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23 ABSTRACT

24  Camelids are economically and socially important in several parts of the world and

25  might carry pathogens with epizootic or zoonotic potential. However, biological

26  research in these speciesis limited due to lack of reagents. Here, we developed RT-

27  gPCR assays to quantify a panel of camelid innate and adaptive immune response

28  genes, which can be monitored in asingle run. Validation of the assays was performed
29  with PHA, PMA-ionomycin, and Poly I:C-stimulated PBM Cs from alpaca, dromedary
30 camel and llama, including normalization by multiple reference genes. Further,

31 comparative gene expression analyses for the different camelid species were performed
32 by aunique microfluidic gPCR assay. Compared to unstimulated samples, PHA and

33  PMA-ionomycin stimulation elicited robust Thl and Th2 responses in PBMCs from

34  camelid species. Additional activation of type | and type |11 IFN signalling pathways
35  wasdescribed exclusively in PHA-stimulated dromedary lymphocytes, in contrast to
36  thosefrom alpacaand Ilama. We also found that Polyl:C stimulation induced robust

37  antiviral response genesin alpaca PBMCs. The proposed methodology should be useful
38 for the measurement of immune responses to infection or vaccination in camelid

39  Species.

40

41  Keywords. Camelid species, cytokines, immuneresponses, RT-qPCR, Fluidigm

42  Biomark, PHA, PMA-ionomycin, Polyl:C, dromedary, camel, llama, alpaca
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44  |INTRODUCTION

45  Camelid species are livestock of great economic, sanitary, health and environmental

46  importance in the north of Africa, central Asia, the Middle East, and South America.

47  Number of these animals is expected to grow since the camelid industry is in transition
48  from nomadism to intensive production (FAOSTAT, 2021). In Europe, camelids are

49  used for fine wool production but also kept as pets, guardians of other livestock, or used
50 for recreational or leisure purposes (Halsby et al., 2017). However, these species are

51  susceptibleto several viruses, bacteria and protozoan parasites affecting meat and milk
52  production. As an example, Camelpox and Peste des Petits Ruminants viruses are

53  causing recurrent epizootic outbreaks in Africaand Middle East (Khaafalla, 2017).

54  Furthermore, there is limited information available about the role of camelids in the

55  epidemiology of zoonotic diseases. In recent years, the most studied pathogens causing
56  zoonotic diseases included the Middle East respiratory syndrome coronavirus (MERS-
57 CoV), Rift Valley fever virus (RVFV), Brucella sp., and Echinococcus granulosus (Zhu
58 etal., 2019). Many other less studied viruses known to be carried and transmitted by

59  camelids, such as hepatitis E virus (HEV) or Crimean-Congo haemorrhagic fever virus
60 (CCHFV), are of serious human health concern as well. Camelids are also hosts of

61  many other fastidious bacterial diseases including tuberculosis, gastrointestinal illnesses
62  caused by verotoxin-producing E. coli, campylobacteriosis, listeriosis and

63  samonellosis, among others, as well as protozoan parasites (Cryptosporidium spp.,

64  Sarcoptes, Giardia duodenalis, etc.) of veterinary and human health concern

65 (Khaafala, 2017).

66  Understanding disease pathogenesis and identifying protective immune responses are
67  prerequisites for the rational development of new anti-microbia drugs and vaccines. In

68  addition, comparison of immune responses between humans and domestic or wildlife
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69  specieswould shed insights to delineate host factors involved in disease outcome. Upon
70  pathogen infection, the host immune system is regulated by complex mechanismsin

71 which cytokines play a pivotal role in determining the intensity and duration of the

72 immune response (Dinarello, 2007; Svanborg et al., 1999). In some domestic species,
73 such aspig, goat, cattle, and sheep, the quantification of cytokines, either at the protein
74 or mRNA level, has become a widely used method to monitor immune responses upon
75  pathogen infection (Smeed et a., 2007; van Reeth & Nauwynck, 2000). However,

76  cytokine detection in camelids has been hampered by the lack of specific reagents.

77  Todate, there are few reliable commercial ELISA kits available to study immune

78  responsesin camelids at the protein level. Nonetheless, camelid interferon (IFN)-a, and
79  some Thl and Th2 cytokines, and pro-inflammatory cytokine cDNASs have been cloned
80  and sequenced (Nagargjan et al., 2012; Odbileg et a., 2006; Odbileg, Konnai, et .,

81  2005; Odbileg, Lee, et a., 2004, 2005; Premraj et al., 2020). Sets of primers have been
82  derived from these sequences (Odbileg, Konnal, et al., 2004) to quantify cytokine

83  mRNAsin periphera blood mononuclear cells (PBMCs) of Camelus bactrianus upon
84  vaccination with Brucella abortus strain 19 by reverse transcription quantitative

85  polymerase chain reaction (RT-qPCR) assays (Odbileg et ., 2008). Although these

86  previous works provided toolsto quantify afew camelid cytokine mRNAS, primer

87  assaysonly allow for a cursory study of immune response pathways and were not

88  optimized to function in high-throughput gPCR platforms. We previously took

89  advantage of well-annotated camelid draft genomes (Wu et al., 2014) to design a

90 comprehensive set of primers from genes encompassing several innate immune

91  response pathways (Te et a., 2021, 2022), and demonstrated their usefulnessin

92  respiratory tract samples of apacas. Here, we extended this panel of primersto

93  characterize the expression of innate and adaptive immune response genesin
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94  phytohemagglutinin (PHA), phorbol 12-myristate 13-acetate (PMA)-ionomycin and/or
95  Polyl:C-stimulated PBMCs from three different camelid species (dromedaries, llama,
96 and alpacas). We optimized gene expression analyses in the highly sensitive and cost-
97  effective Fluidigm Biomark microfluidic qPCR system. A full validation and

98  standardization of these assaysis provided together with an interspecies comparison,
99 characterizing camelid cytokine expression with non-specific PBMC stimuli widely

100  used inimmunological research.

101

102 MATERIALSAND METHODS

103  The present work was performed using the nomenclature and following the validation
104  protocols proposed by the Minimum Information for publication of quantitative real-

105 time PCR experiments (MIQE) guidelines (Bustin et al., 2009).

106 Animal welfare, ethics, and experimental design

107  Experiments with animals were performed at animal facilities of IRTA Alcarras farm
108 (Lleida, Catalonia, Spain) or at the Biosafety Level-3 (BSL-3) facilities of IRTA-

109 CReSA (Barcelona, Catalonia, Spain), and were approved by the Ethical and Animal
110  Welfare Committee of IRTA (CEEA-IRTA) and by the Ethical Commission of Animal
111 Experimentation of the Autonomous Government of Catalonia (approval No. FUE-

112 2017-00561265 and FUE-2018-00884575).

113 Twollamas (L1, L2) and five alpacas (A1-5) were purchased from Belgium and The
114  Netherlands, respectively, housed at IRTA-CReSA animal facilities and used for

115  routine blood collection. L1 and L2 were used in a previously published study (Rodon
116  etal., 2019), and blood was collected prior experimental infection with MERS-CoV.
117  One heathy dromedary camel (D1) from a private zoo (Alicante, Vaencian
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118  Community, Spain) was also bled once for routine checking purposes, and extra blood

119  samples were taken to perform this work.
120  Blood collection

121 Whole blood samples (40 to 50 mL) from each animal were collected from the jugular
122 veinusing EDTA BD Vacutainer® tubes (Beckton Dickinson, New Jersey, USA),

123 following animal welfare protocols.
124 PBMC isolation

125  Prior PBMCsisolation, whole blood was diluted 1:1 with phosphate-buffered saline
126  (PBS). PBMCs were harvested from blood by density-gradient centrifugation with

127  Histopaque®-1083 (Sigma-Aldrich, . Louis, MO, USA), according to the

128  manufacturer’ sinstructions. PBM Cswere cultured in RPM1-1640 media supplemented
129  with antibiotics (100 U/mL penicillin, 0.1 mg/mL streptomycin) and glutamine (2

130  mmol/L) purchased from Life Technologies (Waltham, USA), B2-mercaptoethanol

131 (5x10° M; Sigma-Aldrich, MO, USA), and 10% heat inactivated foetal calf serum

132 (FCS; EuroClone, Pero, Italy). Cell viability was assessed by the Trypan blue staining

133  exclusion method.
134  Cdll stimulation assays

135  PBMCsfrom A1-2, D1, and L1-2 were seeded on 24-well plates at 5-10° cells/mL, and
136  cultured in duplicates in medium alone (control condition), or stimulated with 10

137  pg/mL of PHA (Sigma-Aldrich, St. Louis, MO, USA), or with a combination of 10
138  ng/mL PMA (Sigma-Aldrich, St. Louis, MO, USA) and 1 pg/mL ionomycin calcium
139  salt (Sigma-Aldrich, St. Louis, MO, USA) for 48 h at 37°C and 5% CO,. Additionally,
140  PBMCs from A3-5 were cultured with 250 ng/mL Poly(l:C)-LMW/LyoVec™

141 (Polyl:C; Invivogen, San Diego, USA) for 48 h at 37°C and 5% CO,. Afterwards,
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142  PBMCs were carefully collected by up and down pipetting and transferred to a
143  DNase/RNase-free tube. After centrifugation, supernatants were removed and lysis
144  buffer for RNA extraction was added to the cell pellet. All samplesin lysis buffer were

145  stored at -807 until RNA extraction.

146 RNA extraction and quantification

147  Total RNA was extracted from PBMCs using the RNeasy® Mini Kit (Qiagen Ltd.,
148  Crawley, UK), according to the manufacturer’s protocol. After RNA elution, an

149  additional DNase | treatment was performed using the Heat& Run gDNA removal kit
150  (ArcticZymes Technologies, Tromsg, Norway), following the manufacturer’s protocol.
151  Finally, RNase inhibitors (Invitrogen, Life Technologies, Waltham, USA) were added
152  tothe RNA samplesin afinal concentration of 1 U/uL prior storage at -80°C until

153  reverse transcription (RT) reaction was performed.

154  The purity, quantity and integrity of the extracted RNA were assessed using a BioDrop
155  PLITE Spectrophotometer (BioDrop Ltd, Cambridge, UK) and Lab-Chip analysis
156  (Agilent Technologies, Santa Clara, USA). The A260:A280 ratio ranged from 1.6 to

157 2.1, and RNA Integrity Numbers (RIN) ranged from 7 to 9.6.

158  cDNA synthesis

159  Total RNA samples were used to generate cDNA as previously described (Te et al.,
160  2021). Briefly, 110 ng of RNA were retrotranscribed in afinal volume of 10 uL using
161  the PrimeScript RT reagent Kit (Takara, Kusatsu, Japan) with a combination of oligo-
162  d(T) and random hexamers, according to the manufacturer’ s protocol. No-reverse

163 transcription controls (no-RT) with all buffers and reagents supplied by the kits, but
164  omitting the reverse transcriptase, were prepared to assess non-specific amplifications

165  and presence of genomic DNA (gDNA).
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166  Additionally, control cDNA samples from stimulated PBM Cs were obtained with the
167  aim to generate standard curves and determine primer pair efficiencies. Samples were
168  pooled by species at the same proportion per individual animal, except for the

169  dromedary camel. For each species, pools contained cDNA samples from PMA-

170  ionomycin and PHA-stimulated PBMCs at 1:1 proportion, while alpaca PBM Cs

171 stimulated with Polyl:C were pooled independently. Finally, samples were serially

172 diluted by 1:4 steps (1/20, 1/80, 1/320, 1/1280, 1/5120) prior amplification reactions.

173 Primer design of immune associated and r efer ence genes

174  Camelid genes and mRNA were found through bibliographic search or with described
175  mRNAsin other species performing BLASTn (https://blast.ncbi.nim.nih.gov/Blast.cgi).
176  Primers were designed through comparative genomics of sequences deposited at the
177  National Centre for Biotechnology Information (NCBI) GenBank database of llama
178  (Lama glama), alpaca (Vicugna pacos), dromedary camel (Camelus dromedarius),

179  bactrian camel (Camelus bactrianus), and wild bactrian camel (Camelus ferus).

180  Comparison of MRNA and genomic sequences of each studied gene were performed
181  with the alignment tool ClustalW to determine exon boundaries. In some instances,

182  exonswere aready annotated in camelid genomes.

183  Primer pairs were designed with Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/), Primer-
184  Blast (https://www.ncbi.nlm.nih.gov/tool/primer-blast), or Primer Express 2.0

185  (ThermoFisher Scientific, Life Technologies, Waltham, USA), according to the

186  following desirable criteria: (i) to span two or more exons, and some of them were

187  placed at the exon-exon boundaries, (ii) 17-23 nucleotides in length, close to the mRNA
188 3 end when possible, (iii) GC-content percentage between 45 and 55%, (iv) leading to
189  an approximate 80-200 bp PCR product, (v) melting temperature (Tm) of each primer

190  between 57-63°C with less than 2°C difference within primer pairs, and (vi) avoiding

8
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191  primer hairpin, self-primer dimer or cross-primer dimer formation.

192  Theavoidance of primer secondary structure arrangement was assessed through the
193  Beacon Designer' program

194  (http://www.premierbiosoft.com/qOIligo/Oligo.jsp?PID=1), selecting for primers with
195  AG greater than -3.5 kcal/mol when possible. Further, primer sequence specificity was
196  assessed using the BLASTn alignment tool against all camelid genome sequences.

197  Potential transcription of predicted pseudogenes was assessed by carrying out promoter
198  region analyses through the VISTA (http://genome.lbl.gov/vista/

199  customAlignment.shtml) and the Promoter 2.0 Prediction Server

200  (http://www.cbs.dtu.dk/services/Promoter) softwares. Finaly, the primer position

201 within exons was checked in silico with their respective camelid gene sequences from
202 the NCBI GenBank using the MapViewer tool. All the primers designed in this study
203  aresummarized in Tablel. Table S1 compiles GenBank accession numbers of camelid
204  genes and mRNA used in this study. Table S2 compiles the principal characteristics of
205  genes and derived primers used in this study. Oligonucleotides used in this study were

206  supplied by Roche Diagnostics (Sant Cugat del Valles, Barcelona, Spain).
207  Cytokine quantification by Fluidigm Biomark microfluidic RT-qPCR

208  cDNA obtained from PBMCs samples were used to validate the whole panel of primers
209 designed for camelid species and to quantify gene expression levels by a microfluidic
210  gPCR technique. Firstly, cDNA samples were pre-amplified using the TagMan PreAmp
211 Master Mix (Applied Biosystems, Life Technologies, Waltham, USA), following the
212 manufacturer’s recommendations, doing an initial activation step of the AmpliTag Gold
213 DNA Polymerase for 10 min at 95°C, followed by 16 cycles of 15 seconds denaturation
214  at 95°C plus 4 min annealing and extension at 60°C. Pre-amplified products were

215  treated with Exonuclease | (New England Biolabs, Ipswich, USA) for 30 min at 37°C
9


https://doi.org/10.1101/2023.01.15.524100
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.15.524100; this version posted January 18, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

216  to eliminate the carryover of unincorporated primers. An inactivation step of the

217  enzyme for 15 min at 80°C was included according to the manufacturer’ s protocol. The
218  96.96 Dynamic Array IFCs, the 96.96 DNA Binding Dye Sample/Loading Kit

219  (Fluidigm Corporation, South San Francisco, USA) was prepared according to the

220  manufacturer’ s instructions. Pre-amplified samples were diluted /20 in 1x TE Buffer,
221 and aliquots of 2.25 L of each sample and 0.6 uL of primer pairs at 100 uM were

222 loaded in duplicates into their respective array inlets. Quantification of PCR reactions
223 was performed on a Biomark HD system (Fluidigm Corporation, South San Francisco,
224  USA). The PCR consisted in an initial activation step of 1 min at 95°C, followed by 30
225  cycles of 5 seconds at 96°C plus 1 min at 60°C. A dissociation step, increasing 1°C

226 every 3 seconds from 60 to 95°C, wasincluded for all reactions to confirm single

227  specific PCR product amplification and define the Tm of each amplicon. Additionally,
228  stimulated control samples were assayed in triplicates to create relative standard curves
229  and calculate primer amplification efficiencies (see Table S3). No-RT controls and no-
230  RNA template controls (NTC) were included in each assay to check for non-specific

231 amplification or primer-dimer formation.

232  Relative quantification and data analysis

233  Expression data was collected with the Fluidigm Real-Time PCR analysis software
234 4.1.3 (Fluidigm Corporation, South San Francisco, USA). Cycle of quantification (Cq)
235  threshold detection value was set at 0.020, quality threshold cut-off value was

236  edtablished at 0.65 and amplification specificity was assessed by Tm analyses for each
237  reaction. Amplifications fulfilling the above criteriawere analysed using the DAG

238  expression software 1.0.5.6 (Ballester et al., 2013) to apply the relative standard curve
239  method (Livak, 1997). Cq values obtained from pooled cDNA controls were used to

240 create standard curves for each gene, species and PBM C stimulation condition, and to

10
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241  extrapolate the relative quantity values. R-squared values were determined for each

242  standard curve and the specific PCR efficiencies were calculated by applying the

243 formula (10"(-L/slope value)-1)*100 (see Table S3). Multiple reference gene

244  normalization was performed by using glycera dehyde-3-phosphate dehydrogenase

245  (GAPDH), hypoxanthine phosphoribosyltransferase (HPRT1) and ubiquitin C (UBC) as
246  endogenous controls. Their suitability for normalization procedures was assessed by
247  control-gene stability analyses with the DAG expression software 1.0.5.6 (Ballester et
248  a., 2013). The normalized quantity values of each sample and assay were used for

249  direct comparison in relation to non-stimulated PBMCs samples cultured during 48 h.
250  Therefore, the up- or down-regulated expression of each gene was expressed in fold

251 changes (Fc).

252 Statistical analyses could only be applied in results from alpaca PBM Cs cultured with
253 Polyl:C stimulus, due to the sample size. Fc values were logarithmically transformed to
254  achieve normal distributions. Means of the transformed fold changes obtained for

255  stimulated and unstimulated conditions were compared using unpaired t-test analysesin
256 R and GraphPad Prism softwares. Differences were considered significant at p-values <
257  0.05.

258

259 RESULTS

260  Selection of immune-related genesand primer design

261  The selected genes encompassed several functional categories representative of

262  pathogen innate and adaptive immune responses, and comprised type |, Il and I11 IFNs,
263  pattern recognition receptors (PRRS), transcription factors (TFs), IFN-stimulated genes
264 (1SGs), pro- and anti-inflammatory cytokines, enzymes, adaptors, cellular receptors,

265  and other genesinvolved in Thl and Th2 responses. In addition, three reference genes,

11
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266 GAPDH, HPRT1 and UBC, were selected to normalize gene expression. Table 1

267  summarizes genes and primers designed for subsequent expression analyses.

268  Primer sets were designed to anneal in conserved transcribed regions of genes from five
269  camelid species (alpaca, Bactrian camel, dromedary camel, Ilama, and wild Bactrian
270  camel). Some of the genes were not annotated in the genome of |lama (see Table S1)
271 but exon/intron boundaries could be found by performing a BLASTn with the mRNA
272 of other camelid species. The main features of the designed primer pairsarelisted in

273  Table S2.

274 Primer amplification efficacy and specificity

275  Pools of cDNAS prepared from stimulated PBM Cs were used to evaluate the whole
276 pane of primersin samples from apaca, dromedary, and [lama. Number of dilutions
277  used for the generation of each standard curve, slopes, coefficients of determination and
278  amplification efficiencies are listed in Table S3. After 48 h of PBMC stimulation, all
279  gene transcripts were sufficiently expressed to generate standard curves using 3 to 5
280  serid dilutions, except for IFNARL in samples from dromedary and IFN-A1 in those
281  from dromedary camel and llama (Table S3). IFN-A3 was not expressed in PBMCs
282 from any species, regardless of the stimuli type (Table S3). All calibration curves

283  produced linear standard curves, as evidenced by high coefficients of determination
284  (>0.95, except for 1 sample that was 0.886). Primer pairs resulted in optimal

285  amplification efficiencies in the different camelid species, ranging from 69 to 100%.
286  Tm analyses confirmed a single specific amplicon for al amplified gene transcriptsin
287  al three camelid species. No amplifications occurred in no-RT and NTC samples

288  included in the microfluidic RT-qPCR assays. Thus, most of the designed primer pairs
289  targeting camelid cytokines and immune-related genes, as well as endogenous genes,

290  displayed optimal specificity and efficacy suitable for immune response studiesin

12
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291 camelid PBMCs.

292  Geneexpression analyses of llama PBM Cs by microfluidic RT-gPCR

293 Transcriptomic gene expression profile of llama PBMCs stimulated for 48 h with PHA
294  and PMA-ionomycin were compared to those of unstimulated cells. Relative expression
295  of the different genes grouped by functional categoriesis shown in Figure 1la-j. PHA
296 and PMA-ionomycin stimulation provoked similar gene expression profilesin llama
297  PBMCs. Both stimuli induced expression of IFN-y at high levels (114 and 123 Fc,

298  respectively), but none of the other type | or 111 IFNs were upregulated (Figure 14).
299  Within the category of 1SGs, CXCL10 expression was induced by PHA and PMA-

300 ionomycin and MX1 only by PHA stimulated samples (Figure 1c). PHA and PMA-
301 ionomycin aso provoked the upregulation of CCL3, TNF-a, IRF7 and NFKBL1 (Figure
302 1d, eandf). High levels of IL-6 (Fc of 79.82 and 62.47), IL-2 (Fc of 71.32 and 80.30)
303 andIL-4 (Fc of 195.78 and 145.58) expression were found of PHA and PMA-

304 ionomycin stimulation, respectively (Figure 1e and j). Transcription of other pro- or
305  anti-inflammatory cytokines, PRRs, adaptors, enzymes and IFN receptors were not
306 inducedin llamastimulated PBMCs (Figure 1b, e, g, hand i). Globally, the results

307 obtained in [lama cells were according to the expectancy that PHA and PMA -

308 ionomycin provoke a marked polyclonal stimulation of PBMCs.

309 Geneexpression analyses of alpaca PBM Cs by microfluidic RT-gPCR

310  We utilized the same methodology to study immune gene expression in alpaca. Gene
311  expression profile of stimulated PBMCs (PHA, PMA-ionomycin and Polyl:C) were
312  compared to that of unstimulated cells (Figure 2a-j). PHA and PMA-ionomycin

313  dtimulation triggered an upregulation of RIG-1, MDA5, MX1, 1SG15, CXCL1, and IL-8

314  compared to non-stimulated samples cultured for 48 h (Figure 2b, c, d, €). Moreover,
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315  expression of IFN-g, IFN-y, IL-10, IL-6, STAT-1, IRF7, NFKB1, CASP1, IL-2 and IL-4

316  wasmore markedly upregulated in PHA-stimulated PBMCs (Figure 23, e, f, hand j).

317  On the other hand, PMBCs from three additional alpacas were cultured with Polyl:C to
318  ensurefunctionality of primerstargeting mRNA of impassive genesto PHA or PMA-
319  ionomycin stimulation. Polyl:C exposure for 48 h resulted in the upregulation of

320 different immune genes when compared with the previous polyclonal stimulations

321 (IFN-a, IFN-B8, RIG-1, MDA5, TLR3, TLR7, CXCL10, MX1, OASL, I1SG15, IL-10, IL-6,
322 STAT1 and IRF7), some of them being expressed at high levels such as IFN-£ (83.72
323 Fc), MX1 (30.68 Fc) and 1SG15 (62.34 Fc) (Figure 2a-f). Moreover, statistical analyses
324  determined asignificant increase in IFN-£, RIG-1, MDA5, TLR7, NLRP3, all ISGs,

325  STAT1 and IRF7 expression levels compared to non-stimulated al paca PBMCs.

326  Therefore, these results confirmed Poly |:C as agood in vitro immunostimulant of

327  antiviral responsesin apaca PBMCs.

328 Geneexpression analyses of dromedary PBMCs by microfluidic RT-gPCR

329  Expression of dromedary immune genesin stimulated PBM Cs were compared to that of
330 unstimulated cells (Figure 3aj). Dromedary cells stimulated with PHA and PMA-

331  ionomycin displayed similar transcriptomic profiles with characteristics of classical

332  polyclonal stimulations. Relative to non-stimulated control samples, both PHA and

333  PMA-ionomycin stimuli provoked the induction of IFN-S, IFN-y, CCL3, CXCL1, IL-6,
334  IL-8, TNF-a, MIF, NFKB1, NFKBIA and IL-4 in higher relative expression levels than
335 unstimulated PBMCs (Figure 3a, d, e, f, g and j). In addition, specific PHA stimulation
336 ledtoincreased mRNA levels of IFN-a, IFN-11, RIG-1, MDA5, CXCL10, MX1, OASL,
337  1SG15, IL-10, IL-14, IRF7 and TRIM25, while transcription of IL-2 was markedly

338  induced in PMA-ionomycin stimulated PBMCs of dromedary camels (Figure 3a, b, c, €,

339 f, handj). Overal, dromedary PBMCs were properly stimulated by PHA and PMA-
14
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340 ionomycin, enhancing immune-related gene expression in accordance with regular

341  polyclona stimulations.

342

343  DISCUSSION

344  Duetothelack of reagent availability (i.e., antibodies) in several animal species,

345  analysis of gene expression has become acommon method to determine the immune
346  transcriptomic profile after infection and/or vaccination. In this work, we implemented
347  an RT-gPCR method to monitor camelid innate and adaptive immune responses, which
348  alow the quantification of forty-seven cytokines and immune-related genesin asingle
349  run. Importantly, the designed primer sets can be used for all camelid species using the

350  same conditions (primer hybridization temperature) and methodol ogy.

351  Severd infectious diseases affect camelid species and threaten livestock productivity
352  (Camel pox virus, trypanosomiasis, and gastro-intestinal helminthiases, among others).
353  Also, camelids are a source for severa zoonotic viral and bacterial pathogens (MERS-
354  CoV, Crimean-Congo haemorrhagic fever virus, Rickettsia spp, and others) which

355 threaten public health (Khalafalla, 2017; Wernery et al., 2014). However, immune

356  responses elicited upon infections of camelids remain largely unknown. Although a
357  previous work provided tools to quantify inflammatory cytokines mRNA from llama
358  (Odbileg, Konnai, et a., 2004), the primers were designed before available annotation
359  of camelid genomes (Wu et al., 2014). Therefore, we designed new primers sets to

360 perform more accurate assays.

361  First, we focused on the requirements to ensure a specific amplification of the products
362 (Taylor et a., 2010) and established criteria for the subsequent design of primers.

363  Although not all primer designs fulfilled al parameters of the criteria (i.e., geneswith a
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364 singleexon asIFNsa, 3, and A1), specific amplification was determined together with
365 the absence of amplification in no-RT and NTC controls, which ensured that gDNA
366  amplification did not occur. In addition, three reference genes, (GAPDH, HPRT1 and
367 UBC) were selected to normalize gene expression (Cicinnati et al., 2008; Mehtaet al.,
368  2010; Souzaet d., 2013). These genes have been reported to be stable for data

369 normalization in T lymphocytes (Albershardt et al., 2012; Bas et al., 2004; Dhedaet al.,
370  2004) and respiratory samples (Resa et al., 2014; Teet al., 2021). Choosing appropriate
371 reference genesis crucia to achieve optimal data normalization, which is mandatory to
372 discard sample-to-sample variations. Here, the selected normalizer genes were stablein

373  PBMC samples from al the studied species, regardless the type of stimulation.

374  Thedesigned primers would allow studying camelid immune responses in most

375  laboratories worldwide, including those in developing countries, which have been

376  infrastructurally and technically upgraded to perform PCR-based assays since the

377  recent influenza virus outbreaks and the COVID-19 pandemics (Breiman et al., 2007).
378  Nonetheless, to study expression analyses of a broad panel of genesin multiple samples
379 by the gold standard RT-gqPCR can result tedious and relatively expensive. Thus, we
380 integrated the whole set of designed primers in aunique Fluidigm Biomark

381  microfluidic gPCR assay. Gene expression analyses showed that PHA and PMA-

382  ionomycin stimulation produced strong induction of some cytokines and immune gene
383  transcriptsin camelid PBMCs, which displayed profiles commonly found in

384  polyclonaly activated lymphocytes of bovine (Norian et al., 2015) and human

385 (Rostaing et al., 1999). PBM Cs from dromedary camel and llama underwent a robust
386 increasein IFN-y, IL-4 and |L-6 expression after PHA and PMA-ionomycin exposure,
387  and the same phenomenon occurred in apaca PBMCs stimulated with PHA but not

388  with PMA-ionomycin. Transcription of the pro-inflammatory I1L-8 and the anti-
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389  inflammatory IL-10 was also upregulated in polyclonally-stimulated alpacaand

390 dromedary cells, but not in those from Ilama. Upregulation of 1L-8 in camelid cells was
391  expected since it istightly regulated upon activation of the transcription factor NF-xB
392 (Liuetal., 2017). Similar to previous results in humans (Baran et al., 2001), IL-10

393  expression was only upregulated by PHA stimulation but PMA-ionomycin was

394 ineffective. Furthermore, it is known that type | and 111 IFNs activate a different

395  dsignaling pathway than IFN-y does, which can lead to the expression of distinct ISGs
396 (Senetadl., 2018; W. Wang et a., 2017). CXCL10 and CCL3 aretypically classified as
397  ISGsinduced by IFN-y (Rabin, 2003; Sen et al., 2018). Upregulation of these

398  chemokines was observed in al dromedary and llama samples expressing high levels of
399  IFN-y, apart from CXCL10 in dromedary cells stimulated with PMA-ionomycin. As
400 reported here, the stimulation of camelid cells using PHA and PMA-ionomycin did not
401  activate the transcription of PRRs, adaptors, enzymes and IFN receptors compared to
402  unstimulated controls. As observed in other mammalian species (Ciliberti et al., 2017,
403 Gaoetad., 2010; Linet al., 2021; Norian et a., 2015; Wagner & Freer, 2009), PHA and
404  PMA-ionomycin are also potent antigen surrogate activators of Thl and Th2 cytokine
405  expression in alpaca, dromedary, and llama PBMCs. Our results support that PHA and
406  PMA-ionomycin can be used to monitor camelid T-cell activation, proliferation, and

407  effective cytokine production.

408  Curiously, a broader gene expression profile was observed in dromedary PBMCs 48 h
409  after PHA stimulation. Besides the activation of type I IFN signalling pathway, PHA
410  also upregulated the expression of type | and 111 IFNs, as well as downstream genes
411  regulated upon the IFN signalling cascade activation. Consequently, strong induction of
412  PRRsand ISGs occurred in dromedary samples but not in those from apaca or llama.

413  Expression of IRF7 and IL-10 were aso exclusively upregulated in PHA-stimulated
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414  dromedary PBMCs, in agreement with previous reports showing that both type | and 111
415  IFNsincrease the transcription of IRF7 factor in vitro (Zhou et a., 2007), and that IL-
416 10 production is enhanced as atype Il IFN-stimulated gene (Stanifer et al., 2019).

417  Further analyses involving samples from more animals would help to rule out

418  individual animal variations to confirm whether dromedary camels have a broader

419  immune response after PHA stimulation than other camelid species.

420  Invitro stimulation of PBMCs with Polyl:C is known to elicit the expression of

421 cytokines, mimicking certain aspects of viral infection (Huang et al., 2006). After 48 h
422  stimulation, alpaca PBMCs sensed Polyl:C and increased the expression of type | IFNS,
423  dl studied PRRs and 1SGs, along with the transcription factors STAT1 and IRF7.

424  Contrary to human PBMCs (Murata et al., 2014), alpaca lymphocytes exposed to

425  Polyl:Cinduced type | but not type I11 IFNs. Previous investigations indicated that

426  IFN-a was not produced by ovine and bovine PBMCs treated with Polyl:C (Booth et
427  d., 2010), hence future studies could shed light on differential antiviral immune

428  responses among livestock species. Globally, Polyl:C stimulation of alpaca PBMCs
429  yielded smilar results than porcine and human PBMCs did (Docampo et al., 2017;

430 Huang et d., 2006; J. Wang et al., 2016). Thus, Poly I:C is a good immunostimulant of
431  antiviral responses in alpaca PBMCs. Further research is needed to determine if other

432  camelid species are equally responsive to Poly |:C.

433 Inthe current work, regardless of the stimuli used to boost cytokine expression, none of
434  the PBMC stimulation assaysin any camelid species showed detectable levels of IFN-
435 A3 expression. However, we previously demonstrated an optimal amplification of IFN-
436 A3 mRNA in the nasal epithelium of MERS-CoV infected alpacas (Te et al., 2021,

437  2022) using the pair of primers reported here. Primers targeting |FN-A3 were aso

438  designed to anneal mMRNA of all camelid species, therefore, a correct amplification is
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439  also expected in samples from other camelids, although further studies are needed to

440  confirm this hypothesis.

441 In summary, we implemented a RT-qPCR method for the simultaneous quantification
442  of cytokines and immune-related genes involved in major immune response signalling
443  pathways of different camelid species. The novel assay was set up after the design of
444  primers targeting immune genes and performing data normalization with three

445  reference genes. The assays were validated using PBM Cs from alpaca, dromedary

446  camel and llama PBMCs after stimulation with PHA, PMA-ionomycin or Polyl:C.

447  Microfluidic RT-qPCR results indicated that PBMCs from all camelid species

448  stimulated with PHA and PMA-ionomycin induce genes characteristic of Thl and Th2
449  responses, besides PHA activation of type | and 111 IFN signalling pathwaysin

450  dromedary lymphocytes. Polyl:C stimulation produced a marked antiviral responsein

451  apaca PBMCs.
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687 Table $4. Expression level of immune response genes from alpaca, dromedary camel
688  and llama PBMCs stimulated with PHA, PMA-ionomycin or Polyl:C.

689

690 Figure 1. Relative expression of llamaimmune genes by microfluidic RT-gPCR. Gene
691  expression profile of [lama (L1-2) PBMCs stimulated for 48 h with PHA or PMA-

692  ionomycin were compared to that from unstimulated cells. The relative standard curve
693  method was applied for normalization purposes using multiple reference gene

694  normalization (GAPDH, HPRT1 and UbC). Immune genes were grouped by functional
695  categories: (a) IFNs, (b) PRRs, () ISGs, inflammatory (d) chemokines and (€)

696  cytokines, (f) transcription factors, downstream signalling (g) adaptors and (h) enzymes,
697 (i) cellular receptors, and (j) cytokinesinvolved in Thl and Th2 response. Black and
698  grey barsdisplay differential expression of PHA and PM A-ionomycin stimulated

699 PBMCs, respectively, relative to unstimulated cells. Relative expression datais

700 displayed as mean fold-change differences £ SD. IFN, interferon; ISG, interferon-

701 stimulated gene; PBMCs, peripheral blood mononuclear cells; PHA,

702 phytohemagglutinin; PMA, phorbol 12-myristate 13-acetate; PRR, pattern-recognition
703 receptor.

704

705  Figure 2. Relative expression of alpaca (A1-5) immune genes by microfluidic RT-

706  gPCR. Immune gene expression profile of apaca PBMCs stimulated with PHA (A1-2,
707  black bars), PMA-ionomycin (A1-2, grey bars), or Polyl:C (A3-5, empty bars) for 48 h
708  were compared to that from non-stimulated cells. The relative standard curve method
709  was applied for normalization purposes using multiple reference gene normalization
710  (GAPDH, HPRT1 and UbC). Immune genes were grouped by functional categories: (a)

711 IFNs, (b) PRRs, (c) ISGs, inflammatory (d) chemokines and (e) cytokines, (f)
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712 transcription factors, downstream signalling (g) adaptors and (h) enzymes, (i) cellular
713 receptors, and (j) cytokines involved in Thl and Th2 response. Relative expression data
714  isdisplayed as mean fold-change differences + SD. Statistical significance was

715  determined by unpaired t-test. *indicates p-value < 0.05; **indicates p-value < 0.01,
716  ***indicates p-value < 0.001 compared with control samples obtained prior cell culture.
717 IFN, interferon; 1SG, interferon-stimulated gene; PBMCs, peripheral blood

718  mononuclear cells; PHA, phytohemagglutinin; PMA, phorbol 12-myristate 13-acetate;
719  PRR, pattern-recognition receptor.

720

721 Figure 3. Relative expression of dromedary camel (D1) immune genes by microfluidic
722 RT-gPCR. Immune gene expression profile of dromedary PBM Cs stimulated with PHA
723 (black bars) or PMA-ionomycin (grey bars) for 48 h were compared to that from non-
724  stimulated cells. The relative standard curve method was applied for normalization

725  purposes using multiple reference gene normalization (GAPDH, HPRT1 and UbC).

726  Immune genes were grouped by functional categories: (a) IFNs, (b) PRRs, (c) I1SGs,

727  inflammatory (d) chemokines and (e) cytokines, (f) transcription factors, downstream
728  dignaling (g) adaptors and (h) enzymes, (i) cellular receptors, and (j) cytokines involved
729 inThl and Th2 response. Relative expression datais displayed as mean fold-change
730 differences = SD. Statistical significance was determined by unpaired t-test. *indicates
731 p-value < 0.05; **indicates p-value < 0.01; ***indicates p-value < 0.001 compared with
732 control samples obtained prior cell culture. IFN, interferon; 1SG, interferon-stimulated
733 gene; PBMCs, peripheral blood mononuclear cells; PHA, phytohemagglutinin; PMA,

734  phorbol 12-myristate 13-acetate; PRR, pattern-recognition receptor.
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Table 1. Features of the selected cytokines and immune genes used for gene expression
analyses, and their validated primer pair sequences working for all camelid species.

Gene® Cytokine/Protein type and function Primer Sequence (5' - 3')
GAPDH Normalizer gene GAPDH F GGTCGGAGTGAACGGATTTGG
GAPDH R TTGAGGTCAATGAAGGGGTCG
UbC Normalizer gene Ubc F AGGCGAAGATCCAAGACAAGG
Ubc R CCAAGTGCAGAGTGGATTCCT
HPRT1 Normalizer gene HPRT1 F CAAAGATGGTCAAGGTCGCAA
HPRT1R TCAAATCCAACAAAGTCTGGTCT
IFN-at Type | IFN, antiviral IFN-a F TCTTCAGCGAGACACTTGCAA
IFN-a R GTTGGTCAGTGAGAATCATTTCCA
IFN-8 Type | IFN, antiviral IFN-B F2 GCATCCTCCAAATCGCTCTCC
IFN-B R2 ATGCCAAGTTGCTGCTCCTTT
IFN-y Type Il IFN, antiviral activity, and mediator of cellular IFN-y F ACTGGAAAGAGGAGAGTGACAAAA
immunity IFN-y R CAACCGGAATTTGAATCAGCT
IFN-A1 Type Il IFN, antiviral IFN-A1 F CTGCCACATGGGCTGGTT
IFN-A1 R CGATTCTTCCAAGGCATCCTT
IFN-A3 Type Il IFN, antiviral IFN-A3 F CCACCTGGCCCAATTCAA
IFN-A3 R AGTGACTCTTCAAAGGCGTCCTT
RIG-1 PRRs and ISG, recognises dsRNA and ssRNA; induce IFN RIG-1F ACAAGTCAGAACACAGGAATGA
production and ISG RIG-1R CTCTTCCTCTGCCTCTGGTTT
MDA5 PRRs and ISG, recognises dsRNA and ssRNA; induce IFN MDAS F ACACCAGAGTTCAAGAGACTGTAT
production and I5G MDAS R CACCATCATCGTTCCCCAAGA
MAVS PRRs, interacts with RIG-1 MAVS F CAGCCTCCACAACTGCTACAGA
MAVSR CTGTGGGACTTTCTTTGAACTCTCT
TLR3 PRRs and ISG, recognises dsRNA; induce IFN production TLR3 F AGAAATAGACAGACAGCCAGAG
and 156 TIR3R TGCTCCTTTTGATGCTATTAACGA
TLR7 PRRs and ISG, recognises ssRNA induce IFN production and TLR7 F AGAGAGGAGTCACCAGCGTAT
ISG TIR7R GACACAAATGCAAATGGAGAC
NLRP3 PRRs, increased expression of pro-inflammatory cytokines NLRP3 F ATGGCCACATGGATTTTTGC
NLRP3 R AAACATTGGCATTGTCCCATTC
STAT1 Transcription factor activated by IFNs; increased STAT1 F TCTCTGTGTCTGAAGTTCACCCT
expression of I5G STAT1R GGGAATCACAGGTGGGAAGGA
IRF3 Transcription factor and ISG, activated by IFNs; increased IRF3 F TCACCACGCTACACCCTCTGGT
expression of ISG IRF3 R GAGGCACATGGGCACAACCTTGA
IRF5 Transcription factor and I1SG, activated by IFNs; increased IRF5 F TCAGAAGGGCCAGACCAACACC
expression of ISG IRF5 R TGCTACGGGCACCACCTGTA
IRF7 Transcription factor and ISG, activated by IFNs; increased IRF7 F CGTGATGTTGCAAGACAACTCA
expression of ISG IRF7 R TGGTTAACGCCTGGGTCTCT
NFKB1 Transcription factor activated by IFNs; increased NFKB1 F GGGACAGTGTCTTACACTTAGCAATC
expression of pro-inflammatory cytokines NFKBLR CATCAGAAATCAAGCCAGATGTG
RELA Transcription factor, binds to NF-kB RELA F AGAGTCCTTTCAATGGCCCCACCG
RELAR GGATGGAAGTTGAGCTGCGGGA

IKBKB Transcription factor activated by IFNs; increased IKBKB F TAATGAACGAAGACGAGAAGATGGT
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expression of pro-inflammatory cytokines IKBKB R ACCTTGCTACACGCAATCTTCAG

CXCL10 ISG, activation and migration of immune cells to the CXCL10 F CGTGTTGAGATTATTGCCACAATG
infected sites

CXCLIOR GAGGTAGCTTCTCTCTGGTCCT

MX1 ISG, GTPase with antiviral activity MX1 F GAAGATGGTTTATTCTGACTCG
MX1R TTCTCCTCGTACTGGCTGT
0AS1 ISG, antiviral enzyme; degrades viral RNA OAS1 F TGAAGAAGCAGCTCGGGAAAC
OAS1R AGTAACTGTCTTTTCTGGGCAGC
ISG15 ISG, antiviral activity ISG15 F CACAGCCATGGGTGGAATC
ISG15R CAGCTCCGATAACAGCATGGA
IL-10 Interleukin, inflammatory antagonist IL-10 F CTGCTGGAGGACTTTAAGGGT
IL-10 R AGGGGAGAAATCGATGACAGC
IL-18 Interleukin, pro-inflammatory response IL1-beta F AGGATATGAGCCGAGAAGTGGT
IL1-beta R CCCTTTCATCACACAAGACAGGT
IL-6 Interleukin, pro-inflammatory response IL-6 F TCTGGGTTCAATCAGGAGACCT
IL-6 R AGGGGTGCTTACTTCTTCTGGT
IL-8 Interleukin, pro-inflammatory response IL-8 F TGTGTGAAGCTGCAGTTCTGT
IL-8 R GCAGACCTCTCTTCCATTGGC
IL-15 Interleukin, induces proliferation of antiviral natural killer IL-15F CAGCCTACAGAAGGTCATGAAGTACTC
cells IL-15R GGGTAACTCCTTAAGTATCGAAGAAGAG
-2 Interleukin, cell-mediated immunity IL-2 F AAACTCTCCAGGATGCTCAC
IL-2R TTTCAGATCCCTTCAGTTCC
IL-4 Interleukin, humoral immunity mediator IL-4 F CCCTGGTCTGCTTACTGGTTT
IL-4 R TCTCAGTCGTGTTCTTTGGGG
IL-12p35 Interleukin, cell-mediated immunity IL-12p35F2  AATCACCTGGACCACCTCAGT
IL-12p35R2  TCTAGGGTTTGTCTGGCCTTC
TNF-a Cytokine, pro-inflammatory response TNF-a F TGGCCCAGACCCTCAGATCA
TNF-a R TTCCAGCTTCACACCATTGGC
ccL2 Chemokine, recruite monocytes and dendritic cells at the CCL2F CCAGTAAGAAGATCCCCATGCA

sites of inflammation CCL2R
GTGTGGTCTTGAAGATCACAGCTT
ccL3 Inflammatory chemokine, attract monocytes, CCL3F GCTCAGCGTCATGCAGGTGCC

macrophages and neutrophils

CCL3R AGCAGGCGGTTGGGGTGTCAG
CXCL1 Chemokine, attracts neutrophils CXCL1F CGTGCAGGGAATTCACTTCAA

CXCL1R GAGAGTGGCTACGACTTCCGTTT
MIF Anti-inflammatory cytokine, macrophage migration MIF F GCGAGTTGGTCGGTTCCTGTGTT

inhibitory factor MIF R ACCACGTGCACTGCGATGTACT

CASP1 Enzyme, initiates inflammatory responses CASP1 F ACTCCACCAAGACCTCAACCAGT

CASP1R GGGTAAATCTCCGCTGACTTCTCG
CASP10 Enzyme, involved in apoptosis and inflammation CASP10 F CGGTAGCCACGGGAACTGAGTCAT

CASP10 R ATCTTGCCAGGACCCCTCCGAT
CYLD Enzyme, involved in transcription factor NF-kB activation CYLD F TCGGGATGGTGGTCAGAATGGC

CYLDR AGTCTTCGTGCACAGCCCTGGAT
AZI2 Enzyme, NF-kB-activating kinase-associated Protein 1 AZI2 F TGAGCGTCTCCAGCGCTAA

AZI2 R CTGCACTTGCGTCACCAGAT
PACT Enzyme, protein kinase activated by double-stranded RNA  PACT F TGCAGTTCCTGACCCCTTAATG

PACTR GATGAATAGCCAGTTCCTGTAGTGAA
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TBK1 Enzyme, activates the transcription factor IRF3 TBK1 F GTACAGAAAGCAGAAAATGGACCAA
TBK1R AACTTGAAGGCCCCGAGAAA
TRIM25 Enzyme and ISG, ubiquitination of RIG-1 TRIM25 F GCCCGAGCTCCTACAGTATGC

TRIM25 R GAAGCGACGGTGTAGGTCTTG

NFKBIA NF-kB inhibitor NFKBIA F TCCCTCTTTTCCCCGCAGGTT
NFKBIAR TGGAGTGGAGTCTGCTGCAGGT
TRADD Adaptor, mediates NF-kB activation and apoptosis TRADD F CGGCCAGGAAGCAAGATG
TRADD R TGAAGACTCCACAAACAGGTATGC
CARD9 Adaptor, activates pro-inflammatory and anti- CARD9 F GGCAGTGCAAGGTCCTGAAC
inflammatory cytokines through NF-«B CARD9 R CAGGAGCACACCCACTTTCC
PYCARD Adaptor, activates caspases and inflammasome PYCARD F CAAGCCAGCACCGCACTT

PYCARD R TCTGTCAGGACCTTCCCATACA

IFNLR1 Cellular receptor of type Ill IFNs IFNLR1 F CAGGGTGTGTGATCTGGAAGAG
IFNLR1 R GTCTGTGTCCAGAGAAATCCAGG
IFNAR1 Cellular receptor of type | IFNs IFNARL F TGCGAGGAAACCAAACCAGGAAAT

IFNARLI R ACGACGACGATACAAAACACCGC

(@) Genes have been grouped in functional categories: Normalizer genes, IFNs, pattern
recognition receptors, transcription factors, IFN-stimulated genes, pro- and anti-
inflammatory cytokines, enzymes, adaptors and cellular receptors. dsRNA, double-
stranded RNA; IFN, interferon; ISG, interferon-stimulated gene; PRR, pattern
recognition receptor; ssRNA, single-stranded RNA.
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