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Abstract

Due to their marked larvicidal activity, macrocyclic lactones (MLs) are used for the prevention of
heartworm disease ( Dirofilaria immitis) in dogs. They have also been shown to eliminate adult
parasites after long-term administration, with a so-called “slow-kill” effect. In addition, recent studies
have established that a combination of doxycycline, which eliminates the endosymbiont Wolbachia,
and MLs has superior adulticide effects when compared to MLs alone. It has been hypothesized that
the apparent synergism between doxycycline/MLs may be due to interaction with drug efflux
transport proteins. The aim of the present study was to evaluate gene expression of several transport
proteins in D. immitis adults treated in vitro either with doxycycline alone, ivermectin alone,
moxidectin alone, or a combination of ivermectin or moxidectin with doxycycline for 12 h.
Quantitative PCR analysis showed a sex-dependent response to treatments. In female worms, Dim-
pgp-10, Dim-haf-1 and Dim-haf-5 were upregulated compared to controls with doxycycline alone and
when combined with ivermectin. Moxidectin did not induce any changes in gene expression. In males,
moxidectin administered alone induced a slight increase in Dim-pgp-10, Dim-pgp-11and Di-avr-14,
while ivermectin in combination with doxycycline produced significant upregulation of the ML
receptor Di-avr-14. These results suggest possible synergism between the two drug classes and

different susceptibility of males vs. females to adulticide effects.
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1. Introduction

Dirofilariosis is caused by a group of parasites of the genus Dirofilaria that are transmitted by
mosquitoes of the family Culicidae. Dirofilaria immitis is the agent of canine and feline heartworm
disease (HWD). Melarsomine dihydrochloride (Immiticide®, Merial) is the only approved adulticidal
drug for treatment of HWD globally [1]. However, treatment can often be followed by severe
pulmonary thrombosis [1] and the drug is not registered for use in many countries making availability

an issue when deciding the therapeutic approach.

Several studies have shown that a monthly, macrocyclic lactone (ML) heartworm preventive along
with doxycycline for a 4-week period, which targets the bacterial endosymbiont Wolbachia, has been
shown to be adulticidal [2]. The bacterial endosymbiont Wolbachia was first described in D. immitis
[3] and has subsequently been identified in a number of filarial worm species, including several that
cause human diseases like elephantiasis (Wuchereria bancrofti) and river blindness (Onchocerca
volvulus) [4]. Wolbachia is required for normal parasite development, fertility and long-term survival
of filarial worms that harbor the bacteria [5]. Recent sequencing of the D. immitis-derived Wolbachia
genome has shown that the bacteria encode enzymes for anabolic pathways that are missing in the
worm such as biosynthesis of heme, purine, and pyrimidines [6]. Thus, current research is aimed at the
removal of Wolbachia through antibiotic treatment of infected hosts as an adulticide strategy.

Removal of Wolbachia through treatment with doxycycline has adulticidal activity against the parasite
in dogs experimentally infected with D. immitis [7,8]. While MLs are highly efficacious against L3
and young fourth stage larvae (L4) of D. immitis, preventive doses have also been reported as having a
so-called “slow kill” effect against adult parasites [9]. Furthermore, Bazzocchi et al [7] showed that, in

experimentally infected dogs, a combination of ivermectin and doxycycline has a stronger adulticide



activity against D. immitis than either of the drugs administered alone. Doxycycline in combination
with MLs have subsequently been evaluated in naturally-infected dogs and have been shown to be
highly effective in clearing infection in a relatively short time [2,10,11] with reduced side effects (i.e.,

thromboembolism).

The nature of the apparent synergism between doxycycline and MLs is still unknown. Doxycycline is
a bacteriostatic tetracycline which reduces endosymbiont Wolbachia populations in D. immitis,
leading to inhibition of embryogenesis, larval development, microfilarial production, as well as long-
term survival of adults [12,13]. Macrocyclic lactones like ivermectin and moxidectin bind to the
glutamate-gated chloride (GIuCl) ion channel, leading to an increase in membrane permeability,
which induces worm paralysis and eventual death [14,15]. Recent studies have explored the potential
role of cellular detoxification, by evaluating ATP-binding cassette (ABC) transporter gene expression
(PgPs) in D. immitis treated in vitro with ivermectin, doxycycline and a combination of the two
[16,17,18]. The authors reported differences in several PgPs’ gene expression between males and
females following 24 and 48 h of treatment; doxycycline more actively stimulated female PgP pumps,
while ivermectin caused higher expression in male worms. Moreover, the combined treatment
ivermectin+doxycycline induced an up-regulation in gene expression in both males and females, with
higher values for the latter. Results, however, did not elucidate the potential role of PgPs in the higher
efficacy of combined treatment observed in naturally infected dogs. The authors suggested that
Wolbachia may be involved, particularly in the higher PgPs gene expression induced by doxycycline
observed in females vs. males. Indeed, fecund female worms contain a greater number of Wolbachia
compared to males and the bacteria may induce upregulation of PgPs in order to reduce antibiotic,

thus protecting itself [19,20]. Wolbachia is maternally transmitted and is believed to supplement a



large array of nutrients in the nematodes, ranging from heme to riboflavin/flavin adenine dinucleotide
(FAD) [13,21,22]. In this view, the possible role in modulating the activation of drug detoxification

mechanisms is intriguing.

The aims of the present study were: i) evaluate gene expression of five selected PgP pumps of D.
immitis, involved in different mechanisms and with different locations, after 12 h treatment with two
MLs (ivermectin, moxidectin) alone or in combination with doxycycline; ii) determine the Wolbachia
loads in treated and non-treated adult worms in order to establish if doxycycline treatment affects

bacterial load.

2. Materials and Methods

2.1 Dirofilaria immitis adults

A total of 21 female and 21 male adults of a ML-susceptible strain (Georgia-2) of D. immitis
harvested from experimentally-infected dogs at approximately 6 months post-infection, were supplied
by TRS® Labs Inc. (Athens, GA, USA). Worms were washed in Hank’s balanced salt solution
(HBSS) (Euroclone spa, Milano, Italy) at room temperature and then placed individually into tubes
containing 50 ml of RPMI 1640 medium (w/o L-Glutamine with Phenol Red) (Euroclone spa, Milano,
Italy) with the addition of 2 mM L-Glutamine (Euroclone spa, Milano, Italy) and 1% of a solution of

antibiotic and antimycotic (Euroclone spa, Milano, Italy) and kept at 37°C, 5% CO,.

2.2 In vitro treatment of adults

Drug concentrations (ivermectin, moxidectin and doxycycline) were chosen according to their

reported peak plasma concentrations after in vivo treatments of dogs [23,24,25]. The basal medium



used for treatment of adult worms was a NI medium (NCTC/IMDM media mixture), see [16] for more
details. Treatment protocols were as followed (Table 1): NI media + 1% DMSO (control; C);
ivermectin (3.54 nM) + 1% DMSO (IVM); moxidectin (31nM) + 1% DMSO (MOX); doxycycline
(56.5 uM) + 1% DMSO (DOX); doxycycline (56.5 uM) + ivermectin (3.54 nM) + 1% DMSO

(DOX/IVM); doxycycline (56.5 uM) and moxidectin (31 nM) + 1% DMSO (DOX/MOX).

Each treatment was performed in triplicates for both sexes. Tubes were maintained for 12 h at 37°C,
5% CO,. Worms were checked for vitality, based on the observation of movement in RPMI medium
following extraction [26]. Briefly, motility was scored as 0 (complete paralysis) — 3 (full motility).

Worms were then washed in HBSS (Euroclone spa, Milano, Italy) and promptly frozen at — 80 °C.
2.3 RNA and DNA extraction and cDNA synthesis

RNA and DNA extractions were performed as described before [16,17]. Briefly, Trizol® reagent
(Invitrogen, USA) was used for the simultaneous RNA and DNA isolation from the same worm
respecting the proportionality between male and female in relation to their different size. After RNA
isolation from the aqueous phase, concentration and quality of RNA samples were measured through
spectrophotometer analysis with uCuvetta (BioSpectrometer®, Eppendorf, Germany). The organic
phase obtained, was then processed for DNA extraction; DNA was resuspended in 300 pL of DEPC
water and concentration and quality were evaluated through a spectrophotometer (BioSpectrometer®,
Eppendorf, Germany). 300 nanograms of RNA were used to produce cDNA according to
manufacturer’s instructions (OneScript® cDNA Synthesis Kit; Abm) after an initial step of AccuRT
genomic DNA removal (Abm, Richmond, Canada). RNA, DNA and cDNA samples were stored at —

80 °C until subsequent use.



2.4 Quantitative PCR (q-PCR) for gene expression analysis

Two ABC-B transporters genes (Dim-pgp-10 and Dim-pgp-11), two ABC-B half transporter genes
(Dim-haf-1 and Dim-haf-5) and the gene coding for a GIuCl channel (Di-avr-14) were amplified
according to literature [27,28]. Analyzed transporter genes were chosen based on previous reports [16]
and on preliminary data obtained in our laboratory (only those genes showing variation compared to

controls were analyzed further).

The optimization of the quantitative PCR (“q-PCR”) protocols in order to test the efficiency and the
dynamic range of the reactions was done as described previously [16,17,18]. The 18S ribosomal
subunit (18S rRNA) was selected as endogenous control [7]. Primer sequences are listed in Table 2.
Three biological replicates of both sexes were analyzed in triplicate for each treatment group. Then,
three technical replicates (three replicates of the same cDNA sample analyzed in gPCR) were
analyzed per each biological replicate. Cycle threshold (Ct) values were determined for each gene and
normalized using 18S rRNA gene as reference. The results of relative gene expression for each
treatment (calculated using the AACt-method) were compared to the treatment control (NI alone)
considered as calibrator. The BrightGreen 2x qPCR Mastermix (Abm, Richmond, Canada) was used
according to the manufacturer’s instructions. The amplification protocols were those described before

[16,18].

2.5 Wolbachia quantification

The Wolbachia loads in each worm were quantified in the extracted DNA samples as described in
Bazzocchi et al. [7]. Briefly, a fragment of the ftsZ gene of Wolbachia and of the genomic 18S

ribosomal subunit (18S rDNA) of D. immitis were amplified. Primers and PCR conditions were



described in Bazzocchi et al. [7]. Copy numbers of the two genes were subsequently normalized and

bacterial loads were presented as ftsZ/18S rDNA (Wolbachia/nematode) ratios.
2.6 Statistical analyses

Results of relative quantification were presented as the relative change in gene expression (24" +
standard deviation (SD) of the three biological replicates. All Ct values were managed by CFX
Manager software (Bio-Rad, Hercules, CA, USA) and 27 was calculated according to the Livak
method [29]. Three biological samples were analyzed per sex. The standard deviation between each
technical replicate was calculated. All standard deviations were lower than 0.3, which is the threshold
value for a Ct standard deviation to be considered accurate, as described in the “Guide to performing
relative quantitation of gene expression using real-time quantitative PCR” [30]. The standard

deviation per each 2" was calculated according to the same manual.

Data normality and distribution were tested respectively with Pearson test and two-way ANOV A
using GraphPad Prism v.9.0.1 (GraphPad Software, San Diego, CA, USA; http://www.graph

pad.com) and P values < 0.05 were considered significant.

An unpaired T-test to evaluate possible statistically significant differences in Wolbachia quantity
between male and female treated with the drugs regimen described was performed using GraphPad
Prism v.9.0.1 (GraphPad Software, San Diego, CA, USA; http://www.graph pad.com) comparing

mean average values + standard deviation.
3. Results

3.1 Constitutive gene expression in males and females



Figure 1 shows results of gene expression for the five transporter genes in untreated males and
females. The constitutive expression of Dim-pgp-10 and Dim haf-1 was higher in females vs. males,

while Dim-pgp-11 and Di-Avr-14 was higher in males vs. females.

3.2 Modulation of female worm gene expression following treatment

~AACt
2

Figure 2 reports the values recorded in female worms following 12 h incubation with the

different treatments.

When compared to controls, there was higher expression of Dim-pgp-10, Dim-haf-1 and Dim-haf-5 in
worms treated with DOX (2.11, 2.30 and 14.03 fold higher) and when treated with IVM/DOX (3.22
and 2.59 fold for Dim-pgp-10 and Dim-haf-5, respectively). The increase in Dim-Aaf-5 expression
was significant in female worms treated with DOX 1f compared to all other PgP genes (Fig. 2).
Moreover, there was also a marked increase in the gene expression of Dim-Aaf-5 when treated with

DOX/MOX with a significant increase compared to Di-avr-14 (P value: 0.002) (Fig. 2).

3.3 Modulation of male worm gene expression following treatment.

Figure 3 reports the 2724

values recorded in male worms following 12 h incubation with the different
drugs and combinations. Treatment protocols with IVM or with MOX/DOX did not induce marked
changes in gene expression, with the notable exception of Di-avr-14, whose increase was highly
significant compared to the other treatment protocols (P< 0.0001) (Fig. 3). It is also notable how Di-

avr-14 is the only gene with a marked increase of expression when males were treated with DOX

(4.24 fold higher). MOX induced an increase in the expression of Dim-pgp-10, Dim-pgp-11, Dim-haf-



1 and Di-avr-14 (4.66, 4.3, 2.21 and 4.26 fold higher, respectively), even if none showed a statistical

significance.

3.4 Wolbachia quantification

Results of “q-PCR" are reported in Figure 4 as the ratio between the number of gene copies of
Wolbachia (ftsZ gene) and the relative adult worm (18S rDNA) x 1000. No statistically significant
differences were observed for the total amount of Wolbachia among treatment groups or between

male and female wormes.

4. Discussion

The results of the present study highlight a gender-dependent pattern of constitutive expression and
ML-inducibility of several D. immitis ABC transporter genes. Untreated females had higher
expression of Dim-pgp-10 and of Dim-/af-1 compared to males. A previous study of PgP-9
expression in Cooperia oncophora [31] reported that female worms had an approximately five times
higher constitutive gene expression compared to male worms. On the contrary, Kellerova et al [32]
reported higher expression of several PgPs in Haemonchus contortus males compared to females. The

reasons for gender-based differences in constitutive expression are not known.

The only significant change in gene expression in females following treatment was observed for the
Dim-haf-5 gene in worms treated with doxycycline. Sheps et al [33] reported that haf-5 in the
nematode Caenorhabditis elegans is involved in the transport of heme from mitochondria to the

cytosol, suggesting that it could play a critical role in iron homeostasis in mitochondria. Furthermore,

10



it has been shown that the use of tetracycline results in up-regulation of components of the

mitochondrial respiratory chain in Litomosoides sigmodontis, a filarial nematode [34].

The only significant change in gene expression in males following treatment was observed for the Di-
avr-14 gene in D. immitis treated with ivermectin in combination with doxycycline. Di-avr-14 is a
gene encoding for a GIuCl which is highly conserved in nematodes [28]. GIuCls are ML targets and
marked rise in expression in male worms may explain the greater susceptibility of male worms to
ivermectin treatment [7]. Furthermore, considering the higher expression of Di-avr-14 after treatment
with ivermectin + doxycycline, it is clear that the combined protocol favors the activation of these

channels and potentially increasing the influx of ivermectin.

Results of the present study suggest differences in gene expression when comparing ivermectin with
moxidectin treatments. We observed upregulation of Dim-pgp-10, Dim-haf-1 and Dim-haf-5 genes in
females treated with ivermectin (alone or in combination with doxycycline), even though the increase
was not statistically significant. However, when females were treated with moxidectin (alone or in
combination with doxycycline), expression of all genes considered remained near baseline level apart
from Dim-haf-5. In males, on the other hand, while treatment with ivermectin alone or in combination
with doxycycline did not induce significant changes in gene expression apart from Di-avr-14,
moxidectin (alone or in combination with doxycycline) induced upregulation of three out of five genes
evaluated (Dim-pgp-10, Dim-pgp-11 and Di-avr-14). These results would suggest a sex-dependent
nature of PgPs interaction with moxidectin in D. immitis. Interestingly, Stitt et al. [35] showed that in
Brugia malayi, a human nematode causing lymphatic filariasis, the administration of moxidectin

together with ABC transporter inhibitors tended to influence the sensitivity to the drug in females and

11



microfilariae, while no important effects were recorded in males. Even though the study did not

evaluate gene expression, results suggest possible sex-dependent responses.

Several studies have evaluated the role of moxidectin in modulating PgP genes in mammalian tissues
and nematodes like D. immitis and C. elegans [36, 37, 38 ,39, 40], suggesting that moxidectin kinetics
are not totally dependent on PgPs or other ABC transporters and differences among molecules of the

same family in terms of their ability to interact with PgPs likely exist.

The present study, similar to that reported by Lucchetti et al [16], shows that combination with
doxycycline affects MLs-induced expression of transporter protein genes. Doxycycline has been
reported as both up-regulating [16] and down-regulating transporter gene expression [41]. This may
explain the mechanism by which doxycyline increases the effect of ivermectin, but not that of

moxidectin.

It is important to remember that down-regulation of PgPs like Dim-pgp-10 and -11 is associated with
increased susceptibility to ivermectin [42]. In female worms, Dim-pgp-10, was up-regulated following
treatment with doxycycline and doxycycline + ivermectin (suggesting a defensive response on the part
of the parasite). Indeed, the few studies which evaluated worm populations at necropsy following
MLs/doxycycline combination protocols have shown that female worms were often found to survive
drug treatment, suggesting a certain tolerance towards the adulticide effects of this treatment protocol

[7,11].

Even though it has been reported that up-regulation of PgP genes is related to drug-resistance

phenotypes of H. contortus, C. elegans and equine cyathostomins [42,43,44], the adult worms used in

12



the present study were a “susceptible” strain, so we can exclude the presence of drug resistance

phenomenon.

The significant up-regulation of the Dim-haf-5 gene, involved in heme transport from mitochondria,
in females after 12 hours of doxycycline treatment suggested possible involvement of Wolbachia.
Synthesis of heme has been identified as one of the most important functions of Wolbachia
endosymbiosis, together with nucleotide synthesis [13,21,22,34] and the authors hypothesized that
higher Wolbachia loads in female adult worms may have been associated with a differential
expression of Dim-haf-5 gene when females were exposed to doxycycline. However, results showed
that males had similar or superior loads of Wolbachia compared to females, in agreement with that
reported by other authors [45,46]. Indeed, the number of bacteria in adult worms not only depends on
gender, but also on the age of the parasite. McGarry et al [47] reported that 6-month old worms of
both sexes had similar Wolbachia:nematode genome ratios. Only when females reach 12-15 months
of age do Wolbachia numbers increase, due to embryonic and microfilarial development. As reported
in the methods, female worms used in the present study were harvested at approximately 6 months
post-infection. Finally, 12 h in vitro doxycycline did not have any effect on Wolbachia numbers in
either males or females. It must be remembered however that doxycycline is bacteriostatic, and

treatment time likely was insufficient to decrease bacterial load in any significant way.

5. Conclusions

The results from the present study confirm the “female-male” dichotomy in D. immitis transporter
gene expression following exposure to MLs and doxycycline. The most intriguing result of the present

study was the marked effect of ivermectin and doxycycline on Di-avr-14, the gene encoding for a

13



GIuCl, in particular in male worms. Is it possible that increased expression of this ML receptor when
treatment with ivermectin (or other MLs) is combined with doxycycline could explain the synergism

in adulticide activity?.

The present study has several limitations: it would have been interesting to include other post-
treatment time points (4, 6 hrs) in order to determine a time-dependent expression pattern.
Furthermore, drug concentrations within the worms treated with doxycycline together with ivermectin
or moxidectin would have strengthened our hypothesis that the combinations lead to greater or lesser

influx of drugs within the parasite.

The use of doxycycline/MLs combinations for the treatment of canine heartworm disease leads to a
reduction in pro-inflammatory responses to either dead or dying worms and in this way there is a
reduction in respiratory complications as well as mortality rates [48]. On the other hand, in some
cases, the high doses of doxycycline used are not always well tolerated in dogs [11] and there is the
risk of possible drug- resistance in Wolbachia. It has been suggested that the current use of
doxycycline in dogs with HWD is likely favoring the emergence of resistant strains in other bacteria,
such as Staphylococcus or Enterococcus [49] and we cannot exclude that the same might happen also
in Wolbachia. A better understanding of the molecular mechanisms involved in combination treatment

protocols may aid in the development of new pharmacological approaches.

References

1. L.H. Kramer, G. Grandi, B. Passeri, P. Gianelli, M. Genchi, M.T. Dzimianski, P. Supakorndej,
A.M. Mansour, N. Supakorndej, S.D. McCall, J.W. McCall, 2011. Evaluation of lung pathology in

Dirofilaria immitis-experimentally infected dogs treated with doxycycline or a combination of

14



doxycycline and ivermectin before administration of melarsomine dihydrochloride. Vet. Parasitol. 176

(4),357-360. doi: 10.1016/j.vetpar.2011.01.021.

2. M. Genchi, A. Vismarra, C. Lucchetti, A. Viglietti, S. Crosara, G. Gnudi, C. Quintavalla, R.
Schaper, L.H. Kramer, 2019. Efficacy of imidacloprid 10%/moxidectin 2.5% spot on (Advocate,
Advantage Multi) and doxycycline for the treatment of natural Dirofilaria immitis infections in dogs.

Vet. Parasitol. 273:11-16. doi1:10.1016/j.vetpar.2019.07.011.

3. M. Sironi, C. Bandi, L. Sacchi, B. Di Sacco, G. Damiani, C. Genchi, 1995. Molecular evidence for
a close relative of the arthropod endosymbiont Wolbachia in a filarial worm. Mol. Biochem. Parasitol.

74(2):223-227. doi: 10.1016/0166-6851(95)02494-8.

4. M.J. Taylor, D. Voronin, K.L. Johnston, L. Ford, 2013. Wolbachia filarial interactions. Cell.

Microbiol. 15(4):520-526. doi: 10.1111/cmi.12084.

5. K.L. Johnston, W.D. Hong, J.D. Turner, P.M O'Neill, S.A. Ward, M.L. Taylor, 2021. Anti-

Wolbachia drugs for filariasis. Trends Parasitol. 37(12):1068-1081. doi: 10.1016/5.pt.2021.06.004.

6. C. Godel, S. Kumar, G. Koutsovoulos, P. Ludin, D. Nilsson, F. Comandatore, N. Wrobel, M.
Thompson, C.D. Schmid, S. Goto, F. Bringaud, A. Wolstenholme, C. Bandi, C. Epe, R. Kaminsky, M.
Blaxter, P. Méser, 2012. The genome of the heartworm, Dirofilaria immitis, reveals drug and vaccine

targets. FASEB J. 26(11):4650-4661. doi: 10.1096/1).12-205096.

7. C. Bazzocchi, M. Mortarino, G. Grandi, L.H. Kramer, C. Genchi, C. Bandi, M. Genchi, L. Sacchi,

J.W. McCall, 2008. Combined ivermectin and doxycycline treatment has microfilaricidal and

15



adulticidal activity against Dirofilaria immitis in experimentally infected dogs. Int. J. Parasitol.

38(12):1401-1410. doi:10.1016/j.ijpara.2008.03.002.

8. J.W. McCall, L.H. Kramer, C. Genchi, J. Guerrero , M.T. Dzimianski, A. Mansour, S.D. McCall, B.

Carson, 2014. Effects of doxycycline on heartworm embryogenesis, transmission, circulating
microfilaria, and adult worms in microfilaremic dogs. Vet. Parasitol. 206(1-2):5-13. doi:

10.1016/j.vetpar.2014.09.023.

9. J.W. McCall, 2005. The safety-net story about macrocyclic lactone heartworm preventives: a
review, an update, and recommendations. Vet. Parasitol. 133(2-3):197-206. doi:

10.1016/j.vetpar.2005.04.005.

10. G. Grandi, C. Quintavalla, A. Mavropoulou, M. Genchi, G. Gnudi, G. Bertoni, L.H. Kramer, 2010.

A combination of doxycycline and ivermectin is adulticidal in dogs with naturally acquired heartworm

disease (Dirofilaria immitis). Vet. Parasitol. 169(3-4):347-351. doi: 10.1016/j.vetpar.2010.01.025.

11. M.D. Savadelis, C.M. Ohmes, J.A. Hostetler, T.L. Settje, R. Zolynas, M.T. Dzimianski, A.R.
Moorhead, 2017. Assessment of parasitological findings in heartworm-infected beagles treated with
Advantage Multi for dogs (10% imidacloprid + 2.5% moxidectin) and doxycycline. Parasit. Vectors

10(1):245. doi: 10.1186/s13071-017-2190-9.

12. C. Bandi, J.W. McCall, C. Genchi, S. Corona, L. Venco, L. Sacchi, 1999. Effects of tetracycline
on the filarial worms Brugia pahangi and Dirofilaria immitis and their bacterial endosymbionts

Wolbachia. Int. J. Parasitol. 29(2):357-364. doi: 10.1016/50020-7519(98)00200-8.

16



13. M.J. Taylor, C. Bandi, A. Hoerauf, 2005. Wolbachia bacterial endosymbionts of filarial

nematodes. Adv. Parasitol. 60:245-284. doi: 10.1016/S0065-308X(05)60004-8.

14. J.A. Dent, M.M. Smith, D.K. Vassilatis, L. Avery, 2000. The genetics of ivermectin resistance in

Caenorhabditis elegans. Proc Natl Acad Sci U S A. 97(6):2674-2679. doi: 10.1073/pnas.97.6.2674.

15. J.A. Dent, M.W. Davis, L. Avery L, 1997. Avr-15 encodes a chloride channel subunit that
mediates inhibitory glutamatergic neurotransmission and ivermectin sensitivity in Caenorhabditis

elegans. EMBO J. 16(19):5867-5879. doi: 10.1093/embo0j/16.19.5867.

16. C. Lucchetti, M. Genchi, L. Venco, A. Menozzi, P. Serventi, S. Bertini, C. Bazzocchi, L.H.
Kramer, A. Vismarra, 2019a. Differential ABC transporter gene expression in adult Dirofilaria
immitis males and females following in vitro treatment with ivermectin, doxycycline or a combination

of both. Parasit Vectors. 12(1):401. doi: 10.1186/s13071-019-3645-y.

17. C. Lucchetti, M. Genchi, L. Venco, C. Bazzocchi, L.H. Kramer, A. Vismarra, 2019b. Optimized
protocol for DNA/RNA co-extraction from adults of Dirofilaria immitis. MethodsX. 2019b 6:2601-

2605. doi: 10.1016/3.mex.2019.10.023.

18. C. Lucchetti C, 2020. In vitro study of the molecular mechanisms responsible for the filaricide
effect of macrocyclic lactones combined with doxycycline against Dirofilaria immitis. Available at:
https://www.repository.unipr.it/bitstream/1889/4081/1/Lucchetti%20Chiara PhD%?20Thesis_con%20

ringraziamento.pdf .

19. A. Hoerauf, K. Nissen-Pidhle, C. Schmetz, K. Henkle-Diihrsen, M.L. Blaxter, D.W. Biittner, M.Y.

Gallin, K.M. Al-Qaoud, R. Lucius, B. Fleischer, 1999. Tetracycline therapy targets intracellular

17



bacteria in the filarial nematode Litomosoides sigmodontis and results in filarial infertility. J Clin

Invest. 103:11-18. doi: 10.1172/JCI4768.

20. N.G. Langworthy, A. Renz, U. Mackenstedt, K. Henkle-Diihrsen, M.B. de Bronsvoort, V.N.
Tanya, M.J. Donnelly, A.J.Trees, 2000. Macrofilaricidal activity of tetracycline against the filarial
nematode Onchocerca ochengi: elimination of Wolbachia precedes worm death and suggests a

dependent relationship. Proc. Biol. Sci. 267:1063—1069. doi: 10.1098/rspb.2000.1110.

21. B. Wu, J. Novelli, J. Foster, R. Vaisvila, L. Conway, J. Ingram, M. Ganatra, A.U. Rao, I. Hamza,
B. Slatko, 2009. The heme biosynthetic pathway of the obligate Wolbachia endosymbiont of Brugia
malayi as a potential anti-filarial drug target. PLoS Negl Trop Dis. 14;3(7): e475. doi:

10.1371/journal.pntd.0000475.

22. J.M. Foster, F. Landmann, L. Ford, K.L Johnston, S.C. Elsasser, A.I. Schulte-Hostedde,
M.J.Taylor, B.E. Slatko, 2014. Absence of Wolbachia endobacteria in the human parasitic nematode

Dracunculus medinensis and two related Dracunculus species infecting wildlife. Parasit Vectors.

2014;7:140. doi: 10.1186/1756-3305-7-140.

23. S. Al-Azzam, L. Fleckenstein, K. Cheng, M.T. Dzimianski, J.W. McCall, 2007. Comparison of the
pharmacokinetics of moxidectin and ivermectin after oral administration to beagle dogs. Biopharm

Drug Dispos. 28(8):431-438. doi: 10.1002/bdd.572.

24. L. Gutierrez, Z.H. Velasco, C. Vazquez, D. Vargas, H. Sumano, 2012. Pharmacokinetics of an
injectable long-acting formulation of doxycycline hyclate in dogs. Acta Vet. Scand. 54:39-47. doi:

10.1186/1751-0147-54-35.

18



25. L. Maté, M. Ballent, C. Canton, L. Ceballos, A. Lifschitz, C. Lanusse C, L. Alvarez L, J.P. Liron,
2018. Assessment of P-glycoprotein gene expression in adult stage of Haemonchus contortus in vivo

exposed to ivermectin. Vet. Parasitol.264:1-7. doi: 10.1016/j.vetpar.2018.10.011.

26. S. Townson, B. Ramirez, F. Fakorede, M.A. Mouries, S. Nwaka, 2007. Challenges in drug
discovery for novel antifilarials. Expert Opin Drug Discov. 2(s1):S63-73. doi:

10.1517/17460441.2.S1.S63.

27. C. Bourguinat, H. Che, T. Mani, K. Keller, R.K.Prichard, 2016.. ABC-B transporter genes in

Dirofilaria immitis. Int. J. Parasitol. 6(2):116-124. doi: 10.1016/.1jpddr.2016.04.001.

28. D.M. Yates, A.J. Wolstenholme, 2004. Dirofilaria immitis: identification of a novel ligand-gated
ion channel-related polypeptide. Exp. Parasitol. 108(3-4):182-185. doi:

10.1016/j.exppara.2004.08.003.

29. K.J. Livak and T.D. Schmittgen, 2001. Analysis of relative gene expression data using real-time

quantitative PCR and the 2-AACt method. Methods. 25: 402-408. doi: 10.1006/meth.2001.1262.

30. Anonymous, 2008. Guide to performing relative quantitation of gene expression using real-time

quantitative PCR. Available at: https://tools.thermofisher.com/content/sfs/manuals/cms_042380.pdf.

31. M. Areskog, A. Engstrom, J. Tallkvist, G. von Samson-Himmelstjerna, J. Héglund, 2013. PGP
expression in Cooperia oncophora before and after ivermectin selection. Parasitol Res. 112(8):3005-

3012. doi:10.1007/s00436-013-3473-5.

19



32. P. Kellerova, L. Raisova Stuchlikova, P. Matouskova, K. Stérbova, J. Lamka, M. Navratilova,
[.Vokial, B. Szotakova, L. Skélova, 2020. Sub-lethal doses of albendazole induce drug metabolizing

enzymes and increase albendazole deactivation in Haemonchus contortus adults. Vet Res. 51, 94.

https://doi.org/10.1186/s13567-020-00820-X.

33.J.A. Sheps, S. Ralph S, Z. Zhao, D.L. Baillie, V. Ling, 2004. The ABC transporter gene family of
Caenorhabditis elegans has implications for the evolutionary dynamics of multidrug resistance in

eukaryotes. Genome Biol. 5(3):R15. doi:10.1186/gb-2004-5-3-r15.

34. U. Striibing, R. Lucius, A. Hoerauf, K.M. Pfarr, 2010. Mitochondrial genes for heme-dependent
respiratory chain complexes are up-regulated after depletion of Wolbachia from filarial nematodes.

Int. J. Parasitol. 40(10):1193-1202. doi: 10.1016/j.ijpara.2010.03.004.

35. L.E. Stitt, J.B. Tompkins, L.A. Dooley, B.F. Ardelli, 2011. ABC transporters influence sensitivity
of Brugia malayi to moxidectin and have potential roles in drug resistance. Exp. Parasitol. 129(2):137-

44. doi: 10.1016/j.exppara.2011.06.018.

36. S. Kiki-Mvouaka, C. Menez, C. Borin, F. Lyazrhi, M. Foucaud-Vignault, J. Dupuy, X. Collet, M.
Alvinerie, A. Lespine, 2010. Role of P-glycoprotein in the disposition of macrocyclic lactones: a
comparison between ivermectin, eprinomectin, and moxidectin in mice. Drug Metab. Dispos. 38, 573—

580. doi: 10.1124/dmd.109.030700.

37. A. Lespine, C. Ménez, C. Bourguinat, R.K. Prichard, 2012. P-glycoproteins and other multidrug

resistance transporters in the pharmacology of anthelmintics: Prospects for reversing transport-

20



dependent anthelmintic resistance. Int. J. Parasitol. Drugs Drug Resist. 7;2:58-75.

doi:10.1016/j.ijpddr.2011.10.001.

38. E.E. Bygarski, R.K. Prichard, B.F. Ardelli, 2014. Resistance to the macrocyclic lactone
moxidectin is mediated in part by membrane transporter P-glycoproteins: Implications for control of

drug resistant parasitic nematodes. Int. J. Parasitol. Drug Resist. 12;4(3):143-151.

doi:10.1016/j.ijpddr.2014.06.002

39. T. Mani, C. Bourguinat, K. Keller, S. Ashraf, B. Blagburn, R.K. Prichard RK, 2016. Interaction of
macrocyclic lactones with a Dirofilaria immitis P-glycoprotein. Int. J. Parasitol. 46(10):631-640.

doi:10.1016/j.ijpara.2016.04.004.

40. A.P. Gerhard, J. Kriicken, C. Neveu, C.L. Charvet, A. Harmache, G. von Samson-Himmelstjerna,
2021. Pharyngeal Pumping and Tissue-Specific Transgenic P-Glycoprotein Expression Influence

Macrocyclic Lactone Susceptibility in Caenorhabditis elegans. Pharmaceuticals (Basel) 14(2):153.

doi:10.3390/ph14020153.

41. PN Agbedanu, KL Anderson, MT Brewer, SA Carlson SA, 2015. Doxycycline as an inhibitor of
p-glycoprotein in the alpaca for the purpose of maintaining avermectins in the CNS during treatment

for parelaphostrongylosis. Vet Parasitol. 212(3-4):303-7. doi: 10.1016/j.vetpar.2015.09.002

42. 1.L. Janssen, J. Kriicken, J. Demeler, M. Basiaga, S. Kornas, G. von Samson-Himmelstjerna, 2013.
Genetic variants and increased expression of Parascaris equorum P-glycoprotein-11 in populations
with decreased ivermectin susceptibility. PLoS One. 24;8(4): €61635.

doi:10.1371/journal.pone.0061635

21



43. L.E. Peachey, G.L. Pinchbeck, J.B. Matthews, F.A. Burden, A. Lespine, G. von Samson-
Himmelstjerna, J. Kriicken, J.E. Hodgkinson, 2017. P-glycoproteins play a role in ivermectin
resistance in cyathostomins. Int. J. Parasitol. Drugs Drug Resist. 7(3):388-398. doi:

10.1016/j.ijpddr.2017.10.006.

44. A. Raza, S.R. Kopp, N.H. Bagnall, A. Jabbar, A.C. Kotze, 2016. Effects of in vitro exposure to
ivermectin and levamisole on the expression patterns of ABC transporters in Haemonchus contortus

larvae. Int. J. Parasitol. Drugs Drug Resist. 6, 103—115. doi: 10.1016/5.ijpddr.2016.03.001.

45. R. Yan, L. Urdaneta-Marquez, K. Keller, C.E. James, M.W. Davey, R.K. Prichard, 2012. The role
of several ABC transporter genes in ivermectin resistance in Caenorhabditis elegans. Vet Parasitol.

190(3-4):519-529. doi: 10.1016/j.vetpar.2012.06.038.

46. K. Fenn, M. Blaxter, 2004. Quantification of Wolbachia bacteria in Brugia malayi through the

nematode lifecycle. Mol. Biochem. Parasitol. 137(2):361-364. doi: 10.1016/j.molbiopara.2004.06.012.

47. H.F. McGarry, G.L. Egerton, M.J. Taylor, 2004. Population dynamics of Wolbachia bacterial
endosymbionts in Brugia malayi. Mol. Biochem. Parasitol. 135(1):57-67. doi:

10.1016/j.molbiopara.2004.01.006.

48. C.T. Nelson, E.S. Myrick, T.A.Nelson, 2017. Clinical benefits of incorporating doxycycline into a
canine heartworm treatment protocol. Parasit. Vectors. 2017;10(Suppl 2):515. doi:10.1186/s13071-

017-2446-4

49. M.T. Tejedor-Junco, M. Gonzalez-Martin, E. Bermeo-Garrido, R. Villasana-Loaiza, E. Carreton-

Gomez, 2018. Doxycycline treatment for Dirofilaria immitis in dogs: impact on Staphylococcus

22



aureus and Enterococcus antimicrobial resistance. Vet. Res. Commun. 42(3):227-232. doi:

10.1007/s11259-018-9727-z.

Ethical approval

Not applicable

Author contributions

Chiara Bazzocchi: Investigation Data Curation, Funding, Resources, Writing, Review & Editing.

Marco Genchi: Investigation, Methodology, Data Curation.

Chiara Lucchetti and Alessandra Cafiso: Investigation, Methodology.

Lavinia Ciuca: Data Curation, Review & Editing.

John McCall: Data Curation, Review & Editing.

Laura Helen Kamer: Conceptualization, Supervision, Funding, Resources, Data Curation, Writing,

Review & Editing.

Alice Vismarra: Investigation, Methodology, Data Curation, Writing, Review & Editing.

Declaration of competing interests

The authors declare no conflicts of interest.

Figure legend

23



Fig.1 Values of 27**“ recorded in female and male worms following 12 h incubation with the NI

Medium+1%DMSO compared to NI media alone as calibrator (basal gene expression in non-treated

worms).
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Fig. 2 Values of 272 recorded in female worms following 12 h incubation with the different drugs
and combinations. (P values in DOX treatment: Dim-pgp-10 vs. Dim-haf-5 *** P=0.0010; Dim-pgp-
11 vs. Dim-haf-5 **** P=0.0006; Dim-haf-1 vs. Dim-haf-5 ***P=0.0011; Di-avr-14 vs. Dim-haf-5

**%* P=0.0006. P value in DOX/MOX treatment Di-avr-14 vs. Dim-haf-5 ** P=0.002)
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Fig. 3 Values of 274 recorded in male worms following 12 h incubation with the different drugs and

combinations. (P values for DOX/IVM treatment: Dim-pgp-10 vs. Di-avr-14 **** P=0.00025; Dim-
pgp-11 vs. Di-avr-14 **** pP=0.0002; Dim-haf-1 vs. Di-avr-14 ****P=(.0003; Dim-haf-5 vs. Di-avr-

14 *#*+* P=0.00013).
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Fig. 4 Results of quantitative Real-time PCR reported as the ratio value between the number of gene

copies of Wolbachia (ftsZ gene) and the relative adult worm (18S rDNA) x 1000.
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Table 1. Treatment protocols

Treatment Definition

C NI media + 1% DMSO

IVM Ivermectin (3.54 nM) + 1% DMSO
MOX Moxidectin (31nM) + 1% DMSO
DOX Doxycycline (56.5 uM) + 1% DMSO
DOX/IVM

Doxycycline (56.5 uM) + ivermectin (3.54 nM) + 1%

[l Female
] Male
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DMSO

Doxycycline (56.5 uM) + moxidectin (31 nM) + 1%

DOX/MOX DMSO

Table 2. Characteristics of oligonucleotides used for the study of ABC transporters genes studied

Primer Forward primer Reverse primer Reference
name
5- 5°-
bim.  GCCATCGTAGGTCCATCAGGTTCTGGT-  TGTTCAACTGAAACGACCACACGTC
. 3 -3
pgp-10
5- ,
Di TTAACAGTGTTGATGAAGGATCAAATCC 5'ATATTTCGCTSFGGTCTTGTTGG
im- -3
pgp-11
Bourguinat et
al., 2016
Dirm- 5°- AGCACAGGAACCCATTCTAT -3' 5°- AGTTCCGTGTTCACCAACAA -3'
haf-1
oim. 5~ TCCAACTGCATCCAAGGAAGAGG -3~ | COAATCACCEBAATCETEEAA-
haf-5
2 5’-
Di 5'GCAAGAAGAC@JCTTATTGACAAG' CGGGCAAGATAATACCAATGAAAG Yates and
"&W' -3 Wolstonholme,
2004
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5’- GGGACAAGCGGTGTTTAGC -3' 5’- GCACGCTGATTCCTCCAGT -3

18S Bazzocchi et al.,
rRNA 2008
HIGHLIGHTS

e Gene expression following drug exposure is gender-dependent in Dirofilaria immitis.
e Expression of Macrocyclic Lactone receptor gene Di-avr-14 is higher in males than females.

e Expression of ML receptor gene Di-avr-14 is higher following combination treatment of

worms with MLs plus doxycycline
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