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Abstract 24 

Although genetic manipulation is one of the hallmarks in model organisms, its 25 

applicability to non-model species has remained difficult due to our limited understanding of 26 

their fundamental biology. For instance, manipulation of a cell line originated from the 27 

blacklegged tick Ixodes scapularis, an arthropod that serves as a vector of several human 28 

pathogens, has yet to be established. Here, we demonstrate the successful genetic modification 29 

of the commonly used tick ISE6 line through ectopic expression and clustered regularly 30 

interspaced palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) genome 31 

editing. We performed ectopic expression using nucleofection and attained CRISPR-Cas9 32 

editing via homology dependent recombination. Targeting the E3 ubiquitin ligase X-linked 33 

inhibitor of apoptosis (xiap) and its substrate p47 led to alteration in molecular signaling within 34 

the immune deficiency (IMD) network and increased infection of the rickettsial agent Anaplasma 35 

phagocytophilum in I. scapularis ISE6 cells. Collectively, our findings complement techniques 36 

for genetic engineering of ticks in vivo and aid in circumventing the long-life cycle of I. 37 

scapularis, of which limits efficient and scalable molecular genetic screens.   38 
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Importance 39 

Genetic engineering in arachnids has lagged compared to insects, largely because of 40 

substantial differences in their biology. This study unveils the implementation of ectopic 41 

expression and CRISPR-Cas9 gene editing in a tick cell line. We introduced fluorescently 42 

tagged proteins in ISE6 cells and edited its genome via homology dependent recombination. 43 

We ablated the expression of xiap and p47, two signaling molecules present in the immune 44 

deficiency (IMD) pathway of I. scapularis. Impairment of the tick IMD pathway, an analogous 45 

network of the tumor necrosis factor receptor in mammals, led to enhanced infection of the 46 

rickettsial agent A. phagocytophilum. Altogether, our findings provide a critical technical 47 

resource to the scientific community to enable a deeper understanding of biological circuits in 48 

the blacklegged tick Ixodes scapularis.   49 
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Introduction 50 

The blacklegged tick Ixodes scapularis is a medically relevant chelicerate that transmits 51 

several bacteria, viruses and protozoa to humans and other animals (1, 2). To date, inefficient 52 

methods for genetic manipulation in I. scapularis makes this organism mostly intractable, which 53 

leaves significant fundamental gaps in the biology of this ectoparasite. As an example, ectopic 54 

expression is a robust tool for elucidating gene function and discovering new phenotypes. 55 

However, tick cell lines are reportedly refractory to established transfection methods (3). 56 

Additionally, the use of clustered regularly interspaced short palindromic repeats 57 

(CRISPR)/CRISPR-associated protein 9 (Cas9), the gold standard for studying functional 58 

genomics in model organisms (4-6), remains challenging despite the recent strides made in 59 

genome sequencing (7-9) and the documented in vivo application of CRISPR-Cas9 editing to 60 

score morphological phenotypes in I. scapularis (10). Currently, RNA interference (RNAi) is a 61 

widely accepted technique to study functional genomics in ticks (11) but this approach presents 62 

limitations, such as off-target effects and transient or low knockdown efficiency (12). Thus, there 63 

is a pressing need for the development of genetic tools to manipulate the biology of I. scapularis 64 

and better understand interactions between this arthropod vector and microbes it encounters.  65 

In this study, we report ectopic expression and CRISPR-Cas9 gene editing of the 66 

commonly used ISE6 cell line originated from I. scapularis. We indicate the role of the E3 67 

ubiquitin ligase X-linked inhibitor of apoptosis (xiap) and p47 in activating the immune deficiency 68 

(IMD) pathway (13-15). The IMD network is analogous to the tumor necrosis factor (TNF) 69 

receptor pathway in mammals (16, 17) and acts as a primary defense against infection of Gram-70 

negative bacteria in ticks (13-15). We ectopically express fluorescently tagged xiap and p47 in 71 

the ISE6 cell line. We verify XIAP-p47 interactions and indicate their subcellular localization 72 

within tick cells. Importantly, CRISPR-Cas9 targeting of xiap led to impaired IMD pathway 73 

activation and increased infection of the rickettsial agent Anaplasma phagocytophilum. Taken 74 

together, these studies will aid in circumventing in vivo genetic methodologies that are restricted 75 
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to the two-year lifespan of I. scapularis (2, 18). Our findings will also pave the way for the 76 

development of streamlined and scalable screening strategies to investigate cell biology and 77 

molecular mechanisms in ticks.   78 
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Results 79 

Ectopic expression and XIAP-p47 interactions in a tick cell line. Labeling of 80 

organelles within cells remains an important tool in cell biology to visualize proteins of interest 81 

and identify their molecular interactions (19, 20). To determine whether fluorescent probes 82 

might be used to visualize subcellular structures in I. scapularis, we stained organelles within 83 

the ISE6 cell line through commonly used molecular dyes for plasma membrane, lysosome, 84 

mitochondria, endoplasmic reticulum, and Golgi apparatus (Figure 1A). The successful staining 85 

of these compartments in tick cells enabled the characterization of two previously identified 86 

proteins from I. scapularis: XIAP and p47 (13-15, 21). p47 is an enzymatic substrate of the E3 87 

ubiquitin ligase XIAP and activates the tick IMD pathway through Kenny (also known as 88 

IKKγ/NEMO) in response to infection with the intracellular bacterium A. phagocytophilum or the 89 

Lyme disease spirochete Borrelia burgdorferi (13). The impairment of p47 expression through 90 

RNAi in I. scapularis reduces Kenny accumulation, lessens phosphorylation of IKKβ (IRD5), and 91 

diminishes cleavage of the nuclear factor (NF)-κB molecule Relish in I. scapularis (13). 92 

We cloned p47 into the pAquamarine-N1 (p47-Aqua) plasmid and xiap in the Discosoma 93 

red-N1 (XIAP-DsRed) plasmid (Figure 1B). Next, we successfully developed a protocol to 94 

nucleofect these plasmids into tick cells (Figure 1C). Confocal microscopy revealed that the 95 

recombinant protein p47-Aqua localized in the nucleus and the cytosol whereas XIAP-DsRed 96 

was predominantly detected in the cytosol of ISE6 cells (Figure 1D). Sub-cellular fractionation of 97 

nucleofected cells independently confirmed the location of p47 and XIAP in ISE6 cells (Figure 98 

1E). Previously, McClure et al., 2019 demonstrated that XIAP binds and ubiquitinylates p47 in a 99 

lysine (K)-63 dependent manner in human embryonic kidney (HEK) 293T cells (13). To take 100 

advantage of the newly developed protocol for ectopic expression in tick cells, we next 101 

performed co-immunoprecipitation using the XIAP-HA and p47-FLAG vectors (Figure 1F). As 102 

shown for HEK293T cells, we detected molecular interactions between XIAP and p47 via affinity 103 

purification in ISE6 cells (Figure 1G). Taken together, these data demonstrate the ectopic 104 
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expression of immune molecules in ISE6 cells and confirm protein-protein interactions in I. 105 

scapularis. 106 

 107 

CRISPR-Cas9 genome editing in the ISE6 cell line. Next, we performed xiap and p47 108 

genome editing via CRISPR-Cas9 in the ISE6 cell line. We isolated genomic DNA from ISE6 109 

cells and designed PCR primers to amplify 1000 base pairs (bp) of the target regions. 110 

Specifically, two single guide RNAs (sgRNAs) per gene were made for xiap and p47 111 

(Supplementary Table 2). We developed a methodology for CRISPR-Cas9 through homology 112 

directed repair (HDR) (Figures 2-3). Genome manipulation via HDR displays a precise editing 113 

mechanism when a template is introduced into cells as a donor for homologous recombination 114 

(22, 23). To accomplish this, we used a cassette with an antibiotic marker and a reporter gene, 115 

along with DNA fragments homologous to the target gene. These homologous regions were 116 

positioned on either side of the donor cassette to facilitate recombination (Figures 2A and 3A). 117 

Due to the low efficiency associated with transfecting tick lines, we employed a 118 

ribonucleoprotein (RNP) delivery method to introduce the Cas9 endonuclease protein and 119 

sgRNAs in ISE6 cells (Figure S1). Following nucleofection, cells were split and selected with 120 

puromycin (Figure S2). We chose antibiotic selection over cell sorting because it remains 121 

technically unfeasible to culture tick cells from a single clone. 122 

For validation of the editing event, primer sets were designed to target both p47 and xiap 123 

edited cells amplifying the left homology arm and the RFP gene. Additionally, the primer pairs 124 

were designed to cover the puromycin cassette and the right homology arm (Figure 2A and 3A). 125 

PCR amplification detected the donor cassette insertion in the edited p47-/- and xiap-/- ISE6 cells 126 

(Figure 2B and 3B). Knock-in events were orthogonally confirmed through Sanger sequencing 127 

and confocal microscopy (Figures 2C-D and Figures 3C-D). Finally, western blot revealed the 128 

absence of the wildtype protein bands for p47 and XIAP in edited ISE6 cells (Figures 2E and 129 

3E). Notably, edited p47-/- cells did not survive the puromycin selection procedure, likely due to 130 
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the involvement of p47 in growth. Disruption of a p47 homolog in the budding yeast 131 

Saccharomyces cerevisiae, named Shp1, leads to lethality (24, 25). Collectively, these findings 132 

confirmed the delivery of Cas9 RNPs and ablation of either p47 and xiap in ISE6 cells.  133 

 134 

Functional disruption of xiap impairs IMD signaling pathway in I. scapularis. Given 135 

that we genetically edited xiap in I. scapularis, we then asked whether cells deficient in xiap 136 

(xiap-/-) were impaired for immune signaling pathways (Figure 4A) (13-15). Editing of xiap 137 

affected the transcription and translation of p47, relish and kenny (IKKγ/NEMO) and the 138 

cleavage of the NF-κB molecule Relish in ISE6 cells (Figures 4B-C). Next, we determined the 139 

effect of xiap editing in ISE6 cells during microbial stimulation with the Lyme disease spirochete 140 

B. burgdorferi or the rickettsial agent A. phagocytophilum. A significant decrease in the 141 

accumulation of Kenny and reduced nuclear translocation of N-Rel were observed in xiap-/- cells 142 

during microbial stimulation (Figures 4D-G), indicating that functional disruption of xiap results in 143 

the impairment of the IMD pathway in ticks. Importantly, wild-type (WT) and xiap-/- ISE6 cells 144 

were infected with A. phagocytophilum for 72 hours and bacterial burden was assessed by RT-145 

qPCR. We observed an increase in A. phagocytophilum load in xiap-/- ISE6 cells compared to 146 

the control treatment (Figure 4H). Taken together, these data obtained through CRISPR editing 147 

implicated the E3 ubiquitin ligase XIAP as an important molecule for the I. scapularis IMD 148 

pathway.  149 

  150 
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Discussion 151 

Despite the recent in vivo application of CRISPR-Cas9 editing in I. scapularis (10), 152 

genetic manipulation of ticks lags behind model insects. This scientific impediment precludes a 153 

better understanding of tick biology and its interactions with microbes. Our study expands the 154 

genetic toolbox in I. scapularis and makes feasible ectopic expression in tick cells. For instance, 155 

we: (1) expressed two tick proteins in ISE6 cells, XIAP and p47 (13-15, 21); (2) confirmed their 156 

previous molecular interactions (13); and (3) successfully detected their subcellular location. We 157 

also developed a protocol for CRISPR-Cas9 gene editing in ISE6 cells. We provide evidence 158 

that disrupting components of the IMD pathway through a genetically edited cell line resulted in 159 

an increase of A. phagocytophilum burden in I. scapularis. Notably, our approach follows an 160 

earlier report in which Kurtti et al. 2008 used cationic lipid-based transfection reagents to deliver 161 

a red fluorescent protein and a selectable marker, neomycin phosphotransferase, into ISE6 162 

cells (26). Taken together, the utilization of tick cell lines to ask biological questions offers a 163 

valuable resource for biomedical research due to its convenience and cost-effectiveness.   164 

 Recent advancements used embryo injection of CRISPR-Cas9 through the Receptor-165 

Mediated Ovary Transduction of Cargo (ReMOT Control) (27) for direct delivery of the Cas9-166 

RNP complex into I. scapularis (10). Although this technology is a breakthrough for the tick 167 

community, there are significant limitations for its applicability in vivo, including low survival and 168 

efficiency in addition to the long lifecycle of I. scapularis ticks. Our study provides a 169 

complementary approach. The technical advancements described here pave the way for 170 

exploring ancillary CRISPR-Cas9 technologies, including CRISPR activation (CRISPRa) (28) 171 

and CRISPR interference (CRISPRi) (29). Specifically, CRISPRa might be considered a 172 

valuable tool for orthogonally validating immunity and fitness studies in I. scapularis. By over-173 

expressing genes of interest in I. scapularis cells, one may complement RNAi-based 174 

technologies and develop small- or large-scale studies, such as commonly reported genome-175 

wide pooled CRISPRa screens in mammals and Drosophila (28, 30). 176 
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Collectively, the development of genetic tools for tick research offers unique avenues to 177 

identify crucial genes related to growth, physiology, immune signaling and detection of 178 

microbes. Indeed, ectopic expression and CRISPR technologies in cells might aid in the 179 

identification of antigen targets for the development of tick-based vaccines (31), epitopes 180 

associated with the α-gal allergy to red meat (32) and proteins linked to acaracide resistance 181 

(33).   182 
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Materials and methods 183 

Tick cell culture 184 

All experiments were performed under guidelines from the NIH and approved by the 185 

Institutional Biosafety Committee (IBC-00002247) at the University of Maryland, Baltimore. The 186 

embryonic cell line (ISE6) was cultured at 34°C in L15C300 medium supplemented with 10% 187 

heat inactivated fetal bovine serum (FBS, Millipore Sigma), 0.1% bovine lipoprotein concentrate 188 

(LPPC, MP Biomedicals) and 10% tryptose phosphate broth (TPP, BD). ISE6 cells were grown 189 

to confluency in T25 flasks (Greiner) and verified by PCR to be Mycoplasma free (Southern 190 

Biotech). 191 

 192 

Plasmids 193 

xiap and p47 were cloned in the pCMV-HA and pCMV-FLAG vectors, respectively, as 194 

previously described (13). For confocal microscopy, xiap and p47 were cloned in DsRed2-N1(a 195 

gift from Michael Davidson, Addgene plasmid #54493) and pAQUA-N1vectors (a gift from 196 

Fabienne Merola, Addgene plasmid # 42888). Genes of interest were amplified from ISE6 cells 197 

complementary DNA (cDNA) using Phusion polymerase (NEB Biolabs). xiap and p47 were 198 

cloned between the restriction sites SacI/EcoRI and SalI/BamHI, respectively. The xiap- and 199 

p47- donor DNA used in CRISPR experiments were procured from Origene technologies with a 200 

customized RFP-Puro cassette. All constructs were verified through Sanger sequencing. 201 

 202 

Bacteria 203 

Escherichia coli BL21 (DE3) was cultured overnight at 37°C in lysogeny broth (LB) 204 

supplemented with 100 µg/ml ampicillin. A. phagocytophilum strain HZ was cultured in the 205 

human leukemia cell line, HL-60 cell line (ATCC, CCL-240) (34). Host-free A. phagocytophilum 206 

was obtained by collecting the infected-HL-60 cells at 3,260 x g for 10 minutes. The pellet was 207 

resuspended in L15C300 medium and lysed by passing through a 27 ½  gauge needle five 208 
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times. Cell debris was separated by centrifugation at 750 x g for 5 minutes at 4°C. Host-free 209 

bacteria were enumerated using the following formula: number of infected HL-60 cells × 5 210 

morulae/cell × 19 bacteria/morulae × 0.5 recovery rate (35). Low passage B. burgdorferi B31 211 

clone MSK5 was cultured in Barnour-Stoenner-Kelly (BSK)-II medium supplemented with 6% 212 

normal rabbit serum at 37°C, as previously described (36, 37). Plasmid Profiling was performed 213 

by PCR amplification of necessary virulence plasmids (36).  214 

 215 

Antibody generation 216 

The I. scapularis Kenny custom antibody used in this study was generated by Genscript. 217 

Rabbits were immunized three times with 0.2 mg of tick Kenny immunogen (amino acids 223-218 

356). Animals were euthanized and the antiserum was obtained. Polyclonal antibodies were 219 

purified through affinity purification and tested for antigen specificity. The I. scapularis Relish 220 

monoclonal custom antibody used in this study was generated by Genscript. Mice were 221 

immunized three times with 0.2 mg of the tick N-Rel immunogen (Rel homology domain; amino 222 

acids 19-192). Animals were selected for cell fusion where parental clones were screened, and 223 

five positive clones were selected for subcloning. An appropriate parental clone was selected 224 

based on western blotting and the monoclonal antibody was purified by Protein A/G affinity 225 

column chromatography. 226 

 227 

Nucleofection  228 

For nucleofection, 2 x 105 ISE6 cells were pelleted by centrifugation at 100 x g for 10 229 

minutes. The pellet was washed with 10 ml of 1 x PBS and resuspended in 20 µl of 230 

nucleofection SF buffer (Lonza Biosciences), in which 600 ng of the DsRed2-N1 plasmid was 231 

added to the suspension. The nucleofection mix was transferred to a multi-well cuvette and 232 

subjected to the EN150 pulse condition using a 4D-Nucleofector system (Lonza Biosciences). 233 

Following nucleofection, cells were incubated in the cuvette for 10 minutes at room temperature. 234 
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ISE6 cells were added to pre-warmed L15C complete media in a 12-well plate and observed for 235 

fluorescence by microscopy after 72 hours (15).         236 

 237 

Pull-down assays 238 

Following nucleofection of 4 x 108 ISE6 cells, the pellet was resuspended in 800 µl of SF 239 

buffer. Twenty-five µg of either p47-FLAG or xiap-HA plasmids was added to the cell 240 

suspension. The cell suspension was split among eight nucleofection cuvettes (100 µl each) 241 

and pulsed using EN150. After 10 minutes post-nucleofection, tick cells were added to a T25 242 

flask containing 5 ml of pre-warmed L15C complete medium and incubated at 34 °C with 1% 243 

CO2 for 72 hours. Cells were collected, washed twice with 1 x PBS, and lysed in 244 

immunoprecipitation lysis buffer (Thermo Scientific). The lysate (10 mg) was incubated with 300 245 

μl of anti-FLAG cross-linked agarose beads overnight at 4°C. Beads were washed three times 246 

with 200 mM NaCl added to 1 x PBS and boiled for 5 minutes in 2X Laemmli buffer to elute 247 

proteins. Eluted proteins and input samples were analyzed by western blot for XIAP-HA and 248 

p47-FLAG detection. 249 

 250 

Confocal microscopy 251 

For microscopy, 5 x 105 ISE6 cells were nucleofected with 500 ng of plasmid (xiap-252 

DsRed-N1 or p47-AQUA-N1). Tick cells were then plated on a glass coverslip (Corning). After 253 

72 hours, cells were stained with the molecular dyes (Supplementary Table 1), as per the 254 

manufacturer’s protocol. ISE6 cells were fixed with 4% paraformaldehyde followed by 1 x PBS 255 

washes and the coverslip was mounted on a slide using Antifade gold mounting reagent with 256 

4′,6-diamidino-2-phenylindole (DAPI) (Invitrogen) and observed under the Nikon W-1 Spinning 257 

Disk confocal microscope. The following laser channels were used: 561 nm (XIAP-DsRed), 488 258 

nm (GFP, plasma membrane, lysosomes, mitochondria, and endoplasmic reticulum), 405 nm 259 

(DAPI), 456 nm (p47-AQUA) and 561 nm (RFP, Golgi apparatus). 260 
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 261 

Subcellular fractionation 262 

Subcellular fractionation was performed as previously described (38). Briefly, ISE6 cells 263 

were resuspended in 500 µl fractionation buffer and passed through a 27-gauge needle 10 264 

times. After a 20-minute incubation on ice, the cells were centrifuged at 720 x g for 5 minutes. 265 

The supernatant was ultra-centrifuged at 100,000 x g for 1 hour to isolate the membrane 266 

fraction and the pellet was separated for the nuclear fraction. The supernatant was collected as 267 

the cytosol fraction. The pellet was washed in 400 µl of fractionation buffer, passed through 25-268 

gauge needle and re-centrifuged at 100,000 x g for 45 minutes. The membrane pellet was 269 

resuspended in TBS containing 0.1 % Sodium dodecyl sulfate (SDS) for western blot detection. 270 

 271 

sgRNA and donor DNA design 272 

Amplicons were validated using Sanger sequencing and aligned to the reference 273 

genome. Exons were identified using the ORF finder tool 274 

(https://www.bioinformatics.org/sms2/orf_find.html). Exon 3 for xiap and exon 5 for p47 were 275 

selected. The CHOPCHOP server (https://chopchop.cbu.uib.no/) was used to identify guide 276 

RNA hits. The sgRNAs were selected based on the ~20 bp sequences adjacent to NGG-PAM 277 

(protospacer adjacent motif) with 40-80% GC content and no off-target binding. The sgRNA 278 

scaffold contained the CRISPR RNA (crRNA) or the ~20 bp target sequence, as well as the 279 

transactivating CRISPR RNA (tracrRNA) (39, 40). Two sgRNAs sequences were selected per 280 

gene, one targeting each strand (Supplementary Table 2) and customized from Synthego. The 281 

spCas9 protein and sgRNAs were combined in vitro to form the RNP complex which was then 282 

introduced into the ISE6 cells through nucleofection, along with the donor DNA. 283 

To induce HDR, a donor DNA or DNA repair template was delivered to cells along with 284 

the sgRNA and Cas9 endonuclease (40-42). The donor DNA constructs targeting xiap and p47 285 

genes had the following features: (i) a red fluorescent protein (RFP) driven by the EF1α 286 
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promoter; (ii) the puromycin gene for antibiotic based selection flanked by a phosphoglycerate 287 

kinase 1 (PGK) promoter; (iii) the loxp (locus of X-over P1) sites to flox out the puromycin 288 

cassette; and (iv) DNA fragments of ~600 bp in length, homologous to the xiap or p47 gene 289 

locus flanking the Cas9 cleavage site on the 5’ and 3’ ends. The resulting plasmid was of ~7 Kb 290 

in length with the 2.5 Kb RFP-Puro cassette targeted for insertion at the xiap or the p47 gene 291 

loci.  292 

 293 

CRISPR-Cas9 gene editing in tick cells 294 

To prepare the RNP, 200 pmol of Cas9-NLS-tagRFP protein (Genaxxon bioscience) and 295 

100 µM of sgRNAs for p47 and xiap (Supplementary Tables 1-2) were mixed and incubated at 296 

room temperature for 20 minutes. The RNP complex together with 7 µg of donor DNA was 297 

nucleofected into 3 X 107 ISE6 cells using EN150 and buffer SF via the 4D-Nucleofector system 298 

(Lonza Bioscience) (Figure S1). ISE6 cells were split (1:10) 3 days post-nucleofection and then 299 

cultured for 10 days. This process was repeated for 7 cycles followed by puromycin selection (4 300 

µg/ml) to select for edited cells. 301 

 302 

Antibiotic selection 303 

5 x 105 ISE6 cells were plated on a 12-well plate and increasing concentrations of 304 

puromycin (0-10 µg/ml) were added to the cells after 24 hours. The medium containing the 305 

puromycin antibiotic was replaced every two days for a duration of 10 days. Cell viability was 306 

measured using trypan blue to determine the appropriate puromycin concentration (Figure S2). 307 

 308 

Quantitative reverse transcription polymerase chain reaction (qRT-PCR) 309 

RNA was extracted from the cells preserved in TRIzol (Invitrogen) using the PureLink 310 

RNA Mini kit (Invitrogen) and the cDNA was synthesized with the Verso cDNA Synthesis Kit 311 
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(ThermoFisher). Gene expression was measured using the primers listed in Supplementary 312 

Table 2. 313 

 314 

Western blotting 315 

ISE6 cells (3x106 cells per well) were plated in 6-well plates (Millipore Sigma) and 316 

stimulated accordingly. Protein lysate was prepared in Radio-immunoprecipitation assay (RIPA) 317 

buffer (Merck Millipore) with a protease inhibitor cocktail (Roche) and protein concentration was 318 

estimated using BCA assay (Thermo Scientific). Sodium dodecyl sulfate polyacrylamide gel 319 

electrophoresis (SDS-PAGE) samples were prepared by boiling equal amounts of protein in 6X 320 

Laemmli sample buffer (Alfa Aesar) containing 5% β-mercaptoethanol. Proteins were 321 

transferred onto PVDF membranes (Biorad) and membrane was blocked for 1 hour with 5% 322 

skimmed milk prepared in PBS-T. Primary antibodies were incubated overnight at 4°C in PBS-T 323 

and blots were washed four times in PBS-T. Blots were subsequently incubated with secondary 324 

antibodies for at least 1 hour at room temperature with gentle rocking. Blots were washed four 325 

times in PBS-T, incubated with enhanced chemiluminescence (ECL) substrate solution for 1 326 

minute (Millipore), and imaged. 327 

 328 

Statistical Analysis 329 

Three independent experiments were performed for each set of experiments. Means ± 330 

standard error of the mean (SEM) was plotted, and statistical significance was assessed by the 331 

unpaired t test with Welch’s correction or one-way analysis of variance (ANOVA). GraphPad 332 

PRISM® (GraphPad Software version 9.1.0) was used for statistical analyses and GraphPad 333 

Quickcals program was used for outlier detection 334 

(https://www.graphpad.com/quickcalcs/Grubbs1.cfm). A p value<0.05 was considered 335 

statistically significant.  336 
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Figure Legends 337 

Figure 1. Ectopic expression in the ISE6 cell line. (A) Confocal images of ISE6 cells stained 338 

with different molecular dyes. (B) Cartoon depicting plasmids used for confocal microscopy. 339 

Discosoma red-N1 (DsRed2-N1) contains the fluorescent gene DsRed whereas p-Aquamarine-340 

N1 (pAqua-N1) carries the fluorescent gene Aqua. (C) Schematic representation of ectopic 341 

expression in tick cells. (D) Ectopic expression of Aqua-tagged p47 and DsRed-tagged XIAP in 342 

ISE6 cells. ISE6 cells were nucleofected with the plasmid containing p47-Aqua, xiap-DsRed or 343 

the empty vector (DsRed-N1 or pAqua-N1). Golgi (red), plasma membrane (green) and DAPI 344 

(blue). (E) Sub-cellular fractionation of ISE6 cells. Glyceraldehyde 3-phosphate dehydrogenase 345 

(GAPDH) and histone H3 were used as cytosolic and nuclear markers, respectively. (F) 346 

Schematic representation of pull-down in ISE6 cells. xiap-HA and p47-FLAG constructs were 347 

nucleofected in ISE6 cells (3 x 107). Co-transfected cells were harvested after 72 hours, and 10 348 

mg of the lysate was incubated with the 50 µl of FLAG beads for 18 hours at 4°C. (G) The 349 

complex was immunoprecipitated (IP) using the 3X-FLAG peptide and subjected to 350 

immunoblotting (IB). Data represents one of two independent experiments. 351 

 352 

Figure 2. CRISPR-Cas9 p47 editing in ISE6 cells. (A) Schematic representation of the p47 353 

locus and the donor construct. The orange boxes represent the eight exons of the p47 locus, 354 

and the black line represents the intron sequence (top). The purple star on exon 5 represents 355 

the sgRNA binding and Cas9 cleavage site. The donor DNA (bottom) carries the promoter and 356 

coding sequence for the red fluorescent protein (RFP)-puromycin cassette (RFP-Puro) with the 357 

loxp (locus of X-over P1) sites in the pUC19 backbone. The donor DNA construct also carries 358 

DNA fragments of ~600 bp in length, homologous to the p47 gene locus, flanking the Cas9 359 

cleavage site on the 5’ and 3’ ends for homology-directed repair (HDR). The arrows with 360 

numbers 1-4 represent primers for gene amplification analysis. (B) PCR amplification confirming 361 

the integration of the donor cassette (RFP-Puro) in the genomic DNA prepared from p47 edited 362 
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(p47-/-) cells. PCR was performed using the primer pairs 1 and 2 and 3 and 4, as mentioned in 363 

(A). The genomic DNA prepared from wildtype (WT) ISE6 cells did not show any amplification. 364 

The donor DNA was used as a positive control (+). The length in nucleotides of the amplified 365 

fragments is represented in numbers. (C) Editing was further confirmed through Sanger 366 

sequencing where the blue arrow is the targeted exon (Exon 5), red and dark blue arrows 367 

represent the sgRNA target sites with arrowheads showing the binding direction. The number in 368 

parenthesis is the binding location of sgRNA on the exon. The results were validated through 369 

fluorescence microscopy (D) and western blotting (E). 370 

 371 

Figure 3. CRISPR-Cas9 xiap editing in ISE6 cells. (A) Schematic representation of the xiap 372 

locus and the donor construct. The orange boxes represent the five exons of xiap with sgRNA 373 

binding and the Cas9 cleavage site on exon 3 (purple star). The donor construct contains the 374 

red fluorescent protein (RFP) and puromycin cassette (RFP-Puro) along with the DNA 375 

fragments of ~600 bp in length, homologous to the xiap locus, flanking the Cas9 cleavage site 376 

on the 5’ and 3’ ends for homology-directed repair (HDR). The arrows with numbers 1 and 4 377 

represent the primers for the gene amplification analysis. (B) PCR amplification analysis 378 

confirming the integration of the donor cassette (RFP-Puro) in the genomic DNA prepared from 379 

xiap edited cells (xiap-/-). PCR was performed using the primer pairs 1 and 2 and 3 and 4, as 380 

mentioned in (A). The genomic DNA prepared from wildtype (WT) ISE6 cells did not show any 381 

amplification. The donor DNA was used as the positive control (+). The length in nucleotides of 382 

the amplified fragments is represented in numbers. (C) Editing was confirmed through Sanger 383 

sequencing where the blue arrow is the targeted exon (Exon 3), red and dark blue arrows 384 

indicate the sgRNA target sites with arrowheads showing the binding direction. The number in 385 

parenthesis is the binding location of sgRNA on the exon. Results were validated via 386 

fluorescence microscopy (D) and western blotting (E). 387 

 388 
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Figure 4. Functional disruption of xiap impairs the IMD signaling network in I. scapularis. 389 

(A) Graphical representation of the IMD pathway in ticks. (B-C) Functional disruption of xiap 390 

impaired the expression of molecules associated with the IMD pathway at both transcriptional 391 

(B) and translational levels (C). (D-G) 3 x 106 wildtype (WT) and xiap-/- cells were plated in a 6-392 

well plate and stimulated with A. phagocytophilum (multiplicity of infection - MOI 50) or B. 393 

burgdorferi (MOI 50) for 15 minutes. Disruption of XIAP signaling impairs Kenny accumulation 394 

and Relish cleavage in response to (D-E) A. phagocytophilum infection or (F-G) B. burgdorferi 395 

stimulation. For data normalization, Kenny and N-Rel band densities were normalized to actin 396 

and values were divided by the uninfected WT control densitometry. Western blot images are a 397 

representative image of at least 2 independent experiments. (H) WT and xiap-/- cells were 398 

infected with A. phagocytophilum (MOI 50). ISE6 cells were harvested after 72 hours of 399 

infection. The A. phagocytophilum 16S rRNA transcript was quantified by qRT-PCR and the 400 

expression data was normalized to I. scapularis β-actin. The qRT-PCR data show the 401 

combination of three independent experiments. Results are represented as a mean ± SEM. 402 

Statistical significance was evaluated by unpaired t test with Welch’s correction (B and H) and 403 

one way ANOVA with post-hoc Tukey (E and G). *p<0.05; **p<0.01; ****p<0.0001.  404 
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