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SUMMARY

The avoidance of infectious disease by widespread use of ‘systems hygiene’,
defined by hygiene-enhancing technology such as sewage systems, water treat-
ment facilities, and secure food storage containers, has led to a dramatic
decrease in symbiotic helminths and protists in high-income human populations.
Over a half-century of research has revealed that this ‘biota alteration’ leads to
altered immune function and a propensity for chronic inflammatory diseases,
including allergic, autoimmune and neuropsychiatric disorders. A recent Ethio-
pian study (EClinicalMedicine 39: 101054), validating predictionsmade by several
laboratories, found that symbiotic helminths and protists were associated with a
reduced risk of severe COVID-19 (adjusted odds ratio = 0.35; p<0.0001). Thus, it
is now apparent that ‘biome reconstitution’, defined as the artificial re-introduc-
tion of benign, symbiotic helminths or protists into the ecosystem of the human
body, is important not only for alleviation of chronic immune disease, but likely
also for pandemic preparedness.

INTRODUCTION

This narrative review discusses the intersection between biodiversity in the human body and the COVID-19

pandemic. Factors in areas of the world with high average income that affect biodiversity in the human

body have been discussed previously in detail.1–3 In that discussion, a useful distinction can be made

between different types of hygiene and their effects on biodiversity.3 Personal hygiene is important for pre-

venting transmission of acute infections such as common colds, SARS-CoV-2 and many other communi-

cable diseases that human populations have experienced following the agricultural revolution and subse-

quent urbanization.1 These infectious agents generally colonize humans only transiently, and generally

induce inflammatory responses in their hosts. In contrast, ‘‘systems hygiene’’ has an independent and

distinct effect on biodiversity.3 Systems hygiene, which includes the use of sewage systems, water treat-

ment facilities, and food processing and storage technologies, effectively deplete particular components

of the biome, most notably helminths. In contrast to bacterial and viral pathogens, helminths generally

colonize humans for extended periods of time and have a regulatory effect on immune function.1

The impact of helminths on immunoregulation has been the subject of considerable study for decades.2,4–8

Underlying mechanisms are multifactorial, and include three general types of effects. First, helminths

secrete and excrete dozens if not hundreds of immunoregulatory molecules that directly affect host im-

mune function. Second, helminths stimulate the production of negative feedback or regulatory systems

that would otherwise remain unstimulated. Finally, helminths stimulate and activate immune components

such as eosinophils and IgE-producing B cells that would otherwise remain unstimulated. This ‘‘compart-

ment utilization’’ may help avoid deployment of those components in pathologic responses involving auto-

immune and allergic reactions.

In a recent discussion,3 we examined the intersection between viral infections, which are decreased by per-

sonal hygiene, and exposure to helminths, which can be eliminated by widespread use of systems hygiene.

The view that the presence of helminths attenuates hyperinflammatory and autoimmune responses

triggered by viral infections has a long history and is well supported in the literature.3 Although we and

others hypothesized that helminths would attenuate hyperinflammatory and detrimental responses to

the SARS-CoV-2 virus,3,9–16 the discussion was hampered by a lack of clarity regarding the impact of
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Figure 1. Biota alteration caused by systems hygiene

This diagram shows relative changes in community composition of major clades of symbionts as a function of systems

hygiene. The diagram does not include clades, including viruses and yeast, for which little information is available

regarding the impact of post-industrial lifestyle in general and systems hygiene in particular. The three clades are

arbitrarily given equal weight in the ancestral state, and that weight does not reflect the number of species in a clade, the

space occupied by the clade within the ecosystem, the biomass of the clade within the ecosystem, or the importance of

the clade for host metabolism or immune system development. The niche space left by depletion of the vast majority of

helminths and protists is unoccupied. Loss of microbial diversity is relatively minor by comparison,38 and is because of loss

of niche space as a consequence of decreases in consumption of dietary fiber, the primary food source for much of the

symbiotic bacteria.38–41
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biodiversity of the COVID-19 pandemic.17,18 With that in mind, this narrative review will place particular

emphasis on the results of a recent Ethiopian study that addressed the impact of biodiversity within the

human body on clinical outcomes of SARS-CoV-2 infection.19 That study and the implications of that study

in the context of previously published literature will be discussed.

THE INTERSECTION OF BIODIVERSITY AND COVID

During the first 12 months after the emergence of the SARS-CoV-2 virus and the resulting COVID-19

pandemic, numerous predictions were made regarding the potential effects of the virus on areas of the world

with low average income and relatively little infrastructure for medicine and sanitation. Based on the impact of

the pandemic in areas with high-income, particularly the US and parts of Europe, it was generally recognized

that the younger average age of individuals in low-income areas would be protective.20 However, this

advantage was expected to be offset by disparities in medical care, resources for personal hygiene, infrastruc-

ture-based capacity to shut down day-to-day activity, and co-occurrence of AIDS and other infectious disease.

Thus, the clinical impact of the virus was expected by many to be much greater in low-income areas of the

world than in high-income areas.20–27 On the other hand, it was also recognized that, in high income areas,

severe reactions to the SARS-CoV-2 virus were generally underpinned by hyper-responsiveness of immune

function with an autoimmune-like signature (reviewed by Halpert and Shoenfeld28).

The hyper-responsive, autoimmune-like nature of severe COVID-19 disease provided a critical clue to the

potential impact of the virus in low-income areas. Data emerged more than half a century ago pinpointing

‘‘biota alteration’’, changes in the community of symbiotic life associated with the human body, as the crit-

ical element in the emergence of chronic inflammatory disease in high-income countries.29–33 In particular,

a profound depletion of symbiotic helminths and protists (Figure 1) has been identified as critical in the high

prevalence of chronic, inflammation-associated diseases in high-income areas29–33,34–36 (Figure 2). In this

context, helminths and protists can be considered together in a group as ‘‘complex eukaryotic symbionts’’,

despite the fact that the group includes all three major classes of symbiotic helminths, trematodes (flukes),

cestodes (flatworms) and nematodes (roundworms) as well as an incredibly diverse array of protists.37 For a

list of definitions, see Box 1.
2 iScience 26, 106167, March 17, 2023
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Figure 2. Biota alteration and its connection with chronic, inflammation-associated diseases

In this model, loss of complex eukaryotic symbionts leads to altered immune regulation, particularly impaired ability to

achieve tolerance to self and environmental antigens. This condition, when combined with (1) other environmental

mismatches, (2) ‘‘triggers’’ such as viral infections, and (3) genetic and epigenetic factors, leads to chronic inflammation-

associated disease. In this case, ‘‘systems hygiene’’ is defined as factors such as sewage treatment facilities, clean water

utilities, and food storage technology that effectively prevent water-borne disease.3 Although systems hygiene causes

biota alteration and subsequent risks for immune dysregulation, personal hygiene can decrease exposure to some

triggers for chronic disease, including insect-derived antigens and viral infections.3,34–36

ll
OPEN ACCESS

iScience
Review
Complex eukaryotic symbionts, despite being diverse in nature, share some features in common that are

relevant for this discussion. Complex eukaryotic symbionts tend to be larger in size than bacteria and yeast,

although exceptions do exist. These larger symbionts are poorly or ineffectively phagocytized by the host

immune system, often eliciting phagocytosis-independent immune responses in their hosts. These im-

mune responses include IgE secretion,42 mast cell activation,43 eosinophil production,44 and neutrophil

extracellular trap (NET) deployment,45,46 and are generally distinct from those elicited by symbiotic

bacteria and yeast. At the same time, the nature and intensity of the host response to complex eukaryotic

symbionts generally depends on the habitat of the symbiont, with symbionts in the gut eliciting a dimin-

ished response compared to extra-intestinal symbionts.

Another factor that all complex eukaryotic symbionts have in common is that they are extensively depleted

from the human biome by widespread use of ‘‘systems hygiene’’.3 Systems hygiene includes factors such as

water purification plants and sewage treatment systems that prevent oral-fecal transmission of complex eu-

karyotic symbionts between hosts. In addition, systems hygiene includes food treatment and storage
iScience 26, 106167, March 17, 2023 3



Box 1. Definitions

� Symbiont: An organism living in close physical association with another organism. Symbiotic relationships may be

parasitic or mutualistic in nature, and the nature of a particular symbiotic relationship may be conditional, de-

pending on environmental conditions and other factors.29,34

� Host: A symbiont that is typically larger and provides habitat to another, typically smaller, symbiont.

� Parasite: A symbiont that derives benefits from its host while harming its host.

� Infection: A symbiotic relationship in which a symbiont, usually a parasite, causes a disease or pathological state in

the host as a result of living on or within the host.

� Mutualist: A symbiont that derives benefits from its host while also providing benefits to its host.

� Systems hygiene: Community-wide use of technologies that prevent transmission of pathogens. This type of hy-

giene involves water purification, sewage and waste management, food production and storage, modern build-

ing construction methods, and other technologies. It is distinguished from personal hygiene measures such as

social distancing, wearing of face coverings, and reducing hand-to-face contact.

� Helminth: The adult stage of a fluke (trematode), flatworm (cestode) or roundworm (nematode) living as an obligate

symbiont in a vertebrate.

� Complex eukaryotic symbionts: Symbiotic helminths and protists. This group does not include fungi and yeast, and

it is typically depleted by systems hygiene.

� Biota alteration: Changes imposed by systems hygiene on the community composition of symbionts associated

with the human body. The primary change of medical importance associated with biota alteration is the virtually

complete loss of complex eukaryotic symbionts.

� Biota reconstitution: The intentional, systematic, and controlled introduction of complex eukaryotic symbionts to a

population which has been largely depleted of those symbionts.

� Biota maintenance: The intentional, systematic maintenance of complex eukaryotic symbionts in a population

which already has complex eukaryotic symbionts, either through natural transmission or through biota reconsti-

tution.

� Environmental mismatch: An environmental change that leads to disease. Classic examples include the availability

of processed foods and labor-saving technology. These mismatches lead to consumption of inflammatory diets

and sedentary lifestyles, respectively, which in turn cause disease. Another example is the widespread use of

systems hygiene, which in turn leads to biota alteration and subsequent disease.
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technologies that prevent access to food supplies by insects, rodents and other species that might

effectively transmit complex eukaryotic symbionts. In contrast, symbiosis with bacteria and yeast is largely

independent of systems hygiene, and is rather determined for the most part by parent-to-offspring trans-

mission47 and host diet.38,48–50

Although systems hygiene is absolutely necessary to avoid transmission of deadly infectious diseases, the

accompanying biota alteration characterized by a dramatic decrease in complex eukaryotic symbionts has

substantial implications for public health. Pandemics of allergic disorders, autoimmune disease, and digestive

disorders result.34,36,51–55 In addition, neuropsychiatric conditions such as major depressive disorder and anx-

iety disorders are apparently a result, at least in part, from systems hygiene-associated biota alteration.56–60

THE IMPACT OF BIOTA ALTERATION ON COVID-19

The impact of complex eukaryotic symbionts on the immunological response to COVID-19 in humans has

not yet been evaluated, with studies to-date being limited to clinical outcomes. However, Shoenfeld et al.61

noted that severe cases of COVID-19 and autoimmune diseases share pathologic mechanisms and some

aspects of radiological assessment in the clinic. Uncontrolled immune activation with excessive cytokine

release was described in severe cases of COVID-19, with a number of proposed mechanisms such as

epitope spreading and presentation of cryptic antigens that are hallmarks of autoimmune disease.61 Later

in-vitro studies using T cells from COVID-19 patients showed that helminth derived products significantly

reduced the frequency of SARS-CoV-2-reactive CD4+T cells, whereas the frequency of SARS-CoV-2-reac-

tive CD8+T cells was unaffected or even increased.62 In addition, stimulation in vitro with helminth derived

products led to an increase in IL-10 production and a reduction in IFNg and TNFa, suggesting that
4 iScience 26, 106167, March 17, 2023
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helminths may impact the cytokine storm observed in many cases of severe COVID-19, and that the pres-

ence of helminths diminishes the helper T cell-mediated immune response to SARS-CoV-2, but has little or

no effect on the magnitude of virus-specific cytotoxic T cell responses. However, as Shoenfeld et al. point

out, cytotoxic T cell responses are involved in autoimmune disease and in COVID-19 responses,61 and,

given the impact of helminths on autoimmune processes, it is not surprising that the presence of helminths

has an effect on the function of CD8+T cells.63 Indeed, studies in laboratory animal models suggest that

helminths can stimulate CD8+T cells in a manner that enhances immunity to both viral and bacterial infec-

tions.64,65 Thus, helminths exert a broad influence on immunity, affecting both T helper and cytotoxic T cell

function that may be important in the response to SARS-CoV-2.

Given that (1) biota alteration leads to increases in chronic inflammatory conditions including autoim-

mune disease, and (2) morbidity and mortality are associated with hyperinflammatory, autoimmune-

like responses to SARS-CoV-2 in areas with widespread use of systems hygiene, it was predicted by

several groups that the presence of complex eukaryotic symbionts would attenuate the clinical impact

of the SARS-CoV-2 virus. To evaluate the number of laboratories making this prediction, a systematic

literature search was conducted on October 31, 2022 examining the Medline database and all manu-

scripts with the terms ‘‘helminth’’ and ‘‘COVID’’. The term helminth was used to the exclusion of other

complex eukaryotic symbionts because available data in humans up until 2019 regarding attenuation

of chronic inflammatory processes was limited to helminths (See Table 1 and further discussion below).

The review yielded a total of 108 results and revealed 8 different groups predicting that helminths would

attenuate the clinical symptoms of COVID-193,9–16prior to the emergence of experimental data address-

ing the issue in July of 2021.19 However, it was also expected that such attenuation might be masked by

difficulties in reporting from low-income areas and by demographic factors such as age and comorbid-

ities. Nevertheless, as the COVID-19 pandemic progressed during 2020, several studies noted a relatively

light clinical impact of the pandemic in developing countries.66–71 In addition, a multivariate analysis of

publicly available data from 106 countries72 found that, independent of demographic factors, the pres-

ence of improved hygiene and the higher incidence of autoimmune disease were associated with

increased mortality due to COVID. However, underreporting in low-income areas of morbidity and mor-

tality because of COVID-19 remained a concern, and immune-regulating factors other than the presence

of complex eukaryotic symbionts were considered as possible explanations. For example, protection

mediated by previous exposure to other coronaviruses, BCG vaccination, and genetic variation were pro-

posed as factors that might account for the apparently low impact of SARS-CoV-2 in countries without

widespread use of systems hygiene.18,66,73
EXPERIMENTAL EVIDENCE OF THE PROTECTIVE EFFECT OF COMPLEX EUKARYOTIC

SYMBIONTS ON THE CLINICAL PROGRESSION OF COVID

In mid-2021, a study conducted in Ethiopia addressed the predictions made that complex eukaryotic sym-

bionts would protect individuals from severe COVID-19.19 In that study, Dewit Wolday, Tobias Rinke deWit

and 19 Ethiopian colleagues evaluated the impact of SARS-CoV-2 on 751 Ethiopian patients, 284 of whom

had complex eukaryotic symbionts (helminths and/or protists) living in their intestines. After correction for a

variety of factors including age, education level, and comorbidities, Wolday et al. found that the presence

of complex eukaryotic symbionts was associated with an odds ratio of 0.35 (0.26–0.48; p<0.0001) for severe

COVID-19.19 They also found that, although no patients with complex eukaryotic symbionts died, 2.4% of

patients without complex eukaryotic symbionts died from COVID-19.19

Because the Wolday et al. study19 was the first and still is the only study to directly examine the impact of

helminth colonization on the clinical progression of COVID, the study merits careful examination. It was

cited 20 times based on a Medline query made October 31, 2022, with 17 of those studies considering

the impact of complex eukaryotic symbionts on COVID-19. Of those 17, a large majority of 14, including

one written by Wolday, accepted that Wolday had established an association between helminth coloniza-

tion and better clinical outcomes following SARS-CoV-2 infection. One opinion piece referred to Wolday’s

study as ‘‘preliminary’’,99 although it was not clear why the study could be considered preliminary. Indeed, a

completed data collection and analysis with exceptional statistical significance were described in the Wol-

day report. Two groups questioned the selection of patients in the Wolday study,100,101 both objecting to

the conclusion that helminths could be protective of COVID. In one case, the cohort evaluated by Wolday

was said to be non-representative of the whole population.100 In the other case, the sample collection

method was said to be ‘‘biased’’ in an unspecified manner.101
iScience 26, 106167, March 17, 2023 5



Table 1. Beneficial effects of exposure to helminths in humans

Organism Species Beneficial effects in humans

Cestodes

Hymenolepis

nana

- A reduced risk of severe reactivity to SARS-CoV-2 was observed in individuals with natural exposure.19

- The progression of relapsing remitting multiple sclerosis was halted following natural exposure.74–76 a

Hymenolepis

diminuta

- Effective treatment of some allergic disorders including seasonal allergies,77,78 depression and anxiety
disorders,56 and some autoimmune conditions77,78 was reported in individuals self-treating with helminths.

Nematodes

Schistosoma

mansoni

- A reduced risk of severe reactivity to SARS-CoV-2 was observed in individuals with natural exposure.19

- A reduced course of asthma was observed in individuals with natural exposure.79 However, in general, current
exposure to helminths is not associated with protection against asthma.80

Ascaris

lumbricoides

- A reduced risk of severe reactivity to SARS-CoV-2 was observed in individuals with natural exposure.19

- The progression of relapsing remitting multiple sclerosis was halted following natural exposure.74–76 a

- Seasonal allergies were eliminated following natural exposure, but returned after removal of the helminth.29

Trichuris

trichiura

- A reduced risk of severe reactivity to SARS-CoV-2 was observed in individuals with natural exposure.19

- The progression of relapsing remitting multiple sclerosis was halted following natural exposure.74–76 a

- Remission of ulcerative colitis was achieved as a result of self-treatment by one patient.81,82

Strongyloides

stercoralis

- The progression of relapsing remitting multiple sclerosis was halted following natural exposure.74–76 a

Enterobius

vermicularis

- The progression of relapsing remitting multiple sclerosis was halted following natural exposure.74–76 a

Necator

americanus

- A possibly reduced risk of severe reactivity to SARS-CoV-2 was observed in individuals with natural exposure.19 b

- Individuals with natural exposure may be protected from asthma.80 However, in general, current exposure to
helminths is not associated with protection against asthma.80

- Some indications of possible improvement were seen in patients with Crohn’s disease in a small clinical trial,
but attempts to remove patients from immunosuppression and maintain remission from Crohn’s disease were
not successful.83

- No therapeutic effects on allergic rhinoconjunctivitis without asthma were observed following low levels of
exposure in a clinical trial.84

- An average improvement in asthma was observed following low level exposure in a clinical trial, but results were
not significant compared to controls.85

- Some biomarkers for celiac disease were affected in a positive way by low levels of exposure in a clinical trial, but
actual clinical measures of celiac disease were not affected.86

- Effective treatment of some allergic and autoimmune conditions was reported in individuals self-treating with
helminths.77,87

Trichuris

suis

- Remission from Crohn’s disease was achieved in more than 70% of individuals in an initial, uncontrolled clinical
trial.88 However, probably for a number of reasons (see Box 2), results have not been reproducible.89,90

- Statistically significant reductions in the disease index for ulcerative colitis have been achieved compared to
controls in a clinical trial.82,91 However, larger trials were shut down prior to completion, and results have not
been reported.

- Some benefits in terms of progression of disease as measured by MRI and in terms of immunoregulatory markers
might be achieved for some patients with multiple sclerosis in clinical trials,92 but results are overall modest92 or
possibly even negative,93 and considerable variation exists.92

- Beneficial effects with a large effect size were observed in a small clinical trial when monitoring repetitive behaviors,
restricted interests, and irritability of adult patients with autism spectrum disorder.94 However, no effects on social/
communication parameters were observed, and none of the effects were statistically significant when compared to
controls due to small sample size and large deviations in the data.94

- Effective treatment of some allergic and autoimmune conditions as well as some neuropsychiatric conditions was
reported in individuals self-treating with helminths.56,77 However, data from self-treatment using this helminth are
less extensive than data involving self-treatment with either Hymenolepis diminuta or Necator americanus.

A reduced risk of severe reactivity to SARS-CoV-2 was also observed in individuals with natural exposure to various protists, including Entamoeba

histolytica19,Giardia intetinalis19, Plasmodium species95,96, and Leishmania species97. Most of the symbionts shown can be pathogenic (disease inducing) in hu-

mans. The exceptions areHymenolepis diminuta and probably Trichuris suis, neither of which are naturally occurring symbionts in humans and both of which have

been artificially introduced into humans for the purpose of helminth therapy.98 A given symbiont can have multiple effects, and various symbionts can have

the same effect. Although the protective effect of protists has not been well established in humans, the issue has been addressed in laboratory animal models

(see text). The type of exposure, whether (a) natural (unintentional, accidental) acquisition, (b) exposure during a clinical trial, or (c) self-treatment (intentional

(Continued on next page)
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self-exposure with the intent to treat disease) is indicated. In general, natural exposures and self-treatments are more successful than are clinical trials, probably

for several reasons (see Box 2). Most of the symbionts shown are pathogenic (disease inducing) in humans.
aThe progression of relapsing remitting multiple sclerosis was ‘‘halted’’ as defined by elimination of increases in disability status over a period of 5 years75 and no

significant changes in either the number of new or enlarging T2 lesions or the number of Gd-enhancing lesions over a period of 7.5 years.76

bThe species of hookworm was not described in the study, and the trend was not statistically significant.19
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Wolday’s methods19 involved recruitment of individuals with positive COVID-19 tests from a variety of sour-

ces: For example, from patients admitted to the hospital, frommass screening of travelers and people who

had come into contact with COVID-positive individuals, and from screening of health care workers.

Although a cohort selected in this manner may not be representative of the population as a whole, any dif-

ference between the cohort studied and the Ethiopian population in general does not invalidate the results

obtained byWolday. Indeed, given themethods used, it is difficult to envision any selection bias that would

invalidate the study. It could be hypothesized that patients who had severe reactions to helminths had

already had their helminths removed, and these patients, whose immune systems were somehow different

as indicated by their adverse reaction to helminths, were more susceptible to COVID. However, this pos-

sibility seems unlikely given a survey of the Ethiopian population revealing that fewer than 1% of individuals

are treated in clinics for helminth infections each year,102 and findings that helminths persist in Ethiopia

despite mass deworming campaigns with anti-helminthic drugs.103,104 Furthermore, patients in Wolday’s

study without helminths had more gastrointestinal symptoms than patients with helminths, consistent

with the view that low levels of helminth colonization are often asymptomatic and thus do not necessitate

medical intervention. Finally, multivariate analysis was used to control for numerous factors including age,

sex, comorbidities and residence (potentially correlated with social status) that likely affect immune func-

tion and/or helminth colonization,105–108 reducing the possibility that a confounding factor or factors could

account for the dramatic results obtained.

Given a lack of alternative explanations for Wolday’s data, and given the prediction of the results by 8

independent research groups, we argue that Wolday’s results can be taken at face value: the presence

of helminths is associated with less severe clinical outcomes in COVID. Nevertheless, further studies in

other human populations would certainly be worthwhile to determine how broadly applicable Wolday’s

observations are. At the same time, the view that helminths attenuate hyperinflammatory responses as

seen in severe COVID-19 has a firm scientific basis dating back more than 50 years,3 and in vitro studies

have recently confirmed at least some aspects of the mechanisms underlying attenuation of the anti-

COVID-19 response in particular.62 Thus, we conclude that, in light of Wolday’s study,19 predictions

made by multiple laboratories are correct, and helminths do indeed attenuate the hyperinflammatory

response induced in some individuals by the SARS-CoV-2 virus, thereby reducing the clinical impact

of the virus.

A REMARKABLE EFFECT OF BIOTA ALTERATION ON THE PATHOGENESIS OF COVID,

BUT DO WE KNOW THE FULL EXTENT OF IT?

The fact that Wolday noted an adjusted odds ratio (aOR) of 0.35 (0.26–0.48; p<0.0001) for severe COVID-19

in the presence of complex eukaryotic symbionts in Ethiopia19 is remarkable, in light of the fact that their

study evaluated only active colonization with intestinal symbionts as measured by microscopy of fecal sam-

ples. Almost 38% of their patients had some active colonization with at least one complex eukaryotic sym-

biont, and, with such high colonization rates, it might be supposed that many of the other patients, even if

they did not presently have active colonization, would have been exposed in the past and would still retain

some level of immune modulation based on that past exposure. Furthermore, as pointed out to us by the

senior author of the paper, Tobias Rinke deWit, more helminths and protists would likely have been found if

the authors had employed molecular technologies rather than microscopy to assess their presence.

Indeed, current data indicate that the blood-borne protist responsible for malaria can alter immune func-

tion in a way that may be protective against SARS-CoV-2 infection.95,109 This view brings up the possibility

that the level of protection may have been much higher (that the 0.35 odds ratio may have been much

smaller) if Wolday had been able to compare individuals colonized with complex eukaryotic symbionts

compared to typical individuals living in high income countries who had never been exposed to such sym-

bionts. A caveat to this hypothesis is that no biomarkers for past exposure to complex eukaryotic symbionts

were assessed inWolday’s study, and thus it remains unknown to what extent the non-colonized patients in

the study had previously been exposed to complex eukaryotic symbionts. However, exposure seems likely

in light of the high colonization rate of the patient population.
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ADDITIONAL IMPETUS FOR BIOTA RECONSTITUTION AND MAINTENANCE

The results found by Wolday et al.19 add further credence to the view that complex eukaryotic symbionts

should be artificially reintroduced into populations with widespread use of systems hygiene. This approach

of ‘‘biome reconstitution’’, now more than a decade old,110 involves the domestication and cultivation of

benign eukaryotic organisms in much the same way as some bacteria are maintained and cultivated by

the probiotic industry. For such reconstitution, helminths are considered superior to protists because tight

control of the reproduction and dissemination is often feasible in a typical high-income country. In addition

to the feasibility of controlling their reproduction and dissemination, various selection factors for candidate

helminths have been considered.98 Furthermore, the benefit to cost ratio of a given helminth can be con-

ditional34: An individual who is malnourished and has multiple parasitic species will likely not benefit from

any helminth, whereas an individual with autoimmune and neuropsychiatric conditions who is raised in an

environment with extensive systems hygiene may well receive significant benefits from particular helminths

while experiencing negligible adverse effects.57,74,78,111 In those cases where the benefits outweigh the

costs, helminths, by definition, are classified as therapeutic rather than parasitic or pathogenic.

Such reconstitution is expected to alleviate a wide range of allergic, autoimmune, and digestive conditions.

In addition, biome reconstitution may help prevent or even treat some neuropsychiatric conditions such as

depression and anxiety disorders.56–58,77,78,111 Wolday’s study adds to the list of potential benefits of such

reconstitution, pointing toward the potential of human populations to be more resistant to pandemics of

viral disease.3 In this view, symbiotic relationships can be situational, with an organism being a parasite in

one context, and a mutualist in another.34,112 Although some idea of how such reconstitution can be con-

ducted is evident, many knowns and unknowns remain. For example, it is expected that helminths rather

than protists may be the most useful for initial clinical trials because the growth, reproduction, and trans-

mission of helminths is easier to control than that of protists. However, it remains unknown which helminths

will have the best cost/benefit ratios, and what factors might affect the cost/benefit ratio for a particular

helminth in a particular patient (Box 2: Knows and unknowns of biome reconstitution).
IMPLICATIONS FOR BIOME ALTERATION AND RECONSTITUTION: CONTINUOUS

EXPOSURE IS PROBABLY NEEDED TO MAINTAIN FUNCTION

Wolday’s study19 has several implications for ongoing efforts to restore the human biome with the goal of

preventing chronic inflammatory diseases or mitigating the impact of future viral pandemics (pandemic

preparedness). The fact that Ethiopian patients not presently colonized with a complex eukaryotic symbi-

ont weremore susceptible to severe COVID-19 is consistent with the view that continuous exposure to such

symbionts is beneficial. Here again the caveat applies to theWolday study: prior exposure of non-colonized

individuals to complex eukaryotic symbionts in Ethiopia seems likely, but it was not assessed in the study.

However, chronic inflammatory diseases increase in immigrants moving from a low-income to a high-in-

come country,115,116 supporting the view that consistent exposure to complex eukaryotic symbionts is

necessary for healthy immune function.

This conclusion is further supported by Zvi Bentwich’s work with Falasha Jews who migrated from Ethiopia

to Israel in several waves in the 1980’s and 1990’s.117 Bentwich’s team found that, six months following

removal of helminths, the immune system of immigrants from Ethiopia to Israel changed from a low-sen-

sitive system characteristic of new immigrants to a high-sensitive system characteristic of long-term

residents in Israel. Furthermore, Ethiopian immigrants who had lived in Israel for 3–10 years had immune

systems that were more sensitive than immigrants who had been in Israel for 1 year or less.117 These

data again support the view that efforts at biome reconstitution should entail continued exposure for

extended periods of time if not the life of the individual. Such ‘‘biome maintenance’’ is expected to be

particularly important in the prevention of chronic inflammatory disease, an approach that is preferable

to reactive, treatment-oriented medical approaches.
IMPLICATIONS FOR BIOME ALTERATION AND RECONSTITUTION: THE ABSOLUTE

PRESENCE OR ABSENCE OF COMPLEX EUKARYOTIC SYMBIONTS RATHER THAN THE

PRESENCE OF PARTICULAR SPECIES MAY BE CRITICAL FOR IMMUNE FUNCTION

Woldays’ study19 has implications for other aspects of biome reconstitution. Wolday et al. showed that all

three classes of complex eukaryotic symbionts (flatworms, roundworms, and protists) were independently

protective from severe SARS-CoV-2. This finding might suggest that any complex eukaryotic symbiont ‘‘fills
8 iScience 26, 106167, March 17, 2023



Box 2. Knows and unknowns of biome reconstitution

Knowns
� It should work. Several studies29,74–76 have shown that some disease states associated with biota alteration are

reversed by natural acquisition of complex eukaryotic symbionts, particularly helminths.

� It can work. Evaluation of the effects of intentional self-treatment with helminths shows that some disease states

associated with biota alteration can be reversed by intentional biome reconstitution.56,77,78

� It has not worked yet, at least not very well. Clinical trials of biome reconstitution have shown lackluster results, and

biome reconstitution has not yet reached the mainstream. The likely reasons appear to be inadequate preparation

of the symbiotic organisms for clinical trials and a one-dose-fits-all approach to clinical trials that is ineffective for

biome reconstitution.111

Unknowns
� How well does it work? Although prior work with accidental exposure to symbionts and self-treatment with symbi-

onts has proven informative, certainty regarding the effectiveness of biota reconstitution for various diseases will

require evaluation through well designed clinical trials which have yet to be conducted.

� Which organisms work best? The selection of complex eukaryotic symbionts for previous attempts at biome recon-

stitution has been haphazard at best, and only a few organisms have been evaluated.98 It remains unknown which

species will have better benefit to cost ratios, and whether particular species or combinations of species will work

better for particular diseases.

� How can it be done? Although the first published evidence pointing to the importance of biome reconstitution for

human health is now more than 50 years old, the pathway to biome reconstitution is still impeded by financial

hurdles,113,114 difficulties in symbiont preparation,111 and ineffective clinical trial designs.111 However, it is antic-

ipated that significant investment from either commercial interests or not-for-profit benevolent organizations

would be significant to accomplish the goal.
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the gap’’ in immune system training and restores the biome for clinical intents and purposes. In support of

this view, exposure to protists from the Plasmodium group, the blood-borne pathogens that are the caus-

ative agents for malaria, were not monitored in Wolday’s study, but several studies suggest that these

organisms are protective against COVID. For example, healthcare workers with exposure to Plasmodium

species cleared the SARS-CoV-2 virus faster than uninfected individuals, with mean clearance times of

8 days and 12 days, respectively (p < 0.005).95 In addition, high levels of exposure to Plasmodium falciparum

were associated with less severe/critical COVID-19 and fewer adverse outcomes.96 Similarly, prior exposure

to the protist causing leishmaniasis, again not monitored in the Wolday study, was associated with a very

high degree of protection (OR =0.12, CI: 0.03–0.30 and p<0.001) from COVID-induced morbidity.97

The view that the presence of any complex eukaryotic symbiont rather than one particular symbiont is

important for immune function is not new. For example, the study of multiple sclerosis (MS) in Argentinian

patients with and without complex eukaryotic symbionts strongly supported that view.74–76 In that study,

one species of cestode (a flatworm) and four species of nematodes (roundworms) effectively halted the pro-

gression of relapsing remitting MS in patients, completely eliminating increases in disability status over a

period of five years that were seen in controls without helminths.75 In their 7.5-year follow-up study, inves-

tigators noted that MS had begun to progress in patients who had eliminated their helminths using anti-

helminthic therapy, but no significant changes in either the number of new or enlarging T2 lesions or the

number of Gd-enhancing lesions were observed in patients who still had helminths.76 In another example,

the roundworm symbiontAscaris lumbricoideswas shown to alleviate seasonal allergies more than 50 years

ago,29 and dozens of individuals are now using the benign (non-pathogenic) flatworm Hymenolepis dimin-

uta to alleviate seasonal allergies.77,78

The Wolday study19 adds to a growing body of evidence suggesting that a wide range of complex eukary-

otic symbionts (flatworms, roundworms, and protists) exert similar effects on the mammalian immune sys-

tem. These phylogenetically distant symbionts may fill the same ‘‘niche space for immune function’’

because of selection pressures forcing the organisms to adapt to immune mechanisms targeting complex

eukaryotic symbionts. With this in mind, it seems likely that activation and use of these immune mecha-

nisms, distinct from mechanisms directed toward symbiotic bacteria and yeast, is necessary for training

and regulation of host immunity. A list of complex eukaryotic symbionts and their known health benefits
iScience 26, 106167, March 17, 2023 9
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in humans is shown in Table 1. Although more is known about the health benefits of helminths than of pro-

tists in humans,112,118data from animal studies support the view that protists have similar effects as hel-

minths. For example, exposure to Blastocystis ST3 improves outcomes in experimentally induced colitis,119

and exposure to Plasmodium berghei yoelii prevents lupus and suppresses arthritis in laboratory ani-

mals.32,33 Nevertheless, as mentioned above, because the reproduction and transmission of many helminth

species is readily controlled in the setting of high-income countries, these organisms are preferred over

protists for ongoing efforts directed at controlled re-introduction of complex eukaryotic symbionts in

high-income countries.
FURTHER EVIDENCE THAT THEDETRIMENTAL EFFECTSOF ALL COMPLEX EUKARYOTIC

SYMBIONTS DO NOT ALWAYS OUTWEIGH POTENTIAL BENEFITS

There is absolutely no question that complex eukaryotic symbionts can, in particular cases, cause pro-

foundly debilitating disease and even mortality. For that reason, biome reconstitution will never be

considered with such pathogens as A. lumbricoides, Strongyloides stercoralis and P. falciparum, which

cause substantial morbidity in humans. Indeed, the interaction between helminths and COVID-19 is not al-

ways helpful for patients. Our systematic literature search using the terms helminths and COVID-19 (see

discussion above) revealed concerns emerging in 2020 of hyperinfection with Strongyloides following

immunosuppressive treatment for COVID-19,120 with more than a dozen subsequent reports regarding

the issue. Others have very reasonably raised concerns that debilitating infection with helminths will

decrease the body’s ability to resist infection from SARS-CoV-2.

Wolday’s study19 showed no evidence that the presence of complex eukaryotic symbionts was causing

harm. For example, abdominal pain and diarrhea, two potential signs of intestinal parasitism, were mark-

edly less in individuals with complex eukaryotic symbionts: 7.5% and 6.9% of patients without complex

eukaryotic symbionts had abdominal pain and diarrhea, respectively. In contrast, only 3.2% and 2.5% of pa-

tients with complex eukaryotic symbionts had abdominal pain and diarrhea (p = 0.014 and 0.009, respec-

tively). On the other hand, potentially hidden effects of long term exposure to some complex eukaryotic

symbionts might exist,121 and snap-shot surveys in time may not reflect the effects of long-term exposure.

Nevertheless, if exposure to complex eukaryotic symbionts prevents mortality because of acute infection,

then the cost/benefit ratio is almost certainly favorable regardless of the long-term effects.

Wolday noted that individuals with complex eukaryotic symbionts had fewer comorbid conditions,

including diabetes and hypertension, than did individuals without such symbionts. Such findings might

suggest some benefit to complex eukaryotic symbionts other than the predicted protection from severe

COVID. Such benefits would not be surprising given the immunomodulatory role of complex eukaryotic

symbionts.51,53–55 Furthermore, large, prospective studies122,123 demonstrate that, for the human popu-

lation as a whole, detrimental effects of helminths at the population-level are apparently not significant

when levels of colonization are low to moderate and potential long-term effects are not evaluated. Simi-

larly, the presence of some protists is apparently benign in many cases.112,124 Thus, consistent with Wol-

day’s observations, all helminths and protists are not apparently parasitic. At the same time, Wolday’s

observations do not in any way minimize the impact of particularly pathogenic helminths or protists,

the impact of excessive exposure to such organisms that are benign at low to moderate levels, or the

impact of such organisms on individuals with compromised immune systems. In this view, complex eu-

karyotic symbionts are identical to bacteria in that the nature of the symbiotic relationship, whether para-

sitic or mutualistic, is situational.34
SOME RESPONSES TO SARS-CoV-2 ARE APPARENTLY NOT AFFECTED BY BIOME

ALTERATION

Early in the COVID-19 pandemic, concerns were raised that helminth co-infection may suppress the im-

mune response so that the human body cannot defend itself against SARS-CoV-2.125,126 However, hel-

minths and protists are not generally immunosuppressive, per se, but rather are immunoregulatory.112,127

Thus, as might be expected, helminths and protists do not generally make individuals susceptible to com-

mon infections, and some aspects of immune function remain apparently unaltered by the presence of

complex eukaryotic symbionts. Consistent with this view, although Wolday et al. observed an apparently

profound impact of complex eukaryotic symbionts on the severity of COVID, as predicted, they found

no such apparent effect on the loss of sense of taste or smell that is associated with COVID-19 (7.7%
10 iScience 26, 106167, March 17, 2023
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and 8.1% loss of taste/smell without and with complex eukaryotic symbionts respectively; p = 0.847). Loss of

taste and smell, direct effects of viremia on the non-neuronal cells supporting taste bud function,128 can be

taken as a surrogate marker for infection intensity in the mucosa of the upper GI tract. Thus, Wolday’s re-

sults19 suggest that immune interactions with complex eukaryotic symbionts do not play a major role in

modulating viremia-associated morbidity during the initial stage of SARS-CoV-2 infection. In contrast,

complex eukaryotic symbionts do modulate the progression of severe COVID, which is due in large part

to immune system over-reaction. The critical observation here is that morbidity during the initial stage

of infection was not made worse by the presence of complex eukaryotic symbionts. That is to say, no evi-

dence was found suggesting that complex eukaryotic symbionts are immunosuppressive in the sense that

they lead to increased viral load and failure to clear virus.
CONCLUSIONS AND FUTURE DIRECTIONS

The beneficial immunomodulatory effects of complex eukaryotic symbionts were first discovered before

1970.29–33 Unfortunately, the knowledge appears to have been all but lost in the field of immunology for

decades. The hygiene hypothesis was proposed two decades later,129–131 but this hypothesis was focused

more on childhood infections rather than lost symbionts. An emphasis on symbiotic helminths eventually

retook center stage and displaced the hygiene hypothesis,7,51,74,132 giving rise to models described as

‘‘old friends’’ and ‘‘biota alteration’’, but that shift in thinking took almost two more decades. Although

it is now recognized that protists may afford some of the same immunoregulatory benefits as helminths,

helminths are, as mentioned above, preferred for biota reconstitution over protists for practical reasons:

The reproduction and distribution in the human population of helminths can be readily controlled, whereas

the same does not hold true for protists.

As the field of immunology struggled with its understanding of the origins of pandemics of chronic inflam-

matory disease, the ability of helminths to suppress immune function was, ironically, widely appreciated.4,5

With this knowledge, numerous labs attempted to develop helminth derived products into anti-inflamma-

tory drugs. Unfortunately, such efforts are based on a pharmaceutical-based perspective that does not take

into account the complexity of symbiotic biological relationships. Because symbiotic relationships cannot

be recapitulated by single molecules, we have predicted that it will be impossible to develop helminth

derived products that effectively eliminate chronic immune disorders.35 As shown in Figure 3, benign hel-

minths offer substantial advantages over helminth derived products that may be difficult if not impossible

to overcome. The bottom line is that, despite immeasurable suffering from chronic inflammatory condi-

tions in high-income countries, and despite discovery of the role of complex eukaryotic symbionts in those

conditions more than half a century ago, reconstitution of the human biome has not progressed past in-

fancy. The fact that clinical mortality resulting from the COVID-19 pandemic was predictably3 made worse

by the loss of complex eukaryotic symbionts highlights the tragedy of this lack of progress.

If Wolday’s study19 is any indication, preemptive biome reconstitution could have alleviated the majority of

the clinical impact of COVID-19, which in turn may have alleviated much of the social and economic impact

of the pandemic. This situation points toward the vital importance of translating fundamental observations

into application. Indeed, simple observations that milkmaids do not acquire severe smallpox and that bac-

teria cannot grow near some colonies of mold were translated into vaccines and antibiotics, saving untold

number of lives. These discoveries were made before the differences between T-cells and B-cells was es-

tablished. That is to say, translating basic observations into life-saving technology does not require a

detailed comprehension of immune function. Rather, the motivation to perform the translation is the

only requirement.

Several factors should be weighed when considering how Wolday’s study might inform us regarding the

potential impact of complex eukaryotic symbionts on individuals in high income countries. One issue,

mentioned above, is that Wolday compared groups with and without active colonization of the intestine,

and their group without active colonization may still have a considerable amount of exposure to complex

eukaryotic symbionts. Another issue is the fact that some individuals, even in the most affluent countries,

still have complex eukaryotic symbionts. For examples, the prevalence of the protist Blastocystis135–137 and

of the helminth Enterobius vermicularis138 is still significant in some high-income countries, and some im-

poverished areas within high income countries may have exposure to helminths comparable to that of low-

income countries.139 In addition, the average age and health of individuals in high-income countries is

substantially different than that of the individuals who participated in Wolday’s study. With these
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Figure 3. Helminth therapy versus therapy using helminth-derived products

Helminth therapy offers several advantages over therapy using helminth-derived products. Although potential stigma

associated with the use of live helminths in therapy is apparently not a significant hurdle,77 some financial hurdles may

exist for the approach as it moves through regulatory channels.113,114,133 Illustrations of individual molecules in the

diagram are taken from the protein data bank134 are shown for illustrative purposes only, and do not necessarily reflect

molecules found within any helminth secretome. The cysticercoid life stage of the tapeworm Hymenolepis diminuta is

shown as a representative, benign helminth.19
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considerations in mind, it is evident that the only way to know with certainty the impact of reintroducing

complex eukaryotic symbionts on the immune responsiveness of individuals in high income countries is

to directly measure the effects of biome reconstitution on individuals in those countries. However, given

that epigenic effects can be generational, it may take decades or even a century before the full beneficial

effects of biome reconstitution can be realized in high-income countries.
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Choroszy-Król, I. (2019). The influence of diet
on gastrointestinal Candida spp.
colonization and the susceptibility of
Candida spp. to antifungal drugs. Rocz.
Panstw. Zakl. Hig. 70, 195–200. https://doi.
org/10.32394/rpzh.2019.0070.

51. Yazdanbakhsh, M., Kremsner, P.G., and van
Ree, R. (2002). Allergy, parasites, and the
hygiene hypothesis. Science 296, 490–494.

52. Helmby, H. (2009). Helminths and our
immune system: friend or foe? Parasitol. Int.
58, 121–127.

53. Weinstock, J.V., and Elliott, D.E. (2014).
Helminth infections decrease host
susceptibility to immune-mediated
diseases. J. Immunol. 193, 3239–3247.
https://doi.org/10.4049/jimmunol.1400927.

54. Versini, M., Jeandel, P.Y., Bashi, T., Bizzaro,
G., Blank, M., and Shoenfeld, Y. (2015).
Unraveling the Hygiene Hypothesis of
helminthes and autoimmunity: origins,
pathophysiology, and clinical applications.
BMC Med. 13, 81. https://doi.org/10.1186/
s12916-015-0306-7.

55. Smallwood, T.B., Giacomin, P.R., Loukas, A.,
Mulvenna, J.P., Clark, R.J., and Miles, J.J.
(2017). Helminth immunomodulation in
autoimmune disease. Front. Immunol. 8,
453. https://doi.org/10.3389/fimmu.2017.
00453.

56. Liu, J., Morey, R.A., Wilson, J.K., and Parker,
W. (2016). Practices and outcomes of self-
treatment with helminths based on
physicians’ observations. J. Helminthol. 91,
267–277.

57. Kou, H.H., and Parker, W. (2018). Intestinal
worms eating neuropsychiatric disorders?
Brain Res. 1693, 218–221. https://doi.org/
10.1016/j.brainres.2018.01.023.

58. Williamson, L.L., McKenney, E.A.,
Holzknecht, Z.E., Belliveau, C., Rawls, J.F.,
Poulton, S., Parker, W., and Bilbo, S.D.
(2016). Got worms? Perinatal exposure to
helminths prevents persistent immune
sensitization and cognitive dysfunction
induced by early-life infection. Brain Behav.
Immun. 51, 14–28. https://doi.org/10.1016/j.
bbi.2015.07.006.

59. Blecharz-Klin, K., �Swierczy�nska, M., Piechal,
A., Wawer, A., Joniec-Maciejak, I.,
Pyrzanowska, J., Wojnar, E., Zawistowska-
Deniziak, A., Sulima-Celi�nska, A., Młocicki,
D., and Mirowska-Guzel, D. (2022). Infection
with intestinal helminth (Hymenolepis
diminuta) impacts exploratory behavior and
cognitive processes in rats by changing the
central level of neurotransmitters. PLoS
Pathog. 18, e1010330. https://doi.org/10.
1371/journal.ppat.1010330.

60. Noel, S.C., Fortin-Hamel, L., Haque, M., and
Scott, M.E. (2022). Maternal gastrointestinal
nematode infection enhances spatial
memory of uninfected juvenile mouse pups.
Sci. Rep. 12, 9796. https://doi.org/10.1038/
s41598-022-13971-y.

61. Ehrenfeld, M., Tincani, A., Andreoli, L.,
Cattalini, M., Greenbaum, A., Kanduc, D.,
Alijotas-Reig, J., Zinserling, V., Semenova,
N., Amital, H., and Shoenfeld, Y. (2020).
Covid-19 and autoimmunity. Autoimmun.
Rev. 19, 102597. https://doi.org/10.1016/j.
autrev.2020.102597.

62. Adjobimey, T., Meyer, J., Terke�s, V., Parcina,
M., and Hoerauf, A. (2022). Helminth
antigens differentially modulate the
activation of CD4+ and CD8+ T
lymphocytes of convalescent COVID-19
patients in vitro. BMC Med. 20, 241. https://
doi.org/10.1186/s12916-022-02441-x.

63. Kalinkovich, A., Weisman, Z., Greenberg, Z.,
Nahmias, J., Eitan, S., Stein, M., and
Bentwich, Z. (1998). Decreased CD4 and
increased CD8 counts with T cell activation
is associated with chronic helminth
infection. Clin. Exp. Immunol. 114, 414–421.
https://doi.org/10.1046/j.1365-2249.1998.
00736.x.

64. Rolot, M., Dougall, A.M., Chetty, A., Javaux,
J., Chen, T., Xiao, X., Machiels, B., Selkirk,
M.E., Maizels, R.M., Hokke, C., et al. (2018).
Helminth-induced IL-4 expands bystander
memory CD8(+) T cells for early control of
viral infection. Nat. Commun. 9, 4516.
https://doi.org/10.1038/s41467-018-
06978-5.

65. Lin, J.S., Mohrs, K., Szaba, F.M., Kummer,
L.W., Leadbetter, E.A., and Mohrs, M.
(2019). Virtual memory CD8 T cells
expanded by helminth infection confer
broad protection against bacterial infection.
Mucosal Immunol. 12, 258–264. https://doi.
org/10.1038/s41385-018-0100-x.

66. Samaddar, A., Gadepalli, R., Nag, V.L., and
Misra, S. (2020). The enigma of low COVID-
19 fatality rate in India. Front. Genet. 11, 854.
https://doi.org/10.3389/fgene.2020.00854.

67. Jain, V.K., Iyengar, K., Vaish, A., and Vaishya,
R. (2020). Differential mortality in COVID-19
patients from India and western countries.
Diabetes Metab. Syndr. 14, 1037–1041.
https://doi.org/10.1016/j.dsx.2020.06.067.

https://doi.org/10.1016/j.mehy.2011.06.019
https://doi.org/10.1016/j.mehy.2011.06.019
https://doi.org/10.1185/03007995.2012.695731
https://doi.org/10.1185/03007995.2012.695731
http://www.nature.com/nature/journal/v486/n7402/abs/nature11053.html#supplementary-information
http://www.nature.com/nature/journal/v486/n7402/abs/nature11053.html#supplementary-information
http://www.nature.com/nature/journal/v486/n7402/abs/nature11053.html#supplementary-information
https://doi.org/10.1016/j.csbj.2021.10.033
https://doi.org/10.1016/j.csbj.2021.10.033
https://doi.org/10.1016/j.csbj.2021.01.007
https://doi.org/10.1038/nature16504
https://doi.org/10.4269/ajtmh.1998.59.426
https://doi.org/10.4269/ajtmh.1998.59.426
https://doi.org/10.3389/fimmu.2017.00363
https://doi.org/10.3389/fimmu.2017.00363
https://doi.org/10.1016/j.iac.2015.05.003
https://doi.org/10.1016/j.iac.2015.05.003
https://doi.org/10.1371/journal.ppat.1002794
https://doi.org/10.1371/journal.ppat.1002794
https://doi.org/10.3389/fimmu.2018.00288
https://doi.org/10.3389/fimmu.2018.00288
https://doi.org/10.1016/j.chom.2018.06.007
https://doi.org/10.1016/j.chom.2018.06.007
https://doi.org/10.1126/scitranslmed.3000322
https://doi.org/10.1126/scitranslmed.3000322
https://doi.org/10.1128/mSphere.00351-17
https://doi.org/10.1128/mSphere.00351-17
https://doi.org/10.32394/rpzh.2019.0070
https://doi.org/10.32394/rpzh.2019.0070
http://refhub.elsevier.com/S2589-0042(23)00244-4/sref51
http://refhub.elsevier.com/S2589-0042(23)00244-4/sref51
http://refhub.elsevier.com/S2589-0042(23)00244-4/sref51
http://refhub.elsevier.com/S2589-0042(23)00244-4/sref52
http://refhub.elsevier.com/S2589-0042(23)00244-4/sref52
http://refhub.elsevier.com/S2589-0042(23)00244-4/sref52
https://doi.org/10.4049/jimmunol.1400927
https://doi.org/10.1186/s12916-015-0306-7
https://doi.org/10.1186/s12916-015-0306-7
https://doi.org/10.3389/fimmu.2017.00453
https://doi.org/10.3389/fimmu.2017.00453
http://refhub.elsevier.com/S2589-0042(23)00244-4/sref56
http://refhub.elsevier.com/S2589-0042(23)00244-4/sref56
http://refhub.elsevier.com/S2589-0042(23)00244-4/sref56
http://refhub.elsevier.com/S2589-0042(23)00244-4/sref56
http://refhub.elsevier.com/S2589-0042(23)00244-4/sref56
https://doi.org/10.1016/j.brainres.2018.01.023
https://doi.org/10.1016/j.brainres.2018.01.023
https://doi.org/10.1016/j.bbi.2015.07.006
https://doi.org/10.1016/j.bbi.2015.07.006
https://doi.org/10.1371/journal.ppat.1010330
https://doi.org/10.1371/journal.ppat.1010330
https://doi.org/10.1038/s41598-022-13971-y
https://doi.org/10.1038/s41598-022-13971-y
https://doi.org/10.1016/j.autrev.2020.102597
https://doi.org/10.1016/j.autrev.2020.102597
https://doi.org/10.1186/s12916-022-02441-x
https://doi.org/10.1186/s12916-022-02441-x
https://doi.org/10.1046/j.1365-2249.1998.00736.x
https://doi.org/10.1046/j.1365-2249.1998.00736.x
https://doi.org/10.1038/s41467-018-06978-5
https://doi.org/10.1038/s41467-018-06978-5
https://doi.org/10.1038/s41385-018-0100-x
https://doi.org/10.1038/s41385-018-0100-x
https://doi.org/10.3389/fgene.2020.00854
https://doi.org/10.1016/j.dsx.2020.06.067


ll
OPEN ACCESS

iScience
Review
68. Chinnaswamy, S. (2021). SARS-CoV-2
infection in India bucks the trend: trained
innate immunity? Am. J. Hum. Biol. 33,
e23504. https://doi.org/10.1002/ajhb.
23504.

69. Chibwana, M.G., Jere, K.C., Kamng’ona, R.,
Mandolo, J., Katunga-Phiri, V., Tembo, D.,
Mitole, N., Musasa, S., Sichone, S.,
Lakudzala, A., et al. (2020). High SARS-CoV-
2 seroprevalence in Health Care Workers
but relatively low numbers of deaths in
urban Malawi. Preprint at medRxiv. https://
doi.org/10.1101/2020.07.30.20164970.

70. Chatterjee B, K.R., and Mande, S.C. (2020).
The mortality due to COVID-19 in different
nations is associated with the demographic
character of nations and the prevalence of
autoimmunity. Preprint at medRxiv. https://
doi.org/10.1101/2020.07.31.20165696.

71. Mbow, M., Lell, B., Jochems, S.P., Cisse, B.,
Mboup, S., Dewals, B.G., Jaye, A., Dieye, A.,
and Yazdanbakhsh, M. (2020). COVID-19 in
Africa: dampening the storm? Science 369,
624–626. https://doi.org/10.1126/science.
abd3902.

72. Chatterjee, B., Karandikar, R.L., and Mande,
S.C. (2021). Mortality due to COVID-19 in
different countries is associated with their
demographic character and prevalence of
autoimmunity. Curr. Sci. 120, 501–508.

73. Chatterjee, P. (2020). Is India missing
COVID-19 deaths? Lancet 396, 657. https://
doi.org/10.1016/S0140-6736(20)31857-2.

74. Correale, J., Farez, M., and Razzitte, G.
(2008). Helminth infections associated with
multiple sclerosis induce regulatory B cells.
Ann. Neurol. 64, 187–199.

75. Correale, J., and Farez, M. (2007).
Association between parasite infection and
immune responses in multiple sclerosis.
Ann. Neurol. 61, 97–108.

76. Correale, J., and Farez, M.F. (2011). The
impact of parasite infections on the course
of multiple sclerosis. J. Neuroimmunol.
233, 6–11.

77. Cheng, A.M., Jaint, D., Thomas, S., Wilson,
J.K., and Parker, W. (2015). Overcoming
evolutionary mismatch by self-treatment
with helminths: current practices and
experience. J. Evol. Med. 3, 1–22.

78. Smyth, K., Morton, C., Mathew, A., Karuturi,
S., Haley, C., Zhang, M., Holzknecht, Z.E.,
Swanson, C., Lin, S.S., and Parker, W. (2017).
Production and use of Hymenolepis
diminuta cysticercoids as anti-inflammatory
therapeutics. J. Clin. Med. 6, 98. https://doi.
org/10.3390/jcm6100098.

79. Medeiros, M., Jr., Figueiredo, J.P., Almeida,
M.C., Matos, M.A., Araújo, M.I., Cruz, A.A.,
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Jirk�u-Pomajbı́ková, K., and Wegener
Parfrey, L. (2015). Are human intestinal
eukaryotes beneficial or commensals? PLoS
Pathog. 11, e1005039. https://doi.org/10.
1371/journal.ppat.1005039.

113. Bono-Lunn, D., Villeneuve, C., Abdulhay,
N.J., Harker, M., and Parker, W. (2016).
Policy and regulations in light of the human
body as a ‘superorganism’ containing
multiple, intertwined symbiotic
relationships. Clin. Res. Regul. Aff. 33, 39–48.
https://doi.org/10.1080/10601333.2016.
1210159.

114. Villeneuve, C., Kou, H.H., Eckermann, H.,
Palkar, A., Anderson, L.G., McKenney, E.A.,
Bollinger, R.R., and Parker, W. (2018).
Evolution of the hygiene hypothesis into
biota alteration theory: what are the
paradigms and where are the clinical
applications? Microbes Infect. 20, 147–155.
https://doi.org/10.1016/j.micinf.2017.
11.001.

115. Okada, H., Kuhn, C., Feillet, H., and Bach,
J.F. (2010). The ’hygiene hypothesis’ for
autoimmune and allergic diseases: an
update. Clin. Exp. Immunol. 160, 1–9.
https://doi.org/10.1111/j.1365-2249.2010.
04139.x.

116. Haahtela, T., Holgate, S., Pawankar, R.,
Akdis, C.A., Benjaponpitak, S., Caraballo, L.,
Demain, J., Portnoy, J., and von Hertzen, L.;
WAO Special Committee on Climate
Change and Biodiversity (2013). The
biodiversity hypothesis and allergic disease:
world allergy organization position
statement. World Allergy Organ. J. 6, 3.
https://doi.org/10.1186/1939-4551-6-3.

117. Borkow, G., Leng, Q., Weisman, Z., Stein,
M., Galai, N., Kalinkovich, A., and Bentwich,
Z. (2000). Chronic immune activation
associated with intestinal helminth
infections results in impaired signal
transduction and anergy. J. Clin. Invest. 106,
1053–1060.
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