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Paragonimiasis is a zoonotic, food-borne trematode infection that affects around 23 million people in Asia, Africa and the Americas. North American paragonimiasis, caused by Paragonimus kellicotti, is a common infection of crustacean-feeding mammals in parts of the USA and Canada. Although infection rates in crayfish are very high in some areas, human infections are rare and depend on the consumption of raw or undercooked crayfish. Human infections can be easily prevented and treated, but proper diagnosis of paragonimiasis is a problem. Paragonimus lung flukes often cause serious disease symptoms before they produce eggs that may be detectable in sputum, bronchoalveolar lavage, stool or histological sections by microscopy or PCR. Antibodies against selected Paragonimus proteins are detectable as early as 2–3 weeks after infection. Therefore, antibody serology is the most promising diagnostic approach for paragonimiasis in North America and elsewhere. KEYWORDS: diagnosis . lung disease . Paragonimus infection . serology . zoonosis



Background



North American paragonimiasis (NAP) is caused by the food-borne trematode Paragonimus kellicotti. This lung fluke infection is rare in humans, but it is widely distributed in its animal reservoir and occurs in most parts of the United States and southern Canada, east of the Rocky Mountains [1,2]. Food-borne trematodes infect an estimated 56 million people worldwide, and more than a billion people live in areas with high infection risk. About 40% of these food-borne trematode infections are caused by members of the lung fluke genus Paragonimus, mostly in east Asia, but also in other parts of Asia, Africa and the Americas [3]. Because patients with paragonimiasis often present with chronic cough and hemoptysis, this infection is often confused with pulmonary tuberculosis or lung cancer in different regions of the world [4–6]. In some areas of the Philippines, a significant percentage of patients visiting pulmonary tuberculosis clinics are infected with Paragonimus, and integrated surveillance with tuberculosis has been suggested because both are co-endemic [6]. The diagnosis of human Paragonimus infection is difficult for several reasons. Firstly, immature lung flukes informahealthcare.com
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may cause severe clinical symptoms as they migrate through tissues, weeks or months before they shed eggs that can be detected in sputum and/or stool by microscopy. Secondly, parasitological detection of worm eggs by microscopy is often insensitive and requires specific experience. Molecular detection of parasite DNA appears more sensitive than microscopy, but this also depends on the presence of eggs in clinical specimens, and it requires specialized laboratory facilities. Specific molecular assays are not widely available, even in reference laboratories. Thirdly, it has been difficult to develop sensitive and specific serological tests for paragonimiasis, and there are no commercially available antibody test kits for paragonimiasis at this time. A number of recent reviews have focused on the pathology and clinical presentation of paragonimiasis in the USA and in other regions [2,7,8]. Therefore, the present review will focus on the epidemiology and diagnostic methods for NAP in comparison with Paragonimus infections in other parts of the world. Life cycle



Paragonimus larvae are transmitted via consumption of raw or undercooked crabs or
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the cercariae migrate to the heart muscle and transform into the encysted metacercariae (FIGURES 1 & 2). P. kellicotti metacercariae are about 500 mm in diameter and have a morphology characteristic for Paragonimus species with two cyst membranes, dark excretion material in the excretory bladder at the center 1 cm 1 cm and multiple intestine coils in the periphery. Figure 1. Second intermediate host for Paragonimus kellicotti. (A) A spothanded crayfish (Orconectes punctimanus) from the Huzzah River, a common species in the eastLung flukes are common parasites of ern part of the Ozark region in Missouri that is frequently infected with Paragonimus mammals that feed on crustaceans in kellicotti. (B) A dissected O. punctimanus with a P. kellicotti metacercaria in the heart (a many parts of the world. However, small white spot indicated by an arrow). human infections require consumption of raw or undercooked crustaceans, and crayfish that contain infectious metacercariae. Paratenic mamma- this depends on local dietary preferences. Paragonimus infeclian hosts that carry infectious parasites, but not mature parasites, tion can be prevented by public health education emphasizing appear to play a minor role in the transmission cycle in parts of the dangers of consuming raw freshwater crustaceans, but it Asia [9]. Most of what is known about the development and dis- can sometimes be difficult to change behavior. When the tribution of P. kellicotti has been summarized by Donald Ameel infection is diagnosed, it can be easily treated with praziquanin 1934, and up-to-date data using modern morphologic, immu- tel (three doses of 25 mg/kg body weight/day for 3 days) or nologic, molecular biological or genomic methods are scarce for triclabendazole as the secondary choice (10 mg/kg body this species [10]. P. kellicotti larvae excyst in the intestine of the weight for 3 days) [16–18]. Unfortunately, diagnosis of human definitive host, penetrate the intestinal wall within hours, and paragonimiasis is often difficult. For this reason, there are no migrate through the peritoneal cavity toward the pleural space. reliable estimates of prevalence or economic impact for paraHepatic paragonimiasis lesions in humans that can be confused gonimiasis in most endemic regions. with liver cancer have been described from Asian Paragonimus species [11]. However, majority of the young lung flukes pene- Epidemiology trate the diaphragm and enter the pleural cavity within 1–3 weeks Transmission after infection. The larvae stimulate an inflammatory response About 30 species of the genus Paragonimus have been with pleural effusion, and patients sometimes experience sharp described and half of these are known to infect humans. Lung pleural pain with cough and fever. Later, the young flukes invade flukes are widely distributed in mammalian hosts in most parts the lung where they induce formation of a fibrous cyst. Approxi- of Asia, Africa and the Americas, but the frequency of transmately 6 weeks after infection, the hermaphroditic flukes start to mission to humans depends on dietary practices, especially on release eggs that may be detected in the lung tissue, sputum, whether people consume raw or undercooked freshwater crusstool and the pleural cavity. Little is known about the reproduc- taceans [9]. In China and some regions of southeast Asia, certive life span of P. kellicotti, but other Paragonimus species can tain traditional dishes include raw or undercooked crabs or produce eggs for more than two decades [12]. Eggs can be crayfish, and this promotes the transmission of Paragonimus to coughed into sputum or swallowed and excreted with stool. humans [19]. More than 90% of the human infections are estiAppropriate temperature and water contact are necessary for the mated to occur in these regions [3]. Similarly, in South P. kellicotti eggs to fully develop. Therefore, it may take up to America, some indigenous tribes have a high risk for paragoni6 months until the ciliated miracidia larvae hatch. These free- miasis because of their local food preparation habits [20]. In living larvae penetrate aquatic snails within hours. The slender Africa, it is sometimes common among children to partially walker snail, Pomatiopsis lapidaria, was reported in 1932 as the roast crabs on a stick or to chew on moving crab legs as part first intermediate host for P. kellicotti [10], but no recent data on of a game [21]. While ingestion of raw crustaceans is not comits snail hosts are available. Although the first intermediate host mon in North America, people sometimes ingest raw crayfish for many trematode species is relatively species specific, some on camping or canoeing trips. In some cases, this is in Paragonimus species have more than one snail host. For example, response to encouragement from friends; many patients report P. skrjabini utilizes more than 25 species of snails across three having been intoxicated when they ingested raw crayfish. In families as its first intermediate host [13]. Asexual reproduction of these cases, alcohol may have reduced the inhibitions regarding P. kellicotti occurs exclusively in the snail host, where miracidiae dietary practices [1,22]. Therefore, NAP infections occur in the develop into sporocysts that produce two generations of rediae. late spring, summer and early fall. The interval between ingesThe rediae release many cercariae, which are small larvae with a tion of crayfish and the onset of symptoms can be weeks or short tail that swim in water [14]. Cercariae attach to crayfish by months, and many months may pass before patients are propsecretion of a mucoid coat [15]. After penetration of the cuticle, erly diagnosed and treated. A
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Human infections represent a dead end for the transmission cycle of P. kellicotti, but the infection is maintained in a sylvatic cycle with a variety of mammals that feed on crayfish (mink, otter, skunk, fox, bobcat, coyote, muskrat, possum and raccoon) serving as definitive hosts [10,23–26]. Infection rates in natural definitive hosts vary geographically, seasonally and by host species. For instance, in some areas, crayfish are the dominant prey for mink and otter, especially during summer, and the infection rates can be high. In contrast, the infection rates tend to be low in coyotes, which rarely feed on crayfish [25]. Domestic or feral cats and dogs are also permissive hosts and sometimes naturally infected, but they are not likely to contribute to the transmission cycle [27–29]. In the laboratory, rats, Syrian hamsters, Mongolian gerbils and Rhesus monkeys support the development of P. kellicotti, but infections sometimes cause the death of the host [14,30,31]. To summarize this section, P. kellicotti shows little host specificity regarding definitive hosts, and many mammals including humans are permissive hosts. Distribution
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Figure 2. Infectious metacercariae, adult fluke and eggs of Paragonimus kellicotti. (A) Four metacercariae of Paragonimus kellicotti in the heart of a crayfish from Missouri. (B) An immature P. kellicotti fluke (28 days pi) isolated from the pleural cavity of an experimentally infected Mongolian gerbil. (C) P. kellicotti egg in the sputum of a patient from Missouri. (D) P. kellicotti eggs (arrows) in sputum sediment from a patient from Missouri. (E) Many P. kellicotti eggs (arrow) in the lung cyst tissue of an experimentally infected gerbil (42 days pi) (H & E stain). (F) A magnified P. kellicotti egg from the same tissue section as in (E) showing the thick egg shell (arrow). (C–F) Show P. kellicotti eggs as they are sometimes, but not always, observed in clinical North American paragonimiasis cases. Op: Operculum; Os: Oral sucker; vs: Ventral sucker.



The distribution of NAP was first outlined by Ameel in 1934 with records of infected crayfish or definitive hosts from southern Ontario, North and South Dakota, Minnesota, Wisconsin, Michigan, Iowa, Illinois, Indiana, Ohio, Pennsylvania, Missouri, West Virginia, Virginia, Louisiana and Mississippi [10]. In addition, P. kellicotti was also reported to be present in Kentucky, Georgia and Oklahoma [23,32,33]. In most cases, these records date from the middle of the last century and the current distribution is unknown. There is no convincing evidence for the distribution of P. kellicotti outside North America, and single case reports of P. kellicotti in Israel or South Africa are most likely due to species misidentification [34,35]. The complex life cycle of P. kellicotti requires not only the simultaneous presence of appropriate first, second and definitive hosts, but also suitable environmental conditions that include periodic flooding to submerge animal feces to enable hatching of miracidiae and infection of snails. Therefore, the distribution of crayfish containing infectious metacercariae is often focal. For example, we have observed a high infection rate of crayfish in a Missouri creek, but found no metacercariae in the crayfish from a nearby pond. On the other hand, infected snails can produce cercariae for many months without the need to acquire a new infection, and metacercariae in crayfish appear to remain infectious for the life of the crayfish plus a few days [26]. informahealthcare.com
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Prevalence



As mentioned earlier, prevalence of human paragonimiasis is dependent on the abundance of infection in animals and the prevalence of infectious metacercariae in crustacean hosts. More importantly, infection risk for humans depends on ingestion of raw or undercooked crabs or crayfish. Crayfish are commonly eaten in parts of the USA, especially in Louisiana. However, most of these crayfish are raised in ponds [36] and not infected with P. kellicotti. Also, crayfish are cooked before they are eaten in Louisiana. The consumption of raw crayfish in the USA can also lead to other health risks such as bacterial gastroenteritis [37]. Little data exist on the prevalence of P. kellicotti metacercariae in river crayfish. Seasonal variation of P. kellicotti metacercariae infection rates in crayfish was observed in central Ohio in the 1970s, with lower infection rates in spring and early summer and higher rates of about 90% in late summer and autumn [26]. A more recent study from southern Missouri showed that 60% of larger (>3 cm) crayfish specimens of the common species Orconectes punctimanus, Orconectes luteus and Orconectes virilis collected between May and September contained metacercariae [30]. Assuming an average number of three metacercariae per crayfish and a development rate of 50% after ingestion, every second crayfish consumed raw or undercooked 781
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from these areas is likely to result in a NAP infection. Accordingly, NAP appears to be an emerging infection in the US. Only six human cases of NAP were reported from Colorado, Iowa, Michigan, Missouri and Oklahoma between 1965 and 2007. Between 2008 and 2012, 14 additional cases had been published from Missouri alone [1,22]. It is not known whether this was entirely due to an increased incidence or partially due to an increased awareness of the problem among physicians. A modest health education campaign was conducted in 2010– 2011. Posters warning of the danger of eating raw crayfish were distributed to camp grounds and canoe rental companies. The Missouri health department sent a health advisory to physicians in the state, and press releases, television interviews and newspaper articles highlighted the problem for the public [1]. It is likely that this campaign helped to reduce the incidence of NAP in Missouri; only two new cases were observed in 2013–2014. It is also possible that reduced rain/flooding and lower crayfish densities may have played a role, but we have no data to support this hypothesis. Diagnostic strategies Classical parasitology



Laboratory diagnosis of NAP by microscopy is difficult because many infected individuals do not have eggs detectable in stool, sputum, bronchoalveolar lavage fluid, pleural effusions or lung biopsies. P. kellicotti requires 6–8 weeks to start producing eggs in the mammalian host. Previous case reports have shown that months or years may pass between the onset of the illness and parasitological diagnosis [2,8]. Diagnosis was often delayed for many months after the onset of symptoms, and patients repeatedly failed therapeutic trials of antibiotics and/or steroids prior to proper diagnosis and treatment [1]. In patent Paragonimus infections, eggs can be detected by microscopy in both stool and sputum, but the detection rates in sputum are usually higher [38]. Several different methods can be used for detecting eggs in stool, including direct smear, Kato Katz smear, formalin-ether sedimentation and zinc sulfate flotation. A study from the Lao Republic reported that Paragonimus eggs can be detected in sputum by direct smear, formalin-ether concentration and by Ziehl-Neelsen staining used for the detection of Mycobacteria [39]. P. kellicotti eggs have been detected in the sputum by direct smear in a few cases [40]. P. kellicotti eggs are recognizable in the histological sections of lung by their characteristic thick brownish egg shell in sections stained with hematoxylin and eosin (FIGURE 2F). Unfortunately, few high-quality images of P. kellicotti from human cases have been published, and the morphology of the parasites and ova can vary according to the sample type, fixation method and staining technique. Infectious metacercariae, an immature fluke and eggs in different clinical samples are shown in FIGURE 2A–2F. Clinical diagnosis



The clinical signs of human NAP range from asymptomatic eosinophilia to severe lung disease with pleural effusions, pneumothorax and hemoptysis [1,2,7,22]. The most common sign of 782



pulmonary paragonimiasis is a chronic cough with brownish, blood-streaked sputum. Most cases of human NAP have presented with moderate to severe lung disease, and there is no evidence for asymptomatic infections which have been described for other Paragonimus species. Some studies from Asia have described different disease presentations according to the infecting parasite species [41]. However, pleural and pulmonary features of NAP are generally similar to those reported from Asia [42]. Since only relatively few human NAP cases have been reported, there is little reason to assume that P. kellicotti infection causes fundamentally different pathology compared to other Paragonimus species. Asian Paragonimus species sometimes migrate to ectopic locations (subcutaneous tissue, omentum) in 5% of the clinical cases, and about 1% of all clinical paragonimiasis cases present with cerebral disease [43–46]. An example for an odd ectopic location is an immature P. westermani fluke that was found in a cyst at the tip of the little finger in a woman with severe pulmonary paragonimiasis, from Korea [47]. Sometimes pulmonary or cerebral cases lead to fatal outcomes [3,48,49]. Reports of NAP have also included cases with pericarditis, pericardial tamponade, cerebral involvement and subcutaneous nodules [1,8]. DNA-based diagnostics



Many DNA-based diagnostic assays have been reported for NAP and other Paragonimus species. These assays include conventional PCR [30,50–53], quantitative PCR [54] and loopmediated amplification [55]. Unfortunately, no study has compared the relative sensitivity of different DNA-based diagnostic tests for paragonimiasis with large numbers of human sputum or stool samples. As with microscopy, the sensitivity of DNA detection depends on the presence of eggs in the clinical sample, and therefore, pre-patent infections will not be detected by PCR. Another use of DNA-based assays is in the identification and differentiation of Paragonimus species in intermediate and definitive hosts [56,57]. However, the total amount of DNA sequence information for Paragonimus available until recently was limited to a couple of ribosomal and nuclear markers, and no complete genome data was available to facilitate the development of novel molecular markers needed for thorough molecular epidemiology studies [9]. Next-generation DNA sequencing platforms have recently led to genome and transcriptome sequencing of P. kellicotti, P. westermani and Paragonimus miyazakii [58], and this information will be important for future research. Serological diagnostics



There is currently no assay available for detection of P. kellicotti antigen in human samples. Antigen assays based on monoclonal antibodies have been described for diagnosis of paragonimiasis caused by other species [59–61]. Unfortunately, these assays have not been independently evaluated for sensitivity and specificity with large panels of patient sera, sera from patients with other food-borne trematode infections or other helminth infections. Since part of the pathology in paragonimiasis is caused by the small, migrating, immature lung flukes that do not shed eggs, Expert Rev. Anti Infect. Ther. 13(6), (2015)
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it is unlikely that immature stages release sufficient antigen for detection in human sera. In contrast to parasite antigens, antibodies to P. kellicotti antigens can be detected in humans and in experimental animals as early as 2 weeks after infection, long before eggs are detectible in clinical samples and prior to the onset of clinical signs of infection [30,62]. Crude worm extracts or fractionated, native antigens from several Paragonimus species have been used for serological diagnosis with varying degrees of success. Generally, cross-reactivity of antibodies across different trematode species has been a problem for serodiagnosis [63,64]. However, this is less of a problem for serodiagnosis of NAP because trematode infections in humans are generally very rare in North America. Several platforms have been used for Paragonimus antibody detection, including intradermal skin tests [65], indirect hemagglutination assays [66], ELISA [67], western blot [62,68] and a rapid immunochromatographic strip test [69]. Usually antibody detection assays do not discriminate between Paragonimus species, but use of antigen from homologous species may improve the sensitivity [62]. Antibody assays using recombinant Paragonimus antigen(s) might be more sensitive and specific than the assays based on native antigens. For example, a recombinant P. westermani egg yolk antigen with diagnostic potential was described several years ago, but it was evaluated with relatively few sera from patients with eggs in sputum who were identified during epidemiological surveys [70–72]. Although the specificity of the egg antigen was estimated to be close to 100%, its sensitivity was only 90% and pre-patent cases were not included in the study [72]. It is doubtful whether all paragonimiasis cases can be detected by antibody tests using an egg antigen because patients sometimes present with symptoms long before the worms begin to produce eggs. Excretory/secretory antigens of immature lung flukes that migrate in tissues might be better candidates for detecting early infections. A recent proteomics study identified an immunodominant, excreted cysteine protease in P. westermani [73]. However, an ELISA based on a peptide sequence from the parasite cysteine protease lacked specificity for paragonimiasis [74]. On the other hand, some recombinant cathepsin F–type cysteine proteases have been reported to be promising candidate antigens for serodiagnosis [75]. Extensive proteomic analysis of Paragonimus antigens has been hampered so far by the scarcity of genome/transcriptome information for Paragonimus. This information is crucial for proper peptide identification in proteomic studies. With the exception of some mitochondrial and nuclear DNA markers, a few selected cDNA sequences and about 1500 expressed sequence tags of P. westermani, no genetic information for Paragonimus existed until recently [76]. Transcriptome sequencing of adult stage P. kellicotti identified 78,000 unique transcripts, and enabled not only the proteomic identification of about 2500 proteins but also the detection of immunodominant P. kellicotti proteins that could be targets for antibody detection assays [77]. The use of patient sera from areas where other helminth infections are highly prevalent, for the identification of informahealthcare.com
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immunodominant Paragonimus antigens can be problematic. Co-existing helminth antibodies that may recognize conserved Paragonimus antigens may lead to the detection of cross-reactive antigens by immunoscreening of Paragonimus cDNA expression libraries or by immunoprecipitation of Paragonimus antigens. Therefore, the use of well-defined patient sera from areas that are not co-endemic for other helminth species (e.g., samples from NAP patients) may be especially useful for this purpose, because most people living in North America have not been infected by other trematode parasites. The potential public health value of improved diagnostic tests for paragonimiasis



Parasites of the genus Paragonimus appear to be taxonomically diverse, but they contain many cross-reactive antigens [63]. All the species tested so far have responded similarly to treatment, and species identification is not necessary to make treatment decisions. A species-specific diagnostic test would have less value as a global health tool than a test that detects antibodies in patients infected with any Paragonimus species with a high sensitivity. NAP can be used as a field model for the development of paragonimiasis serology. While antibody serology cannot always distinguish between current and past infections, treatment with praziquantel is safe and overtreatment is not a problem. Praziquantel is used for mass drug administration in children and adults for the control and local elimination of schistosomiasis [78], and this may be a useful option for areas with high rates of paragonimiasis. Expert commentary



NAP is a rare zoonotic helminth infection that can be easily prevented and treated in humans. However, the parasite can cause severe disease if diagnosis and treatment are delayed. Approximately 16 cases of NAP have been reported from Missouri since 2008, and the incidence of the disease seems to have decreased over the past 2 years. Despite increased awareness among physicians and occasional efforts to reinforce the message about the danger of eating raw crayfish, it is likely that sporadic new cases will continue to occur. Better diagnostic testing will lead to earlier diagnosis and treatment and better outcomes for the patients and their families. Although it appears that there would be little financial incentive for the development of improved diagnostic tests for NAP, a sensitive and genus-specific test could be commercially viable both for diagnosis of individual patients and as a public health tool in many countries in Asia and Latin America where paragonimiasis infections are common. Improved diagnostic tests for paragonimiasis may also be useful for veterinary medicine. Five-year view



The development of standardized serological diagnostics will improve the diagnosis of NAP and other Paragonimus infections. Genome sequences of P. kellicotti and two other Paragonimus species are available [79] and more are on the way. This information will facilitate and speed up the development of 783
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standardized serological tests for paragonimiasis. Improved diagnostic tests for paragonimiasis will not only help to better manage human infections, but also reduce misdiagnosis, since paragonimiasis is often confused with tuberculosis and lung cancer. Thus, patients in areas with paragonimiasis who are suspected of having tuberculosis or lung cancer should be tested for paragonimiasis. There are many reports of putative tuberculosis cases that are diagnosed with paragonimiasis after they fail to improve on anti-tuberculosis medications [47]. On an individual level, accurate identification of human Paragonimus infections will help to reduce suffering and costs associated with mistreatment and progression of disease due to delayed diagnosis. As it is a zoonosis, paragonimiasis is not likely to be eliminated anytime soon. However, our local experience with NAP points to measures that could greatly reduce the public health impact of paragonimiasis in other parts of the world. These include public health education to change dietary practices (to avoid ingestion of metacercariae present in



uncooked freshwater crabs and crayfish) and earlier diagnosis and treatment facilitated by improved diagnostic tests. Among the so-called ‘neglected tropical diseases’, paragonimiasis represents an attractive target for focused effort because of the following: its public health importance in Asia, ingestion of raw crustaceans is necessary for transmission and it is easily treated with oral praziquantel. Widespread availability of a sensitive antibody test that detects antibodies to the major Paragonimus species could lead to rapid progress in the control of paragonimiasis. Financial & competing interests disclosure
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Key issues .



While the infection risk of paragonimiasis for humans can be reduced or eliminated by avoiding exposure to metacercariae, infection rates in crustaceans in most areas of the world do not depend on humans.



.



In addition to the clinical and parasitological diagnostic approaches, immunodiagnosis with crude Paragonimus antigens as performed at the US Centers for Disease Control or in our laboratory can be useful for confirming diagnoses.



.



Further genomic and proteomic information will facilitate progress in the development of standardized serodiagnostic assays using recombinant Paragonimus antigens.



.



Improved diagnosis of human paragonimiasis will also improve differential diagnosis of other lung diseases, since clinical features of paragonimiasis (cough, fever, weight loss, chest pain, hemoptysis) overlap with those in patients with tuberculosis and lung cancer.
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