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Abstract 14 

Lumpy skin disease virus (LSDV) causes severe disease in cattle and water buffalo and is transmitted 15 

by hematophagous arthropod vectors. Detailed information of the adaptive and innate immune 16 

response to LSDV is limited, hampering the development of tools to control the disease. This study 17 

provides an in-depth analysis of the immune responses of calves experimentally inoculated with 18 

LSDV via either needle-inoculation or arthropod-inoculation using virus-positive Stomoxys 19 

calcitrans and Aedes aegypti vectors. Seven out of seventeen needle-inoculated calves (41%) 20 

developed clinical disease characterised by multifocal necrotic cutaneous nodules. In comparison 21 

8/10 (80%) of the arthropod-inoculated calves developed clinical disease. A variable LSDV-specific 22 

IFN-γ immune response was detected in the needle-inoculated calves from 5 days post inoculation 23 

(dpi) onwards, with no difference between clinical calves (developed cutaneous lesions) and 24 

nonclinical calves (did not develop cutaneous lesions). In contrast a robust and uniform cell-mediated 25 

immune response was detected in all eight clinical arthropod-inoculated calves, with little response 26 

detected in the two nonclinical arthropod-inoculated calves. Neutralising antibodies against LSDV 27 

were detected in all inoculated cattle from 5-7 dpi. Comparison of the production of anti-LSDV IgM 28 

and IgG antibodies revealed no difference between clinical and nonclinical needle-inoculated calves, 29 

however a strong IgM response was evident in the nonclinical arthropod-inoculated calves but absent 30 

in the clinical arthropod-inoculated calves. This suggests that early IgM production is a correlate of 31 

protection in LSD. This study presents the first evidence of differences in the immune response 32 

between clinical and nonclinical cattle and highlights the importance of using a relevant transmission 33 

model when studying LSD. 34 

Keywords 35 
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1 Introduction 38 

Lumpy skin disease (LSD) is a high consequence disease of cattle and water buffalo caused by lumpy 39 

skin disease virus (LSDV), a large double-stranded DNA poxvirus within the Capripoxvirus genus 40 

(1, 2).  Since it was first described in southern Africa in 1929 LSDV has progressively spread 41 

throughout Africa where it is now endemic, and more recently into the Middle East, Russia, and 42 

Europe (3, 4). Since 2019 LSDV has spread throughout Asia establishing itself as a major emerging 43 

transboundary pathogen (5-9).  44 

LSD is characterised by multifocal necrotic cutaneous lesions accompanied by lymphadenopathy, 45 

lethargy, pyrexia, weight loss and reduced milk production (10-12). The morbidity and mortality 46 

rates in outbreaks of LSD vary from approximately 10-20% morbidity and 1-10% mortality (13-15). 47 

The pathology is focused on the skin as a multifocal dermatitis with vasculitis of dermal blood 48 

vessels, resulting in full-thickness necrosis of the dermis and epidermis (11). Unusually for a 49 

poxvirus, direct transmission of LSDV is rarely documented however LSDV can be transmitted by 50 

hematophagous arthropods including Aedes aegypti mosquitoes, Rhipicephalus microplus ticks and 51 

Stomoxys calcitrans stable flies (14, 16-20). The main methods for the control and prevention of 52 

LSDV are effective surveillance programmes to detect outbreaks, widespread use of live attenuated 53 

vaccines, and ‘stamping out’ of infected herds (20-22). LSD has significant socioeconomic 54 

implications, particularly in low- and middle-income countries, due to the drop in milk yield, reduced 55 

meat production, poor hide quality, cost of control measures and trade restrictions (2, 11, 23). Efforts 56 

to develop better tools for the detection, control and prevention of LSD are hampered by a poor 57 

understanding of the immune response to LSDV (24, 25).  58 

Characterisation of the adaptive immune response to LSDV is limited. The three species of 59 

capripoxviruses (LSDV, goatpox virus and sheeppox virus) are genetically very similar and 60 
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serologically indistinct. Previous studies examining immune responses to capripoxvirus vaccination 61 

indicate both a cell-mediated and humoral immune response is generated (26-32). Strong antibody 62 

responses are produced by cattle that are vaccinated with live attenuated strains of LSDV. Both 63 

binding antibodies (bAbs) and neutralising antibodies (nAbs) are detected and titres can vary 64 

markedly between clinical and nonclinical animals (26, 31, 33-35). Neutralising antibodies play a 65 

role in long-term protection post-vaccination, similar to other poxviruses (36, 37), and have been 66 

shown to be long-lasting in follow-up studies in goats and sheep vaccinated against sheeppox virus 67 

(28, 30, 31).  68 

The role of cell-mediated immunity (CMI) in LSD is particularly poorly understood (2, 38, 39). 69 

Primarily driven by T lymphocytes, this immune response results in the production of key cytokines 70 

including type II IFN (IFN-γ) which is produced by CD4+ helper T cells, CD8+ cytotoxic T cells, ɣδ 71 

T cells, natural killer T cells, and NK cells (40). IFN-γ and other cytokines induced by the CMI 72 

response have a range of functions including the activation of NK cells and macrophages and 73 

inducing the class switching of immunoglobulins from activated plasma B cells (41-44). 74 

Previous literature reports the detection of a CMI response following inoculation with wildtype or 75 

attenuated strains of LSDV. The first evidence of a CMI response to LSDV was reported in 1995 76 

with description of a delayed-type hypersensitivity (DTH) reaction following virus inoculation (45).  77 

Recently more complex immune assays have quantified IFN-γ, a key biomarker of the CMI response, 78 

in cattle that had been vaccinated or challenged, or both (46-48), with evidence to suggest the 79 

involvement of CD4+ and CD8+ T cells in the production of IFN-γ (46). However, the kinetics and 80 

magnitude of CMI response against LSDV, and the role it plays in protection against disease, is not 81 

yet understood.   82 
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Following experimental infection with LSDV, a proportion of cattle develop clinical disease 83 

characterised by cutaneous lesions whilst other animals remain nonclinical (11, 18). It remains 84 

unknown what mechanisms drive these differences and if the elicited immune response to infection 85 

plays a role in the presentation of clinical disease. In this study, we have evaluated the humoral and 86 

CMI responses in cattle experimentally inoculated by two different routes, either by needle 87 

inoculation as described previously (11, 19) or by LSDV-positive blood-feeding arthropods (S. 88 

calcitrans and Ae. aegypti), a route which is more representative of virus transmission in the field  89 

(18).  In-depth data was obtained that characterises the adaptive immune response to LSDV, 90 

correlates differences with clinical outcome, and provides critical insight into the progression of 91 

disease in the host. The information obtained provides highly relevant detail that can be applied to 92 

developing improved disease control measures for an increasingly important transboundary disease. 93 

2 Materials and Methods 94 

Ethical Statement 95 

This work was conducted under license P2137C5BC from the UK Home Office at The Pirbright 96 

Institute according to the Animals (Scientific Procedures) Act 1986, and approved by The Pirbright 97 

Institute Animal Welfare and Ethical Review Board. 98 

Viruses 99 

The LSDV strain used for inoculation of all animals was sourced from the WOAH Capripoxvirus 100 

Reference Laboratory at The Pirbright Institute and originated from a LSD outbreak in eastern 101 

Europe in 2016. The Neethling (35) and Cameroon strain of LSDV were sourced from the WOAH 102 

Capripoxvirus Reference Laboratory at The Pirbright Institute. Viruses were grown and titred on 103 
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MDBK cells as described previously (49). Mock virus preparations were produced in an identical 104 

manner from uninfected MDBK cells for use as a negative control in immunological assays 105 

Experimental infection of calves with LSDV 106 

Male castrated Holstein-Friesian calves were included in the study. Median age and weight in group 107 

A were 104 days old and 145 kg, in group B 124 days old and 176 kg, in group C 140 days and 157 108 

kg, in group D 97 days and 126 kg, in group RA and RS 96 days and 120 kg (Table 1). The animals 109 

were sourced from a commercial high health herd and confirmed as negative for BVDV via PCR 110 

prior to study commencement. The animals were housed in the high-containment animal facility 111 

(SAPO4) at The Pirbright Institute. Up to five calves were housed in one room (22m2) with 112 

appropriate bedding material (Mayo Horse Comfort) and environmental enrichment, such as rubber 113 

toys and hollow containers filled with hay, provided. Light/dark cycle was 12:12 h, temperature was 114 

held between 10°C to 24°C, and humidity 40% to 70%. Animals were fed concentrated rations twice 115 

daily and given ad lib access to hay and water. 116 

Four experimental studies are reported in this manuscript. The design, clinical outcomes, and 117 

pathology from the first three studies (A-C) have been reported previously (11, 18, 50). Briefly, in 118 

each of these studies a group of 5 calves were randomly assigned to treatment (n=4) or non-treatment 119 

(n=1) groups. The 4 treated calves were inoculated by needle injection with 3 mL of LSDV at a 120 

concentration of 1 × 106 PFU/mL. Two mL (2 × 106 PFU) of virus was inoculated intravenously (IV) 121 

into the jugular vein, and 1 mL (1 × 106 PFU) of virus injected intradermally (ID) into 2 sites on each 122 

side of the neck (0.25 mL in each site). The untreated animal in each experiment was not inoculated. 123 

In all three experiments blood-feeding arthropods were fed on the skin of some of the inoculated 124 

calves as described previously (11, 18, 50). 125 
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In the fourth experimental study fifteen calves were assigned into three groups of 5 (groups D, RA 126 

and RS). The 5 calves in group D were inoculated as described above with 3 × 106 PFU/mL 127 

intravenously and intradermally. One calf in group D (D5) developed over 100 cutaneous lesions and 128 

was then used as a “donor” animal. Stomoxys calcitrans and Aedes aegypti insects were bred at The 129 

Pirbright Institute as described previously (18, 50). Adult insects were fed on the cutaneous lesions of 130 

calf D5 for a maximum of 40 sec before being interrupted and within a maximum of 1 h fed on the 131 

calves in group RA (n=5) and RS (n=5), as described in Table 1.  132 

Peripheral blood mononuclear cell isolation 133 

Heparinised blood was diluted with PBS at a ratio of 1:1 and overlaid onto Histopaque 1083 (Sigma-134 

Aldrich, Merck) density gradient medium using SepMate™-50 centrifugation tubes (Stem Cell 135 

Technologies). Samples were centrifuged at 1500 x g for 30 min at 20°C with the brake off. 136 

Peripheral blood mononuclear cells (PBMCs) were aspirated from the interface and washed twice 137 

with PBS centrifuging at 1000 x g for 10 min at 20°C. After the final wash, PBMCs for T-cell 138 

ELISpot analysis were resuspended in 3mL in RPMI 1640 medium GlutaMAX™ (ThermoFisher 139 

Scientific) only and those for B-cell ELISpot analysis were resuspended in 3mL RPMI 1640 medium 140 

GlutaMAX™ (ThermoFisher Scientific) supplemented with 10% heat-inactivated horse serum 141 

(Gibco™) and 100IU/mL penicillin and 100µg/mL streptomycin (ThermoFisher Scientific). Viable 142 

cells were counted using a Cellometer cell counter (Nexcelom Bioscience).  143 

Short-wave UV inactivation of LSDV 144 

Live LSDV Neethling was placed in a 6-well plate on ice. A hand-held UV lamp emitting shortwaves 145 

(245 nm) was placed approximately 4 inches above the lidless 6-well plate and the virus irradiated 146 

for 5 minutes. Any residual viral infectivity was determined by plaque assay. 147 
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Bovine Type I IFN Mx/CAT reporter assay 148 

To determine the levels of biologically active bovine type I IFN, a Mx/chloramphenicol 149 

acetyltransferase (Mx/CAT) reporter assay was used as described previously (51). MDBK-t2 cells 150 

(gifted by Veronica Carr, The Pirbright Institute) were cultured in MEM (Sigma) containing 10% 151 

FBS, 100 IU/mL penicillin, 100µg/mL streptomycin, and 10 µg/mL of blasticidin (InvivoGen). 152 

MDBK-t2 cells were seeded into 24-well plates at 1 × 105 / well and incubated at 37°C in a 5% CO2 153 

incubator overnight. Serum samples (500 µL) were heat-inactivated at 56°C for 30 mins using a heat 154 

block. Heat-inactivated sera samples (250 µL / sample) were incubated on MDBK-t2 cells in media 155 

and recombinant bovine IFN-α standards (15.6-500 IU/mL;) were added to MDBK-t2 cells at a 1:1 156 

ratio to form a standard curve. MDBK-t2 cells were incubated with the sera and recombinant bovine 157 

IFNα standards overnight at 37°C in a 5% CO2 incubator. CAT expression was determined using an 158 

ELISA kit in accordance with the manufacturer’s instructions (Roche). Bovine IFN-α standards were 159 

used to construct a type I IFN standard curve to interpolate sera sample IFN levels.   160 

PBMC Interferon Gamma Release Assay (IGRA)  161 

PBMCs were seeded at 5 × 105 cells per well in 96-well round bottom plates and stimulated with 162 

either the positive controls (pokeweed mitogen (PWM) or concanavalin A (Con A)), negative 163 

controls (cell culture media or mock infected cells) or SW-UV inactivated LSDV (diluted 1:10). 164 

These cells were incubated for 24 h at 37°C in a 5% CO2 incubator after which the PBMCs were 165 

centrifuged at 300 × g for 5 min and the supernatants were harvested and stored at -80°C. 166 

ELISA plates were coated with 50 µL/well of 5 µg/mL of mouse anti-bovine IFN-γ monoclonal 167 

antibody (mAb) (CC330, Bio-Rad Antibodies) by overnight incubation at 4°C. Plates were washed 168 

five times with washing buffer (PBS and 0.05% Tween20 (Thermo Fisher Scientific). 100 µL/well of 169 
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blocking buffer (PBS, 0.05% Tween-20, 0.5% BSA) was added and plates incubated for 1 hour at 170 

37°C. Blocking buffer was removed and 100 µL/well of samples and IFN-γ standards (recombinant 171 

bovine IFN-γ; Bio-Rad Antibodies) starting at 300 ng/mL followed by two-fold dilutions added. 172 

Samples were diluted at 1:2 in carrier buffer (PBS, 0.05% Tween 20, 0.5% BSA). Plates were 173 

incubated for 1 hour at 37°C and then washed five times with washing buffer. Biotinylated mouse 174 

anti-bovine IFN-γ mAb (CC302; Bio-Rad Antibodies) diluted to 0.5µg/mL in carrier buffer was 175 

added (100 µL/well) and plates incubated for 1 hour at 37°C. After five washes with washing buffer, 176 

streptavidin-HRP conjugate (N-100, Thermo Fisher Scientific) diluted 1:1500 in carrier buffer was 177 

added (50 µL/well) and incubated for 30 min at 37°C. After five final washes, 50 µL/well of 178 

3,3’,5,5’-tetramethylbenzidine (TMB) substrate (Thermo Fisher Scientific) was added and incubated 179 

at RT for 5 min. Substrate development was followed by the addition of stop solution (1N sulfuric 180 

acid). Optical densities were immediately read in a spectrophotometer at 450 nm.  181 

Whole Blood Interferon Gamma Release Assay (IGRA)  182 

Heparinised whole blood was collected at selected timepoints and stimulated with 20 µL of live 183 

LSDV Neethling (4 x 107 PFU/mL) overnight at 37°C in a 5% CO2 incubator. PWM was used a 184 

positive control and PBS as a negative control. The following day, plasma was collected and used to 185 

test for secretory IFN-γ using the ID Screen® Ruminant IFN-g ELISA following the manufacturer’s 186 

guidelines (Innovative Diagnostics). 187 

Quantification of LSDV in blood 188 

Whole blood (EDTA) was collected to investigate viremia. Blood was collected 3 days before needle 189 

inoculation, on day 5 post-infection (dpi), and every second day until day 21 dpi. For the insect 190 

inoculated recipient calves, blood was taken a day before insect feeding and every second day until 191 
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day 28 dpi. Viral DNA was extracted from blood samples using the KingFisher Flex extraction 192 

instrument (Thermo Fisher Scientific) and MagMax Core Extraction kit (A32700; Thermo Fisher 193 

Scientific) using Workflow A for DNA extraction from whole blood. The 194 

MagMAX_CORE_No_Heat protocol was used as per the manufacturer’s guidelines, with minimal 195 

modifications. DNA was eluted in 50 µL of elution buffer. Plasmids containing LSDV ORF068 196 

(19AEL6VP; Thermo Fisher Scientific) and bovine cytochrome B (19AEL7QP; Thermo Fisher 197 

Scientific) were linearised and used to generate standards. To determine viral load in the skin, 2mm 198 

punch biopsies from recipient calves were collected on each day of insect feeding on donor calves 199 

and at days 9 and 15 days post infection on insect inoculated calves.  The biopsies were digested by 200 

adding 90 µL of proteinase K buffer (4489111, Thermo Fisher Scientific) and 10 µL proteinase K 201 

(25530049, Thermo Fisher Scientific) to the skin biopsy. The sample was incubated for 2 hours at 202 

55°C. Tubes were lightly vortexed during incubation and centrifuged briefly. 20 µL of MagMAX 203 

Core magnetic beads (Thermo Fisher Scientific) were added to the lysate and mixed. 100 µL of the 204 

bead and lysate mixture was transferred to the KingFisher deep well plates (Thermo Fisher 205 

Scientific) containing 350 µL of lysis solution and 350 µL of binding solution. Extraction was done 206 

as outlined in the MagMAX core extraction kit and the MagMAX_CORE_No_Heat protocol was 207 

used to extract DNA from the samples. DNA was eluted in 50 µL of elution buffer. A TaqMan 208 

multiplex PCR assay designed to amplify LSDV068 using forward and reverse primers 5’ 209 

GGCGATGTCCATTCCCTG 3’ and 5’ AGCATTTCATTTCCGTGAGGA 3’ respectively and a 210 

probe - ABY 5’ CAA TGG GTA AAA GAT TTC TA3’ QSY was used to detect LSDV. A forward 211 

primer – GTAGACAAAGCAACCCTTAC and a reverse primer -GGAGGAATAGTAGGTGGAC 212 

for bovine Cytochrome B and a probe - FAM 5’TTA TCA TCA TAG CAA TTG CC 3’ MGBNQF 213 

was used for the detection of bovine cytochrome B. TaqMan Multiplex master mix (4461884, 214 

Thermo Fisher Scientific) was used with MUSTANG PURPLE as the passive reference dye. In brief, 215 
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the reaction setup was as follows; 5 µL of template was used in a total of 20 µL reaction. Final 216 

primer concentrations were 500 nM and 250nM for probes. An initial denaturation at 95°C for 20 217 

seconds was carried out and 50 cycles of denaturation at 95°C for 15 seconds, annealing and signal 218 

acquisition at 58°C for 1 min were done.  Viremia was expressed as genome copies per/mL using the 219 

equation below. 220 

𝐶𝑜𝑝𝑦 𝑛𝑢𝑚𝑏𝑒𝑟/𝑚𝑙 =
copy per µL ∗ elution volume

sample or extraction volume
 221 

A lower detection limit of 500 copies/mL was set. Viremia was analysed in duplicate and results 222 

presented as mean copies per/mL.  223 

Flow cytometric analysis of LSDV-specific T-cell responses  224 

PBMCs were seeded at a density of 5 x 105 cells/well in 96-well round-bottom tissue culture plates. 225 

Each treatment condition i.e., positive control (PMA/Ionomycin), negative control (media), LSDV 226 

Neethling (live virus), or UV-inactivated LSDV Neethling, was tested in triplicate wells. Once the 227 

cells were seeded, wells were stimulated with LSDV Neethling (live virus) at MOI =1, or an 228 

equivalent dose of UV-inactivated LSDV Neethling virus followed by overnight incubation at 37°C 229 

in a 5 % CO2 incubator. After the addition of 10 μg/mL Brefeldin A (BFA) (Merck) to all wells, and 230 

10 μg/mL phorbol 12-myristate 13-acetate (PMA) and Ionomycin (Merck) to corresponding positive 231 

control wells, cells were incubated for a further 4 hours at 37°C in a 5 % CO2 incubator. After 232 

centrifugation at 300 × g for 5 min and removal of the supernatant, cells were washed once in FACS 233 

buffer (PBS and 1% BSA) and then surface labelled by incubation with anti-bovine CD8β-RPE mAb 234 

[CC58; Bio-Rad Antibodies), anti-bovine CD4: FITC mAb [CC8; Bio-Rad Antibodies] diluted in 235 

FACS buffer for 10 min at RT in the dark. Dead cell staining was performed using a LIVE/DEAD™ 236 

Fixable Violet Dead Cell Stain Kit following manufacturer guidelines (Thermo Fisher Scientific). 237 
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Cells were then washed twice in FACS buffer and then fixed in BD CytofixCytoPerm (BD 238 

Biosciences) for 20 min at RT in the dark. Cells were then washed twice in BD PermWash solution 239 

(BD Biosciences). Permeabilised cells were immediately labelled by incubation with anti-bovine 240 

IFN-γ-APC mAb (CC302; Bio-Rad Antibodies) diluted in BD PermWash solution, for 30 min at 4°C 241 

in the dark. After washing twice in BD PermWash solution, cells were resuspended in PBS and 242 

immediately analysed. Data was collected using the MACSQuant10 Analyzer flow cytometer 243 

(Miltenyi Biotec) equipped with a 405nm (violet), 488nm (blue) and 640nm (red) laser. Data was 244 

analysed with FCSexpress7 software (DeNovo) and samples were gated on cells (SSC-A vs FSC-A), 245 

singlets (SSC-A vs SSC-H) and then CD4+ cells were determined as FITC positive (blue: 525/50), 246 

CD8+ cells were determined as RPE positive (blue: 585/40) and IFN-γ positive cells were determined 247 

as APC positive (red: 655-730; Supplementary Figure 1). 248 

IFN-γ ELISpot assay 249 

Multiscreen-IP 0.45 µM multiwell filter plates (#MAIPS4510, Merck) were coated with 50 µL/well 250 

of  2 µg/mL of mouse anti-bovine IFN-γ mAb (CC330 Bio-Rad Antibodies) diluted in carbonate 251 

coating buffer (pH 9.6) for 2 hours at RT . Plates were washed 5 X with 200 µL PBS/well and then 252 

blocked with 50 µL/well of 4% semi-skimmed powdered milk (Marvel) in PBS for 2 hours at RT. 253 

Plates were washed 5 times with 200 µL PBS, 100 µL of PBS/well added, plates sealed and stored at 254 

4°C overnight. PBMCs were resuspended to a concentration of 5 × 105 cells/mL in RPMI 1640 255 

medium GlutaMAX™ (Thermo F isher Scientific). In a separate plate, two-fold dilutions of the cells 256 

were prepared from this at 1:2 and 1:4 and 50 µL added to corresponding wells of the coated 257 

multiscreen plate. Negative control wells containing PBS only and positive control wells containing 2 258 

µ g/mL of PWM; Sigma-Aldrich) were included for each timepoint. Plates were incubated at 37°C in 259 

a 5% CO2 incubator overnight. The following day plates were washed 5 times with 200 µL/well of 260 
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PBS containing 0.05 % Tween20 (Thermo Fisher Scientific). To each well 50 µL of 2 µg/mL of 261 

biotin-conjugated mouse anti-bovine IFN-γ mAb (CC302, Bio-Rad Antibodies) diluted in PBS was 262 

added and plates incubated for 2 hours at RT. Plates were then washed as previously and 50 µL/well 263 

of streptavidin AP (Southern Biotech) diluted 1:1000 in PBS was added and plates incubated at RT 264 

for 1 hour. Plates were washed as previously. To each well 50 µL/well of alkaline phosphatase 265 

substrate (Bio-Rad) was added and incubated at RT for approximately 15 min or until spots 266 

developed. The reaction was stopped by immersing plates in tap water. Plates were left to dry 267 

overnight at RT, face down before enumeration of spots using the ImmunoSpot 7.0 reader and 268 

ImmunoSpot SC suite (Cellular Technology Limited). Results were expressed as the mean number of 269 

spot-forming cells/million PBMC. 270 

LSDV antibody ELISA 271 

LSDV-specific antibodies were detected using the commercial ELISA kit ID Screen® Capripox 272 

Double Antigen Multi-species ELISA kit following manufacturer instructions (Innovative 273 

Diagnostics). 274 

LSDV Fluorescent Virus Neutralisation Test (FVNT) 275 

To measure nAb titres a FVNT was used to test serum samples collected at each time point following 276 

the protocol described by previously (31).  nAb titres were determined as the highest reciprocal 277 

dilution at which no foci were identified, indicative of complete neutralisation. Partial neutralisation 278 

was determined by counting the number of fluorescent foci at each dilution using a cut-off of 50 foci 279 

per well and converting this into a neutralisation percentage.  280 

Antibody secreting cell (ASC) B cell ELISpot 281 
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Multiscreen-IP 0.45 µM multiwell filter plates (#MAIPS4510, Merch) were activated with 50 282 

µL/well of 35% ethanol for 30 seconds. Plates were washed 5 times with 200 µL/well sterile water. 283 

Plates were coated with 50 µL/well of LSDV Cameroon (4 x 108 PFU/mL) diluted 1:120 in 0.1 M 284 

carbonate bicarbonate buffer (pH 9.6) and incubated at 4°C overnight. The following day, plates 285 

were washed 5 times with 200 µL/well with PBS and blocked with 100 µL/well of PBS containing 286 

4% powdered skimmed milk (Marvel) and incubated at RT for 1 hour. Plates were washed as 287 

previously. Isolated PBMCs were resuspended in RPMI 1640 medium GlutaMAX™ supplemented 288 

with 10% heat-inactivated horse serum and 100IU/mL penicillin and 100µg/mL streptomycin (all 289 

supplied by Thermo Fisher Scientific) to a density of 5 x 105 cells/mL. In a separate round bottom 290 

96-well tissue culture plate, two-fold dilutions of the cells were prepared from this at 1:2 and 1:4 and 291 

50 µL added to corresponding wells of the coated multiscreen plate including a negative control of 292 

uninfected cell lysate and incubated at 37°C in a 5 % CO2 incubator overnight. Plates were washed 293 

with 200 µL/well of PBS containing 0.05% Tween-20. To corresponding wells, 100 µL/well of 294 

biotinylated goat anti-bovine IgG-heavy and light chain antibody or sheep anti-bovine IgM antibody 295 

(Bethyl Laboratories) diluted 1:1500 in PBS was added and plates incubated at RT for 2.5 hours. 296 

Plates were washed as previously and 100 µL/well of streptavidin-AP (Southern Biotech) diluted 297 

1:1000 was added, and plates incubated at RT for 1 hour. Plates were washed as previously and to 298 

each well 50 µL/well of colorimetric alkaline phosphatase (AP) substrate (BioRad) was added 299 

followed by incubation at RT for approximately 15 min or until spots first develop. The reaction was 300 

stopped by immersing plates in tap water. Plates were left to dry overnight at RT, face down before 301 

enumeration of spots using the ImmunoSpot 7.0 reader and ImmunoSpot SC suite (Cellular 302 

Technology Limited). Results were manually validated for false-positive results and expressed as the 303 

mean number of ASCs/million. 304 

Statistical Analysis 305 
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Statistical significance for differences was performed using a two-way analysis of variance 306 

(ANOVA) followed by Sidak’s multiple comparison test using GraphPad Prism software version 307 

8.2.0 for Windows. 308 

3 Results 309 

A combined intravenous and intradermal challenge with LSDV results in clinical and 310 

nonclinical disease in calves.  311 

A total of 17 calves in groups A-D were needle inoculated with LSDV via both intravenous and 312 

intradermal routes and then monitored for clinical disease. In total, 7 calves (41%) developed clinical 313 

disease. Clinical findings for groups A - C have been described previously (11, 18, 50). The clinical 314 

outcomes in group D are summarised in Figure 1 and were consistent with those seen previously in 315 

groups A - C. Three of the 5 calves in group D developed clinical disease (D2, D4 and D5), defined 316 

as cutaneous lesions distant from the inoculation site. These lesions were first detected on calves D2 317 

and D4 at 5 days post-infection (dpi) and on D5 at 6 dpi (Figure 1A). The two remaining calves (D1 318 

and D3) did not develop clinical disease and were classified as nonclinical (Figure 1B). Calf D5 319 

developed the most severe disease with over 100 cutaneous lesions present from 13 dpi until the end 320 

of the study period (21 dpi). A rise in rectal temperature was observed from 3dpi in the clinical calves 321 

and remained elevated until 10, 13 or 16 dpi in D2, D4 and D5 respectively (Figure 1C). No increase 322 

in rectal temperature was detected in the nonclinical calf D1, however D3 exhibited a temperature 323 

spike of 39.8°C at 4 dpi (Figure 1D). A brief period of pyrexia in nonclinical animals has been noted 324 

in previous studies by ourselves and others (19). 325 

Lymphadenopathy of the prescapular lymph nodes was noted in all inoculated calves from 2-3 dpi 326 

onwards and was more pronounced in the clinical calves. Lymphadenopathy of both left and right 327 

prefemoral lymph nodes was also noted in calf D5 from 11 dpi. Calf D5 exhibited lethargy on 12-16 328 
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dpi and loss of body condition from around 10 dpi onwards. The gross and microscopic pathology in 329 

the calves was consistent with that reported previously (11, 29). 330 

A PCR was used to detect and quantify LSDV genomic DNA in venous blood samples collected 331 

from clinical and nonclinical calves. The viraemia of calves from groups A-C have been described 332 

previously (18, 50). The viraemia detected in calves from group D is shown in Figures 1E and F.  333 

Virus was detected in the blood at 5 dpi in all five inoculated cattle at low levels (approximately 102 334 

genome copies/mL of blood). Virus was detected in the blood of the two nonclinical cattle (D1 and 335 

D3) intermittently over the rest of the study period at low levels. In contrast the three clinical calves 336 

demonstrated a classic viraemia curve, peaking at between 104 and 105 genome copies/mL at 9 dpi 337 

(D2), 13 dpi (D4) or 14 dpi (D5), that decreased by 21 dpi.  338 

These results are consistent with previous studies using this model and showed that a combined 339 

intravenous/intradermal inoculation of LSDV results in clinical disease similar to that described in 340 

field outbreaks of LSD, characterised by lymphadenopathy, pyrexia, multiple cutaneous lesions and a 341 

viraemic curve. Following experimental challenge, only a subset of the challenged calves (41%) 342 

developed clinical disease. The nonclinical calves developed a local lymphadenopathy and 343 

occasionally a fever spike but did not develop cutaneous lesions distant from the inoculation site and 344 

exhibited a low and intermittent viraemia post-inoculation. In order to better characterise the 345 

difference between these clinical and nonclinical outcomes we studied the immune response of the 346 

intravenous/intradermal inoculated calves. 347 

LSD is not associated with consistently detectable levels of cytokines in the serum.  348 

The immune response of the calves to LSDV inoculation was initially studied by measuring the 349 

levels of the pro-inflammatory cytokine IFN-γ and the anti-inflammatory cytokine IL-10 in sera 350 
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using an ELISA. No IFN-γ or IL-10 were detected in the serum of any of the 17 inoculated calves 351 

from studies A-D at any timepoint (data not shown), demonstrating that LSDV challenge does not 352 

induce high systemic levels of these cytokines in either clinical or nonclinical presentations. 353 

Type I IFNs (IFN-α and IFN-β) are key anti-viral cytokines (52) therefore the level of type I IFN in 354 

the serum of the five calves in group D was measured using a cell-based reporter system.  This 355 

system uses a modified MDBK cell line (MDBK-t2) containing a MxA promoter driving a 356 

chloramphenicol acetyltransferase (CAT) reporter gene (51). Serum samples from 0 to 15 dpi from 357 

all five calves in study D were tested. A single peak of type I IFN (75 IU/mL) was detected at 5 dpi 358 

in the serum of calf D5, the most severely affected calf in the clinical group (Figure 2A). Type I IFN 359 

was not detected in serum samples from nonclinical calves (Figure 2B). 360 

Calves inoculated intravenously and intradermally with LSDV develop a cell-mediated immune 361 

response characterised by IFN-γ production by PBMCs following in vitro restimulation.  362 

In order to measure the CMI response of calves to LSDV, PBMCs from the five group D calves were 363 

isolated from whole blood collected at 0, 5, 7, 11, 15 and 21 dpi, and stimulated with UV-inactivated 364 

LSDV overnight or PBS as a mock stimulant. The supernatant was then collected and analysed using 365 

an in-house ELISA to detect IFN-γ (Figure 2C).  No IFN-γ was secreted by the PBMCs in response 366 

to LSDV stimulation prior to inoculation at 0 dpi however moderate (100-250 ng/mL) to high (over 367 

250 ng/mL) amounts of IFN-γ were secreted by the PBMCs from calves D2-D5 post-inoculation, 368 

indicating a CMI response to intravenous/intradermal LSDV inoculation. This response was first 369 

detected 5 or 7 dpi and continued to be expressed inconsistently throughout the study period to 21 370 

dpi. Calf D1 had a lower response with around 100ng/mL IFN-γ detected at 5 and 21 dpi. No clear 371 

trend was discerned across the time course of the study, and no difference between the three clinical 372 

and two non-clinical calves was observed (Figures 2C and D). 373 
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In addition to studying IFN-γ release from purified and stimulated PBMCs, the IFN-γ release assay 374 

(IGRA) was also performed on heparinised whole blood in order to assess the potential of this 375 

simpler method for detecting the CMI response as a diagnostic test for LSD (Figures 2E and F). 376 

Blood collected on 0, 7, 11, 15, 17 and 21 dpi was stimulated overnight with live LSDV, the plasma 377 

collected, and IFN-γ quantified using a commercially available ELISA (ID Screen® Ruminant IFN-g 378 

ELISA, Innovative Diagnostics) following the manufacturer guidelines. Early peaks in IFN-γ at 7 and 379 

11 dpi were detected in the clinical cattle and decreased by 15 dpi. A similar trend was observed in 380 

the nonclinical calf D3 whilst D1 peaked at 21 dpi. No difference was observed between the clinical 381 

and nonclinical animals in group D. While both the PBMC and whole blood IGRAs demonstrated the 382 

presence of a robust and specific CMI response in all five calves after inoculation with LSDV, there 383 

were substantial differences between the IGRA results carried out on PBMCs and whole blood. For 384 

example, at 11 dpi, only calf D2 had a strong IFN-γ response when tested using the PBMC IGRA, 385 

however calves D2, D3, D4 and D5 all had a strong IFN-γ response at 11 dpi when tested using the 386 

whole blood IGRA.  387 

The CMI response was explored further using a bovine IFN-γ ELISpot assay which measures the 388 

number of cells producing IFN-γ in response to stimulation. Freshly harvested bovine PBMCs 389 

collected from the group D calves at timepoints between 0 and 21 dpi were stimulated overnight with 390 

UV-inactivated LSDV, No IFN-γ-producing cells were detected from blood samples collected prior 391 

to inoculation. A small number of cells (≤ 100) producing IFN-γ in response to LSDV stimulation 392 

were detected in all calves, with the exception of calf D1, as early as 5 dpi, increasing slightly by 7 393 

and 11 dpi (Figures 3A and B). However, the strongest response was seen at 15 and 17 dpi, when up 394 

to 2000 spot forming cell (SFC)/106 were detected. This pattern of an increasing frequency of IFN 395 

producing cells over time was consistent in four of the five calves (D1 and D3-D5) however calf D2 396 

exhibited a different response, with peak IFN-γ producing cells seen at 11 dpi. Similar to the IGRA 397 
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findings above, there was no obvious difference seen in the results of ELISpot assay between clinical 398 

and nonclinical calves in group D. 399 

In order to determine which subpopulation of PBMCs was responsible for the IFN-γ release seen in 400 

the IGRA and ELISpot assays, an intracellular cytokine staining (ICS) assay was performed on 401 

PBMCs freshly isolated from the five inoculated calves on 0, 7, 11, 15 and 21 dpi. The PBMCs were 402 

stimulated overnight with UV-inactivated LSDV followed by surface labelling of cell surface 403 

markers CD4 and CD8β and intracellular labelling of IFN-γ. Flow cytometry was used to determine 404 

the percentage of CD4+CD8-, CD4-CD8+ or CD4-CD8- cell populations producing IFN-γ in response 405 

to LSDV stimulation (Figure 4A - F). At 0 dpi, IFN-γ was not detected in any of the cell types 406 

investigated.  In all the cattle, irrespective of their clinical status, low levels (< 0.6 %) of CD4-CD8- 407 

cells produced IFN-γ at any of the subsequent timepoints investigated (Figure 4E-F). The CD4-CD8+ 408 

populations of the two non-clinical calves (D1 and D3) and one clinical calf (D2) generated weak 409 

IFN-γ responses, not exceeding 0.5 % of the population, throughout the study. In contrast, IFN-γ 410 

responses were detected in the CD4-CD8+ populations of two of the clinical calves (D4 and D5) at 15 411 

dpi, when 1.7 % and 0.5 % of the CD4-CD8+ populations produced IFN-γ in response to LSDV 412 

stimulation. In the CD4+CD8- population, low to moderate level responses were observed from 7 dpi 413 

onwards in D1, D2, and D3, with the strongest response in the nonclinical calves D1 and D3 detected 414 

at 21 dpi. Very low responses were detected in the CD4+CD8- population in the clinical calves (D4 415 

and D5) prior to 15 dpi, with the strongest IFN-γ response of 3.65% and 3.8 % of the CD4+CD8- 416 

population detected at 21 dpi in calves D4 and D5 respectively. Overall, production of IFN-γ by both 417 

CD4+CD8- and CD4-CD8+ T cells in response to stimulation with LSDV was detected in calves D1, 418 

D3, D4 and D5, with the CD4+CD8- cell population having a stronger response at later time points. 419 

Inter-calf variation was present, with calf D2 producing a more muted response in both CD4+CD8- 420 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted September 22, 2022. ; https://doi.org/10.1101/2022.09.22.509006doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.22.509006
http://creativecommons.org/licenses/by-nc-nd/4.0/


The immune response to lumpy skin disease virus in cattle is influenced by inoculation route 

 

 
21 

and CD4-CD8+ cell populations. Very weak responses were observed in the CD4-CD8- cell 421 

population across all five cattle at all five time points.  422 

In summary, the IGRA, ELISpot and ICS assays indicate that calves inoculated with LSDV 423 

intravenously and intradermally develop an IFN-γ response by 5-7 dpi. Both clinical and nonclinical 424 

calves developed a CMI with no distinguishing features particular to either group identified.  425 

Clinical and nonclinical calves inoculated with LSDV develop a detectable humoral immune 426 

response.  427 

The antibody response to intravenous/intradermal LSDV challenge in calves from groups A-D was 428 

initially studied using a commercial ELISA. Six of the 7 clinical calves from groups A to D (A3, A5, 429 

B9, C12, D2, and D4) were positive by ELISA for bAbs by 21 dpi (Figure 5A). Animals A5, B9 and 430 

C12 were the first to reach the positive cut-off point at 15 dpi. The seventh clinical animal, calf D5, 431 

remained negative but a rising antibody level below the cut-off S/P % was detected at 17 and 21 dpi. 432 

There were 10 nonclinical calves in Groups A to D (including 3 negative control animals A1, B6 and 433 

C11). Calf B7 was the only to develop a positive ELISA result, on days 15 and 17 dpi (Figure 5B) 434 

with calves D1 and D3 borderline positive by 21 dpi. These results suggest that clinical calves 435 

develop a more rapid and robust humoral immune response compared to nonclinical calves following 436 

intravenous/intradermal inoculation. 437 

In order to quantify functional antibodies, a FVNT was performed to detect neutralising antibodies 438 

(nAbs) to LSDV. This assay takes advantage of the “foci” formed by LSDV on MDBK cells (49). 439 

Monitoring the reduction in the number of foci at each dilution was used as an indicator of 440 

neutralising activity (using a cut-off of 50 foci/well), enabling partial neutralisation to be quantified 441 

over the duration of each study. Evidence of neutralising activity was detected in the serum of all 7 442 
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clinical calves at 5 dpi, with values between 10.37 – 34.50 % (Supplementary Table 1). The degree of 443 

neutralisation then increased over time until all clinical animals had antibodies that were able to 444 

neutralise 100% of LSDV at 17 and 21 dpi (Figure 5C). There was moderate variation between 445 

individual animals with calf C12, for example, exhibiting a slower rate of increase over time. In 446 

contrast, pronounced variation existed in the partial neutralisation activity of serum from the calves in 447 

the nonclinical group (Figure 5D). At 5 dpi, antibodies from 4 of the 10 nonclinical calves did not 448 

exhibit any detectable neutralisation (B7, B10, C12 and C14), while antibodies present in the 449 

remaining calves neutralised between 9.25 and 50.88% (Supplementary Table 2). of LSDV. Different 450 

rates of increase in partial neutralisation over time were evident between all nonclinical calves. At 11 451 

dpi antibodies from calves A2, A4, C15, D1 and D3 neutralised 68 – 88% of LSDV and with 452 

antibodies present in the remaining calves neutralised 16 – 47%. At 21 dpi calves, A2 and C14 453 

neutralised 54 – 61% of LSDV whilst antibodies in the remaining animals neutralised 95 – 100%. 454 

Complete neutralisation determined by FVNT100 based on the gold standard test for nAbs, as 455 

described in the WOAH Terrestrial Guide for capripoxviruses (53), was observed in all clinical and 456 

nonclinical animals except for nonclinical calf C14. The clinical calves generated higher titres of 457 

nAbs by 21 dpi (120 – 2560; Figure 5E, Supplementary Table 2) compared to the nonclinical calves 458 

(10 – 160 except for calf D3 with a titre of 640; Figure 5F; Supplementary Table 2). Moderate 459 

variation in nAb titres between individual clinical calves was evident.  460 

In conclusion, detailed analysis of the immune response of calves inoculated via the 461 

intravenous/intradermal route identified a rapid (5-7 dpi) cell-mediated and humoral immune 462 

response to LSDV. There were no consistent differences in the cell-mediated immune response 463 

between the clinical and nonclinical calves, however a stronger and more rapid humoral immune 464 

response was detected in clinical animals compared to the nonclinical animals.  465 
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Arthropod inoculation  466 

Inoculation of calves with virus-positive insects results in development of clinical disease.  467 

The predominant means of LSDV transmission in the field is via haematogenous arthropods 468 

including flies and mosquitoes (17, 19, 20). In order to determine whether the method of inoculation 469 

influences the immune response of calves to LSDV, S. calcitrans flies and Ae. Aegypti mosquitoes 470 

were partially fed on cutaneous nodules from a clinical calf (calf D5), and allowed to immediately 471 

(within 1 h) re-feed on naive calves in group RS and RA respectively (Table 1). The feeding (from 472 

donor group D calves) and refeeding (on recipient RS and RA calves) occurred on five consecutive 473 

days (0-4 dpi), with 20 S. calcitrans flies or Ae. Aegypti mosquitoes fed on each calf in the RS and 474 

RA groups each day, to give a total of 100 arthropods feeding on each RS and RA calf. Arthropods 475 

were fed on the paravertebral dorsum of the RS and RA calves, on either side of the vertebral column 476 

between the scapula and tail. Animals in groups RS and RA were monitored for clinical signs of LSD 477 

throughout the study period.  478 

Four of the five RS calves (RS1, RS2, RS4 and RS5) and four of the five RA calves (RA1, RA3, 479 

RA4 and RA5) developed clinical LSD (cutaneous lesions) following arthropod inoculation. Severe 480 

disease (>100 cutaneous lesions per animal) was evident in calves RA1, RA3, RA5, RS1, RS2 and 481 

RS4 (Figure 6A), moderate disease in calf RA4 (50 lesions) and mild disease was observed in RS5 (1 482 

lesion). Lesions were first noted on 11 (RA1, RA3, RA4 and RA5), 12 (RS1, RS2 and RS4) or 13 483 

(RS5) dpi. No cutaneous lesions were detected in the nonclinical calves (Figure 6B). An increase in 484 

body temperature was detected in all eight clinical calves from 11 dpi (Figure 6C), persisting for 485 

between 1-12 days. A single day of raised temperature was observed in nonclinical calf RA2 at 13 486 

dpi. No temperature increase was detected in nonclinical calf RS3 (Figure 6D). Reddened and 487 

swollen inoculation sites, progressing to necrosis of the skin, were noted in the clinical calves with 488 
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the exception of RS5. Increased size of the prefemoral and prescapular lymph nodes was present in 489 

all ten calves from 10-14 dpi onwards, lasting in some calves to the end of the study. This 490 

lymphadenopathy was more marked in the clinical calves. Loss of body condition score was noted in 491 

all clinical calves except RS5. Lethargy was noted in calf RA1 from 15-16 dpi, RA3 on 18 dpi, and 492 

RS4 15-20 dpi. Calves RA1, RA3 and RS4 were euthanised at 21 dpi, RS1, RS2, RA4 and RA5 at 25 493 

dpi and calves RS3, RS5 and RA2 at 29 dpi. 494 

LSDV viraemia (genome copies/mL detected by qPCR) was detected as early as 3 dpi in arthropod 495 

inoculated calves (Figure 6E).  Seven clinical calves with moderate or severe disease (RA1, RA3, 496 

RA4, RA5, RS1, RS2, and RS4) exhibited a similar viraemia curve with peak viraemia occurring at 497 

17-19 dpi. Calves RA3 and RA5 had the highest viraemia levels at 3.7 × 105 and 1.7 × 105 genome 498 

copies/mL. Calf RA4 which developed moderate disease had a shorter and lower magnitude viraemia 499 

when compared to the severely affected calves. Calf RS5 developed mild clinical disease with only a 500 

single cutaneous lesion. The nodule contained high levels of LSDV genomic DNA (1.4 × 105 genome 501 

copies of LSDV/mL of skin microbiopsy extract), confirming the pathology was caused by LSDV. 502 

This calf remained viraemia negative throughout the study across all 17 time points that were blood 503 

sampled. It was clinically inapparent on other parameters scored throughout the study apart from 13 504 

dpi when it had a rise of 1.3°C in temperature to 40.9°C, and a high heart rate of 90 beats per minute. 505 

These parameters had returned to normal by 14 dpi. The nonclinical calves RA2 and RS3 were 506 

negative for LSDV viraemia throughout the study.  507 

In summary, the clinical signs, gross pathology noted in the arthropod-inoculated calves was 508 

consistent with that reported in “needle inoculated” calves including those challenged via the 509 

intravenous/intradermal route. The magnitude and length of viraemia was also similar, however the 510 
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preclinical or latent period was longer in the arthropod-inoculated calves (11-13 dpi in groups RS and 511 

RA compared to 5-6 dpi in groups A-D).   512 

Type I IFN can be detected intermittently in the serum of calves inoculated with virus-positive 513 

insects.  514 

We measured IFN-γ and IL-10 in the sera of the RS and RA calves but, similar to the calves in group 515 

D, no cytokine expression was detected at any of the timepoints tested (data not shown). We then 516 

used the MxCAT assay to look for type I IFN in the sera and detected this cytokine in both RS and 517 

RA groups across the time course of the study (Figure 7A). Seven clinical recipient animals exhibited 518 

a type I IFN response. Five of these calves were characterised as severely diseased (RA1, RA3, RA5, 519 

RS1, RS2), one as moderate (RA4), and one (RS5) exhibited only mild signs of LSDV infection. 520 

Most of these calves demonstrated a single peak of type I IFN between 9 and 15dpi, ranging between 521 

4.3-191 IU/mL, except calf RS5 which had 191 IU/mL of type I IFN at 13dpi and 16.5 IU/mL at 522 

15dpi. No type I IFN was detected in the serum of the two nonclinical calves RA2 and RS3 or the 523 

severely affected calf RS4 at any time point tested. 524 

A CMI response to LSDV can be detected in clinical but not nonclinical calves after inoculation 525 

with virus-positive arthropods.  526 

PBMCs isolated from blood collected from recipient calves on 0, 7, 11, 15 and 21 dpi were 527 

stimulated with UV-inactivated LSDV and an IGRA performed as described above. A strong peak in 528 

IFN-γ secretion (250 – 380 ng/mL) was detected at 11 dpi in all eight clinical recipient calves (RS1, 529 

RS2, RS4, RS5, RA1, RA3, RA4, RA5), with lower levels at 15 and 21 dpi (Figures 7C and D). In 530 

contrast very low levels of IFN-γ (<50 ng/mL) were produced in response to LSDV stimulation in the 531 

two nonclinical calves RS3 and RA2 at all time points. Both the RA and RS group show a consistent 532 
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trend amongst the clinical cattle with a peak of CMI at 11 dpi, in contrast to the very low levels of 533 

IFN-γ produced by the two nonclinical calves.  534 

The IGRA assay was also carried out on whole blood, using live LSDV as overnight stimulant. 535 

Lower levels of IFN-γ secretion were detected using this method in all clinical animals compared to 536 

the response seen in stimulated PBMCs with convincing responses detected only in calf RA3 at 5 and 537 

11 dpi and RA5 and RS5 at 15 dpi (Figure 7E). Low or no IFN-γ was detected in the two nonclinical 538 

calves RS3 and RA2 at any timepoint. The lack of consistency between the PBMC and whole blood 539 

IGRA results reflects that seen in the analysis of the group D responses. 540 

Overall, these data indicate that there is a strong anti-LSDV CMI response present in all eight 541 

arthropod inoculated calves at 11 dpi, at or prior to the time they develop cutaneous lesions. The 542 

absence of a detectable CMI response in the two nonclinical calves suggest early local antiviral 543 

defences were sufficient to control the virus in these animals, avoiding the need for a systemic 544 

response. 545 

Clinical but not nonclinical calves develop strongly neutralising antibody titres after 546 

inoculation with virus-positive arthropods.  547 

Serum samples were evaluated for bAbs specific to LSDV by commercial ELISA. Clinical calves 548 

RS4 and RA1 showed the presence of bAbs at 21 dpi, and calves RS2 and RA5 were positive at 25 549 

dpi (Figure 8A). The remaining clinical calves RS1, RS5, RA3 and RA4 were negative as were the 550 

three nonclinical calves (RS3 and RA2; Figure 8B), although rising titres of bAbs were visible at 551 

later time points. 552 

The FVNT was used to detect and quantify neutralising antibodies against LSDV in the sera of the 553 

arthropod challenged calves. No nAbs were detected in the sera of any of the calves at 0 dpi, 554 
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however, partially nAbs were generated by all ten calves during the study. Seven of the eight clinical 555 

calves exhibited a rapid increase in partial nAbs from 11 dpi onwards (24.87 – 68%; Supplementary 556 

Table 3) until 100 % neutralisation was observed from 15 dpi (Figures 8C). Mildly affected calf RS5 557 

had a slower increase in nAbs first detected at 7 dpi, to peak just below 100% at 25 dpi before 558 

declining at 29 dpi. Nonclinical calves RS3 and RA2 had low-level partial nAbs detected at 7 dpi 559 

(27.25 – 44.50%) that increased to peak first at 17 dpi or 25 dpi before declining by 29 dpi (Figure 560 

8D; Supplementary Table 3).   561 

Complete neutralisation titres were detected in all clinical calves (with the exception of RS5) starting 562 

from 15 dpi for calf RA2 with an FVNT100 titre of 20 (Figure 8E; Supplementary Table 4). Final 563 

titres generated at individual animal endpoints were between 320 – 1280. No complete neutralisation 564 

titres were detected in the two nonclinical calves (Figures 8F; Supplementary Table 4).  565 

In summary, all 10 arthropod inoculated calves developed a detectable antibody response to LSDV. 566 

This indicates that the arthropod challenge was successful at exposing all ten calves to LSDV. The 567 

magnitude of the humoral response correlated well with the severity of disease, with the severe and 568 

moderately affected calves rapidly developing neutralising antibodies capable of completely 569 

neutralising the input virus. The mildly affected calf RS5 and the two nonclinical calves developed 570 

lower titres of nAbs.  571 

The B cell response of nonclinical calves post-challenge with virus-positive insects is 572 

characterised by a strong IgM response and delayed class switching.   573 

In order to investigate the humoral immune response to LSDV in more detail, the expression of 574 

LSDV-specific IgM and IgG antibodies was examined using a B cell ELISpot. This was performed 575 

on PBMCs to quantify the number of LSDV-specific antibody secreting cells (ASCs). In group D 576 
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(needle inoculated calves) an initial peak in IgM ASCs (247.4 ± 36.96 ASCs/106 PBMCs) was 577 

detected in both clinical and nonclinical calves at 5 dpi, around the onset of the development of skin 578 

lesions. The number of IgM ASCs decreased slightly at 7 dpi and peaked again at 15 dpi (466.30 ± 579 

53.56 ASCs/106 PBMCs; Figures 9A and B). The predominant isotype detected at 21 dpi was IgG 580 

suggesting a class switch to IgG. In the clinical calves an average of 224.3 ± 130.9 ASCs/106 PBMCs 581 

was determined. A similar pattern of LSDV-specific ASC quantification was seen in the two 582 

nonclinical calves, with an increase in IgG and a decrease in IgM at 21 dpi. There was no clear 583 

difference in the clinical and nonclinical calves in group D with respect to the ratios of IgG and IgM 584 

and potential class switching. 585 

In comparison, the pattern of detection of IgM and IgG secreting ASCs in arthropod inoculated 586 

calves was very different. When compared to the calves in group D, a much lower number of LSDV-587 

specific IgM producing ASCs were present in the PBMCs from clinical recipient calves over the 588 

entire sampling period (compare Figure 9A to 9C). A slow increase over the first 11 dpi reached a 589 

plateau between 11 and 17 dpi (151.8 ± 9.14 ASCs/106 PBMCs) and then reduced until 23 dpi when 590 

no LSDV-specific IgM ASCs were detected in calves RS1, RS2, RA4 and RA5 (Figure 8C). There 591 

was a rapid increase in LSDV-specific IgG ASCs from 7-15 dpi to a peak of 405.4 ± 42.4 ASCs/106 592 

PBMCs at 15 dpi in the clinical calves. This resulted in a significant change from a predominance of IgM 593 

to IgG at 15 dpi (P = 0.0356) and 17 dpi (P = 0.0367). The number of IgG ASCs specific for LSDV 594 

then decreased over the subsequent sampling time points until the end of the study. The IgM and IgG 595 

secreting ASC profiles from the nonclinical recipient calves were very different to the clinical calves. 596 

The PBMCs from these two calves (RA2 and RS3) contained numerous LSDV-ASCs secreting 597 

LSDV-specific IgM by 11 dpi (575 ± 115.20 ASCs/106 PBMCs). The number of ASCs secreting 598 

LSDV-specific IgM then declined by 21 dpi (Figure 8D), with a concurrent slow increase in LSDV-599 

specific IgG-secreting ASCs leading to a predominance of IgG ASCs by 23 dpi.  600 
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Overall, these data have shown the rapid (by 5 dpi) appearance of IgM-secreting LSDV-specific 601 

ASCs in calves inoculated via the intravenous/intradermal route, followed by a slower increase in 602 

IgG-secreting LSDV-specific ASCs. This profile of ASC is not influenced by the clinical outcome of 603 

inoculation. However, the timing and magnitude of LSDV-specific ASC production in arthropod 604 

challenged calves is dependent on clinical outcome. Nonclinical calves contain more LSDV-specific 605 

IgM ASCs than clinical calves, especially at 11 and 15 dpi when multifocal cutaneous nodules were 606 

first appearing on calves in the clinical cohort. Fewer IgM-secreting and more IgG-secreting LSDV-607 

specific ASCs in the clinical calves led to an earlier change in the ratio of IgM to IgG suggesting 608 

class switching occurs more rapidly in clinical calves (by 15 dpi) when compared to the nonclinical 609 

calves (23 dpi). 610 

4 Discussion 611 

This study characterises and integrates the clinical, virological, and immunological response of 612 

calves following inoculation with LSDV using a needle-inoculation method or via virus-positive 613 

arthropods.  The use of arthropods to inoculate calves with LSDV was particularly important as this 614 

is a clinically relevant route of transmission. Both routes of inoculation produced clinical disease 615 

similar to that observed in the field, characterised by pyrexia, lymphadenopathy, and multiple 616 

cutaneous nodules, however there were differences noted between the two inoculation methods 617 

including the length of the incubation period preceding disease onset, the kinetics of the cell-618 

mediated and humoral immune responses, and the ability to discriminate between clinical and 619 

nonclinical calves using immune signatures. 620 

The two inoculation routes deliver very different doses of virus to different compartments of the 621 

immune system which may explain the differences. The ID/IV needle inoculation delivered 1 × 106 622 

PFU of LSDV into the skin and 2 × 106 PFU directly into the vein where it would have direct access 623 
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to the splenic immune compartments, bypassing lymph nodes. In comparison the maximum 624 

estimated dose delivered by the arthropods to calves in the RS and RA groups was 3 × 103 PFU per 625 

calf. This dose would have been delivered into the dermis, activating local dermal immune responses 626 

before draining to regional lymph nodes. The arthropod delivery was also extended over 5 days in 627 

order to mimic a field situation more accurately, rather than being delivered via needle inoculation in 628 

a single dose. The blood-feeding arthropods would also have delivered virus accompanied by biting 629 

trauma and saliva inoculation. The feeding behaviour of arthropods has been shown previously to 630 

influence the outcome of virus inoculation (17, 54, 55), although no work has been published on the 631 

impact of arthropod feeding on LSD.   632 

Research into other poxvirus models has shown that dose can impact the latent period. Mice 633 

inoculated with 103 PFU of vaccinia virus via an intradermal route developed lesions at 6 dpi but 634 

later (8 dpi) when the dose was lowered (56). The influence of viral dose was studied in cattle 635 

inoculated intravenously with four different doses of LSDV (approximately 3 × 102, 3 × 104, 3 × 106 636 

or 3 × 107 cell culture infectious dose50 (CCID50)). One animal that was inoculated with the lowest 637 

dose displayed a delayed onset of clinical signs (19 dpi) compared to other cattle in the study (7-9 638 

dpi) (57). The incubation period of 11-12 dpi seen in our study in the RS and RA groups is consistent 639 

with previous studies which reported incubation periods following arthropod inoculation of LSDV of 640 

12-26 dpi (19), and 10-14 dpi (20). This data suggests that the incubation period of LSD in the field 641 

is longer than the 5-7 days reported in experimental studies using needle inoculation, and more likely 642 

to be 10-14 days and possibly longer. 643 

The immune response of calves to LSDV inoculation was initially studied by examining the levels of 644 

cytokines IFN-γ and IL-10 in the serum using ELISA. Neither of these two cytokines were detected 645 

in calves following either needle or arthropod inoculation, suggesting that the levels of systemic 646 
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cytokines are not substantially raised in LSD, and that detection of a cytokine signature is unlikely to 647 

be of diagnostic value in the field. Interestingly, type I IFN was detected in the serum of cattle 648 

following LSDV inoculation. In group D only calf D5 had detectable type I IFN, and only at one time 649 

point (5 dpi), while type I IFN was detected in the serum of mild and severely affected calves in the 650 

RS and RA groups between 9-15 days after arthropod inoculation. No type I IFN was detected in the 651 

nonclinical calves. The pattern of type I IFN in LSD was unusual, as a single strong peak of up to 652 

191 IU/mL, with the timing of the peak closely associated with an increase in levels of virus in the 653 

blood and the appearance of the cutaneous lesions (5 dpi for calf D5, and between 9-13 dpi for the 654 

calves in groups RS and RA). In comparison, the production of type I IFN response to BVDV and 655 

FMDV has been shown to be more rapid, of lower magnitude and longer lived. BVDV inoculation 656 

resulted in a gradual increase then decrease in levels of type I IFN in the serum from 0-7dpi in 657 

animals infected with type 1 and type 2 BVDV (58), with the levels of type I IFN ranging from 5-75 658 

IU/mL. Cattle infected with FMDV showed a peak of serum type I IFN at around 2dpi estimated 659 

between 3-6 IU/mL, decreasing to low levels at 7dpi (58). Our study reveals that LSD causes a brief 660 

spike in systemic type I IFN closely associated with the onset of skin lesions in clinical calves. This 661 

suggests that LSDV is able to suppress the type I IFN response very effectively throughout the course 662 

of disease, except at the onset of systemic pathology.  663 

A cell-mediated immune response specific to LSDV was consistently seen in both clinical and 664 

nonclinical needle-inoculated calves in group D from the earliest timepoints examined (3 or 5 dpi). 665 

This response was studied using IGRAs, ELISpot and ICS which collectively built a picture of a 666 

small population of PBMCs producing a high amount of IFN-γ at 5 and 7 dpi, and a larger population 667 

of cells generating IFN-γ later in the course of the disease. Both CD4+ and CD8+ T lymphocytes 668 

produced IFN-γ in response to LSDV stimulation, particularly at the later time points (15 and 21 dpi), 669 

but the CD4-CD8- population of T lymphocytes did not. These results are consistent with previous 670 
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experimental studies describing the CMI response to LSDV (22, 32, 45). We found that the CMI 671 

response of calves following intradermal and intravenous inoculation varied substantially between 672 

animals with calf D2 in particular showing a different timing and magnitude of response across 673 

IGRA, ELISpot and ICS when compared to the other four calves in the group. It may be that the 674 

large intravenous LSDV bolus generated an exaggerated, non-specific, and poorly controlled CMI 675 

response in the needle-inoculated calves. Crucially, even though we used multiple methods to 676 

characterise the CMI response and examined timepoints through the course of disease, we were 677 

unable to differentiate between the CMI response of clinical and non-clinical calves.   678 

In contrast, examination of the CMI response in arthropod-inoculated calves using the IGRA 679 

revealed a clear and consistent difference between the clinical and non-clinical cattle. All 8 clinical 680 

calves generated a strong and remarkably uniform CMI responses at 11 dpi, with increasing and 681 

decreasing amounts of IFN-γ detected at 7 and 15 dpi, respectively. No CMI response was detected 682 

in the two nonclinical calves. This may be because the nonclinical calves were able to control the 683 

virus at a local level and therefore did not need to activate a systemic CMI response. The very 684 

consistent CMI response seen in the arthropod-inoculated calves was surprisingly given the variable 685 

dose most likely received by each animal from the virus-positive arthropods, and the 5-day period 686 

over which the dose was given. Despite these variables, the calves developed a very uniform 687 

response. Interestingly, a number of the clinical arthropod-inoculated calves had a moderate to strong 688 

CMI response at 7 dpi (Figure 7C) but went on to develop multiple cutaneous lesions at 11-13 dpi 689 

(Figure 6C). This indicates that a strong pre-existing CMI response, as measured by an IGRA, does 690 

not always bestow protection against clinical disease.  691 

The IGRA was used on both purified PBMCs and whole blood collected from all 15 calves in group 692 

D and groups RS and RA in order to determine if diagnosis of LSD, and particularly diagnosis of 693 
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preclinical or subclinical LSD, could be improved by using a whole blood IGRA, similar to IFN-γ 694 

blood testing of cattle to detect latent tuberculosis (59). However, there were substantial differences 695 

in the timing and magnitude of the immune response detected by the whole blood IGRA when 696 

compared to the IGRA carried out on PBMCs. This difference was apparent following either needle-697 

inoculation or arthropod-inoculation, with the whole blood IGRA detecting in general fewer positive 698 

samples and, in the arthropod inoculated calves, a lower magnitude response. The reason for this 699 

difference could be the absence of granulocytes and other blood components such as neutralising 700 

antibodies from the purified PBMCs and the stimulation of different immune response pathways by 701 

live and SW-UV inactivated LSDV. Overall, the results do not support the development of a whole 702 

blood IGRA for LSD diagnosis and, despite the additional time and expense required, this study 703 

encourages the use of PBMCs rather than whole blood when carrying out research into the CMI 704 

response to LSDV. 705 

The humoral immune response to LSDV has been characterised in numerous experimental studies 706 

using both a commercially available ELISA and the virus neutralisation test (VNT). The VNT in 707 

these studies often uses tissue culture infectious dose50 (TCID50) or similar as a readout. In this study 708 

we used two new methods which provided more granularity to our assessment of the LSDV humoral 709 

immune response – the FVNT, which used number of viral foci rather than TCID50 as a read-out, and 710 

the B cell ELISpot.  711 

The use of the FVNT to elucidate partial neutralisation provided more in-depth analysis of the 712 

humoral immune response in response to needle (n=17) or arthropod (n=10) inoculation. A strong 713 

humoral immune response was seen in all clinical calves from 5 dpi onwards with the subsequent 714 

increase in neutralising antibodies in the arthropod-challenged calves lagging 6-7 days behind the 715 

needle challenged calves, in line with their extended latent period. Both neutralising and binding 716 
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antibody responses were stronger and more rapid in the clinical calves than the nonclinical calves, 717 

regardless of the method of inoculation. This was most obvious at later timepoints (from 15 dpi). A 718 

similar pattern of responses has been observed in previous studies (22, 60, 61), and is likely due to 719 

the higher virus load in the clinical calves providing more antigenic-stimulation. 720 

This analysis revealed that although the majority of nonclinical calves did not develop antibodies that 721 

afforded complete neutralisation by FVNT100, there was clear evidence of partially neutralising 722 

antibodies in these individual animals from as early as 5 dpi. These partially neutralising antibodies 723 

increased gradually over the course of the studies but varied between individual nonclinical animals. 724 

Interestingly, two of the nonclinical calves in group D that did not develop completely neutralising 725 

antibodies did develop antibodies that neutralised 50 % of LSDV by 21 dpi. A similar pattern was 726 

also detected for the two recipient nonclinical calves (RA2 and RS3). This highlights that animals 727 

that were negative on the classical VNT100 assay that has been used previously for quantifying the 728 

humoral immune response to LSDV still have functionally active antibodies present in their sera.  729 

The identification of rapidly appearing partially neutralising antibodies in the two nonclinical 730 

arthropod inoculated calves RA2 and RS3 at 7 dpi encouraged us to look more closely at the 731 

development of the humoral immune response by developing a B cell ELISpot to monitor the 732 

progression of IgM and IgG antibody production. No distinct differences were observed in the IgM 733 

and IgG responses from the needle-inoculated animals. However, strong IgM responses were evident 734 

in the arthropod-inoculated nonclinical cattle, with a distinct peak at 11 dpi (correlating with the 735 

onset of lesions in the clinical animals). This strong IgM response was not observed in the clinical 736 

arthropod-inoculated animals. A prominent class switch at 15 dpi was observed in the clinical 737 

arthropod-inoculated cattle but occurred later in the nonclinical arthropod-inoculated animals at 23 738 

dpi. These results suggest that early IgM production is a correlate of protection and warrants further 739 
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analysis. Measuring B-cell antibody responses together with antibody detection determines an earlier 740 

immune response and duration of immunity imperative to vaccine surveillance (62).  741 

The role of plasma B cells and antibodies in the primary response to LSDV infection is important for 742 

the determination of correlates of protection in infected animals and the development of effective 743 

vaccines. Experimental studies investigating the role of neutralising IgG antibodies in mice against 744 

vaccinia virus and monkeypox virus identified this antibody isotype developed later in primary 745 

infection and after the onset of lesions (63). Similar studies to investigate the role of neutralising IgM 746 

in mice challenged with vaccinia virus found that neutralising IgM was detected early in infection 747 

and initiated a complement-dependent cascade in the immune response to challenge that could 748 

indicate an important role in clinical outcome (63, 64).   749 

This study provides in depth analysis of the adaptive immune response to LSDV through inoculation 750 

by intravenous and intradermal inoculation and via the use of arthropod vectors Stomoxys calcitrans 751 

and Aedes aegypti under experimental conditions. The study presents the first evidence of differences 752 

in the immune response between clinical and nonclinical cattle, and highlights the importance of 753 

using the most relevant model possible when studying disease under experimental conditions. These 754 

results will influence the development of improved diagnostic and vaccines for LSDV and for post-755 

vaccination monitoring.  756 
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Table 1 Cattle study experimental design 946 
 

Cattle Study Groups and Animal Numbers 

 
A B C D 

‘Donors’ 

RA 

‘Recipients’ 

RS 

‘Recipients’ 

Uninfected  A1 B6 C11 none none none 

Inoculated  A2, A3, A4, 

A5 

B7, B8, B9, 

B10 

C12, C13, 

C14, C15 

D1, D2, 

D3, D4, D5 

RA1, RA2, 

RA3, RA4, 

RA5 

RS1, RS2, 

RS3, RS4, 

RS5 

Inoculation 

Route 

Intravenous 

and intradermal 

Intravenous 

and 

intradermal 

Intravenous 

and 

intradermal 

Intravenous 

and 

intradermal 

Stomoxys 

calcitrans 

Aedes aegypti 

*Study duration for the intravenous and intradermal cattle groups was 21 days and recipients 29 days. 947 

 948 

Figure 1. Clinical and virological outcomes of clinical and nonclinical calves after needle-949 

inoculation with LSDV. The number of cutaneous lesions (A and B) were recorded each day, up to 950 

a maximum of 100 lesions. The rectal temperature of clinical and nonclinical calves (C and D) was 951 

recorded daily.  The number of LSDV genome copies in the blood of each calf was quantified by 952 

qPCR. A vertical dotted line represents the first day cutaneous lesions were noted in the clinical 953 

calves.   954 

Figure 2. Needle-inoculated clinical and nonclinical calves produce IFN-γ but not type I IFN in 955 

response to stimulation of PBMCs or blood by UV-inactivated LSDV. (A and B) The amount of 956 

type I IFN in the sera of needle-inoculated cattle at indicated timepoints post infection was quantified 957 

using a cellular reporter system (MxCAT assay). IGRAs were performed on PBMC purified from 958 

heparinised blood collected at indicated timepoints from clinical (C) and nonclinical (D) calves. 959 

PBMCs were stimulated overnight with UV-inactivated LSDV, supernatant collected, and IFN-γ 960 

quantified using an in-house ELISA. The error bars represent the SEM. An IGRA was also 961 
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performed on stimulated whole blood from clinical (E) and nonclinical (F) calves at the timepoints 962 

indicated. Whole blood was stimulated with live LSDV overnight, then IFN-γ present in the plasma 963 

quantified using a commercially available ELISA. The error bars represent the SEM. The dotted 964 

horizontal line represents a 15 S/P % positive cut-off. The dotted vertical line represents the first day 965 

cutaneous lesions occurred in the clinical animals. Data corrected to mock PBS stimulation.  966 

Figure 3. Needle-inoculated clinical (A) and nonclinical (B) calves produce IFN-γ in response to 967 

stimulation of PBMCs by UV-inactivated LSDV as measured by ELISpot assay. The number of 968 

IFN-γ producing PBMCs stimulated with SW-UV inactivated LSDV was determined by IFN-γ 969 

ELISpot and presented as spot forming cells/million (SFC/106). The error bars represent the SEM. 970 

The dotted line represents the first day of the onset of cutaneous lesions in the clinical animals. Data 971 

corrected to mock PBS stimulation. 972 

Figure 4. CD4+CD8- and CD8+CD4- but not CD4-CD8- T cells are responsible for the 973 

production of IFN-γ in response to stimulation with UV-inactivated LSDV in needle-inoculated 974 

calves. Flow cytometric analysis was used to determine the % of IFN-γ+ T cells expressing 975 

CD4+CD8- (A and B), CD8+CD4- (C and D) and CD4-CD8- (E and F) in response to stimulation with 976 

SW-UV inactivated LSDV. Samples were tested in triplicate and normalised to the mock control. 977 

The error bars represent the SEM. The dotted vertical line represents the first day lesions occurred in 978 

clinical animals. Data corrected to mock PBS stimulation. 979 

Figure 5. Calves that develop clinical disease following needle-inoculation with LSDV also 980 

develop a more rapid and robust humoral immune response as measured either by ELISA or 981 

FVNT. The antibody responses in calves after needle-inoculation with LSDV was measured using 982 

the ID Screen® Capripox Double Antigen Multi-species ELISA kit (Innovative Diagnostics) (A and 983 

B). The horizontal line represents the 30 S/P% cut-off. The production of neutralising antibodies was 984 
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measured using a fluorescent virus neutralisation test. The percentage of viral foci-forming units 985 

neutralised by the sera was measured over time in clinical (C) and nonclinical (D) calves.  Complete 986 

neutralisation of the virus (FVNT100) was also calculated in clinical (E) and nonclinical (F) calves. 987 

The dotted line represents the first day of the onset of cutaneous lesions in the clinical animals. 988 

Figure 6. Eight out of ten arthropod-inoculated calves developed clinical signs consistent with 989 

LSD approximately 11 days after the start of inoculation. The number of cutaneous lesions in the 990 

clinical (A) and nonclinical (B) calves were recorded each day, up to a maximum of 100 lesions. The 991 

rectal temperature of clinical and nonclinical calves (C and D) was recorded daily.  The number of 992 

LSDV genome copies in the blood of each calf was quantified by qPCR. The red dotted line 993 

represents the onset of cutaneous lesions for group RS cattle and the blue dotted line the onset of 994 

cutaneous lesions for group RA cattle. 995 

Figure 7. Arthropod-inoculated clinical calves but not nonclinical calves develop a uniform and 996 

robust LSDV-specific CMI response as measured by IGRA on purified PBMCs.  The amount of 997 

type I IFN in the sera of needle-inoculated cattle at indicated timepoints post infection (A and B) was 998 

quantified using a cellular reporter system (MxCAT assay). IGRAs were performed on PBMC 999 

purified from heparinised blood collected at indicated timepoints from clinical (C) and nonclinical 1000 

(D) calves. PBMCs were stimulated overnight with UV-inactivated LSDV, supernatant collected, and 1001 

IFN-γ quantified using an in-house ELISA. The error bars represent the SEM. An IGRA was also 1002 

performed on stimulated whole blood from clinical (E) and nonclinical (F) calves at the timepoints 1003 

indicated. Whole blood was stimulated with live LSDV overnight, then IFN-γ present in the plasma 1004 

quantified using a commercially available ELISA. The error bars represent the SEM. The dotted 1005 

horizontal line represents a 15 S/P % positive cut-off. Red dotted line represents the onset of lesions 1006 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(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 

The copyright holder for this preprintthis version posted September 22, 2022. ; https://doi.org/10.1101/2022.09.22.509006doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.22.509006
http://creativecommons.org/licenses/by-nc-nd/4.0/


The immune response to lumpy skin disease virus in cattle is influenced by inoculation route 

 

 
45 

for group RS cattle and the blue dotted line for group RA cattle. Data corrected to mock PBS 1007 

stimulation. 1008 

Figure 8. Calves that develop clinical disease following arthropod inoculation with LSDV 1009 

develop a rapid and robust humoral immune response as measured either by ELISA or FVNT. 1010 

The antibody responses in calves after needle-inoculation with LSDV was measured using the ID 1011 

Screen® Capripox Double Antigen Multi-species ELISA kit (Innovative Diagnostics) following 1012 

manufacturer instructions (A and B). The error bars represent the SEM. The production of 1013 

neutralising antibodies was measured using a fluorescent virus neutralisation test. The percentage of 1014 

viral foci-forming units neutralised by the sera was measured over time in clinical (C) and 1015 

nonclinical (D) calves.  Complete neutralisation of the virus (FVNT100) was also calculated in clinical 1016 

(E) and nonclinical (F) calves. Red dotted line represents the onset of lesions for group RS cattle and 1017 

the blue dotted line for group RA cattle. 1018 

Figure 9. Protection against LSD is associated with a robust LSDV-specific IgM response 1019 

following arthropod-inoculation but not needle-inoculation. PBMCs were isolated from 1020 

heparinised blood from needle-inoculated (A and B) and arthropod-inoculated (C and D) calves at 1021 

the time points shown, and stimulated overnight with live LSDV. Antibody secreting cells were then 1022 

labelled with bovine anti-IgM or bovine anti-IgG antibodies. Spots were read using an ImmunoSpot 1023 

7.0 reader and ImmunoSpot SC suite (Cellular Technology Limited). Results were manually 1024 

validated for false-positive results and expressed as the mean number of ASCs/million. Results are 1025 

expressed as group mean ASCs/106 PBMCs ± standard error of the mean. Red dotted line represents 1026 

the onset of lesions for group RS cattle and the blue dotted line for group RA cattle. Data corrected to 1027 

mock uninfected cell lysate stimulation.  1028 

 1029 
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Figure 1 1031 
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Figure 2 1034 
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Figure 3 1037 
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Figure 4 1040 
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Figure 5 1043 
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Figure 6 1046 
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Figure 7 1049 
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Figure 8 1052 
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Figure 9 1055 
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