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Abstract

Background: Scabies is worldwide one of the most common, yet neglected, parasitic skin infections, affecting a
wide range of mammals including humans. Limited treatment options and evidence of emerging mite resistance
against the currently used drugs drive our research to explore new therapeutic candidates. Previously, we discovered
a multicopy family of genes encoding cysteine proteases with their catalytic sites inactivated by mutation (SMIPP-Cs).
This protein family is unique in parasitic scabies mites and is absent in related non-burrowing mites. We postulated
that the SMIPP-Cs have evolved as an adaptation to the parasitic lifestyle of the scabies mite. To formulate testable
hypotheses for their functions and to propose possible strategies for translational research we investigated whether
the SMIPP-Cs are common to all scabies mite varieties and where within the mite body as well as when throughout
the parasitic life-cycle they are expressed.

Results: SMIPP-C sequences from human, pig and dog mites were analysed bioinformatically and the phylogenetic
relationships between the SMIPP-C multi-copy gene families of human, pig and dog mites were established. Results
suggest that amplification of the SMIPP-C genes occurred in a common ancestor and individual genes evolved
independently in the different mite varieties. Recombinant human mite SMIPP-C proteins were produced and used
for murine polyclonal antibody production. Immunohistology on skin sections from human patients localised the
SMIPP-Cs in the mite gut and in mite faeces within in the epidermal skin burrows. SMIPP-C transcription into mRNA
in different life stages was assessed in human and pig mites by reverse transcription followed by droplet digital PCR
(ddPCR). High transcription levels of SMIPP-C genes were detected in the adult female life stage in comparison to all
other life stages.

Conclusions: The fact that the SMIPP-Cs are unique to three Sarcoptes varieties, present in all burrowing life stages
and highly expressed in the digestive system of the infective adult female life stage may highlight an essential role
in parasitism. As they are excreted from the gut in scybala they presumably are able to interact or interfere with host
proteins present in the epidermis.
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Background

Scabies is a contagious disease caused by the obligatory
parasitic burrowing mite Sarcoptes scabiei. This parasite
can infect over 100 species of mammals, including humans
[1]. The estimated number of human cases every year is be-
tween 100—300 million, which is around 2—3% of the world
population [2]. Along with tinea and bacterial skin infec-
tions, scabies is one of the most common infectious skin
disorders [3]. As scabies is highly contagious and transmit-
ted through contact with infected skin or fomites it is pre-
dominantly seen in overcrowded living conditions, typically
in economically disadvantaged populations [4]. Young
children and the elderly are more commonly affected [5].
Importantly, in tropical climates the initial infection by
mites facilitates the invasion of the affected skin with
opportunistic, potentially pathogenic bacteria, particularly
Streptococcus pyogenes and Staphylococcus aureus. The po-
tential resultant complications include pyoderma, cellulitis,
lymphangitis, sepsis, acute post-streptococcal glomerulo-
nephritis, rheumatic fever and rheumatic heart disease [6].

There is no vaccine for scabies, and the few available
broad-spectrum anti-parasitic drugs currently used often
fail to control the disease [4, 5, 7, 8]. For example, the rela-
tively short half-life of ivermectin in the skin [9] dictates
repeated consecutive treatments, which causes consider-
able compliance and management issues. Emerging mite
resistance against this leading drug is also of growing
concern [10, 11]. Therefore, new therapeutic options are
required. Recent research outputs of scabies mite EST
libraries [12], genome [13, 14], proteome [15, 16], tran-
scriptome (manuscript in preparation), established RNAi
[17] and re-purposing of FDA approved drugs [9] will
accelerate the finding of new therapeutics for this world-
wide problem.

Parasite-encoded proteases are essential for regulatory
interactions between parasites and their hosts, and thus are
considered attractive anti-parasitic drug and/or vaccine
targets [18]. Parasitic cysteine proteases are known for their
roles in digestion [19], immune evasion [18, 20, 21], enzyme
activation in host tissues [22], virulence [23], tissue and cel-
lular invasion [24, 25], excystment [26], and hatching and
moulting [24, 27]. Studies emphasised the immune evasion
role of parasitic cysteine proteases in evading, suppressing
and subverting the host immune responses [28, 29]. Due to
their essential roles in the parasitic lifestyles these proteins
have been considered as vaccine candidates against many
parasites including ectoparasites [30, 31], and cysteine pro-
tease inhibitors have shown promising results in the control
of some parasitic diseases [32, 33].

Scabies mites feed when burrowing within the epidermis
[34] and ingest a multitude of diverse host proteins. The
feeding success of scabies mites depends on their ability to
digest epidermal and plasma components with proteolytic
enzymes and to locally modulate the host complement
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and coagulation systems by releasing pharmacologically
active proteins. In the past decade considerable data has
been generated indicating that scabies mites express
excretory gut proteins involved in these roles [35-37],
including one serine protease [38] as well as multiple
proteolytically inactive serine protease paralogs (SMIPP-
Ss) [39-41] and serine protease inhibitors (Scabies Mite
Serpins, SMSs) [42], both with novel host complement-
inhibitory functions. There are likely to be multiple
specific adaptations within each protein class produced by
the mite that are important in the parasite’s life-cycle.
Exploring these functions may enable us to design specific
strategies to interfere with the mite survival.

With this overarching strategy in mind we aimed here
to generate fundamental data of a previously discovered
unique class of scabies mite cysteine proteases. These are
amplified within the scabies mite genome into a multicopy
gene family comprised of five proteolytically active and
five predicted inactive members featuring mutations in
their catalytic sites [43]. The protein products of these
genes were termed Scabies Mite Inactivated Cysteine
Protease Paralogs (SMIPP-Cs). The closest homologs to
the S. scabiei cysteine proteases are the group 1 allergens
of house dust mite (HDM), which are proteolytic papain-
like cysteine proteases that can induce the pathogenic
process of asthma and allergy [44—46].

Remarkably, in contrast to the expansion within the
scabies mite genome, only a single gene encoding the
group 1 cysteine protease allergen has been identified in
the close relatives of scabies mites, namely Der p 1, Der f'1
and Eur m 1 in the free living HDM species Dermatopha-
goides pteronyssinus, D. farinae and Euroglyphus maynei,
and Pso o 1 in the non-burrowing sheep scab mite
Psoroptes ovis.

The five Scabies Mite Inactive Cysteine Proteases
(SMIPP-C a-e), are not only distinct from other parasitic
cysteine proteases, they are also distinct from their five
active counterparts (Sar s 1 a-e). In each SMIPP-C the
active cysteine has been replaced by a serine. This may or
may not lead to inactivation of proteolytic properties of
the proteases. In addition, in two of the SMIPP-Cs the
active histidine has been replaced by a glutamine (SMIPP-
Ca and SMIPP-Cb) and the active histidine of the three
other SMIPP-Cs (SMIPP-Cc, SMIPP-Cd and SMIPP-Ce)
has been replaced by a leucine. In addition, a glutamine at
position 34 of three SMIPP-C sequences (SMIPP-Cc,
SMIPP-Cd and SMIPP-Ce) has been replaced by glutamic
acid, which has the potential to disturb the formation of
the oxyanion hole during hydrolysis [43]. Hence, it has
been proposed that these proteases are not able to form a
thiolate-imidazolium charge relay diad, and are proteo-
lytically inactive.

Proteolytically inactive proteases, with changes in their
catalytic residues or with steric or structural rearrangements
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obscuring the active site and substrate binding pocket, have
been shown to accomplish remarkable functions in
biological processes including regulation, inhibition and
immunomodulation [47, 48]. The SMIPP-Cs have not been
reported in free-living HDMs and were not observed
among HDM expressed sequence tags [43]. Consequently,
it has been proposed that the presence of the SMIPP-S and
SMIPP-C families in burrowing, parasitic scabies mites may
be an adaptation to parasitism [39, 43]. Unlike free-living
mites, S. scabiei is in direct contact with and must evade
host defence mechanisms. If they have essential roles in this
context, the SMIPP-Cs may be target proteins for novel
immune or chemotherapeutic intervention strategies
against scabies.

To elucidate their key functions and to determine if
SMIPP-Cs are a potential target to control scabies infec-
tion, we have addressed here a range of mandatory key
questions regarding their representation and phylogeny
across a range of host-specific S. scabiei varieties, their
precise location within the mite and in the infected host
epidermis and their transcriptional levels in the succes-
sive stages of the mite life-cycle.

Methods

Sequence alignment and phylogenetic analysis of SMIPP-

Cs

Complete amino acid sequences of HDM group 1 allergens;
Der p 1, Der f'1 and Eur m 1, S. scabiei var. hominis active
cysteine proteases Sar s 1 a-e and S. scabiei var. hominis
SMIPP-C a-e (accession numbers in Additional file 1: Table
S1) were aligned using CLUSTAL O (1.2.0) [49]. Signal
sequence and the pro-peptide for individual sequences were
predicted using SignalP 4.1 [50] and SMART [51] servers.
Glycosylation sites and disulfide bonds were predicted
using NetNGlyc 1.0 [52] and the DIANNA 1.1 web server
[53], respectively. In silico analyses using MULTALIN [54]
and EMBOSS [55] were performed to understand sequence
identity among SMIPP-Cs and with the active scabies mite
cysteine proteases. SMIPP-C protein sequences from
human [12] and dog [14] scabies mites (Additional file 1:
Table S1) were used as queries for a local NCBI tBLASTn
search to identify homologues of SMIPP-C sequences in
the S. scabiei var. suis genome (pig_unwashed and pig_
washed3) [13] (Additional file 1: Table S1) using an E value
threshold of 10, Contig sequences were translated to their
amino acid sequences and aligned with protein sequences
of Sarcoptes scabiei type hominis Sar s 1 allergen
(Yv4003HO01, Yv9053H09, Yv6030H07) using MAFFT [56].
TrimAl software was applied to remove poorly aligned
regions [57]. Prottest v3.4.2 was used to determine the
evolutionary model that best fit the data [58], which
corresponded to WAG + G + L. A Bayesian phylogenetic
tree was calculated using MrBayes software package v3.2.7
with 100,000 generations and sampling every 100
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generations [59]. Bayesian posterior probabilities were
determined after the initial ‘burn-in’ period corresponding
to 12.5% of the generations. A maximum likelihood tree
was generated using RAML v8.2.11 [60]. Bootstrapping
values were calculated based on 100 iterations.

Sequence analysis, cloning, expression and purification of
SMIPP-C proteins
Five genes from the S. scabiei var. hominis SMIPP-C
family have previously been identified [43]. Three SMIPP-
Cs from three different clades of the SMIPP-C protein
family, SMIPP-Ca (cDNA clone Yv4025A02), SMIPP-Cc
(cDNA clone Yv5009F04) and SMIPP-Ce (cDNA clone
Yv4028C12) were selected for this study (Additional file 1:
Table S1). Predicted mature protein sequences were
obtained from NCBI [12] and primers were designed with
restriction sites BamHI and Notl for SMIPP-Ca and Sall
and Pstl for SMIPP-Cc and SMIPP-Ce to achieve direc-
tional cloning into the pQE-9 expression vector (Qiagen,
Hilden, Germany), in frame with N terminal 6x Histidines
tags of the expressed proteins. SMIPP-Ca forward primer
(5'-acc ggg atc cCA AGA ATT GAC TGA ATC TCC
TCC G-3'), SMIPP-Ca reverse primer (5'-acc gct gea gtt
aGA ATT CAG GTC GAC CCA ATC TGA C-3'),
SMIPP-Cc forward primer (5'-acc ggt cga cTA TTA TTT
CGA GAC AAC GCC AAG TGA TGC TG-3') SMIPP-
Cc reverse primer (5'-acc gct gca gtc aT'T CAA AAT
CTT CAG GCT CAT TTT CAA AAG G-3’), SMIPP-Ce
forward primer (5'-acc ggt cga cTA TTA TTT TGA GAC
AAC GCC TAG TAT TG-3') and SMIPP-Ce reverse pri-
mer (5'-acc gct geca gtc aGG AAT CAT CGG GCT CAG
CTT CAA AAG G-3') were synthesised by Sigma-
Aldrich, Australia. Lower case, underlined sections of the
primer sequences indicate the incorporated restriction
sites. PCR amplified sequences were digested at their re-
striction sites and ligated into the linearised pQE-9 vector.
Ligated vector was transformed into XL1 blue Escherichia
coli competent cells and selected on Luria broth (LB)/ampi-
cillin (100 pg/ml) agar. Transformants were confirmed by
BigDye 3.1 (Applied Biosystems, Foster City, CA, USA)
sequencing using pQE-9 sequence-specific primers.
Sequence confirmed clones were transformed into BL21
E. coli competent cells and proteins were expressed.
Briefly a single colony of BL21 E. coli cells was cultured in
LB medium containing 100 pg/ml ampicillin at 37 °C with
230x rpm orbital shaking up to ODggg value 0.5-0.6. Pro-
tein expression was induced by the addition of Isopropyl
B-D-1-thiogalactopyranoside (IPTG) to a final concentra-
tion of 1 mM for 4 h. The culture was centrifuged at
6000x g for 20 min at 4 °C, and the cell pellet was resus-
pended in 15 ml of lysis buffer (50 mM Tris, 10 mM
EDTA, 100 mM NaCl, pH 8.0) containing 1 mg/ml lyso-
zyme, 10 pg/ml DNase, 5 pug/ml RNase, 0.4 ml/10 ml
cOmplete™ EDTA-free protease cocktail (Sigma-Aldrich,




Fernando et al. Parasites & Vectors (2018) 11:301

St. Louis, MO, USA) and 2 mM MgCl, and incubated for
1 h at room temperature (RT) on a roller. The suspension
was homogenised several times using a Potter-Elvehjem
homogeniser and sonication of spheroplasts was done by
Sonifier 250 (Branson, USA) for 6 times of 30 sec burst
cycles with 30 s cooling intervals in between on ice. The
cell lysate was centrifuged at 12,000x g for 10 min at 4 °C
and the proteins were detected in the inclusion body cell
pellet by Coomassie blue stained 10% SDS PAGE. Inclu-
sion bodies were washed 6 times with 10 ml of lysis buffer
containing 0.5% (v/v) Triton-X 100 and recovered by cen-
trifugation (16,000x g, for 20 min at 4 °C). The washed
inclusion bodies were solubilised in 4 ml of 6 M guanidine
hydrochloride, 50 mM Tris, pH 8.0, 100 mM NaH,PO,.
H,0 and 1 mM DTT and bound overnight onto an immo-
bilised and pre-equilibrated Ni-NTA matrix (Qiagen) at 4
°C with circular rotation. Unbound protein flowthrough
was collected by gravity flow and the column was washed
twice with 5 mM and 10 mM imidazole wash buffers (6M
urea, 100 mM NaH,PO,.H,O, 10 mM Tri-NaOH, 150
mM NaCl pH 8.0, 1% (v/v) glycerol and 1 mM DTT) to
remove non-specifically bound proteins. Target proteins
were eluted with 250 mM imidazole in wash buffer at pH
8.0. The purity was confirmed and proteins were quanti-
fied relative to a series of bovine serum albumin (BSA)
standards by SDS PAGE analysis with Coomassie blue
staining.

Antibody preparation

Six BALB/c female mice per protein were used for antibody
production by immunisation with purified recombinant
SMIPP-C proteins. Pre-immune sera were collected from
the mice before the protein injections and pooled. Acetone-
precipitated SMIPP-C recombinant proteins were resus-
pended in 1x PBS buffer and used to immunise the mice.
Antibody production was initiated by subcutaneous injec-
tion of 50 pg recombinant protein emulsified in Freund’s
Complete adjuvant (Sigma-Aldrich, USA) and boosted
twice with 2 weeks interval with the same amount of
protein doses emulsified with Freund’s Incomplete adjuvant
(Sigma-Aldrich, USA). After the third immunisation, anti-
body production and specificity were tested using Odyssey®
western blot. Odyssey” western blot in brief: SMIPP-C
proteins were loaded separately on 10% SDS PAGE and
transferred to an Immubolin-FL. PVDF membrane (Merck
Millipore, Temecula, CA, USA). All following incubation
steps were done at RT for 1 h with gentle orbital shaking
unless stated otherwise. The membrane was blocked with
Odyssey” blocking buffer (LI-COR Biosciences, Lincoln,
NE, USA) followed by incubation with 1:500 diluted mouse
sera and washed 3 times with PBS-0.05% TWEEN® 20
(PBST). Bound antibodies were detected by incubation with
goat anti-mouse-IR 800 nm secondary antibodies (LI-COR
Biosciences) 1:10,000 and the membranes were washed 3
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times as before. Antibody binding was visualised by the
Odyssey Infrared Imaging System (LI-COR Biosciences,
USA) and images were analysed using the Image Studio™
Lite 5.2.5 software. Mouse serum was harvested upon posi-
tive results. Antibody cross reactivity was tested between
each SMIPP-C protein and against active cysteine protease
Sar s 1 using Odyssey” western blot as described above.

Immuno-histological localisation

The localisation of SMIPP-C proteins within and in the
vicinity of the scabies mite was demonstrated using
sections of human skin infested with mites probed with
the polyclonal antibodies raised in mice against individual
SMIPP-Cs. Adjacent serial sections were probed with
anti-human IgG, which is known to be ingested by the
mite [61] and therefore serves as a marker to localise gut
tissue. Adjacent serial sections were also probed with pre-
immune mouse serum as a negative control. Paraffin
blocks of 5 mm? scabies-infected human skin tissues [62]
were used to cut 4 pum sections and coated on X-Tra™
(Leica Biosystems, NufSloch, Germany) glass slides. The
slides were dried at 37 °C for 3 h and dewaxed in xylene
followed by graded ethanol. All the incubation steps were
done at RT in a humidifier chamber and all the washes
were 3 times of 5 min with Tris Buffered Saline (TBS pH
7.6) unless stated otherwise. Endogenous peroxidase activ-
ity was blocked with 3% H,O, in TBS for 10 min and the
slides were washed. Non-specific protein binding was
blocked with 10% goat serum in TBS for 30 min. Excess
serum was decanted and the slides were probed with pre-
immune mouse sera (negative control) or with SMIPP-C
specific antibody (test) overnight at 4 °C. Test and
negative control slides were washed and probed with anti-
mouse probe MACH1 (Biocare Medical, Pacheco, CA,
USA) secondary antibody for 20 min at RT. Both slides
were first washed with TBST followed by 2 washes with
TBS and probed with MACHI1 universal HRP polymer
(Biocare Medical) for 20 min followed by 3 TBST washes.
A third serial tissue section (positive control), blocked for
endogenous peroxidase activity and nonspecific binding,
was probed with horseradish peroxidase (HRP) labelled
anti-human IgG (Sigma-Aldrich, USA) for 1 h at RT as a
mite gut marker [61]. It was followed by a wash with
TBST and 2 subsequent washes with TBS. Nova-RED
substrate (VECTOR LABORATORIES, Burlingame, CA,
USA) was added to all three sections to initiate the
chromogenic reaction and it was stopped by immersion in
deionised water for 3 min at RT. The slides were counter-
stained with haematoxylin for 1 min, dehydrated in graded
ethanol, cleared in xylene and mounted with DPX hist-
ology slide mounting medium (Sigma-Aldrich, USA).
Slides were visualised using an Aperio XT Scanscope
(Leica Biosystems) slide scanner at 40x magnification and
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analysed using eSlide manager and ImageScope viewing
softwares (Leica Biosystems).

Identification of S. scabiei var. hominis life stages

Between 20-100 individual organisms representing the
different life stages of S. scabiei var. hominis preserved in
TRIzol (Invitrogen, Carlsbad, CA, USA) were separated
first under a stereo binocular dissecting microscope and
subsequently males and nymphs were further separated
under a bright field microscope at 40x magnification. Eggs
are glossy, whitish and ovoid with enclosed embryo or lar-
vae in its foetal stage. Larvae have only 3 pairs of legs and
are similar in size to the eggs. Females are the largest and
have an ovoid creamy-white coloured body with 4 pairs of
legs; 2 pairs of anterior legs end with small suckers and
the hind 2 pairs end with long seta. Males are approxi-
mately two thirds the size of a female and similar in size
to nymphs. Males and nymphs have 4 pairs of legs; how-
ever, a distinctive difference under the bright field micro-
scope (at 40x magnification) is that both pair of hind legs
end with long seta in nymphs, but in males the inner pair
of hind legs terminates as a broad pad [63].

Amplification of SMIPP-C transcripts by ddPCR
SMIPP-Ca, SMIPP-Cc and SMIPP-Ce primers were de-
signed to amplify relatively conserved regions containing
123 bp, 151 bp and 98 bp, respectively for droplet digital
PCR (ddPCR). Primer sequences are, SMIPP-Ca forward
primer (5'-GCG AGG AAA ATG TCA AGA GA-3’),
SMIPP-Ca reverse primer (5'-GGG CAC CGT ATG CGG
ACA AAT-3"), SMIPP-Cc forward primer (5'-CAG ACA
GGC GCG ATT AGA AC-3’), SMIPP-Cc reverse primer
(5'-CCA CGA TGC TTT ACA TTT ACT TTC GGT
TG-3"), SMIPP-Ce forward primer (5'-CCG AGA TTA
TTG GGT CGT TAA G-3'), SMIPP-Ce reverse primer
(5'-CCA AGA TAC CGA AAA GAT TCT CTT CC-3).
The primers were used to amplify the SMIPP-C fragments
from S. scabiei var. hominis cDNA libraries [12] by con-
ventional PCR with cycling conditions; 95 °C for 10 min,
35 cycles of 95 °C for 30 s, 54 °C for 30 s and 72 °C for 1
min, and final extension at 72 °C for 7 min. DNA negative
and primer negative controls were also included. Resulting
products were cloned into the pUCI19 vector using a PCR
cloning kit (NEB, Ipswich, MA, USA) according to the
manufacturer’s instructions. The primer specificity was
confirmed by BigDye®3.1 sequencing (Applied Biosystems).
The sensitivity of the primer pairs was evaluated by test-
ing different primer concentrations from 50 nM to 200
nM final concentrations; 100 nM final was the optimal
concentration for all three sets of ddPCR primers in the
reaction mix. Temperature gradient ddPCR conditions
established the optimised annealing temperatures for the
SMIPP-Ca, SMIPP-Cc and SMIPP-Ce ddPCR primers as
63 °C, 60 °C and 56 °C, respectively.
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To investigate whether SMIPP-C transcription is stage-
specific, different life stages of S. scabiei var. hominis mites
preserved in TRIzol were separated, using previously
established methods [63] under stereoscopic and bright
field microscopes. S. scabiei var. hominis eggs, larvae,
nymphs, males and females were collected separately into
Direct-zol™ (Zymo Research, Irvine, CA, USA) and the
Direct-zol™ RNA MicroPrep kit (Zymo Research) was
used to extract mite total RNA according to the manufac-
turer’s instructions. cDNA was synthesised using Super-
script® II reverse transcriptase (Thermo Fisher Scientific)
and Oligo(dT),o primer (Thermo Fisher Scientific). Pre-
pared cDNA was used to amplify SMIPP-C transcripts by
ddPCR using specific primers. Reactions were performed
in 20 pl reactions, consisting of 1x EvaGreen supermix
(Bio-Rad, Hercules, CA, USA), 100 nM forward primer,
100 nM reverse primer, 1 pul cDNA and molecular grade
water (Invitrogen) in a semi-skirted twin.tec 96 well PCR
plate (Eppendorf AG, Hamburg, Germany). ddPCR cyc-
ling times were 95 °C for 10 min followed by 45 cycles of
95 °C for 30 s, annealing temperature for 30 s and 72 °C
for 1 min, and final extension at 72 °C for 10 min followed
by a single final dye stabilization step of 4 °C for 5 min
and 95 °C for 5 min. SMIPP-C gene transcription was
quantified using a QX200 droplet digital PCR system
(Bio-Rad) and analysed using the appropriate automated
QuantaSoft software (Bio-Rad). Target gene transcription
was calculated as SMIPP-C gene transcript copy numbers
per individual mite or egg. All error bars were generated
by QuantaSoft software and represent a 95% confidence
interval.

Results

Sequence alignment of the S. scabiei var. hominis SMIPP-C
family

Homologous features and differences between the group
1 HDM allergens the active SM cysteine proteases Sar s
1 a-e and the SMIPP-Cs are shown in the CLUSTAL O
alignment of the protein sequences in Fig. 1. Eight out
of ten scabies mite proteins have a confirmed signal
sequence, indicating their secretory nature, as is seen
with the HDM group 1 allergens. All SMIPP-Cs however
lack a predicted pro-peptide and have further distinct
features. While they share regions of homologous se-
quence with the active protease sequences (highlighted
in pink in Fig. 1), they display unique conserved regions
which could potentially result in different structural and
functional properties (Fig. 1, green highlighting). The
mutated catalytic sites and mutations in the glutamine,
which is important for oxyanion hole formation, are
indicated in blue and yellow, respectively [43]. All five
SMIPP-Cs have four predicted disulfide bonds (Fig. 1,
pentagons) compared to between 3 and 7 disulfide
bonds predicted in the proteolytically active counterparts
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Fig. 1 In silico analysis of HDM group 1 allergens, Sar s 1 a-e and SMIPP-C a-e. CLUSTAL O (1.2.0) alignment of the protein sequences of HDM
group 1 allergens and the scabies mite homologs Sar s 1 a-e and SMIPP-C a-e. The signal sequences are printed in grey and the pro-peptide regions
in italic. Conserved residues and the residues important for catalytic activity and specificity are highlighted in colour as indicated. Predicted disulfide
bonds and glycosylation sites are indicated by pentagon and star symbols, respectively

of HDMs and scabies mites (not shown). The pattern of
predicted glycosylation is distinctively shifted in the
SMIPP-Cs (Fig. 1, red stars). All of these differences
between the SMIPP-Cs and their active equivalents may
be noteworthy, as the distinct changes in pro-peptides,
catalytic sites, disulfide bonds and glycosylation
previously reported for the SMIPP-Ss [41] are thought
to have led to structural changes and ultimately to an
altered function [54, 55]. Sarcoptes scabiei var. hominis
SMIPP-Cs have 22-26% protein sequence identity with
the HDM group 1 allergen (Der p 1) and 21.5-27%
protein sequence identity with the scabies mite active
cysteine proteases (Sar s 1 a-e). The five members of
SMIPP-C family have between 31-93% amino acid
identity to each other. SMIPP-Ca and SMIPP-Cb as well
as SMIPP-Cd and SMIPP-Ce show a very high protein
identity of 93% and 81.5%, respectively.

Phylogenetic analysis of human, pig and dog mite
SMIPP-Cs

Five additional SMIPP-C sequences identified in the
recently established S. scabiei draft genome databases of
dog [14] and pig [13] mites were converted into amino acid
sequences and were included in the phylogenetic analysis
implemented using a Bayesian inference to complement
previous phylogenetic tree analyses of SMIPP-Cs in human
and dog mites [16, 43]. Phylogenetic comparison of
SMIPP-Cs of S. scabiei var. hominis (human mite), S.
scabiei var. suis (pig mite) and S. scabiei var. canis (dog
mite) indicated that amplification of the SMIPP-C genes
into a family of five occurred in a common ancestor and
individual genes evolved independently in the different mite
varieties (Fig. 2). Notably, the SMIPP-Cf lineage only
occurred in pig and dog mites but not in human mites. The
SMIPP-Cd is another variant of SMIPP-Cc and only
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Fig. 2 Phylogenetic relationships of SMIPP-Cs. The phylogenetic relationship between amino acid sequences of S. scabiei var. hominis (Human-SMIPP-C), S.
scabiei var. suis (Pig-SMIPP-C) and S. scabiei var. canis (Dog-SMIPP-C) was estimated by Bayesian inference (accession numbers are provided in Additional file
1: Table S1). Numbers at nodes represent Bayesian posterior probabilities. The tree was rooted using Sarcoptes scabiei type hominis Sar s 1 allergen protein

|100
Dog-SMIPP-Cf

occurred in human mites. The dog SMIPP-Ca is remark-
ably different compared to all other SMIPP-C variants. The
results were confirmed in a phylogenetic analysis using a
maximum likelihood approach implemented in RAXML
(Additional file 2: Figure S1).

Cloning, expression and purification of SMIPP-C proteins
Sarcoptes scabiei var. hominis SMIPP-Cs from three
different clades (SMIPP-Ca, SMIPP-Cc and SMIPP-Ce)
were produced as His-tagged recombinant proteins.
Fragments equivalent to the predicted mature amino
acid sequences were amplified by PCR from existing
expressed sequence tag (EST) libraries. Sequencing
confirmed that SMIPP-Ca, SMIPP-Cc and SMIPP-Ce
clones were 100% identical to the published GenBank
sequences [12]. Mature sequence predicted molecular
weights and isoelectric points including the C terminal
His-tag were predicted to be 36.16 kDa and pl 9.24 for
SMIPP-Ca, 37.24 kDa and pl 8.74 for SMIPP-Cc and 39.
14 kDa and pI 6.13 for SMIPP-Ce. The proteins were
expressed in BL21 E. coli cells, isolated from inclusion
bodies under denaturing conditions and purified via
affinity chromatography. Purified proteins from all 3
SMIPP-Cs were of high purity, as shown in a Coomassie
blue stained gel analysis (Fig. 3a).

We immunised mice with purified recombinant SMIPP-
C proteins and tested the antibody specificity by Odyssey”
western blot. The polyclonal antibodies raised against
SMIPP-Ca were highly specific and did not cross react
with any other SMIPP-Cs tested (Fig. 3b; Lanes 2—4). The
antibodies raised against SMIPP-Cc and SMIPP-Ce cross
reacted with both SMIPP-Cc and SMIPP-Ce proteins
(Fig. 3¢, d; Lanes 3 and 4), but not with SMIPP-Ca
(Fig. 3¢, d; Lanes 2). Notably, none of the SMIPP-C
antibodies cross reacted with their proteolytically
active counterpart, the scabies mite active cysteine
protease Sar s 1c (Fig. 3b, ¢, d; Lanes 5). A western
analysis probing scabies mite extracts with the indi-
vidual sera showed single bands of similar size for
the three sera, indicating reactivity to the native pro-
teins in the extract (Additional file 3: Figure S2). It
was concluded that the antibodies raised against re-
combinant proteins of S. scabiei var. hominis SMIPP-
Cs were suitable reagents for immunolocalisation of
SMIPP-Cs expressed by scabies mites.

Immuno-histological localisation of SMIPP-Cs

The localisation of SMIPP-C proteins within and in the
vicinity of scabies mites in human skin was demon-
strated using the polyclonal antibodies raised in mice
against individual SMIPP-C proteins [61]. All three
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Fig. 3 Specificity of mouse sera against recombinantly expressed and affinity purified SMIPP-Ca, SMIPP-Cc and SMIPP-Ce. Coomassie blue R-250
stained SDS PAGE (a) and western blots using antibodies against SMIPP-Ca (b), SMIPP-Cc (c) and SMIPP-Ce (d) recombinant proteins. Lane 1:
protein marker; Lane 2: SMIPP-Ca; Lane 3: SMIPP-Cc; Lane 4: SMIPP-Ce; Lane 5: Sar s 1¢ recombinant proteins. Predicted molecular weights of
SMIPP-Ca, SMIPP-Cc, SMIPP-Ce and Sar s 1c are 36.16 kDa, 37.24 kDa, 36.46 kDa and 34.73 kDa, respectively

SMIPP-Cs investigated were localised to the digestive
system of the mite (Fig. 4c). Sections probed with anti-
bodies against SMIPP-Ca, SMIPP-Cc and SMIPP-Ce
stained positive (red staining: Fig. 4, sections 1lc, 2c and
3¢, respectively) in regions that were identified as mite
gut tissue with the gut-specific anti human IgG antibody
(Fig. 4: sections 1la, 2a and 3a, respectively) and in mite
faeces (Fig. 4€). Given the cross-reactivity of antibodies
against SMIPP-Cc and SMIPP-Ce, immuno-histology
using these probes may show localisation of SMIPP-Cc
and/or SMIPP-Ce to the mite digestive system and mite
faeces. All sections probed with pre-immune mouse sera
(negative control) showed the counter stain and the un-
stained pale to dark brown colour of chitin and faeces
(Fig. 4: sections 1b and d, 2b and d, and 3b and d).

Amplification of SMIPP-C transcripts by ddPCR to
evaluate the stage-specific SMIPP-C expression at the
transcriptional level

Initial primer testing and optimization of the PCR assays
for the amplification of the selected three SMIPP-C
sequences was done by conventional PCR using DNA
extracted from pUC19 clones of SMIPP-Ca, SMIPP-Cc
and SMIPP-Ce. No cross-amplification was observed,
indicating that the SMIPP-C ddPCR primers were
sequence-specific [63]. Between 20 and 100 single organ-
isms representing each life stage (eggs, larvae, nymphs,
adult males and adult females) were pooled. Stage-specific
c¢DNA preparations were subjected to the established
ddPCR assay. Using this methodology, we were able to
quantify stage-specific SMIPP-C gene transcription and to

Fig. 4 Localisation of SMIPP-Cs in S. scabiei var. hominis infected epidermal tissue by immuno-histochemistry. Series 1, 2 and 3 are serial histological
sections of scabies mite infested human skin showing localised SMIPP-Ca, SMIPP-Cc and SMIPP-Ce proteins. a-c S. scabiei var. hominis mites within
human skin burrows. d, e Mite faecal pellets. a Probed with anti-human IgG (mite gut marker). b, d Probed with pre-immune mouse sera (negative
control). ¢, @ Probed with SMIPP-C specific antibodies. Red staining indicates antibody binding to protein. Scale-bars: 50 um
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calculate the gene transcript copy numbers per individual
life stage. Compared to all other life stages, SMIPP-Ca,
SMIPP-Cc and SMIPP-Ce were highly expressed in adult
females (between 43 and 170 times higher), accounting
for 15,259.3 + 493.8, 17,530.9 + 395.1 and 4508.6 + 222.2
gene transcript copies per single female mite, respectively
(Fig. 5).

Discussion

The enzymatically inactive SMIPP-Cs described here are
unique to parasitic scabies mites and have not been
reported to be present in the closely related free living
HDMs. We postulated previously that the evolution of
SMIPP-Cs may be an adaptation to the parasitic state
[39]. Since then SMIPP-Cs have not been observed
among HDM ESTs [39] or in the more recent HDM
genome database [64]. The proposed essentiality of the
SMIPP-Cs for the parasitic scabies mite is further
emphasised by their demonstrated presence in three S.
scabiei varieties of medical and veterinary importance.
The SMIPP-C proteins are homologous to the five sca-
bies mite active cysteine proteases (Sar s 1 a-e) and to
the group one allergen of HDMs [43]. Figure 1 illustrates
that the SMIPP-C amino acid sequences are conserved
among each other and distinctly different to the active
cysteine proteases. Their unique sequence features are
likely have distinct structural and functional properties.
Our phylogentic analysis aligns with previous studies
[15, 43], indicating that they are a monophyletic gene
family. We propose that the SMIPP-Cs were amplified
in the most common recent ancestor of the three mite
varieties, and that the sequence variation between the
mite varieties is consistent with sequence variation

20000+
oo
oo
() in o
5
£ 15000
£
™"
2
[=3
o
S 10000
S
3
[
o
= 5000-
; H
[0)
o--. H [ - B - . T T
() * N NG g
& L 2 2
Fig. 5 SMIPP-C expression profiles throughout the S. scabiei life-cycle.
Transcriptional level gene expression of SMIPP-Ca (black), SMIPP-Cc
(grey) and SMIPP-Ce (white) in S. scabiei var. hominis, quantified by
Droplet Digital PCR (ddPCR). Error bars represent a 95%
confidence interval
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between the mite varieties at other loci. Within each
scabies mite variety the SMIPP-Cs evolved into slightly
different variants, presumably as the sub-speciation
along with the adaptation to different hosts occurred.
While the SMIPP-Cf lineage only occurred in pig and
dog mites but not in human mites it seems that the
human mites have two different versions of SMIPP-Cc
and no SMIPP-Cf. The data indicate that the amplifica-
tion happened prior to host species adaptation and that
the sequence variation happened with host adaptation.
We hypothesize that, provided the SMIPP-C proteins
have an essential function for the parasite, these seem-
ingly inconsequential differences in SMIPP-C evolution
could contribute to the strict host specificity seen in
scabies mites.

The fact that SMIPP-Cs are expressed and have been
amplified into multicopy families indicates that despite
their proteolytic inactivity, the SMIPP-C genes are not
redundant pseudogenes. Despite their catalytic muta-
tions and the expected lack of proteolytic activity in the
encoded proteins, they may have evolved new functions
and may interact with host proteins in different, non-
proteolytic ways. A recent review summarised the exten-
sive and expanding role of pseudoproteases in other
regulatory functions and immune evasion using alterna-
tive binding sites or exosites [48]. For example, the pro-
teolytically inactive kinase ROP5 of Toxoplasma gondii
has been found to contribute to virulence and host
immune evasion [65]. Also, the metacapase 4 (MCA4) of
Trypanosoma brucei plays a role in blood stage parasite
cytokinesis and virulence despite having its active site
histidine altered to serine, resulting in no proteolytic
activity [66].

Our finding that SMIPP-Cs are transcribed and
expressed in all burrowing stages may indicate an im-
portant role of these proteins in the parasitic life style.
The highest expression of SMIPP-Cs were seen in female
mites (Fig. 5). Female scabies mites play a major role in
transmission and establishment of the disease [4]. Simi-
larly, only the two spotted spider mite (Tetranychus
urticae) females emigrate and colonize, and the highest
levels of digestive proteins are expressed mainly in adult
stages [67]. To confirm and to determine the location of
expression within the mite body we generated antibodies
against representative SMIPP-Cs from three different
clades within the human mite SMIPP-C protein family.
Notably, the grouping of the SMIPP-Ca protein into a
different clade from SMIPP-Cc and SMIPP-Ce (Fig. 2)
may explain the observed lack of cross reactivity of
antibodies against SMIPP-Ca to the other SMIPP-Cs
(Fig. 3). Even so, all three antibodies stained solely and
consistently the intestinal tract and the faeces (Fig. 4),
identifying the SMIPP-Cs as secreted intestinal and
excretory proteins.
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Similarly, the HDM [68] and the Psoroptes mite [69]
group one allergens have been localised in the mite digestive
system and in its excretions. These potent allergens present
in the mite faeces have been hypothesised to interfere with
the host inflammatory response in affected tissues to trigger
allergic responses [70]. The active scabies mite cysteine pro-
teases Sar s 1 a-e likely have similar digestive functions, and
interestingly there is also expansion of this family compared
to the counterparts in free-living mites.

The mite intestinal tract and its content are certainly
an important yet vulnerable compartment of the scabies
parasite. While the rest of the organism is physically
protected against host defence mechanisms by an imper-
meable chitin armour, this organ makes available a very
large interface with the physiology of the host epidermis,
to allow nutrient uptake and excretion. Digestion and
nutrient uptake must occur through the gut lining while
its damage through host defence mechanisms must be
prevented. Many parasitic arthropods have evolved
multiple ways to overcome this problem (reviewed in
[71]). The scabies mite produces 33 gut proteins that are
closely related to the HDM group 3 allergen. One of
them, the serine protease Sar s 3, cleaves human filag-
grin, thereby contributing to the breakdown of the epi-
dermal barrier as the mite burrows within the epidermis
[38]. The remaining 32 serine protease-like molecules
(SMIPP-Ss [41]) contain mutations in the conserved
active-site catalytic triad that are predicted to render
them catalytically inactive. Some SMIPP-Ss have been
shown to inhibit complement activation [40, 72] by
interfering with the lectin pathway of complement acti-
vation [73], thereby protecting the mite gut lining from
complement-mediated damage and enabling the mite to
evade the host immune system. Two SMIPP-S crystal
structures were generated [41] to elucidate the evolution
of this functional change. Another class of mite proteins,
namely the scabies mite SMSs, are also localised in the
mite gut and in faecal pellets and also intefere with the
complement cascade [42]. The accumulation of multiple
mite complement inhibitors in the confined space of the
mite burrow is thought to promote the survival of
scabies associated pathogenic bacteria [72, 74, 75]. The
fact that SMIPP-Cs are gut localised and released into
the epidermis may be indicative of a role in host-parasite
interaction. As shown for the SMIPP-Ss, the SMIPP-Cs
may interfere with host proteins that are ingested or
present in the immediate vicinity of the mite. The simi-
larities in the evolution of these unique families empha-
sizes this possibility. Although the interactions of
SMIPP-Cs with host mechanisms remain to be
elucidated, we have delivered here the groundwork for
future functional characterisation by providing evidence
of when, where and in what relative quantities they are
expressed throughout the parasite life-cycle.
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Conclusion

The family of the SMIPP-Cs is translated and expressed,
consequently the genes with mutated catalytic diads are
not redundent genes in the mite genome. Their amplifica-
tion into a multicopy family and their presence within
three varieties of scabies mites and expression in the mite
intestinal system indicate a definite role of these proteins.
Their availability to interact with host epidermal tissue
and host defence systems may highlight an essential role
in parasitism.
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