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Is Strongyloides stercoralis hyperinfection induced by glucocorticoids a result 
of both suppressed host immunity and altered parasite genetics? 

De’Broski R. Herbert a,*, Jonathan D.C. Stoltzfus b, Heather L. Rossi a, David Abraham c 

a Department of Pathobiology, School of Veterinary Medicine, University of Pennsylvania, 3800 Spruce St., Philadelphia, PA 10104, USA 
b Department of Biology, Millersville University of Pennsylvania, 50 E. Frederick St., Millersville, PA 17551, USA 
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A B S T R A C T   

The gastrointestinal (GI) nematode Strongyloides stercoralis (S.s.) causes human strongyloidiasis, a potentially life- 
threatening disease that currently affects over 600 million people globally. The uniquely pernicious aspect of S.s. 
infection, as compared to all other GI nematodes, is its autoinfective larval stage (L3a) that maintains a low-grade 
chronic infection, allowing undetectable persistence for decades. Infected individuals who are administered 
glucocorticoid therapy can develop a rapid and often lethal hyperinfection syndrome within days. Hyperinfection 
patients often present with dramatic increases in first- and second-stage larvae and L3a in their GI tract, with L3a 
widely disseminating throughout host organs leading to sepsis. How glucocorticoid administration drives 
hyperinfection remains a critical unanswered question; specifically, it is unknown whether these steroids pro
mote hyperinfection through eliminating essential host protective mechanisms and/or through dysregulating 
parasite development. This current deficiency in understanding is largely due to the previous absence of a 
genetically defined mouse model that would support all S.s. life-cycle stages and the lack of successful ap
proaches for S.s. genetic manipulation. However, there are currently new possibilities through the recent 
demonstration that immunodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice support sub-clinical infections 
that can be transformed to lethal hyperinfection syndrome following glucocorticoid administration. This is 
coupled with advances in transcriptomics, transgenesis, and gene inactivation strategies that now allow rigorous 
scientific inquiry into S.s. biology. We propose that combining in vivo manipulation of host immunity and deep 
immunoprofiling strategies with the latest advances in S.s. transcriptomics, piggyBac transposon-mediated 
transgene insertion, and CRISPR/Cas-9-mediated gene inactivation will facilitate new insights into the mecha
nisms that could be targeted to block lethality in humans with S.s. hyperinfection.   

1. Introduction 

The human parasitic nematode Strongyloides stercoralis infects over 
600 million people worldwide, typically in tropical and developing 
countries [1,2], although transmission also occurs in rural parts of 
Australia, the United States, and other developed countries [3,4]. People 
become infected via direct skin penetration by infective third-stage 
larvae (iL3) that are present in fecally-contaminated soil [5] (Fig. 1). 
Infections initially may result in a skin rash, cough, dyspnea, diarrhea, 
constipation, weight loss, and/or abdominal pain, but then typically 

become sub-clinical aside from intermittent abdominal pain [6]. 
Chronic infections often go undiagnosed because first-stage larvae (L1) 
released in feces may be present in variable or low numbers and are also 
difficult to identify with commonly used parasitological approaches 
such as the fecal float technique [7]. 

In contrast to other human parasitic nematodes that cannot replicate 
inside the host, S. stercoralis typically forms low numbers of auto
infective third-stage larvae (L3a) that permit the parasite to complete its 
life cycle within the host and allow infections to persist for decades [5] 
(Fig. 1). Strikingly, when people who have maintained a sub-clinical 

Abbreviations: CRISPR, clustered regularly interspaced short palindromic repeats; GI, gastrointestinal; HTLV-1, human T-cell lymphotropic virus type 1; IL, 
interleukin; ILC2s, type 2 innate lymphoid cells; iL3, infective third-stage larvae; L1, first-stage larvae; L3a, autoinfective third-stage larvae; MPA, methylprednis
olone acetate; NSG, NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ. 
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infection for years are administered glucocorticoids (e.g., the prodrug 
prednisone, prednisone’s biologically active metabolite prednisolone, 
dexamethasone, or methylprednisolone acetate (MPA)), the number of 
L3a often rapidly increases, which penetrate through the gut and 
migrate through the host, resulting in additional parasitic adults that in 
turn produce increasing large numbers of L3a; this uncontrolled increase 
in parasite numbers, termed hyperinfection, can quickly overwhelm the 
host [8–10] (Fig. 2). Hyperinfection is typically accompanied by 
disseminated strongyloidiasis, when larvae extend beyond the normal 
migratory route (i.e., skin, lung, and gastrointestinal tract; see Fig. 1) 
and enter other vital organs (e.g., brain, kidney, and liver). The out
comes of this increased migration and tissue damage include sepsis, 
shock, meningitis, disseminated intravascular coagulation, renal failure, 
and/or respiratory failure. In untreated patients, hyperinfection results 
in nearly 100% mortality. Mortality rates can still exceed 70% even with 
aggressive anthelminthic treatment [11], which is largely due to sepsis 
that results from enteric bacteria carried into multiple organs by 
migrating larvae [6]. While there are several types of conditions that 
may promote hyperinfection, such as human T-cell lymphotropic virus 
type 1 (HTLV-1) coinfection, organ transplantation, or Cushing’s disease 
[5,12], the overwhelming majority of hyperinfection and disseminated 
strongyloidiasis cases are thought to occur following glucocorticoid 
administration [6,13]. The recent use of glucocorticoids as common 
treatment for COVID-19 patients has made hyperinfection a serious 
acute clinical care problem [14]. The anthelminthic drug of choice to 
treat uncomplicated S. stercoralis infections is ivermectin. However, 
ivermectin has limited efficacy against L3a and its efficacy for pre
venting mortality during hyperinfection varies case by case [6,15]. 

Surprisingly, the mechanisms by which glucocorticoids cause the rapid 
induction of hyperinfection remain entirely unknown. 

2. S. stercoralis life cycle: autoinfection as a gateway to 
hyperinfection 

In the mammalian host, S. stercoralis parasitic females reside in the 
crypts of the small intestine where they reproduce by mitotic parthe
nogenesis [16] (Fig. 1E). Eggs laid by the parasitic female in the host 
mucosal tissue hatch almost immediately, resulting in post-parasitic L1 
in the host small intestine that can be either female or male [5]. In 
uncomplicated infections, post-parasitic larvae excreted in the feces are 
predominantly rhabditiform (short, tri-lobed pharynx used for feeding) 
L1 [17] (Fig. 1A). However, through mechanisms that remain unclear, a 
small percentage of female L1 rapidly molt into L2 and further into the 
L3a stage by the time the larvae reach the large intestine, which allows 
for re-infection of the host prior to elimination in the feces, thereby 
maintaining chronic parasitism [18] (Fig. 1F). L3a, which are all female, 
typically autoinfect by penetrating the bowel mucosa or the perianal 
skin [5] (Fig. 1B, red). L3a may follow a similar migratory route within 
the host as iL3 that enter through the skin—i.e., they are flushed into the 
lungs by the circulatory system, get lodged in the pulmonary capillaries, 
break out into the alveolar airspace, and then migrate up the trachea 
where they are thought to be coughed up, and swallowed to enter the 
gastrointestinal (GI) tract (Fig. 1C, D). In the small intestine, iL3 molt 
into the L4 stage followed by development into adult-stage partheno
genic females [5,16] (Fig. 1E). However, the rapid amplification of 
parasite numbers in hyperinfective bursts suggests other migration 

Fig. 1. Strongyloides stercoralis life cycle. (A) Fecally- 
contaminated soil contains non-parasitic free-living male 
and female rhabditiform nematodes that reproduce sexu
ally and lay eggs, which invariably develop into filariform 
infective third-stage larvae (iL3, gray). (B) These iL3 
penetrate the intact skin of a host (human, primates, dog, 
Mongolian gerbil, or NSG mouse) to find their way into the 
circulation. (C) They transit through the lungs, (D) then are 
coughed up and swallowed. (E) In the gastrointestinal tract 
they undergo two molts and develop into mature adult 
females, which parthenogenically reproduce to produce 
eggs in the mucosa, which hatch immediately. Typically, 
first-stage larvae (L1, green) are shed in the feces. (F) Some 
of the post-parasitic larvae can mature into autoinfective 
third-stage larvae (L3a, red) capable of penetrating the 
large intestine and host’s skin around the anal tissue, 
perpetuating the parasitic stage of the life cycle in the same 
host (B-F repeated). L1 shed in the feces can enter the soil 
and undergo four additional molts to re-populate the free 
living sexually dimorphic stages (and the cycle continues 
from A).   
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routes in addition to the traditionally accepted route through the lungs 
[19,20]; this non-canonical migratory route to the small intestine may 
also occur in uncomplicated infections [19]. L3a are morphologically 
distinct from iL3, in that L3a are both larger in diameter and shorter in 
length than iL3, and L3a have a single pointed tail whereas iL3 have a 
forked tail [21,22] (Fig. 1B). While other frequently studied Strong
yloides species, including S. ratti, S. papillosus, and S. venezuelensis, have 
parthenogenic females that produce L1 that are excreted in the feces, 
none of these other Strongyloides species are known to undergo autoin
fection. Thus, studies of hyperinfection and disseminated strongyloidi
asis must be undertaken using S. stercoralis. 

In host conditions that promote hyperinfection (e.g., glucocorticoid 
administration), the proportion of post-parasitic female L1 precociously 
developing into L3a relative to L1 exiting the host in the feces dramat
ically increases as does the fecundity of the parasitic female [20]. Fac
tors contributing to the development of L3a are unclear. One hypothesis 
is that L3a form as a result of development at an elevated temperature, 
where post-parasitic L1 precociously develop into L3 inside of a 37 ◦C 
host. This is supported by the observation that for S. stercoralis strains 
biased towards heterogonic development (i.e., towards the single 
free-living generation), the female post-parasitic L1 recovered from the 
small intestine and incubated outside the host predominantly develop 
into filariform iL3 when cultured at 37 ◦C, but develop into rhabditiform 
L3 when cultured at 22 ◦C [23,24]. However, the cause of this rapid 
development or why L1 in the 37 ◦C GI tract are typically unaffected is 
unknown. A possible contributing factor may be that impaired GI 
motility due to glucocorticoid therapy permits greater time for larval 
development; however, chronic gastrointestinal motility disorders and 
constipation have not been associated with hyperinfection. A second 
hypothesis is that the number of L3a is intrinsically regulated as a 
function of parasite population density inside the host, and that hyper
infection is a result of disruption of this equilibrium [5,18]. This is 
supported by the experimental observation that inoculation of hosts 
with a large bolus of iL3 also results in hyperinfection [25]. 

Additionally, in other Strongyloides species, which do not undergo 
autoinfection, a strong host immune response results in post-parasitic 
female larvae that preferentially develop via the heterogonic route, 
while a weak host immune response results in homogonic (i.e., directly 
to iL3) development [26,27], suggesting that S. stercoralis post-parasitic 
larval development may also be influenced by the interaction between 
the host and the parasite. 

3. Animal models and general effects of glucocorticoids 

Several animal models have been used to study S. stercoralis hyper
infection, which typically infects humans, non-human primates, and 
dogs [5]. Prednisone and its derivatives are glucocorticoids routinely 
used in the experimental setting to elicit hyperinfection. Dogs typically 
control infections after the acute phase, similar to the course of human 
disease, but hyperinfection can be triggered by the administration of 
prednisolone [28]. Patas monkeys (Erythrocebus patas) can also be 
experimentally infected with S. stercoralis and hyperinfection triggered 
with prednisone [29]. Rodent models of S. stercoralis infection, where 
hyperinfection can be triggered by glucocorticoids, include both the 
Mongolian gerbil (Meriones unguiculatus) [21] and the severely immu
nodeficient NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mouse strain [22]. 

The endogenous hormones of the adrenal system include glucocor
ticoids and mineralocorticoids, which are together termed corticoste
roids. Whereas mineralocorticoids regulate water and electrolyte 
balance, glucocorticoids control body homeostasis and immune re
sponses [30]. Importantly, only glucocorticoids have been reported to 
be associated with the development of disseminated strongyloidiasis and 
hyperinfection, although the reason for this is not clear. Glucocorticoids 
are endogenously produced (e.g., cortisol in humans or corticosterone in 
rodents) in response to inflammation and glucocorticoid receptors 
function as ligand-dependent transcription factors that regulate gene 
expression through an array of mechanisms [31]. Synthetic glucocorti
coids include prednisone, prednisolone, dexamethasone, hydrocortisone 

Fig. 2. Possible mechanisms of Strongyloides hyperinfection. Immunosuppression due to glucocorticoid signaling in the host may restrict myeloid, mast cell, and 
eosinophil populations that would normally limit parasite burden, contributing to hyperinfection. Glucocorticoids may also alter the ability of key epithelial effector 
cells (e.g., tuft and goblet cells) to aid in anti-helminthic actions. (B) Endogenous or exogenous glucocorticoids, or their metabolites, may target receptors or genes 
such as the ecdysone pathway that regulate development of the L1 parasite to accelerate maturation of autoinfective third-stage larvae (L3a) inside the body, thereby 
favoring aggressive autoinfection leading to hyperinfection. These two possibilities (A & B) are not mutually exclusive. 
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(structurally identical to endogenous cortisol), and MPA. These drugs 
are widely used in both human and animal medicine to suppress a wide 
array of inflammatory disease states [32,33]. In general, these synthetic 
glucocorticoids are more potent than endogenous glucocorticoids, such 
as cortisol, due to their enhanced pharmacokinetic and pharmacody
namic properties [34]. Like their endogenous counterparts, these drugs 
promote immunosuppression through mechanisms that include direct 
binding to glucocorticoid response elements in the DNA, either alone, or 
in complex with co-receptors or other transcription factors to change 
gene expression [32]. 

4. Two potential mechanisms of glucocorticoid-mediated 
hyperinfection 

Two hypotheses exist as to why glucocorticoid treatment causes 
hyperinfection: 1) glucocorticoids suppress key parts of the immune 
system that normally keep the parasite “in check” by killing substantial 
numbers of larvae produced by parthenogenic females, and/or 2) glu
cocorticoids and/or their metabolites serve as a molecular mimic for 
molting hormones like ecdysone, which drive a rapid change in parasite 
gene expression and developmental signaling pathways, thereby causing 
the adult worms or L1/L2 stages to preferentially develop into L3a 
(Fig. 2). These two hypotheses are not mutually exclusive, and it is 
certainly plausible that hyperinfection and disseminated strongyloidi
asis are due to a combination of both processes. 

5. Glucocorticoid potential suppression of host anti-helminth 
immunity 

Regarding the protective nature of host immunity against 
S. stercoralis, several redundant mechanisms have been identified and 
glucocorticoids could alter these (Fig. 2A). Complement factor C3b is 
involved in S. stercoralis killing [35]; the glucocorticoid dexamethasone 
reduces secretion of C3b by human macrophages [36], suggesting that 
glucocorticoids could reduce C3b efficacy during hyperinfection. There 
is a significant role for B cell production of immunoglobulins M and G 
that license myeloid lineages cells, including eosinophils, macrophages, 
and neutrophils, for antibody-dependent cellular cytotoxicity of 
S. stercoralis larvae [37,38]. The reported effects of glucocorticoids on 
distinct subsets of immune cells are vast and include: inhibiting 
lymphocyte activation, promoting lymphocyte apoptosis, and reprog
ramming of macrophages [32]. It is possible some or all of these effects 
may counteract anti-parasitic immune mechanisms. Glucocorticoids can 
inhibit expression of proteins required for leukocyte recruitment and 
trafficking to the infection site, including e-cadherin, integrins, and 
chemokines [31]; in the context of hyperinfection, this could limit 
trafficking of important effector cells to sites of parasitic infiltration. 
Eosinophils, macrophages, and neutrophils kill and trap larval stages of 
S. stercoralis, particularly in the context of extracellular trap formation 
[39,40]. Glucocorticoids can affect the formation of neutrophil extra
cellular traps in other inflammatory conditions and are generally 
inhibitory [41–43], although MPA treatment enhanced neutrophil trap 
formation and bacterial clearance in samples from dogs [44]. Thus, it 
remains to be determined how glucocorticoids affect the formation of 
extracellular traps in the context of S. stercoralis infection. While not 
demonstrated for S. stercoralis, mast cells have been shown to serve an 
essential role for immunity against the closely related S. ratti [45,46], 
the latter of which maintains high parasite fecundity over the course of 
an infection when the host is treated with glucocorticoids in contrast to 
declining fecundity over the course of an infection in a 
non-immunosuppressed host [47,48]. Glucocorticoids also hinder mast 
cell histamine release by suppressing Fcε receptor signaling [31]; thus, 
mast cells clearance could be inhibited in the context of 
glucocorticoid-induced hyperinfection. 

The host protective responses are largely driven by the prototypical 
type 2 cytokines interleukin (IL)− 4 and IL-5 [38]. Glucocorticoids can 

generally dampen signaling via cytokine receptors [31,49,50]. Type 2 
innate lymphoid cells (ILC2s) generate IL-5, and this can be suppressed 
with glucocorticoid treatment in the context of allergic airway inflam
mation or in cultured airway epithelial cell lines [51]. ILC2s are also 
important for immunity against other helminth species [52,53]; thus, 
suppression of type 2 cytokine production by ILC2s in immune compe
tent model animals may contribute to glucocorticoid-induced 
hyperinfection. 

While the highly immunodeficient NSG mouse lacks lymphocytes 
(innate and adaptive populations), it still possesses several myeloid 
lineage subsets that may be sufficiently functional to hold parasite 
expansion in check prior to glucocorticoid administration [22]. These 
observations also suggest that myeloid cells and/or specialized epithe
lial cell lineages in NSG mice like tuft cells and goblet cells [54] may 
contribute to parasite control normally, but these functions are then lost 
following glucocorticoid administration. Intestinal epithelial cells 
maintain high immune suppressive tone by secretion of IL-10 and TGF-β 
[55]. Glucocorticoids up-regulate immunosuppressive cytokines like 
IL-10 to further inhibit immune responses [56]. Outside of their effects 
on hematopoietic system, glucocorticoids can have direct, 
receptor-mediated effects on nonhematopoietic cells like intestinal 
epithelia where they dysregulate mucosal barrier function, cytokine 
secretion, and other effector functions [57]. Thus, glucocorticoids may 
enhance immune-suppressive signals and membrane permeability, 
suppressing immune-mediated killing and allowing parasite transit into 
the intestinal lumen. In cultured airway epithelial cells, glucocorticoid 
treatment reduced IL-13-evoked goblet cell metaplasia [58]. Similarly, 
MPA treatment reduces goblet cell hyperplasia in an airway inflamma
tion model [59]. Other glucocorticoids such as dexamethasone inhibit 
expression of a mucus-related mucin protein Muc5A in an 
airway-derived cell culture system [60]. Although not explicitly tested 
in the gastrointestinal tract, it is possible that changes in goblet cell 
hyperplasia or mucus production may contribute to 
glucocorticoid-induced S. stercoralis hyperinfection. The effects of 
glucocorticoid signaling on tuft cell function or expansion has not been 
directly studied. Thus, it is possible that intestinal tuft cells and goblet 
cells are perhaps important effector cells that restrict adult or larval 
development within the GI tract [54]. In fact, the intestinal immune 
landscape of the NSG mouse is poorly defined; therefore, there is a clear 
need for systematic immunoprofiling studies to be conducted in the 
context of S. stercoralis infection that leverage single-cell RNA 
sequencing, immunofluorescence microscopy, and multiparameter flow 
cytometry along with adoptive transfer strategies to clearly define the 
key immune cells and determine whether they are found in the he
matopoietic or non-hematopoietic system. 

6. Glucocorticoid metabolites as effectors of parasite 
development 

Alternatively, a second long-standing hypothesis is that hyper
infection results from modification of glucocorticoids into ecdysone-like 
agonists that over-activate ecdysteroid-responsive genes in the parasite 
[61], which increases the rate of larval development, frequency of L3a, 
and/or rate of L3a migration through the host (Fig. 2B). In support of 
this second hypothesis, glucocorticoid-driven hyperinfection can be 
avoided in both the NSG mouse and Mongolian gerbil models by 
administration of the DAF-12 nuclear hormone receptor ligand 
Δ7-dafachronic acid, which reduces the number of L3a and host mor
tality [15,22]. Although the mechanisms responsible for hyperinfection 
in an immunocompromised host remain ill-defined, the NSG mouse 
lacks both innate and adaptive lymphocytes and only develops hyper
infection after glucocorticoid administration, which implies that 
perhaps glucocorticoids directly affect parasite biology in addition to 
impacting host physiology. 

It is possible that glucocorticoids trigger hyperinfection by either up- 
regulating, mimicking, or being modified into steroid hormones that 
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increase or alter S. stercoralis development (Fig. 2B). It has been pro
posed that glucocorticoids could be modified into ecdysteroids (e.g., 
ecdysone or 20-hydroxyecdysone), which subsequently increase the rate 
of larval production and development, thereby driving hyperinfection 
[18]. Evidence supporting this hypothesis includes: an increase in the 
reproductive output of S. stercoralis parasitic females in gerbils treated 
with MPA [21], an increase in the proportion of larvae developing into 
L3a in both gerbils and NSG mice treated with MPA [21,22] and, an 
increase in the rate of S. stercoralis development, evidenced by the 
precocious development of free-living adult males in the large intestine 
of gerbils treated with MPA [62]. However, the increased rate of both 
larval production and development in MPA-treated animals may also be 
an indirect effect of immunosuppressing the host; but if this were strictly 
the case, it is unclear how immunosuppression of the host would cause 
post-parasitic L1 to precociously develop into L3a. 

While many parasitic nematode species have a gene encoding an 
ecdysone receptor and can utilize ecdysone signaling to regulate 
development and molting [63–67], the Caenorhabditis elegans genome 
does not contain a gene encoding an ecdysone receptor [68] nor does 
this species appear to produce endogenous ecdysteroids [69], suggesting 
ecdysone signaling is not universal in nematodes. Recently, a homolog 
of the ecdysone receptor, Ss-ecr-1, was identified in S. stercoralis [62]. 
Ss-ecr-1 transcripts are up-regulated in free-living females and devel
oping larvae [62], a pattern similar to insects, suggesting that 
S. stercoralis utilizes ecdysone signaling to regulate development. 
Whether this endogenous signaling can be altered by exogenous ligands 
remains unknown in S. stercoralis, although it is likely, given that several 
ecdysone receptor agonists and antagonists regulate Brugia malayi 
development [70]. Additionally, it is unknown whether the endogenous 
ligand of Ss-ECR-1 is ecdysone/20-hydroxyecdysone, one of the other 
537 ecdysteroids that have been characterized [71], or some other 
undescribed ecdysteroid. 

A key piece of this hypothesis is that glucocorticoids must be 
metabolized into molecules that can activate the ecdysone receptor in 
the parasite. It is unlikely that the glucocorticoids themselves have a 
direct effect on the parasite, as they are structurally dissimilar to ecdy
sone [72] and MPA does not inhibit S. stercoralis post-parasitic L1 
development into iL3 at 37 ◦C [22]. It is unknown whether glucocorti
coids can be metabolized into ecdysteroids, either by the host, the 
parasite, or the gut microbiome. While many of the metabolites of 
prednisolone and MPA have been characterized in humans [73,74], it is 
unknown whether any of these can activate the ecdysone receptor. In the 
parasite, glucocorticoid metabolism would presumably be carried out by 
cytochrome P450 enzymes [75]. Since all 26 cytochrome P450-encoding 
genes have been identified in S. stercoralis [24] and can be expressed in 
insect cells [15], it should thus be possible to identify any parasite cy
tochrome P450 enzyme(s) potentially involved in this process. 

It is also possible that glucocorticoids or their metabolites regulate 
S. stercoralis development through processes independent of ecdysone 
signaling. The S. stercoralis genome encodes multiple orphan nuclear 
hormone receptors [62,76], which likely have various roles in control
ling parasite development—potentially including L3a development. The 
signaling of these nuclear hormone receptors could presumably be 
altered by the presence of exogenous ligands. Indeed, the sole nuclear 
hormone receptor with a characterized ligand in S. stercoralis, 
Ss-DAF-12, regulates L3a development [15,22]. Recent work has 
delineated the biosynthetic pathway for the steroid hormone 
Δ7-dafachronic acid, which is the endogenous ligand for Ss-DAF-12, in 
S. stercoralis and demonstrated that it can act synergistically with iver
mectin to control hyperinfection in the gerbil model [15]. 

Exogenous administration of Δ7-dafachronic acid inhibits the 
development of S. stercoralis L3a in both the gerbil and NSG mouse 
models of glucocorticoid-mediated hyperinfection [15,22]. Whether this 
is the result of Δ7-dafachronic acid acting on the parasitic females 
and/or the post-parasitic larvae remains unknown. Since dafachronic 
acid decreases, rather than increases, the number of post-parasitic 

larvae, it is unlikely that Δ7-dafachronic acid is acting solely on the 
L3a. Three possible scenarios are that Δ7-dafachronic acid acts on 1) the 
parasitic female to decrease larval output; 2) post-parasitic L1 to pro
mote development toward free-living larvae; or 3) post-parasitic L2 or 
L3a in the lumen of the intestine and prematurely activates them, 
thereby abrogating their ability to penetrate host tissue. The hypothesis 
that Δ7-dafachronic acid promotes development of post-parasitic L1 
into free-living larvae is supported by the fact that Δ7-dafachronic acid 
inhibits the formation of L3i when post-parasitic larvae are cultured at 
37 ◦C [24], promotes development of a second free-living generation 
[24,77], and activates iL3—evidenced by feeding [77], resulting in 
changes in gene expression that are similar to host-adapted L3, which 
are termed L3 + [78]. 

7. Future Directions 

Given the advent of powerful immunoprofiling techniques including 
multiparameter flow cytometry and single cell RNA-Seq, it will be quite 
feasible to elucidate the immune cells in the NSG mouse (including tuft 
cells and goblet cells) that are present prior to, and subsequently 
reduced by, glucocorticoid administration. Likely candidates include the 
myeloid subsets (neutrophils, eosinophils, and M2 macrophages) that 
work in concert with extracellular trap formation and complement to 
trap and kill larval stages. Curiously, even myeloid subsets (e.g., 
macrophage and dendritic cells) in NSG mice are known to bear ab
normalities. Given the migratory route taken by L3a during autoinfec
tion (i.e., small intestine, large intestine, lung), evaluation of local 
immune infiltrates of different granulocyte and mononuclear cells 
induced by parasites in mucosal tissues is critical for understanding the 
key mechanisms that hold parasites in check. It is possible that following 
glucocorticoid administration, these hematopoietic effector cells, in 
combination with mucosal epithelial cells (i.e., tuft cells and goblet 
cells), are rendered ineffective for larval killing/control. It is intriguing 
to speculate that in addition to eliminating host mechanisms that limit 
worm survival, glucocorticoids could also impact parasite biology in 
ways that render worms resistant to killing. Although transcriptome 
profiles for most S. stercoralis developmental stages have been 
completed using RNA-Seq [62,76,78], the transcriptomic profiles of L3a 
and parasitic females within a host undergoing hyperinfection are un
known. Having these transcriptomic profiles would almost certainly 
bring insights into the potential mechanisms governing hyperinfection. 
Comparative studies with S. ratti, in which glucocorticoid treatment 
maintains parasite fecundity over the course of an infection but does not 
result in hyperinfection [26,27], may also be informative in identifying 
glucocorticoid-responsive genes that may drive autoinfection in 
S. stercoralis. Recent advances in single worm RNA-Seq [79] should also 
allow researchers to determine whether populations of parasitic females 
and post-parasitic larvae have uniform or heterogeneous transcriptomic 
profiles. Studies employing single worm RNA-Seq of parasites both pre- 
and post-glucocorticoid administration in an amenable rodent model 
like the NSG mouse or Mongolian gerbil could reveal whether L3a are 
generated by all or only a subpopulation of parasitic females and 
whether glucocorticoids bias L1 development towards L3a relative to 
iL3. 

Once the putative glucocorticoid-sensitive regulatory factors in the 
S. stercoralis transcriptome that control L3a development have been 
identified, one would then have the capability to rigorously test their 
biological role(s) by either selectively editing these genes using CRISPR/ 
Cas9 or over-expressing these genes using the piggyBac transposon sys
tem [80]. Advances in CRISPR/Cas9 mutagenesis methodologies have 
allowed researchers to create targeted deletions in multiple S. stercoralis 
genes, including Ss-unc-22 [81], Ss-tax-4 [82], Ss-daf-12 and Ss-dip-1 
[83], and Ss-cyp22a9 [15], and a targeted insertion in SSTP_0000742500 
(a homolog of rol-6) [84], each of which resulted in specific observable 
phenotypes. However, utilizing CRISPR/Cas9 to target genes necessary 
for L3a formation presents several significant challenges, including: 1) 
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the likely need to create a stable transgenic line of edited parasites rather 
than simply targeting iL3 in the post-free-living generation, a process 
which will require passaging edited worms through a suitable 
mammalian host, and 2) the possibility that genes controlling L3a for
mation may also be required for other stages of S. stercoralis develop
ment. Although daunting, the opportunity to understand the 
mechanisms by which L3a develop and the mechanisms controlling 
glucocorticoid-driven hyperinfection should not be overlooked, given 
the life-threatening nature of this disease and its increased prevalence 
amid the COVID 19 pandemic. These factors, combined with the lack of 
effective treatment for patients with severe strongyloidiasis makes this 
topic a considerable importance for human health in both the developed 
and developing world. 

Adoptive transfer protocols, in vivo cell depletion, and deep immu
noprofiling strategies in the NSG mouse model system combined with 
advances in S. stercoralis transcriptomics, piggyBac transposon-mediated 
transgene insertion, and CRISPR/Cas-9-mediated gene inactivation will 
permit the elucidation of the mechanisms controlling S. stercoralis 
hyperinfection in animal models and thus potentially lead to new in
terventions that reduce its lethal impact on human populations. 

CRediT authorship contribution statement 

D.R.H. contributed to the conceptualization, funding acquisition, 
review and editing. J.D.C.S contributed to the conceptualization, data 
curation, writing of original draft, review and editing, H.L.R. contrib
uted to the conceptualization, data curation, writing of original draft, 
review and editing, D.A. contributed to the conceptualization, data 
curation, review and editing of this manuscript. 

Acknowledgements 

Biorender was used for figure generation. Funding: This work was 
supported by the National Institutes of Health: U01 AI163062, R01 
AI164715, and R01 AI123173 grants awarded to DRH. 

References 

[1] D. Buonfrate, D. Bisanzio, G. Giorli, P. Odermatt, T. Furst, C. Greenaway, 
M. French, R. Reithinger, F. Gobbi, A. Montresor, Z. Bisoffi, The Global Prevalence 
of Strongyloides stercoralis Infection, Pathogens 9 (6) (2020). 

[2] A.M. Sanyang, E. Joof, A.P. Sey, S. Sambou, Z. Mohamed, B. Sanneh, Prevalence 
and risk factors of strongyloidiasis among schoolchildren in Sabach Sanjal and 
Upper Badibou districts in the North Bank East Region of The Gambia, Parasite 
Epidemiol. Control 15 (2021), e00228. 

[3] M. Beknazarova, H. Whiley, J.A. Judd, J. Shield, W. Page, A. Miller, M. Whittaker, 
K. Ross, Argument for inclusion of Strongyloidiasis in the Australian National 
notifiable disease list, Trop. Med Infect. Dis. 3 (2) (2018). 

[4] R. Singer, S. Sarkar, Modeling strongyloidiasis risk in the United States, Int J. 
Infect. Dis. 100 (2020) 366–372. 

[5] D.I. Grove, Human strongyloidiasis, Adv. Parasitol. 38 (1996) 251–309. 
[6] T.B. Nutman, Human infection with Strongyloides stercoralis and other related 

Strongyloides species, Parasitology 144 (3) (2017) 263–273. 
[7] A.A. Siddiqui, S.L. Berk, Diagnosis of Strongyloides stercoralis infection, Clin. 

Infect. Dis. 33 (7) (2001) 1040–1047. 
[8] S. Lim, K. Katz, S. Krajden, M. Fuksa, J.S. Keystone, K.C. Kain, Complicated and 

fatal Strongyloides infection in Canadians: risk factors, diagnosis and management, 
CMAJ 171 (5) (2004) 479–484. 

[9] R. Owor, W.M. Wamukota, A fatal case of strongyloidiasis with Strongyloides 
larvae in the meninges, Trans. R. Soc. Trop. Med Hyg. 70 (5–6) (1976) 497–499. 

[10] T. Cruz, G. Reboucas, H. Rocha, Fatal strongyloidiasis in patients receiving 
corticosteroids, New Engl. J. Med. 275 (20) (1966) 1093–1096. 

[11] C.S. Lam, M.K. Tong, K.M. Chan, Y.P. Siu, Disseminated strongyloidiasis: a 
retrospective study of clinical course and outcome, Eur. J. Clin. Microbiol Infect. 
Dis. 25 (1) (2006) 14–18. 

[12] L.E. Springer, J.B. Patton, T. Zhan, A.B. Rabson, H.C. Lin, T. Manser, J.B. Lok, J. 
A. Hess, D. Abraham, Strongyloides stercoralis and HTLV-1 coinfection in CD34+
cord blood stem cell humanized mice: alteration of cytokine responses and 
enhancement of larval growth, PLoS Negl. Trop. Dis. 15 (7) (2021), e0009559. 

[13] R. Toledo, C. Munoz-Antoli, J.G. Esteban, Strongyloidiasis with emphasis on 
human infections and its different clinical forms, Adv. Parasitol. 88 (2015) 
165–241. 

[14] W.M. Stauffer, J.D. Alpern, P.F. Walker, COVID-19 and dexamethasone: a potential 
strategy to avoid steroid-related strongyloides hyperinfection, JAMA 324 (7) 
(2020) 623–624. 

[15] Z. Wang, M.C. Cheong, J. Tsien, H. Deng, T. Qin, J.D. Stoltzfus, T.G. Jaleta, X. Li, J. 
B. Lok, S.A. Kliewer, D.J. Mangelsdorf, Characterization of the endogenous DAF-12 
ligand and its use as an anthelmintic agent in Strongyloides stercoralis, Elife 10 
(2021). 

[16] M.P. Hammond, R.D. Robinson, Chromosome complement, gametogenesis, and 
development of Strongyloides stercoralis, J. Parasitol. 80 (5) (1994) 689–695. 

[17] G.A. Schad, G. Smith, Z. Megyeri, V.M. Bhopale, S. Niamatali, R. Maze, 
Strongyloides stercoralis: an initial autoinfective burst amplifies primary infection, 
Am. J. Trop. Med Hyg. 48 (5) (1993) 716–725. 

[18] R.M. Genta, Dysregulation of strongyloidiasis: a new hypothesis, Clin. Microbiol 
Rev. 5 (4) (1992) 345–355. 

[19] G.A. Schad, L.M. Aikens, G. Smith, Strongyloides stercoralis: is there a canonical 
migratory route through the host? J. Parasitol. 75 (5) (1989) 740–749. 

[20] L.S. Mansfield, S. Niamatali, V. Bhopale, S. Volk, G. Smith, J.B. Lok, R.M. Genta, G. 
A. Schad, Strongyloides stercoralis: maintenance of exceedingly chronic infections, 
Am. J. Trop. Med Hyg. 55 (6) (1996) 617–624. 

[21] T.J. Nolan, Z. Megyeri, V.M. Bhopale, G.A. Schad, Strongyloides stercoralis: the 
first rodent model for uncomplicated and hyperinfective strongyloidiasis, the 
Mongolian gerbil (Meriones unguiculatus), J. Infect. Dis. 168 (6) (1993) 
1479–1484. 

[22] J.B. Patton, S. Bonne-Annee, J. Deckman, J.A. Hess, A. Torigian, T.J. Nolan, 
Z. Wang, S.A. Kliewer, A.C. Durham, J.J. Lee, M.L. Eberhard, D.J. Mangelsdorf, J. 
B. Lok, D. Abraham, Methylprednisolone acetate induces, and Delta7-dafachronic 
acid suppresses, Strongyloides stercoralis hyperinfection in NSG mice, Proc. Natl. 
Acad. Sci. USA 115 (1) (2018) 204–209. 

[23] T.J. Nolan, M. Brenes, F.T. Ashton, X. Zhu, W.M. Forbes, R. Boston, G.A. Schad, 
The amphidial neuron pair ALD controls the temperature-sensitive choice of 
alternative developmental pathways in the parasitic nematode, Strongyloides 
stercoralis, Parasitology 129 (Pt 6) (2004) 753–759. 

[24] M.M. Albarqi, J.D. Stoltzfus, A.A. Pilgrim, T.J. Nolan, Z. Wang, S.A. Kliewer, D. 
J. Mangelsdorf, J.B. Lok, Regulation of life cycle checkpoints and developmental 
activation of infective larvae in strongyloides stercoralis by dafachronic acid, PLoS 
Pathog. 12 (1) (2016), e1005358. 

[25] T.J. Nolan, V.M. Bhopale, H.L. Rotman, D. Abraham, G.A. Schad, Strongyloides 
stercoralis: high worm population density leads to autoinfection in the jird 
(Meriones unguiculatus), Exp. Parasitol. 100 (3) (2002) 173–178. 

[26] S.C. Harvey, A.W. Gemmill, A.F. Read, M.E. Viney, The control of morph 
development in the parasitic nematode Strongyloides ratti, Proc. Biol. Sci. 267 
(1457) (2000) 2057–2063. 

[27] A. Streit, Reproduction in Strongyloides (Nematoda): a life between sex and 
parthenogenesis, Parasitology 135 (3) (2008) 285–294. 

[28] G.A. Schad, M.E. Hellman, D.W. Muncey, Strongyloides stercoralis: hyperinfection 
in immunosuppressed dogs, Exp. Parasitol. 57 (3) (1984) 287–296. 

[29] J.S. Harper 3rd, R.M. Genta, A. Gam, W.T. London, F.A. Neva, Experimental 
disseminated strongyloidiasis in Erythrocebus patas. I. Pathology, Am. J. Trop. 
Med Hyg. 33 (3) (1984) 431–443. 

[30] G.P. Chrousos, The hypothalamic-pituitary-adrenal axis and immune-mediated 
inflammation, New Engl. J. Med. 332 (20) (1995) 1351–1362. 

[31] D.W. Cain, J.A. Cidlowski, Immune regulation by glucocorticoids, Nat. Rev. 
Immunol. 17 (4) (2017) 233–247. 

[32] A.E. Coutinho, K.E. Chapman, The anti-inflammatory and immunosuppressive 
effects of glucocorticoids, recent developments and mechanistic insights, Mol. Cell 
Endocrinol. 335 (1) (2011) 2–13. 

[33] A. Galati, E.S. Brown, R. Bove, A. Vaidya, J. Gelfand, Glucocorticoids for 
therapeutic immunosuppression: clinical pearls for the practicing neurologist, 
J. Neurol. Sci. 430 (2021), 120004. 

[34] D. Czock, F. Keller, F.M. Rasche, U. Haussler, Pharmacokinetics and 
pharmacodynamics of systemically administered glucocorticoids, Clin. Pharm. 44 
(1) (2005) 61–98. 

[35] L.A. Kerepesi, J.A. Hess, T.J. Nolan, G.A. Schad, D. Abraham, Complement 
component C3 is required for protective innate and adaptive immunity to larval 
strongyloides stercoralis in mice, J. Immunol. 176 (7) (2006) 4315–4322. 

[36] C. Lemercier, N. Julen, M. Coulpier, H. Dauchel, D. Ozanne, M. Fontaine, 
J. Ripoche, Differential modulation by glucocorticoids of alternative complement 
protein secretion in cells of the monocyte/macrophage lineage, Eur. J. Immunol. 
22 (4) (1992) 909–915. 

[37] J.A. Ligas, L.A. Kerepesi, A.M. Galioto, S. Lustigman, T.J. Nolan, G.A. Schad, 
D. Abraham, Specificity and mechanism of immunoglobulin M (IgM)- and IgG- 
dependent protective immunity to larval Strongyloides stercoralis in mice, Infect. 
Immun. 71 (12) (2003) 6835–6843. 

[38] M. Breloer, D. Abraham, Strongyloides infection in rodents: immune response and 
immune regulation, Parasitology 144 (3) (2017) 295–315. 

[39] S. Bonne-Annee, L.A. Kerepesi, J.A. Hess, J. Wesolowski, F. Paumet, J.B. Lok, T. 
J. Nolan, D. Abraham, Extracellular traps are associated with human and mouse 
neutrophil and macrophage mediated killing of larval Strongyloides stercoralis, 
Microbes Infect. 16 (6) (2014) 502–511. 

[40] S. Bonne-Annee, L.A. Kerepesi, J.A. Hess, A.E. O’Connell, J.B. Lok, T.J. Nolan, 
D. Abraham, Human and mouse macrophages collaborate with neutrophils to kill 
larval Strongyloides stercoralis, Infect. Immun. 81 (9) (2013) 3346–3355. 

[41] F. Fan, X. Huang, K. Yuan, B. Zhu, Y. Zhao, R. Hu, T. Wan, L. Zhu, X. Jin, 
Glucocorticoids may exacerbate fungal keratitis by increasing fungal aggressivity 
and inhibiting the formation of neutrophil extracellular traps, Curr. Eye Res 45 (2) 
(2020) 124–133. 

D.R. Herbert et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref1
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref1
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref1
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref2
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref2
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref2
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref2
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref3
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref3
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref3
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref4
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref4
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref5
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref6
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref6
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref7
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref7
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref8
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref8
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref8
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref9
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref9
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref10
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref10
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref11
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref11
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref11
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref12
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref12
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref12
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref12
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref13
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref13
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref13
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref14
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref14
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref14
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref15
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref15
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref15
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref15
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref16
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref16
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref17
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref17
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref17
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref18
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref18
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref19
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref19
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref20
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref20
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref20
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref21
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref21
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref21
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref21
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref22
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref22
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref22
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref22
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref22
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref23
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref23
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref23
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref23
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref24
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref24
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref24
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref24
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref25
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref25
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref25
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref26
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref26
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref26
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref27
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref27
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref28
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref28
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref29
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref29
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref29
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref30
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref30
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref31
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref31
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref32
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref32
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref32
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref33
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref33
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref33
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref34
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref34
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref34
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref35
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref35
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref35
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref36
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref36
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref36
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref36
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref37
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref37
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref37
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref37
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref38
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref38
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref39
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref39
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref39
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref39
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref40
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref40
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref40
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref41
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref41
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref41
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref41


Molecular & Biochemical Parasitology 251 (2022) 111511

7

[42] K. Sun, Z. Xie, Y. Li, Y. Li, J. Song, Z. Meng, Glucocorticoids regulate the activation 
of neutrophils and inhibit the formation of pulmonary embolism, Iran. J. Immunol. 
17 (4) (2020) 303–312. 

[43] B. Zhu, L. Zhang, K. Yuan, X. Huang, R. Hu, X. Jin, Neutrophil extracellular traps 
may have a dual role in Pseudomonas aeruginosa keratitis, Eur. J. Clin. Microbiol 
Infect. Dis. 40 (1) (2021) 169–180. 

[44] N. Steffensen, R. Imker, S. Lassnig, M. Fulde, J.C. Rieder, N. de Buhr, 
Methylprednisolone induces extracellular trap formation and enhances bactericidal 
effect of canine neutrophils, Int J. Mol. Sci. 22 (14) (2021). 

[45] Y. Nawa, N. Ishikawa, K. Tsuchiya, Y. Horii, T. Abe, A.I. Khan, S. Bing, H. Itoh, 
H. Ide, F. Uchiyama, Selective effector mechanisms for the expulsion of intestinal 
helminths, Parasite Immunol. 16 (7) (1994) 333–338. 

[46] Y. Nawa, M. Kiyota, M. Korenaga, M. Kotani, Defective protective capacity of W/ 
Wv mice against Strongyloides ratti infection and its reconstitution with bone 
marrow cells, Parasite Immunol. 7 (4) (1985) 429–438. 

[47] A.W. Gemmill, M.E. Viney, A.F. Read, Host immune status determines sexuality in 
a parasitic nematode, Evolution 51 (2) (1997) 393–401. 

[48] C.P. Wilkes, F.J. Thompson, M.P. Gardner, S. Paterson, M.E. Viney, The effect of 
the host immune response on the parasitic nematode Strongyloides ratti, 
Parasitology 128 (Pt 6) (2004) 661–669. 

[49] K. De Bosscher, W. Vanden Berghe, G. Haegeman, The interplay between the 
glucocorticoid receptor and nuclear factor-kappaB or activator protein-1: 
molecular mechanisms for gene repression, Endocr. Rev. 24 (4) (2003) 488–522. 

[50] S. Timmermans, J. Souffriau, C. Libert, A general introduction to glucocorticoid 
biology, Front Immunol. 10 (2019) 1545. 

[51] A. Kato, Group 2 innate lymphoid cells in airway diseases, Chest 156 (1) (2019) 
141–149. 

[52] J. Meiners, M. Reitz, N. Rüdiger, J.E. Turner, L. Heepmann, L. Rudolf, 
W. Hartmann, H.J. McSorley, M. Breloer, IL-33 facilitates rapid expulsion of the 
parasitic nematode Strongyloides ratti from the intestine via ILC2- and IL-9-driven 
mast cell activation, PLoS Pathog. 16 (12) (2020), e1009121. 

[53] K. Mukai, H. Karasuyama, K. Kabashima, M. Kubo, S.J. Galli, Differences in the 
importance of mast cells, basophils, IgE, and IgG versus that of CD4(+) T cells and 
ILC2 Cells in primary and secondary immunity to strongyloides venezuelensis, 
Infect. Immun. 85 (5) (2017). 

[54] F. Gerbe, E. Sidot, D.J. Smyth, M. Ohmoto, I. Matsumoto, V. Dardalhon, P. Cesses, 
L. Garnier, M. Pouzolles, B. Brulin, M. Bruschi, Y. Harcus, V.S. Zimmermann, 
N. Taylor, R.M. Maizels, P. Jay, Intestinal epithelial tuft cells initiate type 2 
mucosal immunity to helminth parasites, Nature 529 (7585) (2016) 226–230. 

[55] D.S. Shouval, J. Ouahed, A. Biswas, J.A. Goettel, B.H. Horwitz, C. Klein, A. 
M. Muise, S.B. Snapper, Interleukin 10 receptor signaling: master regulator of 
intestinal mucosal homeostasis in mice and humans, Adv. Immunol. 122 (2014) 
177–210. 

[56] T. Wilckens, R. De, Rijk, Glucocorticoids and immune function: unknown 
dimensions and new frontiers, Immunol. Today 18 (9) (1997) 418–424. 

[57] C. Muzzi, N. Watanabe, E. Twomey, G.K. Meers, H.M. Reichardt, H. Bohnenberger, 
S.D. Reichardt, The glucocorticoid receptor in intestinal epithelial cells alleviates 
colitis and associated colorectal cancer in mice, Cell Mol. Gastroenterol. Hepatol. 
11 (5) (2021) 1505–1518. 

[58] M.E. Lachowicz-Scroggins, W.E. Finkbeiner, E.D. Gordon, S. Yuan, L. Zlock, N. 
R. Bhakta, P.G. Woodruff, J.V. Fahy, H.A. Boushey, Corticosteroid and long-acting 
ß-agonist therapy reduces epithelial goblet cell metaplasia, Clin. Exp. Allergy 47 
(12) (2017) 1534–1545. 

[59] M.I. Ashraf, M. Shahzad, A. Shabbir, Oxyresveratrol ameliorates allergic airway 
inflammation via attenuation of IL-4, IL-5, and IL-13 expression levels, Cytokine 76 
(2) (2015) 375–381. 

[60] S. Takami, T. Mizuno, T. Oyanagi, H. Tadaki, T. Suzuki, K. Muramatsu, 
T. Takizawa, H. Arakawa, Glucocorticoids inhibit MUC5AC production induced by 
transforming growth factor-α in human respiratory cells, Allergol. Int. 61 (3) 
(2012) 451–459. 

[61] R.M. Genta, Dysregulation of strongyloidiasis: a new hypothesis, Clin. Microbiol. 
Rev. 5 (4) (1992) 345–355. 

[62] D. Gonzalez Akimori, E.J. Dalessandro, T.J. Nolan, C.R. Stieha, J.B. Lok, J.D. 
C. Stoltzfus, Transcriptional profiles in Strongyloides stercoralis males reveal 
deviations from the Caenorhabditis sex determination model, Sci. Rep. 11 (1) 
(2021) 8254. 

[63] G.C. Barker, H.H. Rees, Ecdysteroids in nematodes, Parasitol. Today 6 (12) (1990) 
384–387. 

[64] G. Tzertzinis, A.L. Egana, S.R. Palli, M. Robinson-Rechavi, C.R. Gissendanner, 
C. Liu, T.R. Unnasch, C.V. Maina, Molecular evidence for a functional ecdysone 
signaling system in Brugia malayi, PLoS Negl. Trop. Dis. 4 (3) (2010), e625. 

[65] C. Shea, J. Richer, G. Tzertzinis, C.V. Maina, An EcR homolog from the filarial 
parasite, Dirofilaria immitis requires a ligand-activated partner for transactivation, 
Mol. Biochem Parasitol. 171 (2) (2010) 55–63. 

[66] A.S. Mhashilkar, S.R. Adapa, R.H. Jiang, S.A. Williams, W. Zaky, B.E. Slatko, A. 
N. Luck, A.R. Moorhead, T.R. Unnasch, Phenotypic and molecular analysis of the 
effect of 20-hydroxyecdysone on the human filarial parasite Brugia malayi, Int. J. 
Parasitol. 46 (5–6) (2016) 333–341. 

[67] L.D. Graham, A.C. Kotze, R.T. Fernley, R.J. Hill, An ortholog of the ecdysone 
receptor protein (EcR) from the parasitic nematode Haemonchus contortus, Mol. 
Biochem Parasitol. 171 (2) (2010) 104–107. 

[68] A. Antebi, Nuclear receptor signal transduction in C. elegans, WormBook (2015) 
1–49. 

[69] D.J. Chitwood, M.F. Feldlaufer, Ecdysteroids in axenically propagated 
caenorhabditis elegans and culture medium, J. Nematol. 22 (4) (1990) 598–607. 

[70] A.S. Mhashilkar, S.L. Vankayala, C. Liu, F. Kearns, P. Mehrotra, G. Tzertzinis, S. 
R. Palli, H.L. Woodcock, T.R. Unnasch, Identification of ecdysone hormone 
receptor agonists as a therapeutic approach for treating filarial infections, PLoS 
Negl. Trop. Dis. 10 (6) (2016), e0004772. 

[71] R. Lafont, J. Harmatha, F. Marion-Poll, L. Dinan, I.D. Wilson, The Ecdysone 
Handbook, 3rd edition, on-line, https://ecdybase.org. (Accessed 22 March 2022). 

[72] R. Lafont, L. Dinan, Practical uses for ecdysteroids in mammals including humans: 
an update, J. Insect Sci. 3 (2003) 7. 

[73] X. Matabosch, O.J. Pozo, N. Monfort, C. Perez-Mana, M. Farre, J. Marcos, J. Segura, 
R. Ventura, Urinary profile of methylprednisolone and its metabolites after oral 
and topical administrations, J. Steroid Biochem. Mol. Biol. 138 (2013) 214–221. 

[74] X. Matabosch, O.J. Pozo, C. Perez-Mana, E. Papaseit, J. Segura, R. Ventura, 
Detection and characterization of prednisolone metabolites in human urine by LC- 
MS/MS, J. Mass Spectrom. 50 (3) (2015) 633–642. 

[75] R. Lafont, M. Serova, B. Didry-Barca, S. Raynal, L. Guibout, L. Dinan, S. Veillet, 
M. Latil, W. Dioh, P.J. Dilda, 20-Hydroxyecdysone activates the protective arm of 
the RAAS via the MAS receptor, J. Mol. Endocrinol. 68 (2) (2021) 77–87. 

[76] J.D. Stoltzfus, S. Minot, M. Berriman, T.J. Nolan, J.B. Lok, RNAseq analysis of the 
parasitic nematode Strongyloides stercoralis reveals divergent regulation of 
canonical dauer pathways, PLoS Negl. Trop. Dis. 6 (10) (2012), e1854. 

[77] Z. Wang, X.E. Zhou, D.L. Motola, X. Gao, K. Suino-Powell, A. Conneely, C. Ogata, K. 
K. Sharma, R.J. Auchus, J.B. Lok, J.M. Hawdon, S.A. Kliewer, H.E. Xu, D. 
J. Mangelsdorf, Identification of the nuclear receptor DAF-12 as a therapeutic 
target in parasitic nematodes, Proc. Natl. Acad. Sci. USA 106 (23) (2009) 
9138–9143. 

[78] J.D. Stoltzfus, S.M. Bart, J.B. Lok, cGMP and NHR signaling co-regulate expression 
of insulin-like peptides and developmental activation of infective larvae in 
Strongyloides stercoralis, PLoS Pathog. 10 (7) (2014), e1004235. 

[79] S. Sun, C. Rodelsperger, R.J. Sommer, Single worm transcriptomics identifies a 
developmental core network of oscillating genes with deep conservation across 
nematodes, Genome Res. 31 (9) (2021) 1590–1601. 

[80] T.G. Jaleta, J.B. Lok, Advances in the molecular and cellular biology of 
Strongyloides spp, Curr. Trop. Med Rep. 6 (4) (2019) 161–178. 

[81] S.S. Gang, M.L. Castelletto, A.S. Bryant, E. Yang, N. Mancuso, J.B. Lopez, 
M. Pellegrini, E.A. Hallem, Targeted mutagenesis in a human-parasitic nematode, 
PLoS Pathog. 13 (10) (2017), e1006675. 

[82] S.S. Gang, M.L. Castelletto, E. Yang, F. Ruiz, T.M. Brown, A.S. Bryant, W.N. Grant, 
E.A. Hallem, Chemosensory mechanisms of host seeking and infectivity in skin- 
penetrating nematodes, Proc. Natl. Acad. Sci. USA 117 (30) (2020) 17913–17923. 

[83] M.C. Cheong, Z. Wang, T.G. Jaleta, X. Li, J.B. Lok, S.A. Kliewer, D.J. Mangelsdorf, 
Identification of a nuclear receptor/coactivator developmental signaling pathway 
in the nematode parasite Strongyloides stercoralis, Proc. Natl. Acad. Sci. USA 118 
(8) (2021). 

[84] S. Adams, P. Pathak, H. Shao, J.B. Lok, A. Pires-daSilva, Liposome-based 
transfection enhances RNAi and CRISPR-mediated mutagenesis in non-model 
nematode systems, Sci. Rep. 9 (1) (2019) 483. 

D.R. Herbert et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref42
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref42
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref42
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref43
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref43
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref43
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref44
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref44
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref44
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref45
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref45
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref45
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref46
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref46
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref46
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref47
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref47
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref48
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref48
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref48
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref49
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref49
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref49
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref50
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref50
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref51
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref51
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref52
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref52
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref52
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref52
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref53
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref53
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref53
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref53
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref54
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref54
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref54
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref54
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref55
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref55
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref55
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref55
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref56
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref56
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref57
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref57
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref57
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref57
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref58
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref58
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref58
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref58
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref59
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref59
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref59
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref60
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref60
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref60
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref60
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref61
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref61
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref62
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref62
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref62
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref62
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref63
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref63
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref64
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref64
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref64
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref65
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref65
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref65
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref66
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref66
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref66
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref66
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref67
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref67
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref67
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref68
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref68
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref69
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref69
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref70
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref70
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref70
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref70
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref71
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref71
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref72
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref72
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref72
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref73
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref73
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref73
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref74
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref74
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref74
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref75
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref75
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref75
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref76
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref76
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref76
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref76
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref76
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref77
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref77
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref77
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref78
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref78
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref78
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref79
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref79
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref80
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref80
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref80
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref81
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref81
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref81
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref82
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref82
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref82
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref82
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref83
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref83
http://refhub.elsevier.com/S0166-6851(22)00065-2/sbref83

	Is Strongyloides Stercoralis Hyperinfection Induced by Gglucocorticoids a Result of Both Suppressed Host Immunity and Altered Parasite Genetics?
	Let us know how access to this document benefits you
	Recommended Citation

	Is Strongyloides stercoralis hyperinfection induced by glucocorticoids a result of both suppressed host immunity and altere ...
	1 Introduction
	2 S. stercoralis life cycle: autoinfection as a gateway to hyperinfection
	3 Animal models and general effects of glucocorticoids
	4 Two potential mechanisms of glucocorticoid-mediated hyperinfection
	5 Glucocorticoid potential suppression of host anti-helminth immunity
	6 Glucocorticoid metabolites as effectors of parasite development
	7 Future Directions
	CRediT authorship contribution statement
	Acknowledgements
	References


