Clin Invest. 126 23-31. 

 22. Yende S, D'Angelo G, Kellum JA, Weissfeld L, Fine J, Welch RD, et al. (2008). 

Inflammatory markers at hospital discharge predict subsequent mortality after 

pneumonia and sepsis. Am J Respir Crit Care Med. 177 1242-7. 

 23. Hotchkiss RS, Monneret G, Payen D. (2013). Sepsis-induced immunosuppression: 

from cellular dysfunctions to immunotherapy. Nat Rev Immunol. 13 862-74. 

 24. Xiao W, Mindrinos MN, Seok J, Cuschieri J, Cuenca AG, Gao H, et al. (2011). A 

genomic storm in critically injured humans. J Exp Med. 208 2581-90. 

 25. Rautanen A, Mills TC, Gordon AC, Hutton P, Steffens M, Nuamah R, et al. (2015). 

Genome-wide association study of survival from sepsis due to pneumonia: an 

observational cohort study. Lancet Respir Med. 3 53-60. 

 26. Wong HR. (2013). Genome-wide expression profiling in pediatric septic shock. 

Pediatr Res. 73 564-9. 

 27. Wong HR, Cvijanovich N, Allen GL, Lin R, Anas N, Meyer K, et al. (2009). 

Genomic expression profiling across the pediatric systemic inflammatory response 

syndrome, sepsis, and septic shock spectrum. Crit Care Med. 37 1558-66. 

 28. Wong HR, Freishtat RJ, Monaco M, Odoms K, Shanley TP. (2010). Leukocyte 

subset-derived genomewide expression profiles in pediatric septic shock. Pediatr Crit 

Care Med. 11 349-55. 

 29. Cazalis MA, Lepape A, Venet F, Frager F, Mougin B, Vallin H, et al. (2014). Early 

and dynamic changes in gene expression in septic shock patients: a genome-wide 

approach. Intensive Care Med Exp. 2 1-17. 

 30. Chousterman BG, Swirski FK, Weber GF. (2017). Cytokine storm and sepsis disease 

pathogenesis. Semin Immunopathol. 39 517-28. 

 31. Cohen J. (2002). Immunopathogenesis of Sepsis. Nature. 420 885-91. 



85 
 

 32. Rani M, Nicholson SE, Zhang Q, Schwacha MG. (2017). Damage-associated 

molecular patterns (DAMPs) released after burn are associated with inflammation 

and monocyte activation. Burns. 43 297-303. 

 33. Schenck EJ, Ma KC, Murthy SB, Choi AMK. (2018). Danger Signals in the ICU. 

Crit Care Med. 46 791-8. 

 34. Bianchi ME, Crippa MP, Manfredi AA, Mezzapelle R, Rovere QP, Venereau E. 

(2017). High-mobility group box 1 protein orchestrates responses to tissue damage 

via inflammation, innate and adaptive immunity, and tissue repair. Immunol Rev. 

280 74-82. 

 35. Foell D, Wittkowski H, Vogl T, Roth J. (2007). S100 proteins expressed in 

phagocytes: a novel group of damage-associated molecular pattern molecules. J 

Leukoc Biol. 81 28-37. 

 36. Pittman K, Kubes P. (2013). Damage-associated molecular patterns control 

neutrophil recruitment. J Innate Immun. 5 315-23. 

 37. Beutler B. (2004). Inferences, questions and possibilities in Toll-like receptor 

signalling. Nature. 430 257-63. 

 38. Takeda K, Kaisho T, Akira S. (2003). Toll-like receptors. Annu Rev Immunol. 21 

335-76. 

 39. Inohara, Chamaillard, McDonald C, Nunez G. (2005). NOD-LRR proteins: role in 

host-microbial interactions and inflammatory disease. Annu Rev Biochem. 74 355-

83. 

 40. Kell AM, Gale M Jr. Rig-I in RNA virus recognition. Virology; 2015. 110-21 ed.  p. 

479-80. 

 41. Bermejo-Jambrina M, Eder J, Helgers LC, Hertoghs N, Nijmeijer BM, Stunnenberg 

M, et al. (2018). C-Type Lectin Receptors in Antiviral Immunity and Viral Escape. 

Front Immunol. 9 590. 

 42. Dinarello CA. (1997). Proinflammatory and anti-inflammatory cytokines as 

mediators in the pathogenesis of septic shock. Chest. 112 321S-9S. 



86 
 

 43. Szabo C, Wu CC, Gross SS, Thiemermann C, Vane JR. (1993). Interleukin-1 

contributes to the induction of nitric oxide synthase by endotoxin in vivo. Eur J 

Pharmacol. 250 157-60. 

 44. Hsieh CS, Macatonia SE, Tripp CS, Wolf SF, O'Garra A, Murphy KM. (1993). 

Development of TH1 CD4+ T cells through IL-12 produced by Listeria-induced 

macrophages. Science. 260 547-9. 

 45. McGeachy MJ, Bak-Jensen KS, Chen Y, Tato CM, Blumenschein W, McClanahan 

T, et al. (2007). TGF-beta and IL-6 drive the production of IL-17 and IL-10 by T 

cells and restrain T(H)-17 cell-mediated pathology. Nat Immunol. 8 1390-7. 

 46. Reynolds JM, Angkasekwinai P, Dong C. (2010). IL-17 family member cytokines: 

regulation and function in innate immunity. Cytokine Growth Factor Rev. 21 413-

23. 

 47. Tong Y, Lear TB, Evankovich J, Chen Y, Londino JD, Myerburg MM, et al. (2020). 

The RNFT2/IL-3Ralpha axis regulates IL-3 signaling and innate immunity. JCI 

Insight. 5 1-15.  

 48. Weber GF, Chousterman BG, He S, Fenn AM, Nairz M, Anzai A, et al. (2015). 

Interleukin-3 amplifies acute inflammation and is a potential therapeutic target in 

sepsis. Science. 347 1260-5. 

 49. Huggins MA, Sjaastad FV, Pierson M, Kucaba TA, Swanson W, Staley C, et al. 

(2019). Microbial Exposure Enhances Immunity to Pathogens Recognized by TLR2 

but Increases Susceptibility to Cytokine Storm through TLR4 Sensitization. Cell 

Rep. 28 1729-43. 

 50. Lin L, Xu L, Lv W, Han L, Xiang Y, Fu L, et al. (2019). An NLRP3 inflammasome-

triggered cytokine storm contributes to Streptococcal toxic shock-like syndrome 

(STSLS). PLoS Pathog. 15. https://doi.org/10.1371/journal.ppat.1007795. 

 51. Perrin-Cocon L, Aublin-Gex A, Sestito SE, Shirey KA, Patel MC, Andre P, et al. 

(2017). TLR4 antagonist FP7 inhibits LPS-induced cytokine production and 

glycolytic reprogramming in dendritic cells, and protects mice from lethal influenza 

infection. Sci Rep. 7 40791. https://doi.org/10.1038/srep40791. 



87 
 

 52. Danahy DB, Anthony SM, Jensen IJ, Hartwig SM, Shan Q, Xue HH, et al. (2017). 

Polymicrobial sepsis impairs bystander recruitment of effector cells to infected skin 

despite optimal sensing and alarming function of skin resident memory CD8 T cells. 

PLoS Pathog. 13. https://doi.org/10.1371/journal.ppat.1006569. 

 53. Huber-Lang M, Barratt-Due A, Pischke SE, Sandanger O, Nilsson PH, Nunn MA, et 

al. (2014). Double blockade of CD14 and complement C5 abolishes the cytokine 

storm and improves morbidity and survival in polymicrobial sepsis in mice. J 

Immunol. 192 5324-31. 

 54. Hellerud BC, Orrem HL, Dybwik K, Pischke SE, Baratt-Due A, Castellheim A, et 

al. (2017). Combined inhibition of C5 and CD14 efficiently attenuated the 

inflammatory response in a porcine model of meningococcal sepsis. J Intensive Care. 

5. https://doi.org/10.1186/s40560-017-0217-0. 

 55. Moore KJ, Andersson LP, Ingalls RR, Monks BG, Li R, Arnaout MA, et al. (2000). 

Divergent response to LPS and bacteria in CD14-deficient murine macrophages. J 

Immunol. 165 4272-80. 

 56. Fitzgerald KA, Rowe DC, Golenbock DT. (2004). Endotoxin recognition and signal 

transduction by the TLR4/MD2-complex. Microbes Infect. 6 1361-7. 

 57. Lee HK, Dunzendorfer S, Soldau K, Tobias PS. (2006). Double-stranded RNA-

mediated TLR3 activation is enhanced by CD14. Immunity. 24 153-63. 

 58. Baumann CL, Aspalter IM, Sharif O, Pichlmair A, Bluml S, Grebien F, et al. (2010). 

CD14 is a coreceptor of Toll-like receptors 7 and 9. J Exp Med. 207 2689-701. 

 59. Cavaillon JM, Sansonetti P, Goldman M. (2019). 100th Anniversary of Jules Bordet's 

Nobel Prize: Tribute to a Founding Father of Immunology. Front Immunol. 10. 

https://doi.org/10.3389/fimmu.2019.02114. 

 60. Ricklin D, Hajishengallis G, Yang K, Lambris JD. (2010). Complement: a key 

system for immune surveillance and homeostasis. Nat Immunol. 11 785-97. 



88 
 

 61. WARDLAW AC. (1962). The complement-dependent bacteriolytic activity of 

normal human serum. I. The effect of pH and ionic strength and the role of lysozyme. 

J Exp Med. 115 1231-49. 

 62. Johnson FR, Agnello V, Williams RC, Jr. (1972). Opsonic activity in human serum 

deficient in C2. J Immunol. 109 141-5. 

 63. Verbrugh HA, Van Dijk WC, Peters R, Van Der Tol ME, Verhoef J. (1979). The role 

of Staphylococcus aureus cell-wall peptidoglycan, teichoic acid and protein A in the 

processes of complement activation and opsonization. Immunology. 37 615-21. 

 64. Yang KD, Bathras JM, Shigeoka AO, James J, Pincus SH, Hill HR. (1989). 

Mechanisms of bacterial opsonization by immune globulin intravenous: correlation 

of complement consumption with opsonic activity and protective efficacy. J Infect 

Dis. 159 701-7. 

 65. Forsgren A, Quie PG. (1974). Influence of the alternate complement pathway in 

opsonization of several bacterial species. Infect Immun. 10 402-4. 

 66. Spika JS, Verbrugh HA, Verhoef J. (1981). Protein A effect on alternative pathway 

complement activation and opsonization of Staphylococcus aureus. Infect Immun. 

34 455-60. 

 67. Korb LC, Ahearn JM. (1997). C1q binds directly and specifically to surface blebs of 

apoptotic human keratinocytes: complement deficiency and systemic lupus 

erythematosus revisited. J Immunol. 158 4525-8. 

 68. Takizawa F, Tsuji S, Nagasawa S. (1996). Enhancement of macrophage 

phagocytosis upon iC3b deposition on apoptotic cells. FEBS Lett. 397 269-72. 

 69. Fishelson Z, Attali G, Mevorach D. (2001). Complement and apoptosis. Mol 

Immunol. 38 207-19. 

 70. Xu W, Berger SP, Trouw LA, de Boer HC, Schlagwein N, Mutsaers C, et al. (2008). 

Properdin binds to late apoptotic and necrotic cells independently of C3b and 

regulates alternative pathway complement activation. J Immunol. 180 7613-21. 



89 
 

 71. Matsuyama H, Yano T, amakawa T, Nakao M. (1992). Opsonic effect of the third 

complement component (C3) of carp (Cyprinus carpio) on phagocytosis by 

neutrophils. Fish and Shellfish Immunology. 2 69-78. 

 72. Nauta AJ, Daha MR, van KC, Roos A. (2003). Recognition and clearance of 

apoptotic cells: a role for complement and pentraxins. Trends Immunol. 24 148-54. 

 73. Noris M, Remuzzi G. (2013). Overview of complement activation and regulation. 

Semin Nephrol. 33 479-92. 

 74. Ehrlich P, Morgenroth J. (1899). Zur Theorie der Lysinwirkung. Berliner Klinische 

Wochenschrift. 36 6-9. 

 75. Ehrlich P, Morgenroth J. (1899). Ueber Haemolysine: zweite Mittheilung. Berliner 

Klinische Wochenschrift. 36 481-6. 

 76. Gaboriaud C, Thielens NM, Gregory LA, Rossi V, Fontecilla-Camps JC, Arlaud GJ. 

(2004). Structure and activation of the C1 complex of complement: unraveling the 

puzzle. Trends Immunol. 25 368-73. 

 77. Cooper NR. (1985). The classical complement pathway: activation and regulation of 

the first complement component. Adv Immunol. 37 151-216. 

 78. Fujita T. (2002). Evolution of the lectin-complement pathway and its role in innate 

immunity. Nat Rev Immunol. 2 346-53. 

 79. Drickamer K. (1992). Engineering galactose-binding activity into a C-type mannose-

binding protein. Nature. 360 183-6. 

 80. Takahashi M, Endo Y, Fujita T, Matsushita M. (1999). A truncated form of mannose-

binding lectin-associated serine protease (MASP)-2 expressed by alternative 

polyadenylation is a component of the lectin complement pathway. Int Immunol. 11 

859-63. 

 81. Thurman JM, Holers VM. (2006). The central role of the alternative complement 

pathway in human disease. J Immunol. 176 1305-10. 



90 
 

 82. Morgan EL, Sanderson S, Scholz W, Noonan DJ, Weigle WO, Hugli TE. (1992). 

Identification and characterization of the effector region within human C5a 

responsible for stimulation of IL-6 synthesis. J Immunol. 148 3937-42. 

 83. Ross GD, Atkinson JP. (1985). Complement receptor structure and function. 

Immunol Today. 6 115-9. 

 84. Heesterbeek DAC, Angelier ML, Harrison RA, Rooijakkers SHM. (2018). 

Complement and Bacterial Infections: From Molecular Mechanisms to Therapeutic 

Applications. J Innate Immun. 10 455-64. 

 85. Bayly-Jones C, Bubeck D, Dunstone MA. (2017). The mystery behind membrane 

insertion: a review of the complement membrane attack complex. Philos Trans R Soc 

Lond B Biol Sci. 372. https://doi.org/10.1098/rstb.2016.0221. 

 86. Berends ET, Dekkers JF, Nijland R, Kuipers A, Soppe JA, van Strijp JA, et al. 

(2013). Distinct localization of the complement C5b-9 complex on Gram-positive 

bacteria. Cell Microbiol. 15 1955-68. 

 87. Hoover DL, Berger M, Nacy CA, Hockmeyer WT, Meltzer MS. (1984). Killing of 

Leishmania tropica amastigotes by factors in normal human serum. J Immunol. 132 

893-7. 

 88. Zipfel PF, Skerka C. (2009). Complement regulators and inhibitory proteins. Nat Rev 

Immunol. 9 729-40. 

 89. Verschoor A, Kemper C, Köhl J. Complement Receptors. John Wiley & Sons, Ltd; 

2017. 

 90. Emlen W, Carl V, Burdick G. (1992). Mechanism of transfer of immune complexes 

from red blood cell CR1 to monocytes. Clin Exp Immunol. 89 8-17. 

 91. NELSON RA, Jr. (1953). The immune-adherence phenomenon; an immunologically 

specific reaction between microorganisms and erythrocytes leading to enhanced 

phagocytosis. Science. 118 733-7. 

 92. Brennan FH, Jogia T, Gillespie ER, Blomster LV, Li XX, Nowlan B, et al. (2019). 

Complement receptor C3aR1 controls neutrophil mobilization following spinal cord 



91 
 

injury through physiological antagonism of CXCR2. JCI Insight. 4. 

https://doi.org/10.1172/jci.insight.98254.  

 93. Wu MC, Brennan FH, Lynch JP, Mantovani S, Phipps S, Wetsel RA, et al. (2013). 

The receptor for complement component C3a mediates protection from intestinal 

ischemia-reperfusion injuries by inhibiting neutrophil mobilization. Proc Natl Acad 

Sci U S A. 110 9439-44. 

 94. Kalant D, Cain SA, Maslowska M, Sniderman AD, Cianflone K, Monk PN. (2003). 

The chemoattractant receptor-like protein C5L2 binds the C3a des-Arg77/acylation-

stimulating protein. J Biol Chem. 278 11123-9. 

 95. Cain SA, Monk PN. (2002). The orphan receptor C5L2 has high affinity binding sites 

for complement fragments C5a and C5a des-Arg(74). J Biol Chem. 277 7165-9. 

 96. van der Touw W, Cravedi P, Kwan WH, Paz-Artal E, Merad M, Heeger PS. (2013). 

Cutting edge: Receptors for C3a and C5a modulate stability of alloantigen-reactive 

induced regulatory T cells. J Immunol. 190 5921-5. 

 97. Zhang C, Wang C, Li Y, Miwa T, Liu C, Cui W, et al. (2017). Complement C3a 

signaling facilitates skeletal muscle regeneration by regulating monocyte function 

and trafficking. Nat Commun. 8. https://doi.org/10.1038/s41467-017-01526-z. 

 98. Gour N, Smole U, Yong HM, Lewkowich IP, Yao N, Singh A, et al. (2018). C3a is 

required for ILC2 function in allergic airway inflammation. Mucosal Immunol. 11 

1653-62. 

 99. Ember JA, Sanderson SD, Taylor SM, Kawahara M, Hugli TE. (1992). Biologic 

activity of synthetic analogues of C5a anaphylatoxin. J Immunol. 148 3165-73. 

 100. Furebring M, Hakansson L, Venge P, Sjolin J. (2004). Differential expression of the 

C5a receptor and complement receptors 1 and 3 after LPS stimulation of neutrophils 

and monocytes. Scand J Immunol. 60 494-9. 

 101. Liszewski MK, Kolev M, Le FG, Leung M, Bertram PG, Fara AF, et al. (2013). 

Intracellular complement activation sustains T cell homeostasis and mediates 

effector differentiation. Immunity. 39 1143-57. 



92 
 

 102. Arbore G, West EE, Spolski R, Robertson AAB, Klos A, Rheinheimer C, et al. 

(2016). T helper 1 immunity requires complement-driven NLRP3 inflammasome 

activity in CD4(+) T cells. Science. 352. https://doi.org/10.1126/science.aad1210. 

 103. Stove S, Welte T, Wagner TO, Kola A, Klos A, Bautsch W, et al. (1996). Circulating 

complement proteins in patients with sepsis or systemic inflammatory response 

syndrome. Clin Diagn Lab Immunol. 3 175-83. 

 104. Zhao X, Chen YX, Li CS. (2015). Predictive value of the complement system for 

sepsis-induced disseminated intravascular coagulation in septic patients in 

emergency department. J Crit Care. 30 290-5. 

 105. Nakae H, Endo S, Inada K, Takakuwa T, Kasai T, Yoshida M. (1994). Serum 

complement levels and severity of sepsis. Res Commun Chem Pathol Pharmacol. 84 

189-95. 

 106. Laudes IJ, Chu JC, Sikranth S, Huber-Lang M, Guo RF, Riedemann N, et al. (2002). 

Anti-c5a ameliorates coagulation/fibrinolytic protein changes in a rat model of 

sepsis. Am J Pathol. 160 1867-75. 

 107. Riedemann NC, Guo RF, Hollmann TJ, Gao H, Neff TA, Reuben JS, et al. (2004). 

Regulatory role of C5a in LPS-induced IL-6 production by neutrophils during sepsis. 

FASEB J. 18 370-2. 

 108. Flierl MA, Rittirsch D, Nadeau BA, Day DE, Zetoune FS, Sarma JV, et al. (2008). 

Functions of the complement components C3 and C5 during sepsis. FASEB J. 22 

3483-90. 

 109. Riedemann NC, Guo RF, Bernacki KD, Reuben JS, Laudes IJ, Neff TA, et al. (2003). 

Regulation by C5a of neutrophil activation during sepsis. Immunity. 19 193-202. 

 110. Silasi-Mansat R, Zhu H, Popescu NI, Peer G, Sfyroera G, Magotti P, et al. (2010). 

Complement inhibition decreases the procoagulant response and confers organ 

protection in a baboon model of Escherichia coli sepsis. Blood. 116 1002-10. 



93 
 

 111. Wang Q, Meyer TA, Boyce ST, Wang JJ, Sun X, Tiao G, et al. (1998). Endotoxemia 

in mice stimulates production of complement C3 and serum amyloid A in mucosa of 

small intestine. Am J Physiol. 275 1584-92. 

 112. Colten HR, Borsos T, Rapp HJ. (1966). In vitro synthesis of the first component of 

complement by guinea pig small intestine. Proc Natl Acad Sci U S A. 56 1158-63. 

 113. Colten HR, Gordon JM, Borsos T, Rapp HJ. (1968). Synthesis of the first component 

of human complement in vitro. J Exp Med. 128 595-604. 

 114. Lai AFR, McClelland DB, Van FR. (1976). In vitro synthesis of immunoglobulins, 

secretory component, complement and lysozyme by human gastrointestinal tissues. 

I. Normal tissues. Clin Exp Immunol. 23 9-19. 

 115. Ahrenstedt O, Knutson L, Nilsson B, Nilsson-Ekdahl K, Odlind B, Hallgren R. 

(1990). Enhanced local production of complement components in the small intestines 

of patients with Crohn's disease. N Engl J Med. 322 1345-9. 

 116. Laufer J, Oren R, Goldberg I, Horwitz A, Kopolovic J, Chowers Y, et al. (2000). 

Cellular localization of complement C3 and C4 transcripts in intestinal specimens 

from patients with Crohn's disease. Clin Exp Immunol. 120 30-7. 

 117. Perkkio M, Savilahti E, Kuitunen P. (1981). Semi-quantitative analysis of 

immunoglobulins and complement fractions 3 and 4 in the jejunal mucosa in coeliac 

disease and in food allergy in childhood. Immunohistochemical study by light and 

electron microscopy. Acta Pathol Microbiol Scand A. 89 343-50. 

 118. Gallagher RB, Kelly CP, Neville S, Sheils O, Weir DG, Feighery CF. (1989). 

Complement activation within the coeliac small intestine is localised to Brunner's 

glands. Gut. 30 1568-73. 

 119. Halstensen TS, Mollnes TE, Garred P, Fausa O, Brandtzaeg P. (1992). Surface 

epithelium related activation of complement differs in Crohn's disease and ulcerative 

colitis. Gut. 33 902-8. 



94 
 

 120. Halstensen TS, Mollnes TE, Fausa O, Brandtzaeg P. (1989). Deposits of terminal 

complement complex (TCC) in muscularis mucosae and submucosal vessels in 

ulcerative colitis and Crohn's disease of the colon. Gut. 30 361-6. 

 121. Andoh A, Fujiyama Y, Sakumoto H, Uchihara H, Kimura T, Koyama S, et al. (1998). 

Detection of complement C3 and factor B gene expression in normal colorectal 

mucosa, adenomas and carcinomas. Clin Exp Immunol. 111 477-83. 

 122. Ueki T, Mizuno M, Uesu T, Kiso T, Nasu J, Inaba T, et al. (1996). Distribution of 

activated complement, C3b, and its degraded fragments, iC3b/C3dg, in the colonic 

mucosa of ulcerative colitis (UC). Clin Exp Immunol. 104 286-92. 

 123. Ostvik AE, Granlund A, Gustafsson BI, Torp SH, Espevik T, Mollnes TE, et al. 

(2014). Mucosal toll-like receptor 3-dependent synthesis of complement factor B and 

systemic complement activation in inflammatory bowel disease. Inflamm Bowel Dis. 

20 995-1003. 

 124. Elvington M, Schepp-Berglind J, Tomlinson S. (2015). Regulation of the alternative 

pathway of complement modulates injury and immunity in a chronic model of 

dextran sulphate sodium-induced colitis. Clin Exp Immunol. 179 500-8. 

 125. Deguchi Y, Andoh A, Inatomi O, Araki Y, Hata K, Tsujikawa T, et al. (2005). 

Development of dextran sulfate sodium-induced colitis is aggravated in mice 

genetically deficient for complement C5. Int J Mol Med. 16 605-8. 

 126. Lu F, Fernandes SM, Davis AE, III. (2010). The role of the complement and contact 

systems in the dextran sulfate sodium-induced colitis model: the effect of C1 

inhibitor in inflammatory bowel disease. Am J Physiol Gastrointest Liver Physiol. 

298 878-83. 

 127. Pekkarinen PT, Vaali K, Jarva H, Kekalainen E, Hetemaki I, Junnikkala S, et al. 

(2013). Impaired intestinal tolerance in the absence of a functional complement 

system. J Allergy Clin Immunol. 131 1167-75. 

 128. Andoh A, Fujiyama Y, Hata K, Araki Y, Takaya H, Shimada M, et al. (1999). 

Counter-regulatory effect of sodium butyrate on tumour necrosis factor-alpha (TNF-



95 
 

alpha)-induced complement C3 and factor B biosynthesis in human intestinal 

epithelial cells. Clin Exp Immunol. 118 23-9. 

 129. Andoh A, Fujiyama Y, Bamba T, Hosoda S. (1993). Differential cytokine regulation 

of complement C3, C4, and factor B synthesis in human intestinal epithelial cell line, 

Caco-2. J Immunol. 151 4239-47. 

 130. Moon MR, Parikh AA, Pritts TA, Kane C, Fischer JE, Salzman AL, et al. (2000). 

Interleukin-1beta induces complement component C3 and IL-6 production at the 

basolateral and apical membranes in a human intestinal epithelial cell line. Shock. 13 

374-8. 

 131. Kitamura K, Andoh A, Inoue T, Amakata Y, Hodohara K, Fujiyama Y, et al. (1999). 

Sodium butyrate blocks interferon-gamma (IFN-gamma)-induced biosynthesis of 

MHC class III gene products (complement C4 and factor B) in human fetal intestinal 

epithelial cells. Clin Exp Immunol. 118 16-22. 

 132. Cao Q, McIsaac SM, Stadnyk AW. (2012). Human colonic epithelial cells detect and 

respond to C5a via apically expressed C5aR through the ERK pathway. Am J Physiol 

Cell Physiol. 302 1731-40. 

 133. Benis N, Wells JM, Smits MA, Kar SK, van der Hee B, Dos Santos VAPM, et al. 

(2019). High-level integration of murine intestinal transcriptomics data highlights 

the importance of the complement system in mucosal homeostasis. BMC Genomics. 

20. https://doi.org/10.1186/s12864-019-6390-x. 

 134. McGhee JR, Mestecky J, Dertzbaugh MT, Eldridge JH, Hirasawa M, Kiyono H. 

(1992). The mucosal immune system: from fundamental concepts to vaccine 

development. Vaccine. 10 75-88. 

 135. Gribble FM, Reimann F. (2019). Function and mechanisms of enteroendocrine cells 

and gut hormones in metabolism. Nat Rev Endocrinol. 15 226-37. 

 136. Ting HA, von MJ. (2019). The Immune Function of Tuft Cells at Gut Mucosal 

Surfaces and Beyond. J Immunol. 202 1321-9. 



96 
 

 137. Stevens SK, Weissman IL, Butcher EC. (1982). Differences in the migration of B 

and T lymphocytes: organ-selective localization in vivo and the role of lymphocyte-

endothelial cell recognition. J Immunol. 128 844-51. 

 138. Butcher EC, Rouse RV, Coffman RL, Nottenburg CN, Hardy RR, Weissman IL. 

(1982). Surface phenotype of Peyer's patch germinal center cells: implications for 

the role of germinal centers in B cell differentiation. J Immunol. 129 2698-707. 

 139. Cazac BB, Roes J. (2000). TGF-beta receptor controls B cell responsiveness and 

induction of IgA in vivo. Immunity. 13 443-51. 

 140. McIntyre TM, Kehry MR, Snapper CM. (1995). Novel in vitro model for high-rate 

IgA class switching. J Immunol. 154 3156-61. 

 141. Fagarasan S, Muramatsu M, Suzuki K, Nagaoka H, Hiai H, Honjo T. (2002). Critical 

roles of activation-induced cytidine deaminase in the homeostasis of gut flora. 

Science. 298 1424-7. 

 142. Mostov KE, Deitcher DL. (1986). Polymeric immunoglobulin receptor expressed in 

MDCK cells transcytoses IgA. Cell. 46 613-21. 

 143. Kadaoui KA, Corthesy B. (2007). Secretory IgA mediates bacterial translocation to 

dendritic cells in mouse Peyer's patches with restriction to mucosal compartment. J 

Immunol. 179 7751-7. 

 144. Mantis NJ, Cheung MC, Chintalacharuvu KR, Rey J, Corthesy B, Neutra MR. 

(2002). Selective adherence of IgA to murine Peyer's patch M cells: evidence for a 

novel IgA receptor. J Immunol. 169 1844-51. 

 145. Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, et al. 

(2005). Diversity of the human intestinal microbial flora. Science. 308 1635-8. 

 146. El AS, Merrifield CA, Derrien M, van BP, Hooiveld G, Levenez F, et al. (2013). The 

gut microbiota elicits a profound metabolic reorientation in the mouse jejunal mucosa 

during conventionalisation. Gut. 62 1306-14. 

 147. Bennett KM, Walker SL, Lo DD. (2014). Epithelial microvilli establish an 

electrostatic barrier to microbial adhesion. Infect Immun. 82 2860-71. 



97 
 

 148. Gebert A, Rothkotter HJ, Pabst R. (1996). M cells in Peyer's patches of the intestine. 

Int Rev Cytol. 167 91-159. 

 149. Nair VR, Franco LH, Zacharia VM, Khan HS, Stamm CE, You W, et al. (2016). 

Microfold Cells Actively Translocate Mycobacterium tuberculosis to Initiate 

Infection. Cell Rep. 16 1253-8. 

 150. Kim DY, Sato A, Fukuyama S, Sagara H, Nagatake T, Kong IG, et al. (2011). The 

airway antigen sampling system: respiratory M cells as an alternative gateway for 

inhaled antigens. J Immunol. 186 4253-62. 

 151. Mutoh M, Kimura S, Takahashi-Iwanaga H, Hisamoto M, Iwanaga T, Iida J. (2016). 

RANKL regulates differentiation of microfold cells in mouse nasopharynx-

associated lymphoid tissue (NALT). Cell Tissue Res. 364 175-84. 

 152. Kimura S, Mutoh M, Hisamoto M, Saito H, Takahashi S, Asakura T, et al. (2019). 

Airway M Cells Arise in the Lower Airway Due to RANKL Signaling and Reside in 

the Bronchiolar Epithelium Associated With iBALT in Murine Models of 

Respiratory Disease. Front Immunol. 10. 

https://doi.org/10.3389/fimmu.2019.01323. 

 153. McDole JR, Wheeler LW, McDonald KG, Wang B, Konjufca V, Knoop KA, et al. 

(2012). Goblet cells deliver luminal antigen to CD103+ dendritic cells in the small 

intestine. Nature. 483 345-9. 

 154. Knoop KA, McDonald KG, McCrate S, McDole JR, Newberry RD. (2015). 

Microbial sensing by goblet cells controls immune surveillance of luminal antigens 

in the colon. Mucosal Immunol. 8 198-210. 

 155. Birchenough GM, Nystrom EE, Johansson ME, Hansson GC. (2016). A sentinel 

goblet cell guards the colonic crypt by triggering Nlrp6-dependent Muc2 secretion. 

Science. 352 1535-42. 

 156. Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R. (2004). 

Recognition of commensal microflora by toll-like receptors is required for intestinal 

homeostasis. Cell. 118 229-41. 



98 
 

 157. Yu S, Gao N. (2015). Compartmentalizing intestinal epithelial cell toll-like receptors 

for immune surveillance. Cell Mol Life Sci. 72 3343-53. 

 158. Esterhazy D, Canesso MCC, Mesin L, Muller PA, de Castro TBR, Lockhart A, et al. 

(2019). Compartmentalized gut lymph node drainage dictates adaptive immune 

responses. Nature. 569 126-30. 

 159. Liu C, Li A, Weng YB, Duan ML, Wang BE, Zhang SW. (2009). Changes in 

intestinal mucosal immune barrier in rats with endotoxemia. World J Gastroenterol. 

15 5843-50. 

 160. Parhon CC, Petcu G, Stancioiu N. (1975). The influence of intestinal absorption of 

an amino acid on the subsequent absorption of the same amino acid. Physiologie. 12 

15-9. 

 161. Yoseph BP, Klingensmith NJ, Liang Z, Breed ER, Burd EM, Mittal R, et al. (2016). 

Mechanisms of Intestinal Barrier Dysfunction in Sepsis. Shock. 46 52-9. 

 162. Cao Y, Chen Q, Wang Z, Yu T, Wu J, Jiang X, et al. (2018). PLK1 protects against 

sepsis-induced intestinal barrier dysfunction. Sci Rep. 8 1055. 

 163. Chen G, Huang B, Fu S, Li B, Ran X, He D, et al. (2018). G Protein-Coupled 

Receptor 109A and Host Microbiota Modulate Intestinal Epithelial Integrity During 

Sepsis. Front Immunol. 9 2079. 

 164. Wu X, Ren J, Chen G, Wu L, Song X, Li G, et al. (2017). Systemic blockade of P2X7 

receptor protects against sepsis-induced intestinal barrier disruption. Sci Rep. 7. 

https://doi.org/10.1038/s41598-017-04231-5. 

 165. Ho J, Chan H, Liang Y, Liu X, Zhang L, Li Q, et al. (2020). Cathelicidin preserves 

intestinal barrier function in polymicrobial sepsis. Crit Care. 24. 

https://doi.org/10.1186/s13054-020-2754-5. 

 166. Plaeke P, De Man JG, Smet A, Malhotra-Kumar S, Pintelon I, Timmermans JP, et 

al. (2020). Effects of intestinal alkaline phosphatase on intestinal barrier function in 

a cecal ligation and puncture (CLP)-induced mouse model for sepsis. 

Neurogastroenterol Motil. 32. https://doi.org/10.1111/nmo.13754. 



99 
 

 167. Neal MD, Sodhi CP, Jia H, Dyer M, Egan CE, Yazji I, et al. (2012). Toll-like receptor 

4 is expressed on intestinal stem cells and regulates their proliferation and apoptosis 

via the p53 up-regulated modulator of apoptosis. J Biol Chem. 287 37296-308. 

 168. Samuel G, Gadeock S, Schultz M, Butt G. The differential response of human 

epithelial derived colonic organoids to TLR agonists. FASEB J. 31 1049.6. 

 

 169. Schmid-Schonbein GW, Penn A, Kistler E. (2011). The Autodigestion Hypothesis 

in Shock and Multi-Organ Failure: Degrading Protease Activity. Bol Soc Port 

Hemorreol Microcirc. 26 6-15. 

 170. Mitsuoka H, Kistler EB, Schmid-Schonbein GW. (2000). Generation of in vivo 

activating factors in the ischemic intestine by pancreatic enzymes. Proc Natl Acad 

Sci U S A. 97 1772-7. 

 171. Penn AH, Hugli TE, Schmid-Schonbein GW. (2007). Pancreatic enzymes generate 

cytotoxic mediators in the intestine. Shock. 27 296-304. 

 172. Altshuler AE, Lamadrid I, Li D, Ma SR, Kurre L, Schmid-Schonbein GW, et al. 

(2014). Transmural intestinal wall permeability in severe ischemia after enteral 

protease inhibition. PLoS One. 9. https://doi.org/10.1371/journal.pone.0096655. 

 173. Bauza-Martinez J, Aletti F, Pinto BB, Ribas V, Odena MA, Diaz R, et al. (2018). 

Proteolysis in septic shock patients: plasma peptidomic patterns are associated with 

mortality. Br J Anaesth. 121 1065-74. 

 174. Schmidt CQ, Bai H, Lin Z, Risitano AM, Barlow PN, Ricklin D, et al. (2013). 

Rational engineering of a minimized immune inhibitor with unique triple-targeting 

properties. J Immunol. 190 5712-21. 

 175. Lefkowitz RB, Schmid-Schonbein GW, Heller MJ. (2010). Whole blood assay for 

elastase, chymotrypsin, matrix metalloproteinase-2, and matrix metalloproteinase-9 

activity. Anal Chem. 82 8251-8. 



100 
 

 176. Lefkowitz RB, Marciniak JY, Hu CM, Schmid-Schonbein GW, Heller MJ. (2010). 

An electrophoretic method for the detection of chymotrypsin and trypsin activity 

directly in whole blood. Electrophoresis. 31 403-10. 

 177. Altshuler AE, Richter MD, Modestino AE, Penn AH, Heller MJ, Schmid-Schonbein 

GW. (2013). Removal of luminal content protects the small intestine during 

hemorrhagic shock but is not sufficient to prevent lung injury. Physiol Rep. 1. 

https://doi.org/10.1002/phy2.109. 

 178. Kotimaa J, Klar-Mohammad N, Gueler F, Schilders G, Jansen A, Rutjes H, et al. 

(2016). Sex matters: Systemic complement activity of female C57BL/6J and 

BALB/cJ mice is limited by serum terminal pathway components. Mol Immunol. 76 

13-21. 

 179. Albarkah YA, Green RJ, Khutoryanskiy VV. (2015). Probing the Mucoadhesive 

Interactions Between Porcine Gastric Mucin and Some Water-Soluble Polymers. 

Macromol Biosci. 15 1546-53. 

 180. Schnadig VJ. Post-mortem cytology: a reappraisal of a little used technique. 

Diagnostic Pathology of Infectious Diseases. 2nd ed.  2018. p. 22-80. 

 181. Leal J, Smyth HDC, Ghosh D. (2017). Physicochemical properties of mucus and 

their impact on transmucosal drug delivery. Int J Pharm. 532 555-72. 

 182. Pigman W, Moschera J, Weiss M, Tettamanti G. (1973). The occurrence of repetitive 

glycopeptide sequences in bovine submaxillary glycoprotein. Eur J Biochem. 32 

148-54. 

 183. Desseyn JL, Buisine MP, Porchet N, Aubert JP, Degand P, Laine A. (1998). 

Evolutionary history of the 11p15 human mucin gene family. J Mol Evol. 46 102-6. 

 184. Escande F, Porchet N, Bernigaud A, Petitprez D, Aubert JP, Buisine MP. (2004). 

The mouse secreted gel-forming mucin gene cluster. Biochim Biophys Acta. 1676 

240-50. 



101 
 

 185. van Klinken BJ, Einerhand AW, Duits LA, Makkink MK, Tytgat KM, Renes IB, et 

al. (1999). Gastrointestinal expression and partial cDNA cloning of murine Muc2. 

Am J Physiol. 276 115-124. 

 186. Shekels LL, Anway RE, Lin J, Kennedy MW, Garside P, Lawrence CE, et al. (2001). 

Coordinated Muc2 and Muc3 mucin gene expression in Trichinella spiralis infection 

in wild-type and cytokine-deficient mice. Dig Dis Sci. 46 1757-64. 

 187. Grootjans J, Hundscheid IH, Lenaerts K, Boonen B, Renes IB, Verheyen FK, et al. 

(2013). Ischaemia-induced mucus barrier loss and bacterial penetration are rapidly 

counteracted by increased goblet cell secretory activity in human and rat colon. Gut. 

62 250-8. 

 188. Fishman JE, Levy G, Alli V, Zheng X, Mole DJ, Deitch EA. (2014). The intestinal 

mucus layer is a critical component of the gut barrier that is damaged during acute 

pancreatitis. Shock. 42 264-70. 

 189. Babrowski T, Holbrook C, Moss J, Gottlieb L, Valuckaite V, Zaborin A, et al. (2012). 

Pseudomonas aeruginosa virulence expression is directly activated by morphine and 

is capable of causing lethal gut-derived sepsis in mice during chronic morphine 

administration. Ann Surg. 255 386-93. 

 190. Laufer J, Boichis H, Farzam N, Passwell JH. (1995). IgA and IgG immune 

complexes increase human macrophage C3 biosynthesis. Immunology. 84 207-12. 

 191. Botto M, Lissandrini D, Sorio C, Walport MJ. (1992). Biosynthesis and secretion of 

complement component (C3) by activated human polymorphonuclear leukocytes. J 

Immunol. 149 1348-55. 

 192. Faried HF, Tachibana T, Okuda T. (1993). The secretion of the third component of 

complement (C3) by human polymorphonuclear leucocytes from both normal and 

systemic lupus erythematosus cases. Scand J Immunol. 37 19-28. 

 193. Fukuoka Y, Hite MR, Dellinger AL, Schwartz LB. (2013). Human skin mast cells 

express complement factors C3 and C5. J Immunol. 191 1827-34. 



102 
 

 194. Einstein LP, Hansen PJ, Ballow M, Davis AE, III, Davis JS, Alper CA, et al. (1977). 

Biosynthesis of the third component of complement (C3) in vitro by monocytes from 

both normal and homozygous C3-deficient humans. J Clin Invest. 60 963-9. 

 195. Lipitsa T, Naukkarinen A, Laitala J, Harvima IT. (2016). Complement C3 is 

expressed by mast cells in cutaneous vasculitis and is degraded by chymase. Arch 

Dermatol Res. 308 575-84. 

 196. Morrison LJ, Behan PO, Behan WM. (1990). Assay of complement activation in 

mouse serum by ELISA. J Immunol Methods. 126 191-7. 

 197. Kotimaa JP, van Werkhoven MB, O'Flynn J, Klar-Mohamad N, van GJ, Schilders 

G, et al. (2015). Functional assessment of mouse complement pathway activities and 

quantification of C3b/C3c/iC3b in an experimental model of mouse renal 

ischaemia/reperfusion injury. J Immunol Methods. 419 25-34. 

 198. Khandelwal S, Alenxandra JM, Lee GM, Arepally GM. (2016). Novel ELISA-based 

assay for detection of complement activation by PF4/Heparin complexes. 128. 

https://doi.org/10.1182/blood.V128.22.3734.3734  

 

 199. Kotimaa J, Klar-Mohammad N, Gueler F, Schilders G, Jansen A, Rutjes H, et al. 

(2016). Sex matters: Systemic complement activity of female C57BL/6J and 

BALB/cJ mice is limited by serum terminal pathway components. Mol Immunol. 76 

13-21. 

 200. Rey C, Chang YY, Latour-Lambert P, Varet H, Proux C, Legendre R, et al. (2020). 

Transcytosis subversion by M cell-to-enterocyte spread promotes Shigella flexneri 

and Listeria monocytogenes intracellular bacterial dissemination. PLoS Pathog. 16. 

https://doi.org/10.1371/journal.ppat.1008446. 

 201. Tyrer P, Foxwell AR, Cripps AW, Apicella MA, Kyd JM. (2006). Microbial pattern 

recognition receptors mediate M-cell uptake of a gram-negative bacterium. Infect 

Immun. 74 625-31. 



103 
 

 202. Mabbott NA, Donaldson DS, Ohno H, Williams IR, Mahajan A. (2013). Microfold 

(M) cells: important immunosurveillance posts in the intestinal epithelium. Mucosal 

Immunol. 6 666-77. 

 203. Nikitas G, Deschamps C, Disson O, Niault T, Cossart P, Lecuit M. (2011). 

Transcytosis of Listeria monocytogenes across the intestinal barrier upon specific 

targeting of goblet cell accessible E-cadherin. J Exp Med. 208 2263-77. 

 204. Hohwieler M, Perkhofer L, Liebau S, Seufferlein T, Muller M, Illing A, et al. (2017). 

Stem cell-derived organoids to model gastrointestinal facets of cystic fibrosis. United 

European Gastroenterol J. 5 609-24. 

 205. Beloqui A, Brayden DJ, Artursson P, Preat V, des RA. (2017). A human intestinal 

M-cell-like model for investigating particle, antigen and microorganism 

translocation. Nat Protoc. 12 1387-99. 

 206. Aletti F, Maffioli E, Negri A, Santamaria MH, DeLano FA, Kistler EB, et al. (2016). 

Peptidomic Analysis of Rat Plasma: Proteolysis in Hemorrhagic Shock. Shock. 45 

540-54. 

 207. DeLano FA, Chow J, Schmid-Schonbein GW. (2017). Volatile Decay Products in 

Breath During Peritonitis Shock are Attenuated by Enteral Blockade of Pancreatic 

Digestive Proteases. Shock. 48 571-5. 

 208. Amara U, Flierl MA, Rittirsch D, Klos A, Chen H, Acker B, et al. (2010). Molecular 

intercommunication between the complement and coagulation systems. J Immunol. 

185 5628-36. 

 209. Huber-Lang M, Denk S, Fulda S, Erler E, Kalbitz M, Weckbach S, et al. (2012). 

Cathepsin D is released after severe tissue trauma in vivo and is capable of generating 

C5a in vitro. Mol Immunol. 50 60-5. 

 210. Huber-Lang M, Younkin EM, Sarma JV, Riedemann N, McGuire SR, Lu KT, et al. 

(2002). Generation of C5a by phagocytic cells. Am J Pathol. 161 1849-59. 



104 
 

 211. Huber-Lang M, Sarma JV, Zetoune FS, Rittirsch D, Neff TA, McGuire SR, et al. 

(2006). Generation of C5a in the absence of C3: a new complement activation 

pathway. Nat Med. 12 682-7. 

 212. van der Post S, Subramani DB, Backstrom M, Johansson ME, Vester-Christensen 

MB, Mandel U, et al. (2013). Site-specific O-glycosylation on the MUC2 mucin 

protein inhibits cleavage by the Porphyromonas gingivalis secreted cysteine protease 

(RgpB). J Biol Chem. 288 14636-46. 

 213. van der Post S, Thomsson KA, Hansson GC. (2014). Multiple enzyme approach for 

the characterization of glycan modifications on the C-terminus of the intestinal 

MUC2mucin. J Proteome Res. 13 6013-23. 

 214. Chang M, Alsaigh T, Kistler EB, Schmid-Schonbein GW. (2012). Breakdown of 

mucin as barrier to digestive enzymes in the ischemic rat small intestine. PLoS One. 

7. https://doi.org/10.1371/journal.pone.0040087 

 215. Yakubov GE, Papagiannopoulos A, Rat E, Easton RL, Waigh TA. (2007). Molecular 

structure and rheological properties of short-side-chain heavily glycosylated porcine 

stomach mucin. Biomacromolecules. 8 3467-77. 

 216. di Masi A, Leboffe L, Polticelli F, Tonon F, Zennaro C, Caterino M, et al. (2018). 

Human Serum Albumin Is an Essential Component of the Host Defense Mechanism 

Against Clostridium difficile Intoxication. J Infect Dis. 218 1424-35. 

 217. DeLano FA, Hoyt DB, Schmid-Schonbein GW. (2013). Pancreatic digestive enzyme 

blockade in the intestine increases survival after experimental shock. Sci Transl Med. 

5. https://doi.org/10.1126/scitranslmed.3005046. 

 

 218. Hankin EH. (1890). Report on the conflict between the organism and the microbe. 

The Brit Med J. 5 65-68. 

 

 

 

 

 



105 
 

Acknowledgement 

 

It was with a steely resolve at a particularly uncertain phase of my life that I had decided to 

scrap all my Masters programme applications to different universities, to start from square 

one. The mishap of losing a parent to sepsis had instilled a sense of conviction to understand 

it better, which could well-begin with a postgraduate degree in Immunology. As the COVID-

19 pandemic ravages through the world as we know it, Italy had an incidence of 20.62 per 

100,000 people; a recent study pointed out that the incidence of sepsis per 100,000 of the 

Indian population was 992.3. With no intent to draw false equivalences, this astounding 

figure, apart from indicating something terribly going wrong somewhere, also indicates how 

sepsis as a critical care condition has been underreported and not attended with due 

importance in my country. Way back in 2013 when I applied to various Immunology 

programmes, this imminent problem was only realized due to a personal loss. The coveted 

chance to work on a basic research frontier pertaining to sepsis, was born through an 

opportunity which was no less than an instinctive aspiration. For this, I will always be 

indebted to Prof. Markus Huber-Lang. I could have digressed tremendously from my 

determined course, unless for Prof. Huber-Lang’s unconditional support as well as empathy 

in the fact that I “wanted to work on sepsis always”. I thank him foremost for every bit of 

this 4 and a half years’ journey.  

 

                Science is a collective effort of too many people, who directly, indirectly and 

remotely enable in the nurturing of thoughts, experiments, execution of the same thereof and 

of course bringing about a paradigm shift in a discourse. In my humble capacity, I would 

like to thank Prof. Claudia Kemper for identifying that I was worth enough to hone my 

scientific skills, and that I could make a life out of it. It was with Prof. Kemper that I learnt 

about the complement system, adding another resolution to attune my perspective on sepsis. 

On this note, PD Dr. Christoph Schmidt’s immense expertise and knowledge in the field of 

complement biology has been extremely inspirational, apart from his unerring mentorship 

whenever my experiments went awry. Through their advice/s, I could mature my thoughts 

and train myself during my foray into complement-centric research, learning to think like a 

scientist. Several new concepts and techniques applied in this thesis would not have been 

possible without the willingness of various people to help me out. In this regard, I am grateful 

to Prof. Schmid-Schönbein for welcoming me into learning about charge-changing peptides 



106 
 

at the UCSD, Dr. Elaine Skowronski for patiently teaching it to me, Prof. Barth, Dr. 

Katharina Ernst and especially Mrs. Ana Anastasia for guiding me through handling mini-

gut organoids and the complement factors we could color up through fluorescence staining.  

I have practically grown up in Ulm, the most beautiful city in the south of Germany which I 

call my “second-home” now. I have particularly enjoyed its resplendent nature, the valleys, 

meadows and the horizon where sometimes the snow-covered Alps gloriously exhibits itself 

on clear winter mornings. I am grateful, Ulm has given me several of those mornings despite 

its notoriety as a melancholic foggy city. Dr. Annette Palmer, Mrs. Anne Rittlinger and Mrs. 

Ludmila Lupu have become more than only professional colleagues; some bonds are forged 

for a lifetime and I am thankful to them for accepting me with all my follies. Thanks to Mrs 

Ebru Karasu, for always being the ideal peer one can have, to discuss science and share a 

common love for “food”.  It was Mrs. Sonja Braumueller’s kind acceptance to accommodate 

me and train me in animal work, despite our major communication barrier being that of 

language. Her discipline and work ethics are my two key takeaways which I will prize for 

life. The integral support to ITI are its technicians, Mrs Anke Schultze and Mrs Bettina 

Klohs, whose expertise have often helped troubleshoot small to big issues in the experiments. 

I thank them and Mrs Simone Welle, to help the nitty-gritties of bureaucratic obligations 

seem easier at the institute. ITI is a team replete with women, where I have learnt to sensitize 

myself on matters of equality more than any thesis on feminism could have helped me.  

         Lastly, it comes to family. Had I not embraced a 4-month-old fledgling baby cousin; I 

wouldn’t have felt the joy of revitalizing the idea of living. Thank you, Lily, you will always 

be my “joie de vivre”. Mr Khizar Mashhadi, without whom I would not have made it alive 

in this race. And lastly, Mr Indrashish Mukherjee; thank you for teaching me the unbridled 

simplicity with which a hard life is lived. Just as in the movie “Cinema Nuovo Paradiso”, 

we both have many interrupted film reels to paste together throughout this life.   

This has been a prolonged “Acknowledgement”, but I cannot conclude it without thanking 

Late. Dr. Chandrajit Chatterjee, a fantastic surgeon who served the rural districts of West 

Bengal, then as a professor at the Calcutta Medical College all his active life, and finally as 

my grandfather, who might have been a little happy to know I did not stop aspiring for more. 

And of course, Late. Mrs. Sudipta Chatterjee, who has, in life and in death, been the 

unequivocal force to why I wrote this thesis. Quoting from our favourite book,  

 

“For you, a thousand times over.”  

 



107 
 

Curriculum Vitae 

 

Personal Information  

Name                                        Shinjini Chakraborty 

Date of birth                             25.07.1992 

Place of Birth                            Chandernagore, West Bengal, India 

 

Education 

April 2016 – Sep 2020             Doctoral candidate at the Universitätsklinikum Ulm, under 

                                                 the supervision of Prof. Dr. Markus Huber-Lang. Institute   

                                                 für klinische und experimentelle Trauma-Immunology 

 

Sep 2014 – Oct 2015                Master of Science in Immunology. King’s College London.  

                                                  MSc. Thesis-CD109 glycoprotein regulates CD4+T-cell  

                                                  phenotype switching. Supervised by Prof. Claudia Kemper.  

                                                  Final result: MSc with Merit. 

 

July 2011– June 2014              Bachelor of Science in Human Physiology. Presidency  

                                                 University, Calcutta. Final result: Passed with first class.        

 

April 2009 – June 2011           High School in Science Stream (10+2). Board- AISSE.  

                                                 Mahadevi Birla Girls’ Higher Secondary School. 

                                                 Final result: Passed, with 88.25%         

 

April 1997 – April 2009          Schooling until 10th Standard. Board- AISSCE.  

                                                 Mahadevi Birla Girls’ Higher Secondary School.     

                                                 Final result: Passed, with 94.2%. Awarded scholarship 

                                                 for the completion of final 2 years of high school by the  

                                                 Management Committee. 

                              

 

 

 



108 
 

Conferences 

 

1. Proteases in the small intestinal lumen could lead to non-canonical generation of C3a 

and C5a after experimental sepsis- (Poster). Keystone Symposium on Tissue Immunity, 

(Boulder, USA). January 2020.  

 

 2. Putative role of proteases in generating intestinal luminal C3a and C5a after 

experimental sepsis. (Poster). Sepsis Update (Weimar) and German Society of 

Immunology Conference (Munich), September 2019. 

 

3. Early blockade of C5a in experimental polytrauma. (Poster). 27th FAOBMB 

Conference. Kuala Lumpur, Malaysia. August 2019.  

 

4.Role of Glucocorticoids in Innate Immune Response during Sepsis. (Oral Presentation). 

17th International Retreat of PhD Students in Immunology. Italian Society of Immunology, 

Clinical Immunology and Allergology. Verona, Italy, October 2017. 

 

5. Role of Barrier Molecules during Innate Immune Response after Experimental 

Polytrauma. New Horizons in Translational Medicine, Elsevier. (Poster). 4th International 

Congress of the European Society for Translational Medicine. Prague, Czech Republic, 

October 2016. 

 

 

 

Honors and Awards 

 

1.  Disease Models and Mechanisms Conference Travel Grant: Partial travel grant to fund 

attendance and poster presentation at Keystone Symposium on Tissue Immunity. 

 

2. Universität Ulm Nachwuchsakademie Mobilitätsprogramm: Travel grant to fund 

attendance and poster presentation at Keystone Symposium on Tissue Immunity. 

 

3. Young Scientist Program: Fellowship awarded by the IUBMB in conjunction with 

MSBMB and FAOBMB, in Kuala Lumpur.  



109 
 

 

4. Biochemical Society General Travel Grant: Travel grant awarded by the Biochemical 

Society for partial funding towards research lab visit at the Department of Bioengineering, 

University of California, San Diego. 

 

5. Travel Award, PhD Retreat: Italian Society of Immunology, Clinical Immunology and 

Allergology. Selected for oral presentation. 

 

6. 3rd Prize, Best Poster Award,4th International Congress on Translational Medicine: 

European Society for Translational Medicine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


