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A review of the global burden, novel diagnostics, 
therapeutics, and vaccine targets for cryptosporidium
William Checkley, A Clinton White Jr, Devan Jaganath, Michael J Arrowood, Rachel M Chalmers, Xian-Ming Chen, Ronald Fayer, Jeff rey K Griffi  ths, 
Richard L Guerrant, Lizbeth Hedstrom, Christopher D Huston, Karen L Kotloff , Gagandeep Kang, Jan R Mead, Mark Miller, William A Petri Jr, 
Jeff rey W Priest, David S Roos, Boris Striepen, R C Andrew Thompson, Honorine D Ward, Wesley A Van Voorhis, Lihua Xiao, Guan Zhu, Eric R Houpt

Cryptosporidium spp are well recognised as causes of diarrhoeal disease during waterborne epidemics and in 
immunocompromised hosts. Studies have also drawn attention to an underestimated global burden and suggest 
major gaps in optimum diagnosis, treatment, and immunisation. Cryptosporidiosis is increasingly identifi ed as an 
important cause of morbidity and mortality worldwide. Studies in low-resource settings and high-income countries 
have confi rmed the importance of cryptosporidium as a cause of diarrhoea and childhood malnutrition. Diagnostic 
tests for cryptosporidium infection are suboptimum, necessitating specialised tests that are often insensitive. Antigen-
detection and PCR improve sensitivity, and multiplexed antigen detection and molecular assays are underused. 
Therapy has some eff ect in healthy hosts and no proven effi  cacy in patients with AIDS. Use of cryptosporidium 
genomes has helped to identify promising therapeutic targets, and drugs are in development, but methods to assess 
the effi  cacy in vitro and in animals are not well standardised. Partial immunity after exposure suggests the potential for 
successful vaccines, and several are in development; however, surrogates of protection are not well defi ned. Improved 
methods for propagation and genetic manipulation of the organism would be signifi cant advances.

Introduction
Cryptosporidium was identifi ed as a cause of human 
infection in 1976.1 During the early 1980s, crypto-
sporidiosis was recognised as the major cause of 
chronic diarrhoea in patients with AIDS, as a cause of 
zoonotic and waterborne outbreaks of diarrhoea, and as 
a cause of diarrhoea in children.2–5 By the mid-1990s, 
crypto sporidium was known to be ubiquitous and was 
linked with childhood malnutrition and premature 
death in low-resource settings. A massive waterborne 
epidemic aff ected more than 400 000 people in 
Milwaukee, WI, USA, in 1993.6 Despite this knowledge, 
cryptosporidiosis is substantially under-recognised and 
underdiagnosed, treatments are suboptimum, and 
preventive measures are incomplete. Even in settings 
such as the USA where modern diagnostics are widely 
available, estimates state that only about 1% of cases are 
diagnosed and reported.7

Recent advances in knowledge are shifting opinions of 
the epidemiology of cryptosporidiosis, and have increased 
estimates of the global burden of disease.8 To identify 
potential gaps and opportunities for future studies, the US 
Foundation for the National Institutes of Health convened 
a group of experts to discuss advances in the epidemiology, 
diagnosis, therapeutics, and immunisation for cryptospori-
diosis. In this Review, we summarise discussions of this 
meeting, and provide a more in-depth review of published 
research.

Epidemiology
Disease burden
Protozoa of the genus Cryptosporidium have a global 
distribution. Early studies suggested that crypto-
sporidium is in 1% of stools of hosts who are 
immunocompetent in high-income countries and in 
5–10% of stools of hosts in low-resource settings.9 

Results of recent studies with PCR and antigen detection 
suggest that previous studies underestimated the 
frequency of infection, identifying cryptosporidium in 
15–25% of children with diarrhoea.9–13 Cryptosporidiosis 
is associated with longer duration of diarrhoea and 
greater childhood morbidity and mortality than are other 
causes,14,15 and is particularly associated with prolonged 
diarrhoea (7–14 days) and persistent diarrhoea 
(≥14 days).16,17 Results of a cross-sectional study in 
Uganda showed that mortality was higher among 
children with diarrhoeal disease with cryptosporidium 
than among those without.12 Results of cohort studies 
have consistently shown that younger age was associated 
with high risk of infection. For example, in a multicentre 
study of children younger than 5 years in India,18 75% of 
cases were in children younger than 2 years. Many 
studies suggest that cryptosporidium infection is 
associated with malnutrition and growth defi cits in 
children.19–22 Results of a cohort study of children in 
Peru23 showed that even asymptomatic infection was 
associated with poor growth. Symptomatic crypto-
sporidiosis stunted weight gain more than did 
asymptomatic infection, but asymptomatic infection 
was twice as common and might have a greater overall 
adverse eff ect on child growth.23

The Global Enteric Multicentre Study—which sought 
to assess the causes, burden, clinical syndromes, and 
adverse outcomes of moderate-to-severe diarrhoea in 
children at seven sites in sub-Saharan Africa and south 
Asia—identifi ed cryptosporidium as one of the four 
major contributors to moderate-to-severe diarrhoeal 
diseases during the fi rst 2 years of life at all sites.24 

Cryptosporidium was second only to rotavirus as a cause 
of moderate-to-severe diarrhoea in children younger than 
2 years. At a follow-up visit 2–3 months after enrolment, 
crypto sporidiosis was associated with a 2–3 times higher 

Lancet Infect Dis 2014

Published Online
September 30, 2014
http://dx.doi.org/10.1016/
S1473-3099(14)70772-8

Program in Global Disease 
Epidemiology and Control, 
Department of International 
Health, Johns Hopkins 
University, Baltimore, MD, USA 
(W Checkley MD, 
D Jaganath MD); Fogarty 
International Center, National 
Institutes of Health, Bethesda, 
MD, USA (W Checkley, 
M Miller MD); Division of 
Infectious Diseases, University 
of Texas Medical Branch, 
Galveston, TX, USA 
(Prof A C White Jr MD); 
Centers for Disease Control and 
Prevention, Atlanta, GA, USA 
(M J Arrowood PhD, 
J W Priest PhD, L Xiao PhD); 
National Cryptosporidium 
Reference Unit, Public Health 
Wales, Swansea, UK 
(R M Chalmers PhD); 
Department of Medical 
Microbiology and 
Immunology, Creighton 
University, Omaha, NE, USA 
(Prof X-M Chen MD); 
Environmental Microbial Food 
Safety Laboratory, USDA, 
Beltsville, MD, USA 
(R Fayer PhD); Department of 
Public Health and Community 
Medicine, Tufts University, 
Boston, MA, USA 
(Prof J K Griffi  ths MD); Division 
of Infectious Diseases and 
International Health, 
University of Virginia, 
Charlottesville, VA, USA 
(Prof R L Guerrant MD, 
Prof W A Petri Jr MD, 
Prof E R Houpt MD); 
Department of Biology and 
Department of Chemistry, 
Brandeis University, Waltham, 
MA, USA (Prof L Hedstrom PhD); 
Division of Infectious Diseases, 
University of Vermont, 
Burlington, VT, USA 
(C D Huston MD); Division of 
Infectious Disease and Tropical 
Pediatrics, Department of 
Pediatrics, Center for Vaccine 
Development, University of

http://crossmark.crossref.org/dialog/?doi=10.1016/S1473-3099(14)70772-8&domain=pdf


2 www.thelancet.com/infection   Published online September 30, 2014   http://dx.doi.org/10.1016/S1473-3099(14)70772-8

Review

risk of mortality among children aged 12–23 months with 
moderate-to-severe diarrhoea than in controls without 
diarrhoea.

Microbiology
Molecular methods have enabled characterisation of 
Cryptosporidium species, which diff er in epidemiology.25 
Although human infections have been noted with more 
than 15 species, most infections worldwide have been 
attributed to Cryptosporidium hominis and Cryptosporidium 
parvum. Genome sequences for both species26,27 are 
available on CryptoDB.28 C hominis was the main species 
causing childhood diarrhoea in studies from Peru, Brazil, 
Bangladesh, and India.29–32 In a study in the UK, C parvum 
was more common in rural populations, associated with 
animal exposure, and peaked in the spring, whereas 
C hominis was more urban, associated with young 
children, and peaked in the late summer and autumn.33 In 
Peru, infecting species did not diff er with age of infection, 
socioeconomic status, or nutritional status. C hominis, 
especially subtype Ib, is associated with more oocyst 
shedding and symptoms including nausea, vomiting, and 
general malaise.29,34

Risk factors
Environmental factors associated with cryptosporidium 
infection also need to be better understood. Results of a 
longitudinal study in India35 showed that the burden of 
infection was equally high in children who lived in 
households that used either bottled water or used 
municipal water for drinking, suggesting that most 
transmission does not involve drinking water. Seasonal 
patterns might also be associated with an increased 
transmission risk.19 In Kenya, investigators detected a 
higher number of oocysts in surface waters at the end of 
the rainy season and at the beginning of the dry season 
compared with other times, consistent with the seasonal 
peak in human cryptosporidiosis in east Africa.36 A meta-
analysis examining the eff ects of seasonality37 showed 
that both high ambient temperature (more important in 
temperate countries) and high rainfall (more important 
in the tropics) were associated with an increased risk of 
cryptosporidiosis. Results of a study from Uganda38 
suggested the possibility of respiratory transmission in 
immunocompetent children.

Malnutrition in early childhood also increases the risk of 
diarrhoea with cryptosporidium. In a birth cohort in 
Bangladesh, stunting at birth was associated with 
subsequent cryptosporidium infection.39 Findings from a 
longitudinal study showed that children with a height-for-
age Z score of more than −1 SD less than the mean (ie, 
HAZ scores < −1SD) before infection were more likely to 
have persistent growth defi cits a year later than were 
children with HAZ scores of at least −1 SD before infection, 
in whom growth defecits were transient.19 In Brazil, 
children infected with C hominis had a persistent decrease 
in HAZ score 3–6 months after infection.30 The intestinal 

damage caused by cryptosporidium can result in long-
term cognitive defi cits, impaired immune response, and 
reduced vaccine effi  cacy.40

Pathogenesis of malnutrition in cryptosporidiosis
The mechanism by which cryptosporidium aff ects child 
growth seems be associated with infl ammatory damage 
to the small intestine.41 Impaired absorption and 
enhanced secretion might promote diarrhoeal disease 
and growth defi cits. Mouse models further show a 
greater burden of infection and greater damage to the 
ileum in malnourished animals versus healthy animals.42 
Results of studies in animals, children, and HIV positive 
people with diarrhoeal disease also suggest that alanyl-
glutamine might enhance intestinal repair and 
absorption and prevent further growth defi cits.43 The 
ApoE E4 allele has been associated with protection 
against growth defi cits in children with severe diarrhoeal 
disease, and results of studies in animals suggest 
possession of the ApoE E4 allele is associated with 
reduction in parasitic burden and infl ammatory 
damage.44

Diagnostics
Detection of cryptosporidium infection is based on 
analysis of stool samples by use of microscopy with 
tinctorial and fl uorescent stains or via antigen and 
nucleic acid detection (table 1). In-vitro propagation of 
the organisms is not possible.45 For epidemiological 
studies, serological tests might also be used. Microscopy 
is an important diagnostic method because of the low 
cost of reagents, but good staining and visual skills are 
necessary. The modifi ed acid-fast staining has about 70% 
sensitivity compared with immunofl uorescent antibody 
stains,46 but could miss more than half of cases compared 
with molecular methods. Technical improvements and 
cost reductions in fl uorescence microscopy, such as 
light-emitting diode light sources, enable testing with 
fl uorescent stains such as auramine-rhodamine that are 
more sensitive than is the traditional modifi ed acid-fast 
stain, but problems with specifi city can arise.

In the USA and Europe, reference laboratories often 
use immunofl uorescence microscopy as a gold standard. 
Other antigen detection formats, such as enzyme 
immune assay or immunochromatographic methods, 
are also commercially available, have higher throughput, 
and are being increasingly used for diagnosis. However, 
diagnostic sensitivities are variable (70% to 100%).46–48,52 
Some rapid tests have reduced specifi city and sensitivity 
for species other than C parvum or C hominis,53,49 and 
confi rmation of positive reactions is needed.49

PCR is increasingly used for detection of crypto-
sporidium and other enteric pathogens in research 
laboratories, and aff ords excellent sensitivity.50,54 Ampli-
fi cation of cryptosporidium gene encoding 18S rRNA is 
widely used for this purpose, but other genes have also 
been targeted. Molecular analysis is essential to 
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discriminate Cryptosporidium species. PCR with 
sequencing of about 800 base-pair fragment of the gene 
encoding 18S rRNA is commonly used for speciation.55,56 
Real-time assays based on smaller fragments have been 
described.50,53 Because C hominis and C parvum are similar 
(>96%) at the DNA sequence level,57 sequencing of the 
gp60 gene has been used for subtyping within species.58 
Multilocus methods are desirable but have not been 
standardised.59 Disruption of oocysts by bead-beating, 
freeze-thaw, boiling, or chemical lysis is necessary before 
DNA extraction.51,60 However, point-of-care molecular 
tests are in development that can use simplifi ed extraction 
methods.61 Multiplexed molecular diagnostics for 
enteropathogens often show that multiple infections are 
common in resource-poor settings both in individuals 
with diarrhoea and in healthy control individuals.62 Some 
data suggest quantitative load of cryptosporidium63 might 
correlate with increased disease severity, thus quantitative 
assays will be important for future studies and for 
assessment of drug regimens.

Serological assays for cryptosporidium are an 
important device for epidemiological studies because 
specifi c antibody responses develop after both 
symptomatic and asymptomatic infection. Whereas IgA 
responses are generally short-lived, IgG responses can 
persist for several months. Antibody to Cp23 seems to 
correlate with distant infection, whereas responses to 
Cp17 (also called gp15) suggest recent infection, and 
responses to P2 are associated with repeated infection.64 
These assays, adapted to a Luminex-based serodiagnostic 
platform, can be done with fi nger-prick blood collected 
on fi lter paper,65 or with oral fl uid.66

Therapeutics
Antiparasitic treatment for cryptosporidiosis is 
suboptimum.67 For individuals who are immuno-
compromised, improvement in cellular immune 
function is a key priority for management of crypto-
sporidiosis (eg, combination antiretroviral therapy for 
cryptosporidiosis in AIDS).67,68 However, substantial 
mortality occurs during initial treatment.69

Various drugs have been described with activity against 
cryptosporidium in vitro, in animal models, and in 
patients (table 2). Spiramycin, azithromycin, and 
immunoglobulin have not been effi  cacious in controlled 
trials in patients with AIDS.67 Results of two randomised, 
placebo-controlled trials of paromomycin showed little 
eff ect on symptoms and oocyst shedding,75,76 but the small 
sample sizes prohibited defi nitive conclusions.67 
Nitazoxanide is FDA-approved for treatment of 
cryptosporidiosis. Findings from randomised studies 
have shown a benefi cial eff ect in adults and children 
without HIV,70–72 with signifi cant reduction in mortality in 
malnourished children treated with nitazoxanide.72 
However, cessation of diarrhoea was recorded in only 56% 
of patients receiving nitazoxanide compared with 23% of 
patients receiving placebo.72 Moreover, results of three 

controlled trials involving patients with HIV not on 
eff ective antiretroviral therapy72–74 did not show overall 
improvement. Findings from in-vitro and animal studies 
suggest that drug combinations might have some 
effi  cacy.77 In the management of patients with HIV or 
AIDS, clinicians should consider symptomatic therapy, 
optimisation of antiretroviral therapy, and, perhaps, the 
inclusion of nitazoxanide or paromomycin.67,68

The availability of genome sequence and functional 
genomics data for C hominis, C parvum, and other species 
has provided researchers with new devices with which to 
explore unique metabolic pathways as targets for chemo-
therapy.26–28,78,79 For example, the calcium-dependent 
protein kinases are a conserved family of enzymes in 
plants and some apicomplexan parasites, including 
cryptosporidium.80,81 Structural analysis shows that 
apicocomplexan calcium-dependent protein kinases have 
a glycine as a gatekeeper residue for the ATP binding site, 
which makes a hydrophobic region more available for 
inhibitors active against C parvum in human cell lines 
and SCID/beige mice.81–83

Advantages Disadvantages

Microscopy Low technology
Widely available

Low sensitivity (about 70–80% with 
modifi ed acid-fast stain)45,46

Requires special stains and skilled 
technicians

Antigen 
detection

Good sensitivity (70–100%)45–48

Several commercially-available kits in 
enzyme immunoassay, 
immunofl uorescence assay, and 
immunochromatography test formats

Costly for resource-poor country settings

Nucleic acid 
amplifi cation

Excellent sensitivity45,49

Can speciate, subtype, and quantify50,51

Amenable to multiplexing for additional 
enteropathogen targets

Expensive instrumentation
Technically demanding, requires skilled 
laboratory technicians for DNA extraction 
and amplifi cation

Serological 
methods

Useful for surveillance purposes and 
discrimination of historical, recent, and 
repetitive infection

Research laboratory use only

Table 1: Trade-off s of diagnostic methods for cryptosporidium

Status Limitations

Nitazoxanide Approved for use for 
cryptosporidiosis but not with 
HIV co-infection

Effi  cacy 56–96% in healthy hosts70–72

Not eff ective in patients with advanced AIDS72–74

High cost and availability limit widespread use

Paromomycin Approved for use for other 
indications

Limited effi  cacy in patients with AIDS75,76

No controlled data in other groups

Azithromycin Approved for use for other 
indications

Not eff ective in patients with advanced AIDS67

Anecdotes of effi  cacy in combination in patients with AIDS

Rifaximin Approved for use for other 
indications

Anecdotes of responses in patients with AIDS67,68

Rifabutin Approved for use for other 
indications

Eff ective at prevention of cryptosporidiosis in studies of 
Mycobacterium avium prophylaxis67,68

HIV protease 
inhibitors

Approved for use for HIV 
treatment

Associated with resolution of cryptosporidiosis in 
patients with AIDS67,68

Partial effi  cacy against Cryptosporidium parvum in mouse 
models

Table 2: Chemotherapy of cryptosporidiosis
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Microtubule formation is another potential drug target. 
Dinitroanilines, including trifl uralin, are herbicides that 
block microtubule formation and inhibit cryptosporidial 
growth in vitro and in vivo.84–86 Furthermore, the 
development of hybrid compounds based on albendazole 
and trifl uralin led to the identifi cation of analogues with 
excellent in-vitro effi  cacy and 79–81% reductions in 
oocyst shedding in mice (Thompson RCA, unpublished).

Cryptosporidium has little ability to synthesise 
nutrients de novo, including aminoacids, nucleosides, 
and fatty acids.87 Many genes associated with metabolism 
have been lost, including apicoplast pathways, the 
mitochondrial respiratory chain, and hypoxanthine-
xanthine-guanine phosphoribosyl transferase.26 
Cryptosporidium relies on glycolysis to produce ATP, 
producing lactate, ethanol, and acetate end products. 
Thus, inhibitors of hexokinase and lactate 
dehydrogenase have some effi  cacy.88 Additionally, 
several proteins involved in fatty acid metabolism have 
been found on the parasitophorus vacuole membrane.89–91 
For example, Triacsin C and other drugs inhibit fatty 
acyl-CoA-binding protein and fatty acid-CoA synthetase, 
and show a reduction in C parvum oocyst production in 
vitro and in mice.91–93 A parasite cysteine protease 
inhibitor was also eff ective in vitro and in an animal 
model.94

Molecular evidence suggests lateral gene transfer from 
bacteria, providing potential targets for cryptosporidium 
chemotherapy.95,96 The catalysis of inosine mono-
phosphate to xanthosine monophosphate via inosine-5ʹ-
monophosphate dehydro genase (IMPDH) is a key 
rate-limiting step in guanine nucleotide synthesis.97 By 
contrast with other apicomplexans, cryptosporidium 
IMPDH genes are prokaryotic.98 High-throughput 
screening identifi ed selective potential inhibitors of 
cryptosporidium IMPDH by targeting the highly 
divergent cofactor binding site.99 A subsequent 
optimisation yielded single-digit nanomolar inhibitors 
with six diff erent frameworks, with greater than 10³-fold 
selectivity for Cryptosporidium IMPDH.99–103 Two com-
pounds reduced the oocyst burden in an inter leukin-12 
knockout mouse model of crypto sporidiosis. One 
compound surpassed paromomycin in a multiple-dosing 
regimen.103 Possible future directions include ensuring of 
increased drug concentrations in the gut, and 
improvement of animal models to investigate the effi  cacy 
of potential compounds.103

Drug repurposing is the novel use of approved drugs. 
Cell-based screening assays, followed by in-vitro methods 
to prioritise leads, were developed.104 Automated imaging 
and image analysis were then used to identify potential 
leads in vitro for future in-vivo studies. A screen of 
727 compounds104 yielded 16 confi rmed selective 
inhibitors, including HMG-CoA reductase inhibitors 
that target the host enzyme. Further screening with and 
without low-dose nitazoxanide for synergistic drug 
combinations is underway.

Immune response and vaccine development
Several strands of evidence suggest that development of 
a vaccine to prevent cryptosporidiosis is feasible:105 
increased susceptibility and severity of disease in 
immunocompromised hosts; adults in highly endemic 
areas are partly immune to reinfection; and human 
challenge studies show that previous infection or 
exposure leads to a higher infectious dose [ID50].106,107 
However, the protective immune responses necessary for 
an effi  cacious vaccine are incompletely understood.108 
The human immune response of clearing infection and 
preventing reinfection seems to involve separate innate 
and adaptive immune responses.

The innate immune response is crucial to provide an 
early response while activating the adaptive immune 
system.109 Mannose-binding lectin has a key role in the 
innate response. Children and HIV-infected adults with 
mannose-binding lectin defi ciency have increased 
susceptibility to cryptosporidiosis and more severe 
disease.110–112 Poly morphisms in the mannose-binding 
lectin gene were strongly associated with cryptosporidium 
infections, especially recurrent infection.110 Mannose-
binding lectin might activate complement to mediate 
parasite clearance.113 Toll-like receptors on the host cell 
surface trigger key responses to the organism. C parvum 
infection increases production of antimicrobial peptides 
(LL-37 and human β-defensin 2).114,115 Results of in-vitro 
and in-vivo studies show that knockout of TLR/MyD88 
genes results in reduced production of defensins and 
greater parasite burden.116 Results from in-vivo studies 
showed the presence of exosomes in the gut lumen, and 
exosomes carrying antimicrobial peptides from the 
epithelial surface help eliminate cryptosporidium.117 
MicroRNAs (miRNAs) have an important role in post-
transcriptional regulation and modulation of the innate 
immune response to cryptosporidium.118–121 For example, 
variation in miRNA expression has shown an association 
with changes in C parvum burden.121,122

Natural killer cells contribute to clearance of infection 
in some murine models. In mice, interferon γ is crucial 
for both the innate and acquired immune responses.123 
By contrast, human infection in naive hosts is associated 
with production of interleukin 15, which can activate 
natural killer cells to clear infection in vitro.124,125 In other 
models, macrophages seem important for the innate 
host response.126,127 The CD154-CD40 ligand receptor pair 
also has a key role in clearance of infections. Severe, 
chronic infection with biliary involvement is common in 
human hyper-IgM syndrome, associated with mutations 
in CD40 ligand.128

CD4 cells are crucial for the acquired immune response 
in both human beings and animals.108 In a longitudinal 
cohort, children who became infected with cryptosporidium 
were more likely to carry the HLA class II DQB1*0301 
allele (which presents antigen to CD4 cells) and the HLA 
class I B*15 allele (which presents antigen to CD8 cells) 
than were children who were not infected.129 In patients 
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with AIDS, the risk and severity of infection are associated 
with the CD4 cell count. Interferon γ is associated with 
acquired immunity in human infection, and interferon γ 
knockout mice have increased susceptibility to infection.130 
Interferon treatment reduces susceptibility to infection in 
cell lines, but not in primary epithelial cells131—CD8 cells 
assist in clearance of human infection.132

The role of humoral immunity in protection from 
cryptosporidiosis is unclear.108 In murine models, 
hyperimmune globulin controlled infection, but 
elimination of β cells had no signifi cant eff ect.108 Secretory 
IgA has not correlated with protection in healthy volunteers 
or patients with AIDS.108 By contrast, high concentrations 
of specifi c antibody were associated with short duration of 
illness in children in Bangladesh.15 Similarly, crypto-
sporidium antibody in breast milk was associated with 
immune-protection of breast-feeding infants.133 The 
antibody to the parasite surface antigen gp15/17 was 
associated with protection against reinfection;134 however, 
this antibody could also be a marker for a stronger cellular 
immune response. Thus no clear surrogate marker of 
protective immunity exists in cryptosporidiosis.

Several antigens have been explored for use in a 
vaccine. Results of studies in gnotobiotic pigs showed 
incomplete cross-protection between C parvum and 
C hominis.135 Similarly, results of cohort studies of 
children in low-resource countries showed frequent re-
infections.29 Reinfections are more likely to be by 
diff erent species and subtypes of cryptosporidium, but 
cases also exist of reinfection with the same subtypes.

Several antigens are being developed as vaccine 
candidates.105 For example, gp60 (also called gp40/15) is a 
polyprotein cleaved by a parasite serine proteinase into 
two surface proteins—gp15 and gp40, the latter is variable 
and used for speciation and subtyping of strains. Both 
gp15 and gp40 can stimulate interferon γ production by 
peripheral blood mononuclear cells of those previously 
infected.136 Among children in Bangladesh, IgA antibody 
to gp15 was not species specifi c, and was associated with 
shorter duration of illness.137 Vaccines based on gp15 
alone or in combination with other antigens are in 
development.138

A recombinant DNA vaccine consisting of a second 
15 kDa antigen termed Cp15 was immunogenic, and 
immunisation of pregnant goats protected off spring.139–143 
Studies have expressed this antigen in attenuated 
Salmonella, recombinant vaccinia, and DNA vectors. 
Vaccination with Cp15 in a Salmonella vector protected 
mice from infection, but the eff ect was not signifi cantly 
greater than with the vector alone.142

Results of a study in Bangladesh also showed that 
patients with infection had greater serum IgG, IgM, and 
IgA to Cp23 than did healthy patients, and the responses 
again were conserved across several subtypes and 
associated with shorter disease.144 Studies in animals 
indicate that Cp23 plasmids can promote activation of both 
antibody and CD4 concentration, with reduced parasitic 

burden, and long-term immunity with parasitic 
challenge.145 Other vaccine vectors include DNA, 
Lactobacillus, and Salmonella expressing Cp23.146 Other 
antigens being explored for vaccine use include P2 antigen, 
profi lin, Cryptosporidium apyrase, Muc4, and Muc5.143,147,148

Discussion
Growing evidence shows a high global burden of 
cryptosporidiosis, especially among children and people 
who are immunocompromised or malnourished. Data 
that we highlight in this Review emphasise the 
underappreciated role of cryptosporidium as an important 
childhood diarrhoeal pathogen. Moreover, results of the 
Global Enteric Multicentre Study24 showed the association 
between cryptosporidium infection and subacute 
mortality. More detailed studies are needed to elucidate 
the mechanisms of injury and the resultant health eff ects 
of cryptosporidium infection. Further longitudinal studies 
that use advanced molecular methods are crucial to 
characterise the pathogenesis of infection, host, and 
environmental factors in susceptibility, immune response, 
and clinical outcomes. Better characterisation is needed of 
worldwide variations and eff ect in community-based 
settings. The eff ects of diff erent Cryptosporidium genotypes 
on disease, growth, and development are poorly 
understood and need to be better defi ned. Better methods 
to defi ne genotypes are needed to enhance understanding 
of parasite strains. Finally, although asymptomatic 
cryptosporidium has been associated with poor growth in 
single-site studies, well designed longitudinal studies are 
needed to improve our understanding of the role and 
adverse eff ects of asymptomatic infections on growth and 
development.

Diagnosis of cryptosporidium infection at the point of 
care in low-resource settings is a challenge. How to 
interpret multiple enteropathogens in a child with 
diarrhoea is unclear.62,149 Microscopy and antigen 
detection assays are useful for clinical diagnosis at the 
genus level. Species diff erentiation and subtyping are 
important for outbreak investigations, epidemiology, 
burden assessment, and risk-factor and transmission 
studies, and might ultimately enable refi ned clinical 
diagnosis. Species and subtype information is not 
necessary for selection of clinical care and therapeutic 
options, but might need to be taken into account in drug 
investigations and clinical trials. Novel stool diagnostics, 
serodiagnostics, and biomarkers for cryptosporidium 
disease could enable more accurate identifi cation of 
active cryptosporidiosis than do present methods, which 
could be used for accurate case ascertainment, and 
therapeutic or vaccine trials.

Many obstacles exist to the development of drugs for 
cryptosporidiosis, including diffi  culty in propagation of 
these organisms in vitro. Novel in-vitro methods could 
enable propagation and might also improve in-vitro 
screening for novel treatments and vaccines.150 Animal 
models for drug assessments are poorly standardised, 
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and the target responses that correlate with effi  cacy in 
people are poorly characterised. Gnotobiotic piglets and 
immunosuppressed gerbils are the only animal models 
available for C hominis, although neither has been widely 
adopted. Whereas C parvum can be propagated in calves 
and lambs, cross-strain contamination has been a 
problem. Most in-vivo screening has been done in 
immunosuppressed rodents, however developments 
include a malnourished mouse model and natural 
murine infection with Cryptosporidium tyzzeri. Animal 
models need to be better standardised for pharmacological 
and effi  cacy studies and for comparison with results 
from studies in people.

The availability of several genome sequences draws 
attention to many potential targets for chemotherapy. 
Genetic manipulation could provide useful strategies for 
target prioritisation, but no methods are available. 
Funding to support development of molecular methods 
could enable development of more eff ective drugs. 
Incentives are needed to convince the pharmaceutical 
industry that a market for new therapeutics exists. 
Because people at highest risk of severe sequelae (eg, 
malnourished children) live in low-resource settings, 
government and non-governmental organisation support 
will be necessary for drug development and 
implementation of widespread treatment. In addition to 

development of novel drugs, a focus on delivery and 
fi nancing is necessary.

Although there is cause for optimism about the potential 
development of a vaccine to prevent cryptosporidiosis, 
major barriers include poor understanding of the human 
protective immune response—including which antigens 
are crucial, which responses are associated with protective 
immunity, and which delivery routes are optimum. These 
obstacles could be overcome by a well funded vaccine 
development programme with clear benchmarks for 
success.

Conclusion
Despite advances in our understanding of the genetics 
and immunology of cryptosporidium, several important 
knowledge gaps and challenges exist. The panel lists the 
key messages of this Review. Diagnostic tests each have 
their limitations in cost, performance, diff erentiation of 
clinical signifi cance, and assessment of co-infections 
with other pathogens. New methods need to be 
developed to improve interpretation of results in the 
setting of multiple infections, relevance of species 
subtypes, and in surveillance studies. In identifi cation of 
novel or repurposed therapeutics, more effi  cient use of 
genomic databases, improved culture methods, and 
development of standardised assays is necessary to 
screen potential targets. We also need to optimise animal 
models for in-vivo studies that can better replicate 
human disease. Vaccines have the potential to reduce 
the signifi cant burden of disease, but the extent and 
types of immunity necessary, and the methods by which 
to administer and induce protective immunity are 
unclear. Ultimately, progress in cryptosporidium 
research on diagnostic and therapeutic product 
development will need greater appreciation of the public 
health eff ect of this disease, with commitment from 
funding bodies to establish mechanisms to support this 
crucial work.
Contributors
WC and ACWJr were joint fi rst authors. All authors participated in the 
meeting and contributed to discussions about and the writing of the 
Review.

Declaration of interests
We declare no competing interests.

Acknowledgments
We acknowledge all speakers who attended the meeting Cryptosporidium: 
Global Burden, Novel Diagnostics, Therapeutics and Vaccine Targets, 
held in Philadelphia, PA, USA, in December, 2011. We received fi nancial 
support from the Bill & Melinda Gates Foundation; our funding source 
did not have a role in the development of this Review. The fi ndings and 
conclusions in this Review are those of the authors and do not 
necessarily represent the offi  cial position of the Centers for Disease 
Control and Prevention.

References
1 White AC Jr. Cryptosporidiosis and the ears of the hippopotamus. 

Clin Infect Dis 2010; 50: 1373–74.
2 Current WL, Reese NC, Ernst JV, Bailey WS, Heyman MB, 

Weinstein WM. Human cryptosporidiosis in immunocompetent and 
immunodefi cient persons. Studies of an outbreak and experimental 
transmission. N Engl J Med 1983; 308: 1252–57.

Search strategy and selection criteria

We searched PubMed, Web of Science, and Google Scholar 
with the search terms “cryptosporidium”, “Epidemiology”, 
“Diagnosis”, “Immunology”, “Treatment”, and “Vaccine”, 
from Jan 1, 1946, to April 1, 2014. We included relevant 
articles and citations in English only and identifi ed 
knowledge gaps, research opportunities, and key 
recommendations. 

Panel: Key recommendations 

• The eff ects of diff erent cryptosporidium genotypes on disease, growth, and 
development are poorly understood and need to be better defi ned. Further 
longitudinal studies that use advanced molecular methods are needed to better 
characterise the pathogenesis and burden of disease from cryptosporidium infection.

• Several diagnostic methods for cryptosporidium are available, but infection is 
signifi cantly underdiagnosed. In low-resource settings with high rates of mixed 
infections, quantitative assays will be important for future studies of burden, and 
assessment of drug regimens and point-of-care tests need to be developed and used 
more widely.

• An urgent need exists for better treatments for cryptosporidiosis, and for better-
standardised methods for screening compounds in vitro and in animals.

• Drug development has been hampered by limitations of methods to propagate the 
organisms in vitro and to genetically manipulate the parasites.

• Development of a vaccine to prevent cryptosporidiosis is feasible, but further studies 
are needed to defi ne mechanisms of protection from human disease and, perhaps, to 
develop live-attenuated strains through genetic engineering .



www.thelancet.com/infection   Published online September 30, 2014   http://dx.doi.org/10.1016/S1473-3099(14)70772-8 7

Review

3 Soave R, Danner RL, Honig CL, et al. Cryptosporidiosis in 
homosexual men. Ann Intern Med 1984; 100: 504–11.

4 D’Antonio RG, Winn RE, Taylor JP, et al. A waterborne outbreak 
of cryptosporidiosis in normal hosts. Ann Intern Med 1985; 
103: 886–88.

5 Sallon S, Deckelbaum RJ, Schmid II, Harlap S, Baras M, Spira DT. 
Cryptosporidium, malnutrition, and chronic diarrhea in children. 
Am J Dis Child 1988; 142: 312–15.

6 MacKenzie WR, Hoxie NJ, Proctor ME, et al. A massive outbreak in 
Milwaukee of cryptosporidium infection transmitted through the 
public water supply. N Engl J Med 1994; 331: 161–67.

7 Scallan E, Hoekstra RM, Angulo FJ, et al. Foodborne 
illness acquired in the United States--major pathogens. 
Emerg Infect Dis 2011; 17: 7–15.

8 Shirley DA, Moonah SN, Kotloff  KL. Burden of disease from 
cryptosporidiosis. Curr Opin Infect Dis 2012; 25: 555–63.

9 Lima AA, Samie A, Guerrant RL. Cryptosporidiosis. In: 
Guerrant RL, Walker DH, Weller PF, eds. Tropical Infectious 
Diseases. Philadelphia, Pa: Elsevier-Churchill Livingstone; 
2011: 640–63.

10 Samie A, Bessong PO, Obi CL, et al. Cryptosporidium species: 
preliminary descriptions of the prevalence and genotype distribution 
among school children and hospital patients in the Venda region, 
Limpopo Province, South Africa. Exp Parasitol 2006; 114: 314–22.

11 Ajjampur SS, Rajendran P, Ramani S, et al. Closing the diarrhoea 
diagnostic gap in Indian children by the application of molecular 
techniques. J Med Microbiol 2008; 57: 1364–68.

12 Tumwine JK, Kekitiinwa A, Nabukeera N, et al. Cryptosporidium 
parvum in children with diarrhea in Mulago Hospital, Kampala, 
Uganda. Am J Trop Med Hyg 2003; 68: 710–15.

13 Mor SM, Tzipori S. Cryptosporidiosis in children in 
Sub-Saharan Africa: a lingering challenge. Clin Infect Dis 2008; 
47: 915–21.

14 Bern C, Ortega Y, Checkley W, et al. Epidemiologic diff erences 
between cyclosporiasis and cryptosporidiosis in Peruvian children. 
Emerg Infect Dis 2002; 8: 581–85.

15 Khan WA, Rogers KA, Karim MM, et al. Cryptosporidiosis among 
Bangladeshi children with diarrhea: a prospective, matched, 
case-control study of clinical features, epidemiology and systemic 
antibody responses. Am J Trop Med Hyg 2004; 71: 412–19.

16 Lima AA, Moore SR, Barboza MS Jr, et al. Persistent diarrhea 
signals a critical period of increased diarrhea burdens and 
nutritional shortfalls: a prospective cohort study among children in 
northeastern Brazil. J Infect Dis 2000; 181: 1643–51.

17 Moore SR, Lima NL, Soares AM, et al. Prolonged episodes of acute 
diarrhea reduce growth and increase risk of persistent diarrhea in 
children. Gastroenterology 2010; 139: 1156–64.

18 Ajjampur SS, Liakath FB, Kannan A, et al. Multisite study of 
cryptosporidiosis in children with diarrhea in India. J Clin Microbiol 
2010; 48: 2075–81.

19 Checkley W, Epstein LD, Gilman RH, Black RE, Cabrera L, 
Sterling CR. Eff ects of Cryptosporidium parvum infection in 
Peruvian children: growth faltering and subsequent catch-up 
growth. Am J Epidemiol 1998; 148: 497–506.

20 Mølbak K, Andersen M, Aaby P, et al. Cryptosporidium infection in 
infancy as a cause of malnutrition: a community study from 
Guinea-Bissau, west Africa. Am J Clin Nutr 1997; 65: 149–52.

21 Agnew DG, Lima AA, Newman RD, et al. Cryptosporidiosis in 
northeastern Brazilian children: association with increased diarrhea 
morbidity. J Infect Dis 1998; 177: 754–60.

22 Mondal D, Haque R, Sack RB, Kirkpatrick BD, Petri WA Jr. 
Attribution of malnutrition to cause-specifi c diarrheal illness: 
evidence from a prospective study of preschool children in Mirpur, 
Dhaka, Bangladesh. Am J Trop Med Hyg 2009; 80: 824–26.

23 Checkley W, Gilman RH, Epstein LD, et al. Asymptomatic and 
symptomatic cryptosporidiosis: their acute eff ect on weight gain in 
Peruvian children. Am J Epidemiol 1997; 145: 156–63.

24 Kotloff  KL, Nataro JP, Blackwelder WC, et al. Burden and aetiology 
of diarrhoeal disease in infants and young children in developing 
countries (the Global Enteric Multicenter Study, GEMS): 
a prospective, case-control study. Lancet 2013; 382: 209–22.

25 Bouzid M, Hunter PR, Chalmers RM, Tyler KM. Cryptosporidium 
pathogenicity and virulence. Clin Microbiol Rev 2013; 26: 115–34.

26 Abrahamsen MS, Templeton TJ, Enomoto S, et al. Complete 
genome sequence of the apicomplexan, Cryptosporidium parvum. 
Science 2004; 304: 441–45.

27 Xu P, Widmer G, Wang Y, et al. The genome of 
Cryptosporidium hominis. Nature 2004; 431: 1107–12.

28 Aurrecoechea C, Barreto A, Brestelli J, et al. EuPathDB: the eukaryotic 
pathogen database. Nucleic Acids Res 2013; 41: D684–91.

29 Cama VA, Bern C, Roberts J, et al. Cryptosporidium species and 
subtypes and clinical manifestations in children, Peru. 
Emerg Infect Dis 2008; 14: 1567–74.

30 Bushen OY, Kohli A, Pinkerton RC, et al. Heavy cryptosporidial 
infections in children in northeast Brazil: comparison of 
Cryptosporidium hominis and Cryptosporidium parvum. 
Trans R Soc Trop Med Hyg 2007; 101: 378–84.

31 Hira KG, Mackay MR, Hempstead AD, et al. Genetic diversity of 
Cryptosporidium spp. from Bangladeshi children. J Clin Microbiol 
2011; 49: 2307–10.

32 Ajjampur SS, Sarkar R, Sankaran P, et al. Symptomatic and 
asymptomatic Cryptosporidium infections in children in a semi-
urban slum community in southern India. Am J Trop Med Hyg 
2010; 83: 1110–15.

33 Elwin K, Hadfi eld SJ, Robinson G, Chalmers RM. The 
epidemiology of sporadic human infections with unusual 
cryptosporidia detected during routine typing in England and 
Wales, 2000-2008. Epidemiol Infect 2012; 140: 673–83.

34 Nundy S, Gilman RH, Xiao L, et al. Wealth and its associations with 
enteric parasitic infections in a low-income community in Peru: use 
of principal component analysis. Am J Trop Med Hyg 2011; 84: 38–42.

35 Sarkar R, Ajjampur SS, Prabakaran AD, et al. Cryptosporidiosis 
among children in an endemic semiurban community in southern 
India: does a protected drinking water source decrease infection? 
Clin Infect Dis 2013; 57: 398–406.

36 Muchiri JM, Ascolillo L, Mugambi M, et al. Seasonality of 
Cryptosporidium oocyst detection in surface waters of Meru, Kenya 
as determined by two isolation methods followed by PCR. 
J Water Health 2009; 7: 67–75.

37 Jagai JS, Castronovo DA, Monchak J, Naumova EN. Seasonality of 
cryptosporidiosis: A meta-analysis approach. Environ Res 2009; 
109: 465–78.

38 Mor SM, Tumwine JK, Ndeezi G, et al. Respiratory cryptosporidiosis 
in HIV-seronegative children in Uganda: potential for respiratory 
transmission. Clin Infect Dis 2010; 50: 1366–72.

39 Mondal D, Minak J, Alam M, et al. Contribution of enteric 
infection, altered intestinal barrier function, and maternal 
malnutrition to infant malnutrition in Bangladesh. Clin Infect Dis 
2012; 54: 185–92.

40 Guerrant DI, Moore SR, Lima AA, Patrick PD, Schorling JB, 
Guerrant RL. Association of early childhood diarrhea and 
cryptosporidiosis with impaired physical fi tness and cognitive 
function four-seven years later in a poor urban community in 
northeast Brazil. Am J Trop Med Hyg 1999; 61: 707–13.

41 Kirkpatrick BD, Daniels MM, Jean SS, et al. Cryptosporidiosis 
stimulates an infl ammatory intestinal response in malnourished 
Haitian children. J Infect Dis 2002; 186: 94–101.

42 Carneiro-Filho BA, Bushen OY, Brito GA, Lima AA, Guerrant RL. 
Glutamine analogues as adjunctive therapy for infectious diarrhea. 
Curr Infect Dis Rep 2003; 5: 114–19.

43 Kirkpatrick BD, Haque R, Duggal P, et al. Association between 
Cryptosporidium infection and human leukocyte antigen class I and 
class II alleles. J Infect Dis 2008; 197: 474–78.

44 Oriá RB, Patrick PD, Blackman JA, Lima AA, Guerrant RL. Role of 
apolipoprotein E4 in protecting children against early childhood 
diarrhea outcomes and implications for later development. 
Med Hypotheses 2007; 68: 1099–107.

45 Arrowood MJ. In vitro cultivation of cryptosporidium species. 
Clin Microbiol Rev 2002; 15: 390–400.

46 Chalmers RM, Campbell BM, Crouch N, Charlett A, Davies AP. 
Comparison of diagnostic sensitivity and specifi city of seven 
Cryptosporidium assays used in the UK. J Med Microbiol 2011; 
60: 1598–604.

47 Johnston SP, Ballard MM, Beach MJ, Causer L, Wilkins PP. 
Evaluation of three commercial assays for detection of Giardia and 
Cryptosporidium organisms in fecal specimens. J Clin Microbiol 
2003; 41: 623–26.



8 www.thelancet.com/infection   Published online September 30, 2014   http://dx.doi.org/10.1016/S1473-3099(14)70772-8

Review

48 Garcia LS, Shimizu RY. Evaluation of nine immunoassay kits 
(enzyme immunoassay and direct fl uorescence) for detection of 
Giardia lamblia and Cryptosporidium parvum in human fecal 
specimens. J Clin Microbiol 1997; 35: 1526–29.

49 Robinson TJ, Cebelinski EA, Taylor C, Smith KE. Evaluation of the 
positive predictive value of rapid assays used by clinical laboratories 
in Minnesota for the diagnosis of cryptosporidiosis. Clin Infect Dis 
2010; 50: e53–55.

50 Hadfi eld SJ, Robinson G, Elwin K, Chalmers RM. Detection 
and diff erentiation of Cryptosporidium spp. in human clinical 
samples by use of real-time PCR. J Clin Microbiol 2011; 49: 918–24.

51 Elwin K, Robinson G, Hadfi eld SJ, Fairclough HV, 
Iturriza-Gómara M, Chalmers RM. A comparison of two approaches 
to extracting Cryptosporidium DNA from human stools as measured 
by a real-time PCR assay. J Microbiol Methods 2012; 89: 38–40.

52 Youn S, Kabir M, Haque R, Petri WA Jr. Evaluation of a screening 
test for detection of giardia and cryptosporidium parasites. 
J Clin Microbiol 2009; 47: 451–52.

53 Agnamey P, Sarfati C, Pinel C, et al, and the ANOFEL 
Cryptosporidium National Network. Evaluation of four commercial 
rapid immunochromatographic assays for detection of 
Cryptosporidium antigens in stool samples: a blind multicenter 
trial. J Clin Microbiol 2011; 49: 1605–07.

54 Stroup SE, Roy S, Mchele J, et al. Real-time PCR detection and 
speciation of Cryptosporidium infection using Scorpion probes. 
J Med Microbiol 2006; 55: 1217–22.

55 Jiang J, Xiao L. An evaluation of molecular diagnostic tools for the 
detection and diff erentiation of human-pathogenic Cryptosporidium 
spp. J Eukaryot Microbiol 2003; 50 (suppl): 542–47.

56 Jothikumar N, da Silva AJ, Moura I, Qvarnstrom Y, Hill VR. 
Detection and diff erentiation of Cryptosporidium hominis and 
Cryptosporidium parvum by dual TaqMan assays. J Med Microbiol 
2008; 57: 1099–105.

57 Mazurie AJ, Alves JM, Ozaki LS, Zhou S, Schwartz DC, Buck GA. 
Comparative genomics of Cryptosporidium. Int J Genomics 2013; 
2013: 832756.

58 Xiao L, Ryan UM. Cryptosporidiosis: an update in molecular 
epidemiology. Curr Opin Infect Dis 2004; 17: 483–90.

59 Robinson G, Chalmers RM. Assessment of polymorphic genetic 
markers for multi-locus typing of Cryptosporidium parvum and 
Cryptosporidium hominis. Exp Parasitol 2012; 132: 200–15.

60 Stroup S, Tongjai S, Swai N, Maro A, Kibiki G, Houpt ER. 
Dual probe DNA capture for sensitive real-time PCR detection of 
Cryptosporidium and Giardia. Mol Cell Probes 2012; 26: 104–06.

61 Crannell ZA, Castellanos-Gonzalez A, Irani A, Rohrman B, 
White AC, Richards-Kortum R. Nucleic acid test to diagnose 
cryptosporidiosis: lab assessment in animal and patient specimens. 
Anal Chem 2014; 86: 2565–71.

62 Taniuchi M, Sobuz SU, Begum S, et al. Etiology of diarrhea in 
Bangladeshi infants in the fi rst year of life analyzed using 
molecular methods. J Infect Dis 2013; 208: 1794–802.

63 Goodgame RW, Kimball K, Ou CN, et al. Intestinal function and 
injury in acquired immunodefi ciency syndrome-related 
cryptosporidiosis. Gastroenterology 1995; 108: 1075–82.

64 Priest JW, Bern C, Xiao L, et al. Longitudinal analysis of 
cryptosporidium species-specifi c immunoglobulin G antibody 
responses in Peruvian children. Clin Vaccine Immunol 2006; 
13: 123–31.

65 Lammie PJ, Moss DM, Brook Goodhew E, et al. Development of a 
new platform for neglected tropical disease surveillance. 
Int J Parasitol 2012; 42: 797–800.

66 Griffi  n SM, Chen IM, Fout GS, Wade TJ, Egorov AI. Development 
of a multiplex microsphere immunoassay for the quantitation of 
salivary antibody responses to selected waterborne pathogens. 
J Immunol Methods 2011; 364: 83–93.

67 Cabada MM, White AC Jr. Treatment of cryptosporidiosis: do we 
know what we think we know? Curr Opin Infect Dis 2010; 23: 494–99.

68 Panel on Opportunistic Infections in HIV-Infected Adults and 
Adolescents. Guidelines for the prevention and treatment of 
opportunistic infections in HIV-infected adults and adolescents: 
recommendations from the Centers for Disease Control and 
Prevention, the National Institutes of Health, and the HIV Medical 
Association of the Infectious Diseases Society of America [cited 
2013 May 7]; http://aidsinfo.nih.gov/contentfi les/lvguidelines/
adult_oi.pdf (accessed April 1, 2014).

69 Dillingham RA, Pinkerton R, Leger P, et al. High early mortality in 
patients with chronic acquired immunodefi ciency syndrome 
diarrhea initiating antiretroviral therapy in Haiti: a case-control 
study. Am J Trop Med Hyg 2009; 80: 1060–64.

70 Rossignol JF, Ayoub A, Ayers MS. Treatment of diarrhea caused by 
Cryptosporidium parvum: a prospective randomized, double-blind, 
placebo-controlled study of Nitazoxanide. J Infect Dis 2001; 
184: 103–06.

71 Rossignol JF, Kabil SM, el-Gohary Y, Younis AM. Eff ect of 
nitazoxanide in diarrhea and enteritis caused by Cryptosporidium 
species. Clin Gastroenterol Hepatol 2006; 4: 320–24.

72 Amadi B, Mwiya M, Musuku J, et al. Eff ect of nitazoxanide on 
morbidity and mortality in Zambian children with cryptosporidiosis: 
a randomised controlled trial. Lancet 2002; 360: 1375–80.

73 Rossignol JF, Hidalgo H, Feregrino M, et al. A double-‘blind’ 
placebo-controlled study of nitazoxanide in the treatment of 
cryptosporidial diarrhoea in AIDS patients in Mexico. 
Trans R Soc Trop Med Hyg 1998; 92: 663–66.

74 Amadi B, Mwiya M, Sianongo S, et al. High dose prolonged 
treatment with nitazoxanide is not eff ective for cryptosporidiosis in 
HIV positive Zambian children: a randomised controlled trial. 
BMC Infect Dis 2009; 9: 195.

75 White AC Jr, Chappell CL, Hayat CS, Kimball KT, Flanigan TP, 
Goodgame RW. Paromomycin for cryptosporidiosis in AIDS: a 
prospective, double-blind trial. J Infect Dis 1994; 170: 419–24.

76 Hewitt RG, Yiannoutsos CT, Higgs ES, et al, and the AIDS 
Clinical Trial Group. Paromomycin: no more eff ective than 
placebo for treatment of cryptosporidiosis in patients with advanced 
human immunodefi ciency virus infection. Clin Infect Dis 2000; 
31: 1084–92.

77 Giacometti A, Cirioni O, Barchiesi F, Ancarani F, Scalise G. Activity 
of nitazoxanide alone and in combination with azithromycin and 
rifabutin against Cryptosporidium parvum in cell culture. 
J Antimicrob Chemother 2000; 45: 453–56.

78 Magariños MP, Carmona SJ, Crowther GJ, et al. TDR Targets: 
a chemogenomics resource for neglected diseases. Nucleic Acids Res 
2012; 40: D1118–27.

79 Agüero F, Al-Lazikani B, Aslett M, et al. Genomic-scale 
prioritization of drug targets: the TDR Targets database. 
Nat Rev Drug Discov 2008; 7: 900–07.

80 Murphy RC, Ojo KK, Larson ET, et al. Discovery of Potent and 
Selective Inhibitors of Calcium-Dependent Protein Kinase 1 (CDPK1) 
from C. parvum and T. gondii. ACS Med Chem Lett 2010; 1: 331–35.

81 Larson ET, Ojo KK, Murphy RC, et al. Multiple determinants for 
selective inhibition of apicomplexan calcium-dependent protein 
kinase CDPK1. J Med Chem 2012; 55: 2803–10.

82 Zhang Z, Ojo KK, Johnson SM, et al. Benzoylbenzimidazole-based 
selective inhibitors targeting Cryptosporidium parvum and 
Toxoplasma gondii calcium-dependent protein kinase-1. 
Bioorg Med Chem Lett 2012; 22: 5264–67.

83 Castellanos-Gonzalez A, White ACJr, Ojo KK, et al. A novel calcium-
dependent protein kinase inhibitor as a lead compound for treating 
cryptosporidiosis. J Infect Dis 2013; 208: 1342–48.

84 Arrowood MJ, Mead JR, Xie L, You X. In vitro anticryptosporidial 
activity of dinitroaniline herbicides. FEMS Microbiol Lett 1996; 
136: 245–49.

85 Armson A, Sargent K, MacDonald LM, Finn MP, Thompson RC, 
Reynoldson JA. A comparison of the eff ects of two dinitroanilines 
against Cryptosporidium parvum in vitro and in vivo in neonatal mice 
and rats. FEMS Immunol Med Microbiol 1999; 26: 109–13.

86 Armson A, Meloni BP, Reynoldson JA, Thompson RC. Assessment 
of drugs against Cryptosporidium parvum using a simple in vitro 
screening method. FEMS Microbiol Lett 1999; 178: 227–33.

87 Rider SD Jr, Zhu G. Cryptosporidium: genomic and biochemical 
features. Exp Parasitol 2010; 124: 2–9.

88 Madern D, Cai X, Abrahamsen MS, Zhu G. Evolution of 
Cryptosporidium parvum lactate dehydrogenase from malate 
dehydrogenase by a very recent event of gene duplication. 
Mol Biol Evol 2004; 21: 489–97.

89 Cai X, Herschap D, Zhu G. Functional characterization of an 
evolutionarily distinct phosphopantetheinyl transferase in the 
apicomplexan Cryptosporidium parvum. Eukaryot Cell 2005; 4: 1211–20.

90 Zeng B, Cai X, Zhu G. Functional characterization of a fatty 
acyl-CoA-binding protein (ACBP) from the apicomplexan 
Cryptosporidium parvum. Microbiology 2006; 152: 2355–63.



www.thelancet.com/infection   Published online September 30, 2014   http://dx.doi.org/10.1016/S1473-3099(14)70772-8 9

Review

91 Fritzler JM, Zhu G. Novel anti-Cryptosporidium activity of known drugs 
identifi ed by high-throughput screening against parasite fatty acyl-
CoA binding protein (ACBP). J Antimicrob Chemother 2012; 67: 609–17.

92 Fritzler JM, Zhu G. Functional characterization of the acyl-[acyl 
carrier protein] ligase in the Cryptosporidium parvum giant 
polyketide synthase. Int J Parasitol 2007; 37: 307–16.

93 Guo F, Zhang H, Fritzler JM, et al. Amelioration of Cryptosporidium 
parvum infection in vitro and in vivo by targeting parasite fatty acyl-
coenzyme A synthetases. J Infect Dis 2014; 209: 1279–87.

94 Ndao M, Nath-Chowdhury M, Sajid M, et al. A cysteine 
protease inhibitor rescues mice from a lethal Cryptosporidium 
parvum infection. Antimicrob Agents Chemother 2013; 57: 6063–73.

95 Striepen B, Pruijssers AJ, Huang J, et al. Gene transfer in the 
evolution of parasite nucleotide biosynthesis. 
Proc Natl Acad Sci USA 2004; 101: 3154–59.

96 Huang J, Mullapudi N, Lancto CA, Scott M, Abrahamsen MS, 
Kissinger JC. Phylogenomic evidence supports past endosymbiosis, 
intracellular and horizontal gene transfer in 
Cryptosporidium parvum. Genome Biol 2004; 5: R88.

97 Striepen B, White MW, Li C, et al. Genetic complementation in 
apicomplexan parasites. Proc Natl Acad Sci USA 2002; 99: 6304–09.

98 Umejiego NN, Gollapalli D, Sharling L, et al. Targeting a prokaryotic 
protein in a eukaryotic pathogen: identifi cation of lead compounds 
against cryptosporidiosis. Chem Biol 2008; 15: 70–77.

99 Kirubakaran S, Gorla SK, Sharling L, et al. Structure-activity 
relationship study of selective benzimidazole-based inhibitors of 
Cryptosporidium parvum IMPDH. Bioorg Med Chem Lett 2012; 
22: 1985–88.

100 Gorla SK, Kavitha M, Zhang M, et al. Optimization of 
benzoxazole-based inhibitors of Cryptosporidium parvum inosine 
5ʹ-monophosphate dehydrogenase. J Med Chem 2013; 56: 4028–43.

101 Maurya SK, Gollapalli DR, Kirubakaran S, et al. Triazole inhibitors 
of Cryptosporidium parvum inosine 5ʹ-monophosphate 
dehydrogenase. J Med Chem 2009; 52: 4623–30.

102 Sharling L, Liu X, Gollapalli DR, Maurya SK, Hedstrom L, 
Striepen B. A screening pipeline for antiparasitic agents targeting 
cryptosporidium inosine monophosphate dehydrogenase. 
PLoS Negl Trop Dis 2010; 4: e794.

103 Gorla SK, McNair NN, Yang G, et al. Validation of IMP 
dehydrogenase inhibitors in a mouse model of cryptosporidiosis. 
Antimicrob Agents Chemother 2014; 58: 1603–14.

104 Bessoff  K, Sateriale A, Lee KK, Huston CD. Drug repurposing 
screen reveals FDA-approved inhibitors of human HMG-CoA 
reductase and isoprenoid synthesis that block Cryptosporidium 
parvum growth. Antimicrob Agents Chemother 2013; 57: 1804–14.

105 Mead JR. Challenges and prospects for a Cryptosporidium vaccine. 
Future Microbiol 2010; 5: 335–37.

106 Okhuysen PC, Chappell CL, Crabb J, Valdez LM, Douglass ET, 
DuPont HL. Susceptibility and serologic response of healthy adults 
to reinfection with Cryptosporidium parvum. Infect Immun 1998; 
66: 441–43.

107 Chappell CL, Okhuysen PC, Sterling CR, Wang C, Jakubowski W, 
Dupont HL. Infectivity of Cryptosporidium parvum in healthy adults 
with pre-existing anti-C. parvum serum immunoglobulin G. 
Am J Trop Med Hyg 1999; 60: 157–64.

108 Pantenburg B, Dann SM, Wang HC, et al. Intestinal immune 
response to human Cryptosporidium sp. infection. Infect Immun 
2008; 76: 23–29.

109 Borad A, Ward H. Human immune responses in cryptosporidiosis. 
Future Microbiol 2010; 5: 507–19.

110 Carmolli M, Duggal P, Haque R, et al. Defi cient serum mannose-
binding lectin levels and MBL2 polymorphisms increase the risk of 
single and recurrent Cryptosporidium infections in young children. 
J Infect Dis 2009; 200: 1540–47.

111 Kirkpatrick BD, Huston CD, Wagner D, et al. Serum mannose-
binding lectin defi ciency is associated with cryptosporidiosis in 
young Haitian children. Clin Infect Dis 2006; 43: 289–94.

112 Kelly P, Jack DL, Naeem A, et al. Mannose-binding lectin is a 
component of innate mucosal defense against Cryptosporidium 
parvum in AIDS. Gastroenterology 2000; 119: 1236–42.

113 Petry F, Jakobi V, Wagner S, Tessema TS, Thiel S, Loos M. 
Binding and activation of human and mouse complement by 
Cryptosporidium parvum (Apicomplexa) and susceptibility of C1q- and 
MBL-defi cient mice to infection. Mol Immunol 2008; 45: 3392–400.

114 Carryn S, Schaefer DA, Imboden M, Homan EJ, Bremel RD, 
Riggs MW. Phospholipases and cationic peptides inhibit 
Cryptosporidium parvum sporozoite infectivity by parasiticidal and 
non-parasiticidal mechanisms. J Parasitol 2012; 98: 199–204.

115 Zaalouk TK, Bajaj-Elliott M, George JT, McDonald V. Diff erential 
regulation of beta-defensin gene expression during 
Cryptosporidium parvum infection. Infect Immun 2004; 72: 2772–79.

116 Chen XM, O’Hara SP, Nelson JB, et al. Multiple TLRs are expressed 
in human cholangiocytes and mediate host epithelial defense 
responses to Cryptosporidium parvum via activation of NF-kappaB. 
J Immunol 2005; 175: 7447–56.

117 Hu G, Gong AY, Roth AL, et al. Release of luminal exosomes 
contributes to TLR4-mediated epithelial antimicrobial defense. 
PLoS Pathog 2013; 9: e1003261.

118 Chen XM, Splinter PL, O’Hara SP, LaRusso NF. A cellular micro-
RNA, let-7i, regulates Toll-like receptor 4 expression and contributes 
to cholangiocyte immune responses against 
Cryptosporidium parvum infection. J Biol Chem 2007; 282: 28929–38.

119 Gong AY, Hu G, Zhou R, et al. MicroRNA-221 controls expression 
of intercellular adhesion molecule-1 in epithelial cells in response 
to Cryptosporidium parvum infection. Int J Parasitol 2011; 
41: 397–403.

120 Hu G, Zhou R, Liu J, Gong AY, Chen XM. MicroRNA-98 and let-7 
regulate expression of suppressor of cytokine signaling 4 in biliary 
epithelial cells in response to Cryptosporidium parvum infection. 
J Infect Dis 2010; 202: 125–35.

121 Zhou R, Gong AY, Eischeid AN, Chen XM. miR-27b targets KSRP 
to coordinate TLR4-mediated epithelial defense against 
Cryptosporidium parvum infection. PLoS Pathog 2012; 8: e1002702.

122 Zhou R, Hu G, Liu J, Gong AY, Drescher KM, Chen XM. 
NF-kappaB p65-dependent transactivation of miRNA genes 
following Cryptosporidium parvum infection stimulates epithelial 
cell immune responses. PLoS Pathog 2009; 5: e1000681.

123 McDonald V, Korbel DS, Barakat FM, Choudhry N, Petry F. Innate 
immune responses against Cryptosporidium parvum infection. 
Parasite Immunol 2013; 35: 55–64.

124 Dann SM, Wang HC, Gambarin KJ, et al. Interleukin-15 activates 
human natural killer cells to clear the intestinal protozoan 
cryptosporidium. J Infect Dis 2005; 192: 1294–302.

125 Robinson P, Okhuysen PC, Chappell CL, et al. Expression of IL-15 
and IL-4 in IFN-gamma-independent control of experimental 
human Cryptosporidium parvum infection. Cytokine 2001; 15: 39–46.

126 Choudhry N, Petry F, van Rooijen N, McDonald V. A protective role 
for interleukin 18 in interferon γ-mediated innate immunity to 
Cryptosporidium parvum that is independent of natural killer cells. 
J Infect Dis 2012; 206: 117–24. 

127 Takeuchi D, Jones VC, Kobayashi M, Suzuki F. Cooperative role of 
macrophages and neutrophils in host Antiprotozoan resistance in 
mice acutely infected with Cryptosporidium parvum. Infect Immun 
2008; 76: 3657–63.

128 Fan X, Upadhyaya B, Wu L, et al. CD40 agonist antibody mediated 
improvement of chronic Cryptosporidium infection in patients with 
X-linked hyper IgM syndrome. Clin Immunol 2012; 143: 152–61.

129 Kirkpatrick BD, Haque R, Duggal P, et al. Association between 
Cryptosporidium infection and human leukocyte antigen class I and 
class II alleles. J Infect Dis 2008; 197: 474–78.

130 White AC Jr, Robinson P, Okhuysen PC, et al. Interferon-gamma 
expression in jejunal biopsies in experimental human 
cryptosporidiosis correlates with prior sensitization and control of 
oocyst excretion. J Infect Dis 2000; 181: 701–09.

131 Pollok RC, Farthing MJ, Bajaj-Elliott M, Sanderson IR, McDonald V. 
Interferon gamma induces enterocyte resistance against infection 
by the intracellular pathogen Cryptosporidium parvum. 
Gastroenterology 2001; 120: 99–107.

132 Pantenburg B, Castellanos-Gonzalez A, Dann SM, et al. Human 
CD8(+) T cells clear Cryptosporidium parvum from infected 
intestinal epithelial cells. Am J Trop Med Hyg 2010; 82: 600–07.

133 Korpe PS, Liu Y, Siddique A, et al. Breast milk parasite-specifi c 
antibodies and protection from amebiasis and cryptosporidiosis in 
Bangladeshi infants: a prospective cohort study. Clin Infect Dis 2013; 
56: 988–92.

134 Moss DM, Chappell CL, Okhuysen PC, et al. The antibody response 
to 27-, 17-, and 15-kDa Cryptosporidium antigens following 
experimental infection in humans. J Infect Dis 1998; 178: 827–33.



10 www.thelancet.com/infection   Published online September 30, 2014   http://dx.doi.org/10.1016/S1473-3099(14)70772-8

Review

135 Sheoran A, Wiffi  n A, Widmer G, Singh P, Tzipori S. Infection with 
Cryptosporidium hominis provides incomplete protection of the host 
against Cryptosporidium parvum. J Infect Dis 2012; 205: 1019–23.

136 Preidis GA, Wang HC, Lewis DE, et al. Seropositive human 
subjects produce interferon gamma after stimulation with 
recombinant Cryptosporidium hominis gp15. Am J Trop Med Hyg 
2007; 77: 583–85.

137 Allison GM, Rogers KA, Borad A, et al. Antibody responses to the 
immunodominant Cryptosporidium gp15 antigen and gp15 
polymorphisms in a case-control study of cryptosporidiosis in 
children in Bangladesh. Am J Trop Med Hyg 2011; 85: 97–104.

138 Burton AJ, Nydam DV, Jones G, et al. Antibody responses following 
administration of a Cryptosporidium parvum rCP15/60 vaccine to 
pregnant cattle. Vet Parasitol 2011; 175: 178–81.

139 Wang C, Luo J, Amer S, et al. Multivalent DNA vaccine induces 
protective immune responses and enhanced resistance against 
Cryptosporidium parvum infection. Vaccine 2010; 29: 323–28.

140 Hong-Xuan H, Lei C, Cheng-Min W, et al. Expression of the 
recombinant fusion protein CP15-23 of Cryptosporidium parvum and 
its protective test. J Nanosci Nanotechnol 2005; 5: 1292–96.

141 Sagodira S, Buzoni-Gatel D, Iochmann S, Naciri M, Bout D. 
Protection of kids against Cryptosporidium parvum infection after 
immunization of dams with CP15-DNA. Vaccine 1999; 17: 2346–55.

142 Roche JK, Rojo AL, Costa LB, et al. Intranasal vaccination in mice 
with an attenuated Salmonella enterica Serovar 908htr A expressing 
Cp15 of Cryptosporidium: impact of malnutrition with preservation 
of cytokine secretion. Vaccine 2013; 31: 912–18.

143 Manque PA, Tenjo F, Woehlbier U, et al. Identifi cation and 
immunological characterization of three potential vaccinogens 
against Cryptosporidium species. Clin Vaccine Immunol 2011; 
18: 1796–802.

144 Borad AJ, Allison GM, Wang D, et al. Systemic antibody responses 
to the immunodominant p23 antigen and p23 polymorphisms in 
children with cryptosporidiosis in Bangladesh. Am J Trop Med Hyg 
2012; 86: 214–22.

145 Ehigiator HN, Romagnoli P, Priest JW, Secor WE, 
Mead JR. Induction of murine immune responses by DNA 
encoding a 23-kDA antigen of Cryptosporidium parvum. Parasitol Res 
2007; 101: 943–50.

146 Benitez AJ, McNair N, Mead JR. Oral immunization with 
attenuated Salmonella enterica serovar Typhimurium encoding 
Cryptosporidium parvum Cp23 and Cp40 antigens induces a specifi c 
immune response in mice. Clin Vaccine Immunol 2009; 16: 1272–78.

147 Lai O, Morris C, Ahmed S, et al. Serum antibody responses to 
polymorphic Cryptosporidium mucin antigen in Bangladeshi 
children with cryptosporidiosis. Am J Trop Med Hyg 2011; 
85: 464–70. 

148 Benitez A, Priest JW, Ehigiator HN, McNair N, Mead JR. Evaluation 
of DNA encoding acidic ribosomal protein P2 of 
Cryptosporidium parvum as a potential vaccine candidate for 
cryptosporidiosis. Vaccine 2011; 29: 9239–45.

149 Platts-Mills JA, Liu J, Houpt ER. New concepts in diagnostics for 
infectious diarrhea. Mucosal Immunol 2013; 6: 876–85.

150 Castellanos-Gonzalez A, Cabada MM, Nichols J, Gomez G, 
White AC Jr. Human primary intestinal epithelial cells as an 
improved in vitro model for Cryptosporidium parvum infection. 
Infect Immun 2013; 81: 1996–2001.


	A review of the global burden, novel diagnostics, therapeutics, and vaccine targets for cryptosporidium
	Introduction
	Epidemiology
	Disease burden
	Microbiology
	Risk factors
	Pathogenesis of malnutrition in cryptosporidiosis

	Diagnostics
	Therapeutics
	Immune response and vaccine development

	Discussion
	Conclusion
	Acknowledgments
	References




