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Abstract

Purpose of review—Campylobacter jejuni is recognized as one of the most common causes of 

food-borne gastrointestinal illness worldwide, resulting in a self-limiting dysentery in developed 

countries. However, it is increasingly gaining attention due to its association with postinfectious 

complications such as Guillain–Barré Syndrome and recently recognized importance in early 

childhood diarrhea in developing countries. We hypothesize that the inflammation mediated by C. 
jejuni infection causes environmental enteric dysfunction, and with contribution from diet and the 

host, microbiome may be responsible for growth faltering in children and developmental disability.

Recent findings—Diet plays a major role in the impact of C. jejuni infection, both by 

availability of micronutrients for the bacteria and host as well as shaping the microbiome that 

affords resistance. Early childhood repeated exposure to the bacterium results in inflammation that 

affords long-term immunity but, in the short term, can lead to malabsorption, oral vaccine failure, 

cognitive delay and increased under-5 mortality.

Summary—As interest in C. jejuni increases, our understanding of its virulence mechanisms has 

improved. However, much work remains to be done to fully understand the implications of 

immune-mediated inflammation and its potential role in diseases such as environmental enteric 

dysfunction.
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INTRODUCTION

Campylobacter jejuni is recognized as one of the most common causes of food-borne 

gastrointestinal illness worldwide [1]. It is a gram-negative, curved or spiral-shaped 

organism with a bipolar flagellum. C. jejuni requires a microaerophilic environment for 

growth and replicates slowly, making diagnosis by culture challenging. Although more than 
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10 different species of Campylobacter exist, some of which are known to be commensal 

organisms in human oral flora, C. jejuni is most commonly associated with human disease. 

C. jejuni is a commensal organism in most birds, and infection in humans is 

frequentlyassociated with exposure to undercooked or poorly handled poultry or 

contaminated water sources. However, it can also be a commensal organism in ruminants 

and is sometimes isolated from unpasteurized milk.

The resulting illness is characterized by fever, abdominal cramping and bloody diarrhea, 

making it difficult to clinically distinguish from dysentery due to shigellosis, salmonellosis 

or amebiasis and is typically self-limiting in immunocompetent patients. The incubation 

period from infection to symptom onset is up to 72 h, with infections classically resolving 

within 1 week [2]. Rates of C. jejuni infection are difficult to assess: for the United States, 

estimates are around 2 million cases each year [3]; worldwide, incidence of C. jejuni appears 

to vary by location, with the highest prevalence prior to 2 years of age observed in 

Bangladesh [4■■]. Currently, the case fatality rate is estimated to be as high as 9% [1]. 

Culture remains the gold standard for diagnosis of C. jejuni, although use of PCR may now 

replace this.

C. jejuni is distinct from other causes of dysentery in its association with postinfectious 

complications such as Guillain–Barré syndrome, reactive arthritis and postinfectious irritable 

bowel syndrome. We hypothesize that a previously un-recognized postinfectious 

complication is environmental enteric dysfunction (EED). C. jejuni is increasingly gaining 

attention due to the socioeconomic impact of this bacteria, both in the short and long term.

In the following review, we will examine the immune system’s response to C. jejuni 
infection, the impact of nutrition and host microbiome on infection and the impact of the 

subsequent inflammation and its potential role in EED (Table 1).

Dependency upon the microbiota

To date, our understanding of the pathogenic mechanisms utilized by C. jejuni has been 

limited by the difficulty in establishing a functional animal model. Several advances have 

been made with regard to murine models, including the use of either germ-free or 

gnotobiotic mice or those with specific immunologic mutations, including knockout of the 

single IgG IL-1-related receptor that normally functions to downregulate MyD88 innate 

immune signaling [12■]. There are different hypotheses regarding the specific barriers to C. 
jejuni in wild-type mice, one of which is that colonization resistance is afforded by the 

murine microbiota. This hypothesis has been investigated in several studies demonstrating 

resistance to C. jejuni following the establishment of ‘adult’ gut flora [5,15,16]. In fact, 

O’Loughlin et al. showed that mice treated with a single antibiotic, ampicillin, were more 

susceptible to colonization with C. jejuni. Analysis of the microbiome of the antibiotic-

treated mice revealed decreased levels of microbial diversity and specifically of 

Enterococcus faecalis [18■■]. E. faecalis inhibited the growth of C. jejuni in vitro and when 

gavaged into ampicillin-treated mice restored resistance to colonization by C. jejuni. Thus, it 

appears that the microbiota is integral to C. jejuni resistance in the mouse model, with even 

minor alterations in gut flora allowing for establishment of infection [18■■]. Infant mice 
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were susceptible to C. jejuni infection and gut inflammation [16], suggesting that the early 

microbiota may not afford the same protection as those found in ‘adult’ flora [25].

Bacterial virulence factors

Our understanding of how C. jejuni infection causes disease remains limited. Full-genome 

sequencing of several C. jejuni strains has helped to shed light on variations in virulence 

between campylobacters and how this may alter the interactions with and symptoms 

displayed by the host. Specifically, C. jejuni has demonstrated the ability to synthesize 

various heat shock proteins when exposed to temperatures outside of the preferred 37–42 °C 

range or utilize varying amino acids based on host nutrient availability [26]. Although host 

colonization factors were, to a large extent, conserved between strains, loci for 

lipooligosaccharide and polysaccharide synthesis were more diverse [27].

Pathogenesis of campylobacteriosis begins with adherence, and from murine models it is 

evident that the bacteria must invade cells to elicit a host response [28]. The bacteria begin 

invading cells in the distal small bowel, then spreading to the colon. Damage localizes at the 

tips of intestinal villi as opposed to within the crypts [28]. Following cellular invasion, C. 
jejuni upregulates toxin and protein production and avoids lysosomal fusion to the vacuole 

containing the bacterium. This likely contributes to evasion of the host immune system [28–

30]. Although bacterial virulence factors allow for the survival of the bacteria within host 

cells, the resultant immune response is likely responsible for the clinical manifestations of 

infection [13,26,28]. For example, campylobacter production of cytolethal distending toxin 

both promotes an inflammatory response via IL-8 as well as assists in evasion of the immune 

system via arrest of the cell cycle [31]. At the same time, Toll-like receptors on intestinal 

epithelial cells as well as gut dendritic cells are activated. This initiates both the innate and 

adaptive immune pathways, allowing for the recruitment of inflammatory cells that are 

likely responsible for the resultant diarrhea, as well as the ultimate clearance of the organism 

[6–8,25,32–35]. C. jejuni’s interaction with gut cells leads to the damage of differentiated 

cells at villous tips and the arrest of the cell cycle in proliferating cells of the crypts, causing 

villous atrophy, resulting in the characteristic bloody diarrhea [3,28].

Campylobacter jejuni and environmental enteric dysfunction

Following the immune response, what are the downstream effects of infection and how do 

they play into the outcomes of C. jejuni? Our hypothesis is that repeated exposure to C. 
jejuni heavily contributes to subclinical inflammation and EED. Although the concept of 

malabsorption and its direct correlation to poor outcomes in developing countries is not 

novel, the development of a well delineated and directly measurable entity denoted EED is 

increasing in popularity over the last decade.

Although the specific definition varies, in general, EED is a condition resulting from the 

interaction between malnutrition and enteric infection, leading to villous blunting, 

malabsorption and chronic inflammation in the small bowel, the outcome of which is poor 

absorption and growth stunting. EED typically is clinically silent, that is not manifesting as 

overt diarrhea [36■,37]. As a clinically asymptomatic disease, intervention to prevent or 

treat the consequences of EED is problematic. More important than growth stunting alone 
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has been the association of EED with vaccine failure, increased susceptibility to infections, 

decreased cognitive function and increased rates of death in children less than 5 years of age 

[37,38]. Further research is required to fully delineate a time course for the development of 

EED, which would provide clinicians a more precise target for intervention and/ or 

prevention.

Campylobacter jejuni and the impact of malnutrition

Where nutrition is concerned, the question becomes whether EED is a self-perpetuating 

cycle. If malnutrition leads to villous blunting and thus poor absorption, does the resultant 

malabsorption then foster further malnutrition, or is there a limit to the dysfunction one can 

accrue? Recently, Liu et al. [39] demonstrated that even short-term protein malnutrition can 

lead to decreased weight gain, increased pathogen burdens and stifled epithelial cell 

proliferation in a murine model of Cryptosporidium parvum infection. Although C. parvum 
and C. jejuni infections differ greatly in their pathogenesis and rates of occurrence per 

location, the conclusion of this study is that diet plays a major role in the body’s ability to 

initiate repair mechanisms even after abbreviated periods of protein malnutrition.

Further, earlier and more frequent pathogen exposures, such as those that may be 

encountered in settings of heavy population density and poorer sanitation practices, may 

have heightened impacts and insurmountable deficits in the setting of persistent protein 

malnutrition. Indeed, Hossain et al. [40] demonstrated that higher intestinal permeability, as 

measured by lactulose/mannitol uptake in children, correlated with decreased weight for age 

as well as higher rates of enteropathy for children who were already considered to be 

underweight. In addition, younger age and specific micro-nutrient deficiencies also 

correlated with enteropathy. Although it has been demonstrated that for adults, particularly 

travelers to developing nations, villous blunting and malabsorption may develop in a picture 

similar to EED, these effects seem to be reversible once the traveler is removed from the 

offending environment [38]. However, malnutrition in children is heavily associated with 

early mortality, particularly for children under the age of 5 years [21■,36■].

Taken together, these studies demonstrate that malnutrition-induced intestinal damage begins 

early in life and specifically targets the processes by which the body would correct damage 

inflicted by diarrheal pathogens. This results in furthering the blunting and malabsorption 

seen with dietary deficiency. Moreover, if the negative effects begin early in life and result in 

increased rates of infection, vaccine failure, cognitive deficits and death, the window for 

intervention is exceedingly narrow and represents a major challenge for both clinicians and 

families in the fight against childhood diarrheal diseases [36■]. Interestingly, Naylor et al. 
[41■] demonstrated that greater maternal height, an indicator of good maternal health, was 

associated with protection against growth stunting in the infant, indicating that good 

maternal nutritional status may help protect against the deleterious effects of nearly 

ubiquitous enteric pathogens and their associated damage.

C. jejuni’s role in malnutrition remains difficult to tease out, if only because both 

campylobacteriosis and malnutrition are common. When one observes an association of 

campylobacter with malnutrition, it can be difficult to discern if this is causal or merely a 

consequence of overlap between two common illnesses. For example, Amour et al., via 
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analysis of children enrolled in the MAL-ED study, found that a third or more of children 

were malnourished and that most children tested positive for C. jejuni by 1 year of age. In 

addition, higher burdens of C. jejuni in stool correlated with lower length-for-age scores and 

higher levels of systemic inflammation, with exclusive breast-feeding, among other factors, 

being protective [4■■]. Given such high rates of exposure to C. jejuni for children in 

developing countries, the known correlation between C. jejuni, the child microbiome and 

long-term systemic inflammation, and the presence of ongoing subclinical inflammation in 

EED, urgent research is needed to truly elucidate causality and potential interventions to 

prevent massive morbidity and mortality.

C. jejuni infections in developing countries are frequently asymptomatic, whereas this is rare 

for developed nations, suggesting that frequent and early exposure to the bacteria allows for 

the development of immunity [3]. Bereswill et al. reinforced the notion that location-specific 

diets affect immunity via a murine model, in which mice fed with a ‘westernized diet’ 

showed greater susceptibility to colonization with and systemic spread of C. jejuni as 

compared with wild-type mice on conventional mouse chow [42]. This was hypothesized to 

be partially related to the composition of the microbiota developed by Westernized diets as 

compared with other diets, in that the amount of Escherichia coli was higher [25]. It is well 

established that diet alone can play a major role in the composition of the microbiome. The 

microbiota in turn has an impact on susceptibility to pathogens, potentially through 

alterations in the availability of micronutrients based on which host microbes are processing 

or, specifically for C. jejuni, by allowing penetration of commensal organisms into 

previously inaccessible locations via leaky junctions created during its own invasion of host 

cells [25,43]. Further demonstrations that alteration of the microbiome could affect pathogen 

susceptibility were experiments with mice on low fat/low protein diets, which resulted not 

only in worsened villous blunting following gavage with specific commensal organisms, but 

additionally prolonged colonization with Salmonella typhimurium [44].

Campylobacter jejuni and innate trained immunity

Innate and acquired immune responses may protect from diarrhea due to 

campylobacteriosis. However, does this immunity come at a cost of inducing EED? As 

previously mentioned, other research has indicated that C. jejuni infections not only were 

linked with reduced growth curves but also with increased systemic inflammation [4■■]. 

Indeed, Heimesaat et al. [45] demonstrated that mice challenged immediately postweaning 

were easily infected with C. jejuni and were still colonized at low levels weeks later. 

Moreover, elevated levels of inflammatory cells were noted in lung, liver, kidney and heart 

as compared with control mice [45]. Persistent inflammation is of note as the potential exists 

for the inflammatory response from one infection to promote a heightened inflammation to a 

second. This hypothesis has previously been studied by Burgess et al., who demonstrated 

that induction of inflammation and protection against Entamoeba histolytica infection 

conferred by prior exposure to segmented filamentous bacteria (SFB), a clostridia-related 

species that is considered to be a commensal organism in mice [46,47]. The protection was 

attributed to an epigenetic upregulation of the cytokines IL-23 and IL-17A produced by bone 

marrow dendritic cells after an SFB infection. In fact, protection could be conferred 

following transplantation of bone marrow dendritic cells from an SFB-infected to a naïve 
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mouse [46]. This illustrates the concept of ‘innate trained immunity’, or the notion that 

innate immune cells can develop memory type functions, taking on the role of adaptive 

immunity and confer protection to repeated insults at later time points [48].

In a setting of high population density and poor sanitation, innate trained immunity may 

represent a beneficial outcome of recurring exposures to multiple pathogenic organisms over 

time. In the previously discussed experiments, protection was conferred via heightened 

immune response. Although this could hold true for the increased inflammation seen 

following C. jejuni infections, making the response beneficial and account for the immunity 

seen in the adult population in developing countries, the concern is that these heightened 

levels of inflammatory cells may, in fact, lead to heightened responses to repeated insults 

and that this is a cause of EED.

Concluding remarks

Although our understanding of C. jejuni and its associated virulence mechanisms has vastly 

improved over the last few years, there is still much work to be done to fully understand this 

bacteria’s role in diseases such as EED. With improvements in testing efforts, it is 

increasingly being identified in diarrheal stools, allowing C. jejuni to garner added attention 

and research interest. As a result, we have seen that various virulence factors are expressed 

by C. jejuni under different conditions, which partially explains the different phenotypes of 

infection, but the full interplay between host response, nutrient availability and the stress 

response of the bacteria still remain unclear. It is evident that nutrition plays a role in the 

process of C. jejuni and inflammation and that the greatest insult is likely early protein 

malnutrition followed by repeated inflammatory insults both from C. jejuni as well as other 

pathogenic bacteria encountered from poorly sanitized water sources. The question still 

remains, however, as to whether intervening on clean water, sanitation or nutrition alone will 

be enough to surmount the negative impact of diarrheal diseases or if multifaceted efforts 

prior to birth will be required to make a notable impact against EED. As we increase our 

understanding of the role that innate trained immunity and diet play in this process, we come 

closer to accurately defining and diagnosing EED, thus providing distinct points for and 

methods of intervention.

Acknowledgments

None.

Financial support and sponsorship

The authors would like to acknowledge support for this work provided through funding from NIH Grant AII43596, 
The UVA Infectious Diseases Training Program Grant 5T32AI007046-40, and The Bill & Melinda Gates 
Foundation.

REFERENCES AND RECOMMENDED READING

Papers of particular interest, published within the annual period of review, have been 
highlighted as:

■ of special interest

Schnee and Petri Page 6

Curr Opin Infect Dis. Author manuscript; available in PMC 2017 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



■■ of outstanding interest

1. WHO. The global view of campylobacteriosis. WHO Press; p. 2012Available at: www.who.int

2. Blaser MJ. Epidemiologic and clinical features of Campylobacter jejuni infections. J InfectDis. 
1997; 176:S103–S105.

3. Allos BM. Campylobacter jejuni infections: update on emerging issues and trends. Clin Infect Dis. 
2001; 32:1201–1206. [PubMed: 11283810] 

4■■. Amour C, Gratz J, Mduma E, et al. Etiology, Risk Factors, and Interactions of Enteric Infections 
and Malnutrition and the Consequences for Child Health and Development Project (MAL-ED) 
Network Investigators. Epidemiology and impact of campylobacter infection in children in 8 low-
resource settings: results from the MAL-ED study. Clin Infect Dis. 2016; 63:1171–1179. This 
study demonstrates the nearly ubiquitous nature of C. jejuni among children in developing 
countries and its association with growth faltering. [PubMed: 27501842] 

5. Chang C, Miller JF. Campylobacter jejuni colonization of mice with limited enteric flora. Infect 
Immun. 2006; 74:5261–5271. [PubMed: 16926420] 

6. Rathinam VAK, Hoag KA, Mansfield LS. Dendritic cells from C57BL/6 mice undergo activation 
and induce Th1-effector cell responses against Campylobacter jejuni. Microbes Infect. 2008; 
10:1316–1324. [PubMed: 18725315] 

7. Friis LM, Keelan M, Taylor DE. Campylobacter jejuni drives MyD88-independent interleukin-6 
secretion via Toll-like receptor 2. Infect Immun. 2009; 77:1553–1560. [PubMed: 19139198] 

8. Rathinam VAK, Appledorn DM, Hoag KA, et al. Campylobacter jejuni-induced activation of 
dendritic cells involves cooperative signaling through Toll-like receptor 4 (TLR4)-MyD88 and 
TLR4-TRIF axes. Infect Immun. 2009; 77:2499–2507. [PubMed: 19332531] 

9. Edwards LA, Nistala K, Mills DC, et al. Delineation of the innate and adaptive T-cell immune 
outcome in the human host in response to Campylobacter jejuni infection. PLoS One. 2010; 
5:e15398. [PubMed: 21085698] 

10. O’Hara JR, Feener TD, Fischer CD, Buret AG. Campylobacter jejuni disrupts protective Toll-like 
receptor 9 signaling in colonic epithelial cells and increases the severity of dextran sulfate sodium-
induced colitis in mice. Infect Immun. 2012; 80:1563–1571. [PubMed: 22311925] 

11. Stahl M, Ries J, Vermeulen J, et al. A novel mouse model of Campylobacter jejuni gastroenteritis 
reveals key pro-inflammatory and tissue protective roles for Toll-like receptor signaling during 
infection. PLoS Pathog. 2014; 10:9–11.

12■. Stahl M, Vallance BA. Insights into Campylobacter jejuni colonization of the mammalian 
intestinal tract using a novel mouse model of infection. Gut Microbes. 2015; 6:143–148. This 
study demonstrates specific interactions of C. jejuni with the host and subsequent immune 
response via a single IgG IL-1-related receptor–deficient mouse model, providing new 
opportunities for the study of this bacteria. [PubMed: 25831043] 

13. Hickey TE, Majam G, Guerry P. Intracellular survival of Campylobacter jejuni in human 
monocytic cells and induction of apoptotic death by cytholethal distending toxin. Infect Immun. 
2005; 73:5194–5197. [PubMed: 16041038] 

14. Hofreuter D, Novik V, Galán JE. Metabolic diversity in Campylobacter jejuni enhances specific 
tissue colonization. Cell Host Microbe. 2008; 4:425–433. [PubMed: 18996343] 

15. Bereswill S, Fischer S, Plickert R, et al. Novel murine infection models provide deep insights into 
the ‘Ménage à trois’ of Campylobacter jejuni, microbiota and host innate immunity. PLoS One. 
2011; 6:e20953. [PubMed: 21698299] 

16. Haag LM, Fischer A, Otto B, et al. Campylobacter jejuni infection of infant mice: acute 
enterocolitis is followed by asymptomatic intestinal and extra-intestinal immune responses. Eur J 
Microbiol Immunol. 2012; 2:2–11.

17. Haag LM, Fischer A, Otto B, et al. Intestinal microbiota shifts towards elevated commensal 
Escherichia coli loads abrogate colonization resistance against Campylobacter jejuni in mice. 
PLoS One. 2012; 7:e35988. [PubMed: 22563475] 

18■■. O’Loughlin JL, Samuelson DR, Braundmeier-Fleming AG, et al. The intestinal microbiota 
influences. Campylobacter jejuni colonization and extraintestinal dissemination in mice. Appl 
Environ Microbiol. 2015; 81:4642–4650. This study demonstrates how colonization resistance to 

Schnee and Petri Page 7

Curr Opin Infect Dis. Author manuscript; available in PMC 2017 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.who.int


C. jejuni, afforded by the murine microbiota, can be overcome with ampicillin pretreatment, 
providing new opportunities for investigative models. [PubMed: 25934624] 

19. Lee G, Pan W, Peñataro Yori P, et al. Symptomatic and asymptomatic Campylobacter infections 
associated with reduced growth in Peruvian children. PLoS Negl Trop Dis. 2013; 7:e2036. 
[PubMed: 23383356] 

20. Platts-Mills JA, Babji S, Bodhidatta L, et al. Pathogen-specific burdens of community diarrhoea in 
developing countries: a multisite birth cohort study (MAL-ED). Lancet Glob Heal. 2015; 3:e564–
e575.

21■. S, Attia, CJ, Versloot, W, Voskuijl, et al. Mortality in children with complicated severe acute 
malnutrition is related to intestinal and systemic inflammation: an observational cohort study. Am 
J Clin Nutr. 2016; 104:1441–1449. This study demonstrates the immediate link between 
heightened inflammation and mortality in malnutrition, reinforcing the interplay among diet, 
pathogens and host response in the development of environmental enteric dysfunction (EED). 
[PubMed: 27655441] 

22. Sung J, Morales W, Kim G, et al. Effect of repeated Campylobacter jejuni infection on gut flora 
and mucosal defense in a rat model of post infectious functional and microbial bowel changes. 
Neurogastroenterol Motil. 2013; 25:529–537. [PubMed: 23521493] 

23. Keithlin J, Sargeant JM, Thomas MK, Fazil A. Systematic review and meta-analysis of the 
proportion of nontyphoidal Salmonella cases that develop chronic sequelae. Epidemiol Infect. 
2015; 143:1333–1351. [PubMed: 25354965] 

24. Platts-Mills JA, Liu J, Gratz J, et al. Detection of Campylobacter in stool and determination of 
significance by culture, enzyme immunoassay, and PCR in developing countries. J Clin Microbiol. 
2014; 52:1074–1080. [PubMed: 24452175] 

25. Masanta WO, Heimesaat MM, Bereswill S, et al. Modification of intestinal microbiota and its 
consequences for innate immune response in the pathogenesis of campylobacteriosis. Clin Dev 
Immunol. 2013; 2013:526860. [PubMed: 24324507] 

26. Dasti JI, Tareen AM, Lugert R, et al. Campylobacter jejuni: a brief overview on pathogenicity-
associated factors and disease-mediating mechanisms. Int J Med Microbiol. 2010; 300:205–211. 
[PubMed: 19665925] 

27. Fouts DE, Mongodin EF, Mandrell RE, et al. Major structural differences and novel potential 
virulence mechanisms from the genomes of multiple campylobacter species. PLoS Biol. 2005; 
3:72–85.

28. Konkel ME, Monteville MR, Rivera-Amill V, Joens LA. The pathogenesis of Campylobacter 
jejuni-mediated enteritis. Curr Issues Intest Microbiol. 2001; 2:55–71. [PubMed: 11721281] 

29. Watson RO, Galán JE. Campylobacter jejuni survives within epithelial cells by avoiding delivery to 
lysosomes. PLoS Pathog. 2008; 4:0069–0083.

30. Rose A, Kay E, Wren BW, Dallman MJ. The Campylobacter jejuni NCTC11168 capsule prevents 
excessive cytokine production by dendritic cells. Med Microbiol Immunol. 2012; 201:137–144. 
[PubMed: 21863342] 

31. Faı¨s T, Delmas J, Serres A, et al. Impact of CDT toxin on human diseases. Toxins (Basel). 2016; 
8:220–232.

32. Zheng J, Meng J, Zhao S, et al. Campylobacter-induced interleukin-8 secretion in polarized human 
intestinal epithelial cells requires Campylobacter-secreted cytolethal distending toxin- and Toll-
like receptor-mediated activation of NF-KB. Infect Immun. 2008; 76:4498–4508. [PubMed: 
18644884] 

33. Hu L, Hickey TE. Campylobacter jejuni induces secretion of proinflammatory chemokines from 
human intestinal epithelial cells. Infect Immun. 2005; 73:4437–4440. [PubMed: 15972545] 

34. Zilbauer M, Dorrell N, Elmi A, et al. A major role for intestinal epithelial nucleotide 
oligomerization domain 1 (NOD1) in eliciting host bactericidal immune responses to 
Campylobacter jejuni. Cell Microbiol. 2007; 9:2404–2416. [PubMed: 17521327] 

35. Bourke B. Campylobacter infection: small bowel and colon. Curr Opin Gastroenterol. 2002; 18:4–
9. [PubMed: 17031223] 

36■. Watanabe K, Petri WA. Environmental enteropathy: elusive but significant subclinical 
abnormalities in developing countries. EBioMedicine. 2016; 10:25–32. This article provides a 

Schnee and Petri Page 8

Curr Opin Infect Dis. Author manuscript; available in PMC 2017 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



review of EED, including pathogenesis, its role in outcomes like oral vaccine failure and 
proposed therapies, detailing poorly understood facets of this disease. [PubMed: 27495791] 

37. Petri WA, Naylor C, Haque R. Environmental enteropathy and malnutrition: do we know enough to 
intervene? BMC Med. 2014; 12:187–192. [PubMed: 25604120] 

38. Keusch GT, Denno DM, Black RE, et al. Environmental enteric dysfunction: pathogenesis, 
diagnosis, and clinical consequences. Clin Infect Dis. 2014; 59:S207–S212. [PubMed: 25305288] 

39. Liu J, Bolick DT, Kolling GL, et al. Protein malnutrition impairs intestinal epithelial cell turnover, 
a potential mechanism of increased cryptosporidiosis in a murine model. Infect Immun. 2016; 
84:3542–3549. [PubMed: 27736783] 

40. Hossain I, Haque R, Mondal D, et al. Undernutrition, vitamin A and iron deficiency are associated 
with impaired intestinal mucosal permeability in young Bangladeshi children assessed by 
lactulose/mannitol test. PLoS Onev. 2016; 11:1–10.

41■. C, Naylor, M, Lu, R, Haque, et al. Environmental enteropathy, oral vaccine failure and growth 
faltering in infants in Bangladesh. EBioMedicine. 2015; 2:1759–1766. This study demonstrates 
that EED and systemic inflammation are associated with oral vaccine failure and growth faltering 
for infants in Bangladesh. [PubMed: 26870801] 

42. Bereswill S, Pickert R, et al. What you eat is what you get: novel Campylobacter models in the 
quadrangle relationship between nutrition, obesity, microbiota and susceptibility to infection. Eur J 
Microbiol Immunol (Bp). 2011; 1:237–248. [PubMed: 24516730] 

43. Grover M, Camilleri M, Smith K, et al. Postinfectious irritable bowel syndrome: mechanisms 
related to pathogens. Neurogastroenterol Motil. 2014; 26:156–167. [PubMed: 24438587] 

44. Brown EM, Wlodarska M, Willing BP, et al. Diet and specific microbial exposure trigger features 
of environmental enteropathy in a novel murine model. Nat Commun. 2015; 6:1–16.

45. Heimesaat MM, Haag LM, Fischer A, et al. Survey of extra-intestinal immune responses in 
asymptomatic long-term Campylobacter jejuni-infected mice. Eur J Microbiol Immunol (Bp). 
2013; 3:174–182. [PubMed: 24265935] 

46. Burgess SL, Buonomo E, Carey M, et al. Bone marrow dendritic cells from mice with an altered 
microbiota provide interleukin 17A-dependent protection against Entamoeba histolytica colitis. 
MBio. 2014; 5:e01817. [PubMed: 25370489] 

47. Kleinnijenhuis J, Quintin J, Preijers F, et al. Bacille Calmette-Guérin induces NOD2-dependent 
nonspecific protection from reinfection via epigenetic reprogramming of monocytes. Proc Natl 
Acad Sci U S A. 2012; 109:17537–17542. [PubMed: 22988082] 

48. Netea MG, Quintin J, van der Meer JW. Trained immunity: a memory for innate host defense. Cell 
Host Microbe. 2011; 9:355–361. [PubMed: 21575907] 

Schnee and Petri Page 9

Curr Opin Infect Dis. Author manuscript; available in PMC 2017 August 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



KEY POINTS

• C. jejuni invasion into host cells triggers both innate and adaptive immune 

responses, assisting with clearance of the organism but resulting in long-

lasting inflammation that can have both positive and negative outcomes for 

the host.

• Although C. jejuni is known to result in a self-limiting dysentery in developed 

countries, we hypothesize that early, repeated exposures to the bacteria in 

developing countries may result in subclinical inflammation and 

environmental enteric dysfunction.

• Alterations in the host microbiota influence C. jejuni’s ability to colonize as 

well as affect the clinical manifestations of disease.

• Malnutrition alters the host microbiome as well as reduces the host’s ability to 

repair damage caused by C. jejuni infection, resulting in a self-perpetuating 

cycle that can lead to oral vaccine failure, growth faltering, cognitive delay 

and early childhood mortality.

• Innate trained immunity may be the mechanism through which C. jejuni leads 

to the aforementioned complications.
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Table 1

Advances in our understanding of Campylobacter jejuni

Inflammatory pathways

Innate immunity leads to persistent inflammation; adaptive immunity is required to clear infection [5]

C. jejuni infection leads to Th1 polarization [6]

C. jejuni activates MyD88 via TLR2 leading to induction of IL-6 [7]

TLR4-MyD88 and TLR4-TRIF activate dendritic cells in C. jejuni infection [8]

Innate and T-cell immunity lead to release of IFN-g, IL-17A and IL-22 to promote protection against C. jejuni [9]

C. jejuni infection disrupts TLR9 signaling, abrogating protection to DSS-induced colitis [10]

TLR2 is protective while TLR4 leads to inflammation [11]

SIGIRR-deficient mice represent a murine model of C. jejuni enterocolitis [12■]

Bacterial virulence factors

C. jejuni survives within vacuoles and produces CDT leading to cell death [13]

Alterations in C. jejuni virulence factors allow for different tissue colonization [14]

Role of microbiota

Limited defined enteric flora allows for persistent colonization with C. jejuni [5]

Reconstitution of mice with ‘murine flora’ vs ‘human flora’ confers protection to C. jejuni [15]

‘Westernized diet’ vs ‘conventional diet’ leads to heightened susceptibility to C. jejuni [15]

’Week old mice are easily colonized by C. jejuni [16]

Elevated E. coli levels allow for colonization and infection with C. jejuni [17]

Treatment with ampicillin leads to decreased E. faecalis, which allows for C. jejuni colonization [18■■]

Implications of Campylobacter in disease

Elevated inflammation makes infant mice more susceptible to C. jejuni [16]

Malnutrition increases risk for C. jejuni infection and infection is associated with growth stunting and decreased weight gain [19]

Early intestinal infections and malnutrition predispose to cognitive deficits and growth stunting [20]

Campylobacter is one of the most frequently identified pathogens in the first 2 years of life among 8 sites in the MAL-ED studies and is most

commonly associated with bloody diarrhea [20]

High C. jejuni burden is associated with lower length-for-age scores [4■■]

Heightened systemic inflammation is correlated with higher mortality for children with acute severe malnutrition; C. jejuni was one of the most 
frequently identified pathogens [21■]

Postinfectious complications

C. jejuni infection in rats leads to SIBO, and those developing SIBO were more likely to have stool changes (P-IBS) [22]

A significant number of C. jejuni infections lead to postinfectious sequelae [23]

Advances in diagnostics

PCR is highly sensitive and can determine pathogen burden for Campylobacter [24]

CDT, cytolethal distending toxin; P-IBS, postinfectious irritable bowel syndrome; SIBO, small intestinal bacterial overgrowth; SIGIRR, single IgG 
IL-1-related receptor.
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