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Abstract: Paragonimiasis (pulmonary fluke disease) is a foodborne parasitic disease caused by trematode infec-
tions. Paragonimus proliferus is a characteristic Paragonimus species that was first identified in Yunnan Province of
China. No direct evidence has yet proven that P. proliferus can infect humans. However, we previously found that P.
proliferus infects and damages rat lung tissues via an unclear mechanism. Here, we infected Sprague Dawley rats
with P. proliferus and sequenced their lung transcriptomes at various intervals thereafter. We detected P. proliferus
on the surface of rat lung tissues at 7 days post infection. It colonized by attaching and secreting dsRNA and utilized
nutrients from the lung tissues for mitosis and meiosis and the dynein arm of lung tissues to develop symmetrical
organs. The rats generated different types of immune responses that differed according to the stage of infection.
We then analyzed P. proliferus responses to these immune strategies and the genes expressed during each stage
of infection. Our findings provide a foundation for developing medical treatments for P. proliferus infection.
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Introduction

Paragonimus (Trematoda: Paragonimidae) is a
mammalian parasite that causes paragonimia-
sis (lung fluke disease), which is a representa-
tive of zoonotic foodborne type of helminthi-
asis that occurs worldwide [1]. Humans can be
infected with Paragonimus by eating raw fresh-
water crustaceans, mostly crayfish or crabs.
Over 50 Paragonimus species have been iden-
tified globally, particularly in China [2]. Para-
gonimus infection causes inflammation of the
infected site and increased serum eosinophil
levels in host [3]. Numerous inflammatory cells
then aggregate and undergo necrosis, which
results in the fibrosis of surrounding tissues.
Adult worms survive and lay eggs in mucous
abscess cavities. The eggs stimulate the for-
mation of chronic granulomas and eventually
form tissue masses [4, 5]. The imaging and
clinical manifestations of Paragonimus infec-
tion are similar to those of tuberculosis and
tumors, thus causes misdiagnoses and delayed

treatment, resulting in respiratory failure, liver
cirrhosis, epilepsy, blindness, and death [6].

Paragonimus proliferus was first found in
Yunnan province of China. However, little is
known about its morphology, genetic evolution,
and pathogenicity. Within the genus Para-
gonimus, the formation of P. proliferus meta-
cercariae differs from that of other Paragoni-
mus spp. in their second intermediate host,
crabs [7]. Zhou et al. [8] has provided a detail-
ed morphological description of P. proliferus
worms and eggs. The genetic evolution of the
worm was also determined using ITS2 and CO1
gene sequences; parasites in Lichun County
(Yunnan, China) are highly homologous and
belong to the same species. Paragonimus pro-
liferus has been identified in Quang Binh
(Central Vietnam) and its genome has been
sequenced [9]. The ITS2 genes of parasites
were 100% homologous between Laizhou
(Northern Vietnam) and Fenggong (Yunnan,
China), with a 5.6% gene mutation rate, sug-
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gesting that P. proliferus is distributed in
nature.

We previously found that intraperitoneal and
subcutaneous injections of metacercariae
cysts into the abdominal wall can infect ex-
perimental rats and result in lung damage. Li
[10] investigated dynamic changes in tissue
inhibitor matrix metalloproteinase 1 (TIMP-1)
and matrix metalloproteinase 9 (MMP-9)
expression in rats infected with P. proliferus
and found that they induced lung fibrosis. Lung
lesions are associated with the infection pe-
riod and expression levels of TIMP-1 and MMP-
9, suggesting that TIMP-1 and MMP-9 play
important roles in lung fibrosis in rats. The
mechanisms of pathogenesis, immune eva-
sion, and organ localization in hosts infected by
P. proliferus have remained obscure, which has
hampered further exploration of the prevention
and treatment of paragonimiasis.

Here, we compared Sprague-Dawley (SD) rats
infected with P. proliferus metacercariae with
healthy control SD rats. We sequenced RNA in
rat lung tissues at various intervals after infec-
tion to detect differentially expressed genes
(DEGs). We also assessed the functional en-
richment of DEGs and co-expression modules
to reveal the parasitic profile of P. proliferus
and reaction pathways. We then determined
the immune responses of the rats at various
stages of infection. Our findings could provide a
deeper understanding of the pathogenic mech-
anism of P. proliferus and facilitate the develop-
ment of novel medical therapies.

Materials and methods
Parasite materials

We obtained freshwater crabs infected with P.
proliferus metacercariae from the ponds in
Xishuangbanna Autonomous Prefecture (previ-
ously called Jinghong County) and isolated
metacercariae as described [11]. The metacer-
cariae were then counted using a stereomicro-
scope and stored at 4°C.

Animal model

We obtained 60 male SD rats weighing 200 *
30 g and fed them separately. Ten uninfected
rats comprised a control group. Each of the
remaining 50 rats was infected with eight P.
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proliferus metacercariae via subcutaneous
injection at abdominal wall. The infected rats
were divided into five groups that were ana-
lyzed at 3, 7, 14, 28, and 70 days postinfection
(dpi). Rats were sacrificed by anesthesia
with 2% pentobarbital (i.p.) with a dose of 0.3
ml per 100 g on 3, 7, 14, 28, and 70 dpi and
lung tissues were extracted and stored at
-80°C.

HE staining of rat lung tissues and semi-quan-
titative histopathological analysis

Rat lung tissues were stained with hematoxylin
& eosin (HE) at each time point. In order to
more accurately assess the histological pathol-
ogy of the lungs, according to the methods
reported by Szapiel et al. [12], a semi-quantita-
tive histopathological analysis of the stained
slices were performed. HE-stained sections
were scored via the following criteria: A score
of O means no alveolitis; a score of 1 point
represents mild inflammation, with manifesta-
tions like thickened alveolar walls, infiltration of
inflammatory cell with involvement limited to
focal, tissue lesions in less than 20% of the
lung with well-preserved structures of the alve-
olar; 2 points mean moderate alveolitis, involv-
ing 20-50% of the lung; 3 points represent
severe lesions of lung tissues which occupied
more than 50% of the lung, even with extensive
lung consolidation of air spaces due to alveolar
swelling, destruction and inflammatory cell infil-
tration. Three biological replicates were pre-
pared at each time point, and 5 tissue sec-
tions were taken from each tissue sample for
HE staining. Finally, 15 pathological scores
were obtained at each time point for statistical
analysis. One-way ANOVA was then used for
statistical analysis using SPSS 20.0 software.
The final pathological scores for each time
point were expressed as mean + standard
deviation, and P < 0.05 was considered statisti-
cally significant.

RNA sequencing

We sequenced total RNA to clarify gene expres-
sion in the lung tissues of infected rats. Total
RNA was extracted using TRIzol (Invitrogen,
Carlsbad, CA, USA) [13], quantified using a
NanoDrop ND-1000 (Thermo Fisher Scientific
Inc., Waltham, MA, USA), and then resolved by
gel electrophoresis. Thereafter, we constructed
a sequencing library using total RNA (1 ug) with
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the TruSeq RNA library preparation kit accord-
ing to low-throughput instructions (lllumina
Inc., San Diego, CA, USA). However, in contrast
to the protocol, we prepared first-strand cDNA
using SuperScript Il reverse transcriptase
(Invitrogen). After PCR enrichment and purifica-
tion, the DNA concentration in the library was
evaluated by @gRT-PCR using an Applied
Biosystems™ 7,500 Real Time PCR system
(Thermo Fisher Scientific Inc.). We then
sequenced the RNA library using the lllumina
HiSeq 2500 system (lllumina) [14].

Quality control and read mapping

We obtained high-quality clean data by filtering
low-quality reads (including those containing
adaptors with quality scores < 20, and base
rates > 10%) using Sickle (https://github.com/
najoshi/sickle) and SeqPrep [15]. The clean
reads were aligned with the mouse reference
genome (GRCm38.p5, Ensembl v. 86) using
Bowtie2 [16].

Identification of differentially expressed genes

Gene expression was quantified using the
RNA-Seq by Expectation-Maximization (RSEM)
tool [17], and DEGs between infected and con-
trol rats were selected using the R package
NOISeq. We excluded false-positive DGEs by
correcting P values using the Benjamini and
Hochberg method. We adopted a negative bino-
mial distribution statistical approach to normal-
ize the sequenced data. We defined genes with
a fold change (FC) > 2, degree of expression >
1, and probability > 0.8.

Functional enrichment analysis of DEGs

We annotated the DEGs by Gene Ontology (GO)
using DAVID (https://david.ncifcrf.gov/), and
assessed their GO enrichment using hypergeo-
metric tests of the entire genome [18]. Values
for GO terms with P < 0.05 were considered sig-
nificantly enriched.

Quantitative real-time polymerase chain reac-
tion (QRT-PCR)

We validated selected DEGs by qRT-PCR using
FastQuant RT Kits to reverse-transcribe mRNA
and an ABI 7500 Real-time PCR Detection
System with SuperReal PreMix Plus (Thermo
Fisher Scientific Inc.). Relative gene levels were
determined using the 222°t method.
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Results

Histopathological changes in lung tissues of
infected rats

Sprague-Dawley rats were infected via subcu-
taneous injection of cercariae obtained from
crabs. The cercariae migrated to the surfaces
of lung tissues and formed a slightly inflamed
and bleeding lesion by 7 dpi. The body of the
worms became black and slightly increased in
size. The uterus, ovaries, and testicles of the
worms began to develop by 14 dpi. The num-
bers of inflamed and bleeding lesions increas-
ed in the lungs, and some lung tissues became
darkened. Fully developed uterus, testicles,
and ovaries indicated that the worms had
matured by 28 dpi. The infected lungs were
severely damaged with large and blackened
areas, adhesions, bleeding, edema, and pleu-
ral effusion. Capsules with thin, soft walls were
evident. Wheeze, cough, hemoptysis, short-
ness of breath, and malaise were obvious, and
many rats died at 28 + 7 dpi. The capsule walls
were thick and stiff and the numbers of cap-
sules increased by 70 dpi. Inflammation of the
peripheral lung tissues improved, and some
lung tissues adhered. The distinguishing fea-
tures of the infected rat lungs indicated that
the entire parasitic process comprised initial
infection followed by early-, mid-, and post-par-
asitic periods (0-7, 8-28, and > 29 dpi, respec-
tively). Figure 1 shows the lungs, parasitic
worms, rat lung tissues stained with HE at each
time point, and semi-quantitative histopatho-
logical analysis.

RNA sequencing of lung tissues of rats at vari-
ous infection stages

Three infected rats were sacrificed at O, 3, 7,
14, 28, 70 dpi and lung tissues were isolated
for RNA sequencing. We obtained 82.09 Gb of
clean reads from the 18 samples, with an aver-
age of 4.56 Gb of clean data per sample. The
average Q20 and Q30 values were 96.92%
and 92.32%, respectively. An average of
65.13% clean reads per sample was mapped
to the reference genome, and the average
number of genes quantified per sample was
19,768.3. The correlation coefficients among
duplicate samples at the same time point were
all > 0.9. Therefore, we calculated single gene
expression as the average expression of all
duplicates. We detected 6,583 DEGs generat-
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Figure 1. Lungs of rats (A and B), P. proliferus worms (C), and histological evaluation of rat lung tissues (D and E). (A)
Parasitic worms adhere to and drill into lung tissues (yellow arrows). (B) Formation of large cyst to house parasitic
worms in rat lung and severe inflammation and necrosis of lung tissues. (C) Adult P. proliferus worms isolated from
capsules of rat lungs. (D) Rat lung tissues were stained with hematoxylin and eosin (x400) and evaluated at O, 3,
7, 14, 28, and 70 days post infection (dpi). O d and 3 d: Lung tissues are normal, there is no thickening, swelling
or inflammatory cell infiltration of alveolar wall; 7 d: Alveolar walls are slightly thickened and swollen, inflammatory
cell infiltration emerges; 14 d: The alveolar walls are severely thickened and swollen, a large number of inflamma-
tory cells are infiltrating, a large range of alveoli collapsed, and the formation of mucus plugs can be seen in the
uncollapsed narrow alveolar cavity; 28 d: There are still severe alveolar walls thickening, edema, inflammatory cell
infiltration and alveolar collapse, however, the lung tissues injuries has been improved compared with those of 14
d. Meanwhile, some alveolar cavities have been re-inflated, and mucus plugs are reduced; 70 d: Lung damages
are significantly recovered, almost to the situation of 3 d or 7 d. (E) Semi-quantitative histopathological analysis of
alveolar inflammation in the HE staining of rat lung tissue sections. Letters a, b, ¢ and d in the line chart represent
the differences among time points dpi, sharing the same letter at different time points indicates no statistical sig-
nificance (P > 0.05), whereas different letters indicate statistically significant difference (P < 0.05).

ed from pairwise comparisons of the six time
points mentioned above (Figure 2A).

We used hierarchical clustering (HCL) and PCA
analysis based on DEG expression to explore
gene expression in the lung tissues of rats par-
asitized by P. proliferus (Figure 2B and 2C). The
parasitic process was divided into three stag-
es. The first stage was 0-7 dpi (infection and
early parasitism), in which 7 dpi was relatively
independent, because cercariae migrated to
the lung surface thereafter. The second stage
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was 8-28 dpi (mid-parasitism), and the third
was 29-70 dpi (post-parasitic). The clustering
results corresponded with the visual character-
istics of infected rat lung tissues.

Paragonimus proliferus attached to surfaces
of rat lung tissues and secreted dsRNA

We clustered 6,583 DEGs into 10 co-expres-
sion modules using the K-means algorithm to
determine gene expression profiles among the
time points. The KEGG and GO enrichment of
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Figure 2. Comparative DEG statistics. A. Regulation of DEGs among groups of infected rats (n = 3 per group) de-
termined by sequencing and data analysis. B. Hierarchical clustering of groups according to DEG expression. C.
Principal component analysis of groups according to DEG expression.

each module was analyzed and their gene
expression and enriched functions were quali-
fied for accuracy. The expression of all genes in
each module is represented as averaged
z-scores. The expression of significant (P <
0.05) GO terms was calculated from the anno-
tation results and normalized z-scores of all
enriched genes. Correlations between the
expression of each module and each GO term
were compared using Weighted Gene Cor-
relation Network analysis (WGCNA). Filtering
using a correlation coefficient < 0.05, we
selected 241 GO Biological Processes terms
that were closely correlated with gene expres-
sion profiles within each module (Supplemen-
tary Tables 1 and 2).

Clustered modules 1, 2, and 4 were abundantly
expressed before, or during the early stage of
parasitization. Before P. proliferus had reach-
inged the surface of lung tissues, the rats
developed normally for 0-3 days. Most genes in
these modules were also enriched in the devel-
opment of lung tissues, such as module 2,
which was significantly enriched in angiogene-
sis involved in coronary vascular morphogene-
sis, venous blood vessel development, embry-
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onic lung development, and while module 4
was significantly enriched in pulmonary valve
morphogenesis, and modulation of the vascu-
lar endothelial growth factor receptor (VEGFR)
pathway. Genes in module 5 were abundantly
expressed only at 7 dpi when P. proliferus
reached the surface of the lung tissue, and
genes were significantly enriched in adhesion
of the symbiont to host, cellular response to
exogenous dsRNA, necroptotic pathway, and
negative signal transducer and activator of
transcription (STAT) protein tyrosine phos-
phorylation regulation (Figure 3). Based on the
functional enrichment, P. proliferus attached to
lung tissues, and then secreted dsRNA that
affected the host immune response and signal
transduction after reaching the lung surface.
Gbpl, Gbp2, Gbp4, LOC685067, DAx58, Ifihl,
and TIr3 genes were involved throughout the
parasitization process (Figure 4).

Upon parasitizing the surface, P. proliferus
began to utilize the lung tissues of host. Gen-
es in modules 6 and 7 were abundantly
expressed during the mid and late stages of
parasitization. Genes in module 6 were signifi-
cantly enriched in the positive regulation of
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Figure 3. K-means heat map of all groups. A. All the DEGs among the time points are clustered into 10 co-expression
modules using the K-means algorithm. B. In each of the 10 co-expression modules, the GO functions are enriched
by all the DEGs.

DNA endoreduplication, mitotic cytokinesis, tion, and the formation of left/right patterns
and female meiosis chromosome segregation, (Figure 3). During the development of P. pro-
whereas module 7 was significantly enriched in liferus, mitosis and meiosis proceeded by
assembly of the inner and outer dynein arms, affecting the expression of associated genes in
digestive tract left/right asymmetry determina- the lung tissues, which subsequently affected
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the expression of genes associated with dynein
arm to develop symmetrical organs in these tis-
sues. We identified 63 genes that mainly par-
ticipated in the entire process such as E2f7,
E2f8, Racgapl, and Kif4a (Figure 4). The genes
in module 7 were also abundantly expressed
before P. proliferus reached the surface of the
lung tissue, as they mainly influenced the devel-
opment of rat lung tissues.

Interactions between P. proliferus and host at
various parasitic stages

After P. proliferus reached the surface of the
rat lung tissues, different immune pathways
became activated at each developmental stage
of parasitization. In turn, P. proliferus respond-
ed in various ways to these strategies. During
the early stage, P. proliferus cells were necros-
ed through the necroptotic signaling pathway,
while P. proliferus resisted activation of the
necroptotic signaling pathway by activating the
negative regulation of genes associated with
STAT protein tyrosine phosphorylation in lung
tissues. Module 5 was significantly enriched in
the negative STAT protein tyrosine phosphoryla-
tion regulation and necroptotic pathways at
this point (Figure 3). The genes involved in this
stage were mainly Socs1 and Parpl4 (Figure
4).

At the mid-parasitism stage, the elimination of
monocytes and macrophages, the antibacterial
humoral immune response mediated by antimi-
crobial peptides, and the inflammatory res-
ponse of respiratory bursts to defend against
infection were regulated in the rats. On the
other hand, in order to survive in host’s lungs,
P. proliferus altered the expression of genes
that were assigned to the GO terms of “positive
regulation by organism of apoptotic process in
other organism involved in symbiotic interac-
tions”. For instance, module 8 was significan-
tly enriched in positive immune complex clear-
ance regulation via macrophages and mono-
cytes, function of antimicrobial peptide-mediat-
ed antimicrobial humoral immunity, positive
respiratory burst regulation related to inflam-
matory response, and positive organism regu-
lation of the apoptotic process within addi-
tional organisms related to symbiotic interac-
tions. In addition, T cells also differentiated in
the rats at this time point (Figure 3). The main
genes involved in the immune response at this
stage were Ccr5 and Gapdh (Figure 4).
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By the post-parasitic stage, T cells and B cells
were regulated to defend the rats against infec-
tion by P. proliferus, which altered the expres-
sion of genes associated with negative T-cell
growth modulation, positive T-cell disability
regulation, and negative tumor necrosis factor
generation regulation to reduce immune pro-
tection in the rats. For example, module 10
was significantly enriched for positive T-cell
eanergy regulation, positive interleukin-2 gen-
eration regulation, positive interleukin-10 se-
cretion regulation, positive B-cell growth, posi-
tive T-cell differentiation regulation within the
thymus, negative T-cell growth regulation, and
negative regulation factor secretion (Figure 3).
The 29 genes involved in the immune response
at this stage mainly included Gprl8, Acp5,
Nirc3, and Axl (Figure 4).

Confirmation by gRT-PCR

We randomly selected six genes for qRT-PCR
analysis to confirm the transcriptome sequenc-
ing results (Figure 5). All expression profiles of
these six genes were validated by qRT-PCR.
Most of the gene expression profiles also
matched the RNA-Seq data, which verified that
our results were reliable.

Discussion

In this study, we analyzed the lung tissues of SD
rats infected with P. proliferus using dynamic
transcriptional profiling for the first time. Most
previous studies on Paragonimus spp. focused
on transcriptome analysis of worms, whereas
few focused on infected hosts. We compared
dynamic gene expression in infected rats at 3,
7, 14, 28, and 70 dpi with that in control rats (O
dpi) by analyzing RNA sequences based on P.
proliferus development in the host.

We detected DEGs during each interval, indi-
cating that host gene expression profiles were
differentially altered by P. proliferus worms dur-
ing different phases of infection. Based on the
different gene expression characteristics, as
well as general observation of rats’ thorax and
lungs and HE staining of lung tissues, for the
first time, parasitic process of P. proliferus
infection was divided into three stages, includ-
ing early-, mid-, and post-parasitic periods (0-7,
8-28, and > 29 dpi, respectively). As is known,
Paragonimus worms always penetrate into
enterocoelia of hosts, keep moving to and pass

Am J Transl Res 2022;14(5):3395-3406
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Figure 5. Verification of six DEGs by qRT-PCR. Gray and white bars represent relative gene expression determined
by qRT-PCR and RNA-Seq, respectively (n = 3 samples/day). A-F. Relative gene expression of SCGB1A1, HBA1, HBB,

FTL1, RPL37 and AGER, respectively.

through diaphragm, and then reach to thorax or
lungs [19]. Surprisingly, in current study, we
found genus P. proliferus only spent less than 7
days for such a long journey, which was simi-
lar to P. kellicotti that was reported to have
reached lung parenchyma in cats in the first
week after infection [20]. Meanwhile, the lung
of rats started to be damaged synchronously
with the gradual mature of P. proliferus worms,
especially on 14~-28 dpi. P. proliferus takes
less than four weeks, which is shorter than
previously reported “always two months” in
Paragonimus and 5~-8 weeks in P. kellicotti
[20-21] to be mature after infection. Worth to
note that the maturing of P. proliferus and seri-
ous lung injuries provides a precondition to
diagnosis viaby seeking parasite eggs in spu-
tum or faces excreted by infected host, and it
becomes the key stage for controlling the con-
dition of such disease.

Paragonimus spp., (pulmonary flukes), are
mainly parasitic in the lung tissues of mam-
mals and cause pulmonary fluke disease. For
the parasites themselves, colonization into
the host is the key for their pathogenicity. In
current study, genes of Gbpl, Gbp2, Gbp4 and
LOC685067 related to adhesion of symbiont to
host were over-expressed at 7 dpi. Similar phe-
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nomenon was already observed in Toxoplasma
gondii infection, in which the host genes of
GBP1 and GBP2 played a parasiticidal role and
restricted parasite growth [22]. At the time
point of 7 dpi during P. proliferus infection, the
parasite worms only reached the surface of
the rat lungs, at where it attempted to colonize
and parasitize while the host had to respond
accordingly to this foreign invader. Selleck
et al. [23] also claimed that Gbpl gene played
important roles in host defense and cell-auton-
omous control of toxoplasmosis. In a word, we
infer that the function related to GO terms of
adhesion of symbiont to host plays an es-
sential role in the process of P. proliferus para-
gonimiasis. GO term of cellular response to
exogenous dsRNA was also significantly
enriched at 7 dpi, indicating that the parasite
rapidly releases dsRNA as it reaches the lung
surface. Exogenous dsRNA is closely related to
the host immune response in helminth diseas-
es. Double-stranded RNAs from a non-viral
pathogen can induce the innate immune
response of host through TLR3 signalling, for
example, dsRNAs from the Schistosoma acti-
vates TLR3 in Dendritic Cells [24]. Signal of
virus infection or exogenous dsRNA can be rec-
ognized by TLR3, retinoic-acid inducible gene-I
and melanoma differentiation-associated 5,
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coded by Ddx58 and Ifih1, respectively [25]. In
current study, high expression of Ddx58, Ifihl
and TIr3 in rat lungs, enriched to cellular
response to exogenous dsRNA, suggests that,
like virus infection, pattern-recognition recep-
tor (PRR) - related signaling were rapidly acti-
vated by P. proliferus worms once parasites
reach the lung surface of host, and the activa-
tion of PRRs related signaling may be induced
by the secreted dsRNAs from parasite worms.

Furtherly, activation of signal transducer and
activator of transcription (STAT) signaling st-
rongly induces type | IFN production [25, 26],
such as IFN-a, -B and -y, so we infer that en-
richment of negative signal transducer and
activator of transcription (STAT) protein tyro-
sine phosphorylation regulation is beneficial to
P. proliferus avoiding being cleared at the time
of parasite reaching the host thorax and keep-
ing survival. Socs1 and Parpl4 also participat-
ed in the process of P. proliferus infection at 7
dpi, the former is a feedback regulator of
STAT1/3 [27] and the latter has a closely inter-
action with STAT6 which is critical in activating
cytokine gene expression and cytokine signal-
ing in the immune cells and in target tissue
cells [28].

We also showed that the P. proliferus worms
use nutrients derived from lung tissues for
mitosis and meiosis, and the dynein arm of
lung tissues to develop symmetrical organs.
Histopathological changes in rat lung tissues
after P. proliferus infection showed that rat lung
tissues can develop normally after infection.

In current P. proliferus infection model, the rats
had aggravated disease or even died after 7
dpi, especially during 14~-28 dpi. Moreover,
functions of T cells, monocytes and macro-
phages as well as apoptotic process were
simultaneously regulated in a wide range,
accompanied by antimicrobial humoral immu-
nity and inflammatory response. This strongly
suggests that while the host is attempting to
eliminate foreign invaders, the elimination pro-
cess also causes severe inflammation or
immune damage to itself. Regulation of host
immune cells, including monocyte/macrophage
and T/B cells, is common in helminth infection.
Brugia malayi can drive monocyte dysfunction
via induction of indoleamine 2,3-dioxygenase,
IFN-y, or autophagy, and increase of M2 pheno-
type [29]. Trichinella spiralis can also inhibit
polarization of M1 monocyte/macrophage [30].
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Microbicidal functions of host phagocytic cells
are always manipulated in order that the pa-
thogen Leishmania can survive or proliferate in
host,host; meanwhile, pathogen also promotes
differentiation of T cells, producing anti-inflam-
matory cytokines which eventually lead to
pathogenesis [31]. Parasite triggers both in-
nate and adaptive immunity in mammal hosts
infected with Trypanosoma brucei, and macro-
phages have a microbicidal role as innate
defense for trypanosome clearance while lym-
phocytes, especially T cells, carry out adaptive
immune defense [32].

Helminths, including nematodes, cestodes and
trematodes, induce lung injuries due to worm
migration, host immune activation or systemic
inflammatory response, in addition, activation
of host immune responses may result in tis-
sues injuries, provide immune tolerance, and
protect against the development of disease
[33]. Immune response in the late stage of P.
proliferus infection (from 29 dpi) mainly
includes a wide range of positive or negative
function regulations on hosts’ T or B cells,
accompanied by some regulations of IFN-y, TNF
or IL-2 related products, as well as antigen pro-
cessing and presentation of exogenous pep-
tide. The coexistence of negative and positive
bidirectional regulation of immune function, on
the one hand, causes a certain degree of
inflammation or immune damage to the lung
tissues; on the other hand, it also appropriately
limits the severity of the injury and avoids the
strong immune clearance of parasites, which is
conducive to the long-term parasitic and sur-
vival of parasites, and the formation of
chronicity.

We previously published the dynamic transcrip-
tome of P. proliferus after infection [34]. This
study provides a time-course analysis of P.
proliferus development in the host and shows
that different pathways involved in the coloniz-
ing rat lung tissues. However, the pathogenic,
immune evasion, and organ targeting mecha-
nisms of infected hosts remain unclear; thus
dynamic transcriptional profiling of infected
hosts is necessary. Here, we found that differ-
entimmune reactions were activated according
to infection stages. We also analyzed the key
genes that corresponding to the response path-
ways. Although we verified our RNA sequencing
findings using RT-qPCR, further studies are
needed to define the function of the corre-
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sponding genes and develop preventive meth-
ods and agents to treat paragonimiasis.

Conclusions

In the early stage of P. proliferus infection, the
worms colonize in host by attaching to lung sur-
faces and secreting dsRNA, and the symbiont
adhesion to host and response of host to exog-
enous dsRNA are regulated. In the middle
stage, after the successful colonization, a large
amount of innate or adaptive immune relating
cells, such as monocytes, macrophages and T
cells, are activated, resulting in severe lung
injury and even death of the host. In the late
stage, coexistence of both negative and posi-
tive regulation of immune response causes a
certain degree of inflammation or immune
damage, and simultaneously limits the severity
of disease and avoids the strong immune clear-
ance of parasites, which is conducive to para-
sitic survival and chronicity of disease.
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