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Abstract: African swine fever (ASF) is a lethal disease in pigs that has grave socio-economic impli- 9 

cations worldwide. For the development of vaccines against African swine fever virus (ASFV), im- 10 

munogenic antigens that generate protective immune responses need to be identified. There are 11 

over 150 viral proteins - many of which are uncharacterized – and humoral immunity to ASFV has 12 

not been closely examined. To profile antigen specific antibody responses, we developed luciferase- 13 

linked antibody capture assays (LACAs) for a panel of ASFV capsid proteins and screened sera from 14 

inbred and outbred animals that were previously immunized with low virulent ASFV before chal- 15 

lenge with virulent ASFV. Antibodies to B646L/p72, D117L/p17, M1249L and E120R/p14.5 were de- 16 

tected in this study; however, we were unable to detect B438L specific antibodies. Although 17 

OURT88/1 induced viremia was observed in the presence of anti-B646L/p72 antibodies as well as 18 

B602L antibodies they were associated with recovery from lethal disease in inbred and outbred an- 19 

imals. However, these antibodies did not correlate with protection against Georgia 2007/1 infection. 20 

Antibody responses against M1249L and E120R/p14.5 were observed in animals with reduced clin- 21 

ical signs and viremia. Here we present LACAs as a tool for targeted profiling of antigen specific 22 

antibody responses to inform vaccine development. 23 

Keywords: ASFV; humoral responses; ASFV capsid proteins; ASFV vaccines; ASFV immunity; an- 24 

tigen discovery; luciferase antibody capture assay; luciferase immunoprecipitation assay; viral hem- 25 

orrhagic fever.  26 

 27 

1. Introduction 28 

The on-going African swine fever (ASF) panzootic in domestic pigs and wild boar is 29 

caused by the ASF virus (ASFV) [1, 2]. It is a contagious and lethal hemorrhagic disease 30 

that is of international concern. Due to the absence of approved and effective vaccines or 31 

treatments, main control measures involve slaughter and movement control of swine [3], 32 

resulting in high economic losses and impact on global food security. ASFV is a large 33 

double stranded virus that has a 170 to 193kb genome encoding over 150 genes [4, 5], 34 

many of which are uncharacterized [1, 5].  35 

Protective immune responses after recovery from ASFV infection are poorly under- 36 

stood. Vaccine development efforts are mostly focused on the development of live atten- 37 

uated viruses (LAV) [6-10]. Although these afford good protection, they are not DIVA 38 

(differentiating infected from vaccinated animals) compliant and there are potential safety 39 

concerns [9, 11]. Unlike LAVs, subunit vaccines only encode for selected viral antigens 40 

and have an inherently safe design that is DIVA compliant. However, combinations that 41 

have been developed and tested so far offer varied protection [12-15]. Generating good T- 42 

cell responses has generally been the focus of ASFV vaccine development efforts [12, 14, 43 
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16] although both cellular and humoral immune responses are important for robust pro- 44 

tection against ASFV. Despite studies demonstrating the importance of anti-ASFV anti- 45 

bodies in disease protection [17-19], antigen specific antibody responses to ASFV have 46 

remained largely uncharacterized due to the difficulties in detecting neutralizing antibod- 47 

ies [20, 21] and the lack of tools.  48 

Antibody responses are typically measured with ELISAs, but ELISAs using fixed vi- 49 

rus infected cells or lysates only provide a broad overview of the antibody responses and 50 

few ASFV antigen specific ELISAs are commercially available. Moreover, development of 51 

ASFV antigen specific ELISAs has mostly focused on diagnostic purposes with highly im- 52 

munogenic antigens [22-27]. Recombinant protein production and purification is a core 53 

prerequisite for ELISA development and due to structure and the immunomodulatory 54 

nature of many ASFV proteins [28], high yields in mammalian expression systems with 55 

proper post-translational modifications can prove difficult to achieve.  56 

Luciferase based antibody diagnostics has previously been reported for porcine dis- 57 

eases using luciferase immunoprecipitation systems (LIPS) [29, 30] and luciferase-linked 58 

antibody capture assays (LACAs) [31]. Both LIPS and LACAs detect and quantify antigen 59 

specific antibodies indirectly through the capture of antibodies that are bound to recom- 60 

binant luciferase tagged proteins of interest [31, 32]. Capture of antibodies is typically 61 

achieved with protein A. Furthermore, unlike ELISAs, these assays do not require protein 62 

purification and allow the use of crude cell lysates [32]. Compared to LIPS, LACAs are a 63 

more cost-effective approach for screening a large number of samples with multiple anti- 64 

gens [31].  65 

ASFV is a highly complex virus with many structural proteins involved in the assem- 66 

bly of its multi-layered structure. Recently the ASFV capsid structure has been resolved 67 

by three separate groups highlighting the proteins involved in capsid construction [33- 68 

35]. B646L/p72 is the major capsid protein and is the most abundant protein within the 69 

capsid [36]. It is highly immunogenic and conserved, hence its use in routine serological 70 

diagnostics [37] and genotyping [38]. To obtain B646L/p72 proteins that have a native con- 71 

formation co-expression of the virally encoded B602L chaperone is required [39, 40]. 72 

B602L is not present in virus replication sites and antibodies against B602L can be detected 73 

in recovered pigs [41, 42]. D117L/p17 a minor capsid protein that is also a component of 74 

the internal envelope [34] – is also essential for virus morphogenesis [43]. D117L/p17 is 75 

immunogenic [44] and may have immunomodulatory abilities [45]. B438L/p49 is required 76 

for the assembly of icosahedral virions and is located at the vertices of the capsid [35, 46]. 77 

Previous work has associated B438L/p49 with low immunogenicity [47]. M1249L is a large 78 

structural protein that may be involved in building the framework of the capsid [33, 34]. 79 

E120R/p14.5 is a minor capsid protein that is associated with B646L/p72 and is essential 80 

for virus dissemination [48]. It has been suggested that E120R/p14.5 may have DNA bind- 81 

ing properties [49]. Similar to other capsid proteins, host immunomodulatory functions 82 

have been associated with E120R [50].  To our knowledge, porcine antibody responses to 83 

M1249L and E120R have not been described before. 84 

In this study, we produced a CP204L/p30 LACA to confirm the performance of 85 

LACAs for measurement of antibody responses. We then sought to develop LACAs for a 86 

panel of ASFV capsid and associated proteins: (1) B646L/p72 (with and without co-expres- 87 

sion of B602L); (2) D117L/p17; (3) B438L/p49; (4) M1249L; (5) E120R/p14.5 and (6) the chap- 88 

erone B602L. We used the LACAs to profile longitudinal humoral responses using sam- 89 

ples from our previous study [51] where we immunized inbred Babraham pigs and out- 90 

bred domestic pigs with the low virulent OURT88/3 (genotype I) isolate. We were able to 91 

identify antigen specific antibodies against most of the antigens tested and distinguish 92 

responses associated with recovery from virulent ASFV challenge. 93 

2. Materials and Methods 94 

2.1. Sera samples 95 
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Sera samples were obtained from two experiments that were published previously 96 

[51]. The first experiment consisted of twelve inbred Babraham pigs experimentally im- 97 

munized with low virulent ASFV strain OURT88/3 and five mock control animals immun- 98 

ized with PBS before challenge with the homologous virulent ASFV strain OURT88/1. In 99 

the second experiment, eight outbred domestic pigs were experimentally immunized with 100 

OURT88/3 before challenge with virulent OURT88/1. Surviving animals were thereafter 101 

challenged with the heterologous ASFV strain Georgia 2007/1.   102 

2.2. Plasmids 103 

Open reading frames for the following proteins: B646L/p72, B602L, D117L/p17, 104 

M1249L, E120R/p14.5 were synthesized based on the sequences from ASFV Georgia2007/1 105 

(GenBank Accession No. NC_044959). Open reading frames (Supplementary Table 1) 106 

were pig codon optimized and cloned into a modified pNeoSec vector [52] (kindly pro- 107 

vided by Prof. Raymond Owens, Protein Production UK (PPUK)) without the RPTP se- 108 

cretion signal. Proteins were expressed under the control of the synthetic CAG promoter 109 

and all proteins were tagged on the C-terminal end with nanoluciferase (Nluc, Supple- 110 

mentary Table 2) derived from the deep-sea shrimp Oplophorus gracilirostris. Plasmids 111 

were amplified in DH5α derivative competent cells (New England Biolabs, USA) and iso- 112 

lated for transfection with Miraprep as described by Pronobis et al. [53].  113 

2.3. Cell culture and transfections 114 

HEK293T cells were used for protein production. Cells were maintained at 37°C with 115 

5% CO2 and humidity control in Dulbecco’s modified Eagle’s medium (Gibco, UK) sup- 116 

plemented with 10% fetal bovine serum (FCS, Life Science Production, UK) and 100 117 

I.U./ml penicillin with 100 µg/ml streptomycin (Gibco, UK).  118 

HEK293T cells were seeded into T175 flasks at a density of 4 × 106 cells and transfected 119 

when they reached approximately 70% confluence. All plasmids were transfected using 120 

TransIT-LT1 (Mirius Bio, USA) according to manufacturer’s instructions. Cells were main- 121 

tained for 72 hours after transfection before harvesting. Cells were pelleted and washed 122 

once with 1× PBS before lysis with 1× Renilla Luciferase Assay (RLA) lysis buffer 123 

(Promega, USA) with 1× cOmplete protease inhibitor cocktail (Roche, CH). Lysates were 124 

incubated for 15 min with agitation before one freeze thaw cycle to ensure complete lysis 125 

of cells. After clarification at 13,200 × g (4°C), lysates were measured with RLA (Promega, 126 

USA) to determine Nluc activity according to manufacturer’s instructions. Lysates were 127 

then aliquoted and stored below -70°C until use in assays. The same lysates were used for 128 

all samples within an experiment.  129 

2.4. LACA  130 

A modified version of LACA [31] was used in this study. Briefly, 96 well LumiNunc 131 

opaque white plates (Thermo Scientific, UK) were coated with 8 µg/ml Protein A from 132 

Staphylococcus aureus (Sigma-Aldrich, USA) overnight in 100 µl Carbonate-Bicarbonate 133 

buffer (Sigma-Aldrich, USA) at 4°C. Plates were then washed three times with 0.5% (v/v) 134 

Triton-X100 (Sigma-Aldrich, USA) in 1× phosphate buffered saline (wash buffer). There- 135 

after, plates were blocked with 5% skim milk in wash buffer (block buffer) for two hours. 136 

Antigen lysates were diluted to 2 × 107 ALU/ml in block buffer and sera samples were 137 

diluted 1:50 in block buffer before incubation with diluted antigen lysates at a ratio of 1:1 138 

(sera samples have a final dilution of 1:100 in a final volume of 100 µl) for one hour with 139 

agitation. Block buffer was then removed from the white plates and the sera-antigen lysate 140 

mixes were transferred into the blocked plates and incubated for one hour with agitation. 141 

Plates were washed six times with wash buffer and twice with 1×PBS before measurement 142 

with RLA using a Cytation 3 multi-mode reader (Biotek, USA). All incubations were per- 143 

formed at room temperature unless indicated. FCS was used as a negative control on each 144 

plate and data were presented as a ratio of luciferase activity of each sample to the lucif- 145 

erase activity of the negative control (P/N ratio). The cutoff value for the P/N ratio of each 146 
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protein was calculated from the mean and 3× standard deviation of all negative sera sam- 147 

ples in each experiment.   148 

2.5. Statistics 149 

 Statistical analyses were performed with GraphPad Prism 9 (GraphPad, USA) on 150 

the responses of inbred Babraham animals. Statistical differences between Babraham pigs 151 

immunized with PBS (n=5), immunized Babraham animals that were protected (n=5) and 152 

not protected (n=7) after virulent challenge were tested using the Mixed-effects model 153 

(REML) with Tukey’s multiple comparison test. Time points where there were at least 154 

four data points for each group were used for this analysis. Data were transformed to fit 155 

a normal distribution as appropriate before models were run, and diagnostic plots of re- 156 

siduals were checked to ensure that model assumptions were met. A p-value of less than 157 

0.05 was considered statistically significant. Graphs were plotted with GraphPad Prism 9 158 

and arranged with Illustrator CS6 (Adobe).  159 

3. Results 160 

We previously reported on the humoral responses of inbred Babraham animals and 161 

outbred domestic pigs that were immunized with low virulent OURT88/3 before chal- 162 

lenge with virulent ASFV [51]. Using whole ASFV fixed cell- and commercial ELISAs we 163 

found the general humoral responses of inbred Babraham animals were weakly associ- 164 

ated with recovery after challenge with virulent ASFV OURT88/1. We did not, however,  165 

identify crucial antigens that were associated with protection due to the lack of available 166 

tools. To probe the antigen specific antibody responses of samples collected from our pre- 167 

vious study, we developed a modified version of LACAs [31] (Figure 1). ASFV capsid 168 

proteins of interest were fused to Nluc, which is a smaller luciferin that is able to metabo- 169 

lize coelenterazine - similar to Renilla luciferase – but with higher levels of luminescence 170 

[54]. The smaller size of Nluc (approximately 19.1 kDa), compared to Renilla luciferase (36 171 

kDa), reduces the possibility of steric hindrance of potential epitopes. Since ASFV repli- 172 

cates in porcine cells, we expressed Nluc-tagged recombinant ASFV proteins in mamma- 173 

lian cell lines to ensure that mammalian post-translational modifications were applied ap- 174 

propriately. Recombinant ASFV protein expression was confirmed with confocal imaging 175 

(Supplementary Figures 1 and 2) and western blot (Supplementary Figure 3). Two assays 176 

were developed for the major capsid protein B646L/p72: one where B646L/p72 is co-ex- 177 

pressed with an untagged chaperone B602L, which has been described to be essential for 178 

proper conformation of B646L/p72 [36, 39, 40], and one where B646L/p72 is expressed 179 

alone. The co-transfection ratio of B646L/p72 and B602L to develop an assay using recom- 180 

binant B646L/p72 with a conformation that is reminiscent of its native conformation was 181 

determined empirically with confocal imaging; binding of the conformation dependent 182 

4H3 antibody [55] was only observed at a ratio of 1:1 (B646L/p72: B602L, Supplementary 183 

Figure 4). In this work, we refer to antibodies that target B646L/p72 co-expressed with 184 

B602L as B646L/p72-B602L antibodies and antibodies that bind to non-conformational 185 

B646L/p72 (no co-expression of B602L) targets as B646L/p72 antibodies. 186 
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 187 
Figure 1. Schematic of modified LACA developed to study ASFV antigen specific antibody re- 188 
sponses of immunized and challenged animals. (a) Sera samples are incubated with cell lysates 189 
containing a mixture of specific Nluc-tagged ASFV proteins of interest and irrelevant proteins. (b) 190 
Plates are coated with Protein A and blocked to prevent unspecific binding. (c) Nluc-tagged anti- 191 
gens bound to their respective antibodies are then captured on protein A and (d) the presence of 192 
antigen binding antibodies is indirectly measured through the Nluc activity. Irrelevant antibodies 193 
bound to Protein A are not detected since these do not bind the Nluc-tagged antigens.  194 

3.1. Antigen specific antibody responses of inbred Babraham pigs 195 

Sera samples collected from inbred Babraham animals [51] (Figure 2) were assayed 196 

with the CP204L/p30 and ASFV capsid protein specific LACAs. Antigen specific antibody 197 

responses were detected against CP204L/p30 (Figure 3a, b), the combination of B646L/p72- 198 

B602L (Figure 3c, d), B646L/p72 (Figure 3e, f), the chaperone B602L (Figure 3g, h), 199 

D117L/p17 (Figure 4a, b), M1249L (Figure 4e, f) and E120R/p14.5 (Figure 4g, h). Antibody 200 

responses for B438L (Figure 4c, d) were not observed, potentially due to lower expression 201 

of B438L, and low or non-immunogenicity of this protein.   202 

 203 
Figure 2. Schematic representation of experiment involving large-white inbred Babraham pigs that 204 
were immunized with low virulent OURT88/3 (OT3) before challenge with virulent OURT88/1 205 
(OT1) as published previously [51]. Partial protection from challenge with related ASFV was ob- 206 
served.  207 

CP204L/p30 antibodies were detected in most of the animals by 10 days post immun- 208 

ization (10 dpi, Figure 3a) and interestingly, were higher in the recovered group in com- 209 

parison to the not protected group at this time point (Figure 3b). However, by the day of 210 

challenge similar levels of CP204L/p30 antibodies were observed in both recovered and 211 

not protected animals  (18 dpi, Figure 3a, b) and at subsequent timepoints. Antibodies 212 

that recognized B646L/p72 when co-expressed with B602L (Figure 3d) as well as B602L 213 

itself (Figure 3h) were detected at challenge (18 dpi) in most of the animals that recovered 214 

from OURT88/1 challenge. In contrast, animals that were not protected had lower levels 215 

of B646L/p72 and B602L antibodies (Figure 3d) at challenge. By the time the non-protected 216 
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animals reached their humane endpoints, only one animal (pig 897) had an observable 217 

increase in antibodies against B646L/p72-B602L and B602L (Figure 3c and g, respectively). 218 

Antibodies targeting B602L independent B646L/p72 conformational epitopes were not 219 

quantifiable in the assay with B646L/p72 until 32 dpi in recovered animals (Figure 3e). In 220 

most of the animals that recovered from challenge, anti-B646L/p72 and B602L antibody 221 

levels increased between 25 and 32 dpi (7- and 14-days post challenge, dpc, Figure 3e and 222 

g) and plateaued between 32 dpi to the end of the study (35dpi/17dpc). These results in- 223 

dicated that recovery from OURT88/1 infection may be associated with anti-B646L/p72 224 

and B602L antibody levels at the point of challenge.  225 

 226 
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Figure 3. Longitudinal antibody responses of inbred Babraham animals to ASFV recombinant pro- 227 
teins (a-b) CP204L/p30, (c-d) B646L/p72 co-expressed with chaperone B602L, (e-f) B646L/p72 and 228 
(g-h) B602L chaperone detected with antigen specific LACAs at selected days post-immunization 229 
(dpi). (a, c, e, g) Antigen specific antibody kinetics of each animal are plotted. (b, d, f, h) Antibody 230 
responses consolidated as a group at each relevant time point are plotted. Only time points where 231 
there were four data sets or more were included in this analysis. Lines indicate the mean. Each data 232 
point corresponds to a single animal. The point of challenge with virulent OURT88/1 (OT1, 18 dpi) 233 
is denoted by the arrowhead in each graph. P/N Ratio: ratio of luciferase activity of each sample to 234 
the luciferase activity of the negative control. Dashed line indicates the cutoff determined from the 235 
mean and 3x standard deviation of all negative sera samples in each experiment. Blue, Mock: mock 236 
control animals immunized with PBS, Pink, NP: OURT88/3 immunized animals that were not pro- 237 
tected from OURT88/1, Green, R: OURT88/3 immunized animals that recovered from OURT88/1. 238 
* p<0.05, ** p<0.01, *** p<0.005, mixed effects model.   239 

 240 

In recovered animals, antibodies targeting D117L/p17 (Figure 4a) and M1249L (Fig- 241 

ure 4e) were generally observed to increase by 32 dpi/14 dpc and stabilize between 32 242 

dpi/14 dpc and 35 dpi/17 dpc. Increases in anti-E120R/p14.5 antibodies were only detected 243 

in two animals in the recovered group (pigs 899 and 900, Figure 4g) and this was only 244 

evident at termination on 35 dpi/17 dpc. In the non-protected group, pig 897 had increased 245 

antibody levels against D117/p17 (Figure 4a), M1249L (Figure 4e) and E120R/p14.5 (Figure 246 

4g) at the point of termination (24 dpi/6 dpc), in contrast to the other animals that were 247 

not protected.  248 

To relate the antigen specific antibody responses measured in this study with the 249 

clinical (Supplementary Figure 5), virological (Figure 5a) and anti-ASFV antibody (Figure 250 

5b) data previously collected [51], heatmaps of the different data sets were plotted (Figure 251 

5) to determine if trends were observable. In the previous study [51] antibody levels 252 

against the highly immunogenic CP204L/p30 were detected with a commercially available 253 

blocking ELISA. Here, the CP204L/p30 LACA (Figure 5c) broadly confirmed our previous 254 

CP204L/p30 ELISA results [51]. The higher anti-ASFV antibody responses in recovered 255 

animals with the fixed cell ELISA (Figure 5b) generally corresponded to the kinetics ob- 256 

served with B646L/p72-B602L (Figure 5d) and B602L (Figure 5f).  257 

Of all the proteins tested, CP204L/p30 had the strongest responses in the not pro- 258 

tected group (Figure 5c). Within the animals that were not protected, pig 897 raised anti- 259 

bodies against B646L/p72-B602L (Figure 5d), B602L (Figure 5f), D117L/p17 (Figure 5g), 260 

M1249L (Figure 5h) and E120R/p14.5 (Figure 5i) by the time it was culled, and its end 261 

point temperature (40.6°C, Supplementary Figure 5b) was the lowest within its group. Pig 262 

896 had higher ASFV antibody titers in the fixed cell ELISA (Figure 5b), but antibodies to 263 

the panel of antigens (Figure 5d-i) were not detected in this animal, so there may be anti- 264 

bodies to other antigens besides CP204L/p30 (Figure 5c) that are contributing to the re- 265 

sponse measured by the fixed cell ELISA in this animal.  266 
 267 
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 268 
Figure 4. Longitudinal antibody responses of inbred Babraham pigs to ASFV recombinant capsid 269 
proteins (a-b) D117L/p17, (c-d) B438L/p49, (e-f) M1249L and (g-h) E120R/p14.5 detected with anti- 270 
gen specific LACAs at selected dpi. (a, c, e, g) Antigen specific antibody kinetics of each animal are 271 
plotted. (b, d, f, h) Antibody responses consolidated as a group at each relevant time point are 272 
plotted. Only time points where there were four data points or more were included in this analysis. 273 
Lines indicate the mean. Each data point corresponds to a single animal. The point of challenge 274 
with virulent OURT88/1 (OT1, 18 dpi) is denoted by the arrowhead in each graph. P/N Ratio: ratio 275 
of luciferase activity of each sample to the luciferase activity of the negative control. Dashed line 276 
indicates the cutoff determined from the mean and 3 × standard deviation of all negative sera sam- 277 
ples in each experiment. Blue, Mock: mock control animals immunized with PBS, Pink, NP: 278 
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OURT88/3 immunized animals that were not protected from OURT88/1, Green, R: OURT88/3 im- 279 
munized animals that recovered from OURT88/1. * p<0.05, ** p<0.01, mixed effects model. 280 

 281 

 282 
Figure 5. Heatmaps of the virological and immunological parameters of inbred Babraham animals. 283 
(a-b) Data reported previously [51], (a) viremia, (b) anti-ASFV antibody titer as determined by fixed 284 
cell ELISA on BA71V infected Vero cells [51], and (c-i) recombinant ASFV protein specific LACAs 285 
targeting (c) CP204L/p30, (d) B646L/p72 co-expressed with B602L chaperone, (e) B646L/p72, (f) 286 
B602L chaperone, (g) D117L/p17, (h) M1249L and (i) E120R/p14.5. Data plotted as (a) Log10 ge- 287 
nome copy numbers/ml, (b) Log2 antibody titer, (c-i) Log10 of P/N ratio. Each row denotes the 288 
responses of a single animal. The negative cutoff for each protein specific LACA was determined 289 
from the mean and 3x standard deviation of all negative sera samples in each experiment. Animal 290 
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numbers are indicated on the y-axis and the time post-immunization is denoted on the x-axis. 291 
Crosses indicate samples that were not available for analysis. Arrowheads denote the immuniza- 292 
tion and ASFV challenge time points. Blue, Mock: mock control animals immunized with PBS, 293 
Pink, NP: OURT88/3 immunized animals that were not protected from OURT88/1, Green, R: 294 
OURT88/3 immunized animals that recovered from OURT88/1. 295 

 296 

Amongst the recovered animals, pigs 900 and 912 had higher viremia on 25 dpi/7 dpc 297 

(Figure 5a) and displayed clinical signs around the same time as the animals that were not 298 

protected (Supplementary Figures 5a, b). Both 900 and 912 displayed the lowest amount 299 

of anti-ASFV (Figure 5b), B646L/p72-B602L (Figure 5d) and B602L (Figure 5f) antibodies 300 

within the recovered animals on the day of challenge (18 dpi). As part of the secondary 301 

humoral response from pig 900, increased ASFV antibody titers were measured from 21 302 

dpi/3 dpc (Figure 5b), possibly with contribution from anti-B602L antibodies (Figure 5f) 303 

due to the similar kinetics. Antibodies targeting the ASFV capsid proteins assessed in this 304 

panel were not detected in sera of pig 912 until 32 dpi/14 dpc, so antibodies against other 305 

ASFV antigens may play a contributing role to the recovery of this animal. By the end of 306 

the study, both animals displayed the highest viremia within the group, which corre- 307 

sponded with higher B646L/p72-B602L (Figure 5d), B646L/p72 (Figure 5e) and M1249L 308 

(Figure 5h) antibody levels.  309 

Pigs 899 and 908 displayed delayed clinical signs (Supplementary Figures 5a, b) and 310 

viremia (Figure 5a), whilst pig 907 showed milder clinical signs (Supplementary Figure 311 

5a). All three animals produced detectable levels of B646L/p72-B602L (Figure 5d) and 312 

B602L (Figure 5f) antibodies from 18 dpi/0 dpc until the end of the study, which may have 313 

contributed to the delay of viremia and/or milder clinical signs. In contrast to the rest of 314 

the group, levels of D117L/p17 antibody increased in animal 907 after challenge (Figure 315 

5g) after challenge, whilst animal 908 maintained higher levels of B602L (Figure 5f) anti- 316 

bodies. Pig 899 had the lowest viremia detected in the study and this was complemented 317 

with higher CP204L and B646L/p72-B602L antibody levels (in comparison to the rest of 318 

the group, Figure 5c-d), detectable antibody levels to D117L/p17 (Figure 5g), and produc- 319 

tion of anti-M1249L antibodies (Figure 5h) on 18 dpi/0 dpc. After peak viremia (25-32 dpi, 320 

Figure 5a), pig 899 had high levels of B602L (Figure 5f) and E120R/p14.5 (Figure 5i) anti- 321 

bodies.  322 

3.2. Antigen specific antibody respones of outbred domestic pigs 323 

Sera samples collected from outbred domestic animals [51] (Figure 6) were also sub- 324 

jected to LACAs with ASFV capsid proteins and CP204L/p30. Antibody responses were 325 

detected against CP204L/p30 (Figure 7a), B646L/p72-B602L (Figure 7b), B646L/p72 (Figure 326 

7c), B602L (Figure 7d), D117L/p17 (Figure 7e), M1249L (Figure 7g) and E120R/p14.5 (Fig- 327 

ure 7h). Antibodies were not quantifiable with the B438L/p49 assay (Figure 7f), similar to 328 

observations with inbred Babraham animals (Figure 4c).   329 

 330 

 331 
Figure 6. Schematic representation of experiment involving outbred domestic pigs that were im- 332 
munized with low virulent OURT88/3 and challenged with the related virulent OURT88/1. 333 
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Survivors were then challenged further with the heterologous Georgia2007/1 [51]. Partial protec- 334 
tion from challenge with homologous and heterologous virulent ASFV was observed. 335 

 336 

 337 
Figure 7. Longitudinal antibody responses of outbred domestic pigs to ASFV recombinant proteins 338 
(a) CP204L/p30, (b) B646L/p72 co-expressed with chaperone B602L, (c) B646L/p72, (d) B602L chap- 339 
erone, (e) D117L/p17, (f) B438L/p49, (g) M1249L and (h) E120R/p14.5 detected with protein specific 340 
LACAs at selected dpi. Antigen specific antibody kinetics of each animal are plotted. Each data 341 
point corresponds to a single animal. The point of challenge with virulent OURT88/1 (OT1, 21 dpi) 342 
and virulent Georgia 2007/1 (G7, 42 dpi) is denoted by the black and orange arrowheads, respec- 343 
tively. P/N Ratio: ratio of luciferase activity of each sample to the luciferase activity of the negative 344 
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control. Dashed line indicates the cutoff determined from the mean and 3x standard deviation of 345 
all negative sera samples in each experiment. Purple: OURT88/3 immunized animal that suffered 346 
from chronic ASF, Pink: OURT88/3 immunized animal that was not protected from OURT88/1, 347 
Green: OURT88/3 immunized animals that recovered from OURT88/1, but were not protected from 348 
Georgia 2007/1, Black: OURT88/3 immunized animals that recovered from OURT88/1 and Georgia 349 
2007/1. 350 

High levels of CP204L/p30 antibodies were detected in most animals from 11 dpi and 351 

remained high throughout the study (Figure 7a), broadly confirming previous 352 

CP204L/p30 blocking ELISA results [51]. The differences in antibody levels identified with 353 

the B646L/p72-B602L assay (Figure 7b) in comparison to the B602L independent 354 

B646L/p72 assay (Figure 7c) were largely similar to results observed with inbred Babra- 355 

ham animals (Figure 3c, e), where higher levels of B646L/p72 antibodies were detected 356 

when co-expressed with B602L. B646L/p72-B602L (Figure 7b) and B602L (Figure 7d) anti- 357 

body levels increased strongly in AV78, which developed chronic ASF, and also in two of 358 

the animals that did not survive challenge with Georgia 2007/1 from 36 dpi/15 dpc OT1 359 

(days post-challenge with OURT88/1). Antibodies against B602L independent epitopes of 360 

B646L/p72 (Figure 7c) also increased after challenge in pigs AV74 and AV75 in a similar 361 

pattern to the B602L dependent assay (Figure 7b). In animals that survived challenge with 362 

Georgia 2007/1, B646L/p72-B602L (Figure 7b) and B602L (Figure 7d) antibodies were 363 

measured on 21 dpi/0 dpc OT1. Higher B602L antibody levels (Figure 7d) were generated 364 

in all animals within this group from 50 dpi/8 dpc G7 (days post-challenge with Georgia 365 

2007/1) onwards, whilst elevation in B646L/p72-B602L (Figure 7b) and B646L/p72 (Figure 366 

7c) antibodies were only observed in two animals within the group.   367 

Low levels of D117L/p17 antibodies (Figure 7e) were measured in most of the animals 368 

that survived OURT88/1 challenge and in the lone animal with chronic ASF. These levels 369 

increased in two of the animals that survived to the end of the study after challenge with 370 

Georgia 2007/1. Likewise, M1249L antibodies increased in animals that recovered from 371 

Georgia 2007/1 (Figure 7g). Low levels of M1249L antibodies were detected in the animal 372 

that developed chronic ASF and in one of the animals that did not survive Georgia 2007/1 373 

challenge (Figure 7g). High levels of E120R/p14.5 antibodies (Figure 7h) was produced in 374 

one of the animals that survived till the end of the study upon challenge with Georgia 375 

2007/1 (42 dpi). 376 

To facilitate comparison of clinical (Supplementary Figure 6), virological (Figure 8a) 377 

and antibody (Figure 8b) data from the previous study [51] to the results in this work, 378 

heatmaps of all relevant data sets were plotted (Figure 8). Similar to the inbred Babraham 379 

sera samples, samples from this experiment were subjected to LACA analysis with Nluc- 380 

tagged CP204L/p30 (Figure 8c). All animals produced CP204L/p30 antibodies by 11 dpi 381 

and antibody levels remained stable thereafter for most of the animals. AV78 developed 382 

chronic ASF after immunization with low virulent OURT88/3 and this was accompanied 383 

by an increase in ASFV antibodies at 11 dpi (Figure 8b) and detectable viremia at 21 dpi/0 384 

dpc OT1 (Figure 8a). Results from the LACAs indicated that antibodies targeting 385 

CP204L/p30 (Figure 8c), B646L/p72-B602L (Figure 8d), and B602L (Figure 8f) probably 386 

contributed to the increase in antibody titers in this animal. Of the animals that were chal- 387 

lenged with OURT88/1, AV77 was the only animal that did not survive this challenge, and 388 

this can be attributed to the general poor immunological response of this animal. It had 389 

poor cellular responses as previously reported [51] and here it demonstrated little to no 390 

antibody responses to CP204L (Figure 8c) and any of the ASFV capsid antigens tested 391 

(Figure 8d-i). The absence of B646L/p72-B602L and B602L antibodies in this animal (Figure 392 

8d, f) corresponded to observations in inbred Babraham animals, where B646L/p72-B602L 393 

(Figure 5d) and B602L (Figure 5f) antibodies were associated with recovery from 394 

OURT88/1 infection.  395 

 396 
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Figure 8. Heatmaps of the virological and immunological parameters of outbred domestic animals. 398 
(a-b) Data collected in previous study [51], (a) viremia, (b) anti-ASFV antibody titer as determined 399 
by fixed cell ELISA on BA71V infected Vero cells [51], and (c-i) recombinant ASFV protein specific 400 
LACAs targeting (c) CP204L/p30, (d) B646L/p72 co-expressed with B602L chaperone, (e) 401 
B646L/p72, (f) B602L chaperone, (g) D117L/p17, (h) M1249L and (i) E120R/p14.5. Data plotted as 402 
(a) Log10 genome copy numbers/ml, (b) Log2 antibody titer, (c-i) Log10 of P/N ratio. Each row 403 
denotes the responses of a single animal. The negative cutoff for each protein specific LACA was 404 
determined from the mean and 3x standard deviation of all negative sera samples in each experi- 405 
ment. Animal numbers are indicated on the y-axis and the time post-immunization is denoted on 406 
the x-axis. Crosses indicate samples that were not available for analysis. Arrowheads denote the 407 
immunization and ASFV challenge time points. Purple: OURT88/3 immunized animal that suf- 408 
fered from chronic ASF, Pink: OURT88/3 immunized animal that was not protected from 409 
OURT88/1, Green: OURT88/3 immunized animals that recovered from OURT88/1, but were not 410 
protected from Georgia 2007/1, Black: OURT88/3 immunized animals that recovered from 411 
OURT88/1 and Georgia 2007/1. 412 

The fixed cell ELISA results (Figure 8b) demonstrated the heterogeneity in ASFV an- 413 

tibody responses amongst the animals that survived OURT88/1 challenge. Of these six 414 

animals, two developed viremia (Figure 8a) and mild clinical signs that resolved quickly 415 

(Supplementary Figure 7). Differences between the antibody responses of the two animals 416 

(AV74 and AV75) and the rest of the animals that survived could not be identified between 417 

21 dpi/0 dpc OT1 to 29 dpi/8 dpc OT1 with fixed cell ELISA (Figure 8b), but B646L/p72- 418 

B602L (Figure 8d), B646L/p72 (Figure 8e) and B602L (only in AV74, Figure 8f) were ob- 419 

served to increase to higher levels in comparison to the other survivors and this increase 420 

was detected as viremia was decreasing, corresponding to trends observed with viremic 421 

Babraham animals (Figure 5d-f). Elevation of D117L/p17 antibodies was measured in all 422 

but one (AV73) of the survivors after OURT88/1 challenge (Figure 8g).  423 

Expression of B646L/p72-B602L (Figure 8d), B646L/p72 (Figure 8e), B602L (Figure 8f) 424 

and D117L/p17 (Figure 8g) antibodies did not protect three of the animals (AV74, AV75 425 

and AV79) from Georgia 2007/1 challenge. From the current panel of ASFV capsid anti- 426 

gens, there are no clear differences between the animals that did and did not recover. 427 

Similar to animals that developed viremia after OURT88/1 challenge, the two animals that 428 

developed moderate viremia after Georgia 2007/1 infection and survived to the end of the 429 

study also had increased levels of B646L/p72-B602L (Figure 8d), B646L/p72 (Figure 8e) 430 

and B602L (only in AV76, Figure 8f) antibodies after peak viremia was reached (Figure 431 

8a).  432 

Interestingly, of the six animals challenged with Georgia 2007/1, pig AV72 had the 433 

lowest viremia and displayed delayed clinical signs (Supplementary Figure 6). These were 434 

associated with the appearance of D117L/p17, M1249L and E120R/p14.5 antibodies. AV72 435 

expressed D117L/p17 antibodies (albeit at low levels, Figure 8g) as early as 21 dpi/0 dpc 436 

OT1. By the time it received Georgia 2007/1, it had the highest level of D117L/p17 anti- 437 

bodies amongst the challenged animals. Similar antibody kinetics were observed with 438 

M1249L (Figure 8h). Furthermore, AV72 was the only animal to express detectable 439 

amounts of E120R/p14.5 at 42dpi (day of Georgia 2007/1 challenge, Figure 8i) and to in- 440 

crease production of E120R/p14.5 antibodies in a tertiary humoral immune response. 441 

4. Discussion 442 

In this study we sought to resolve the ASFV antigen specific antibody responses of 443 

our previous study with inbred Babraham animals and outbred domestic animals that 444 

were immunized with low virulent OURT88/3. Using a panel of modified LACAs target- 445 

ing specific recombinant ASFV capsid proteins and the known chaperone B602L, we were 446 

able to characterize a small section of the complex humoral responses in the animals 447 

against ASFV.    448 

 The earliest antibody responses identified in animals were targeting CP204L/p30 449 

(Figure 3Figure 7a), B602L (Figure 3Figure 7d) and to some extent B646L/p72 (when 450 
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expressed in combination with B602L, Figure 3c andFigure 7b) and these antibodies po- 451 

tentially contributed to titers observed from 11 dpi in the fixed cell ELISA data collected 452 

previously [51] (Figure 5b and Figure 8b). Of the antigen specific antibody responses 453 

probed, CP204L/p30 specific antibody levels were the highest in the Babraham animals 454 

that were not protected (Figure 3a and Figure 5c), confirming the strong immunogenicity 455 

of CP204L/p30 [23, 56, 57]. This is in contrast to the other antigens in the panel (Figure 5) 456 

suggesting a contributory role of anti-CP204L/p30 antibodies to the fixed cell ELISA anti- 457 

body titers observed in these animals (Figure 5b). CP204L/p30 antibody levels were higher 458 

at 10dpi in Babraham animals that recovered from OURT88/1 in comparison to animals 459 

that were not protected (Figure 3b and Figure 5c). Similarly, early expression of 460 

CP204L/p30 antibodies was observed in outbred animals that recovered from OURT88/1 461 

challenge (Figure 7a and Figure 8c), indicating that earlier expression of anti-CP204L/p30 462 

antibodies may contribute to the reduction of OURT88/1 induced clinical signs and vire- 463 

mia. B438L/p49 was observed to be low or non-immunogenic in both Babrahams and out- 464 

bred pigs (Figure 4c and Figure 7f), which is consistent with data from Lokhandwala et al. 465 

[47]. This could be attributed to improper folding of the antigen – potentially a require- 466 

ment for co-expression of a chaperone similar to B646L/p72 – or, the potential location of 467 

B438L/p49 in the overall structure of the capsid as resolved by Wang et al. [34] with cryo- 468 

electron microscopy methods. They postulated that B438L/p49 is positioned on the inner 469 

shell of the capsid vertices, connecting the overlying penton proteins to the inner mem- 470 

brane. It is possible that such a location and potential steric hindrance by penton proteins 471 

hinders the development of a strong antibody response to this protein. Furthermore, an- 472 

tibody responses were generally slower to develop against the minor capsid proteins 473 

D117L/p17 and M1249L (Figure 5 andFigure 8) possibly due to their frequency and loca- 474 

tion within the virion.  475 

The animal that developed chronic ASF (AV78, Figure 8), increased production of 476 

B602L and B646L/p72-B602L antibodies was evident as the disease progressed. These ob- 477 

servations are consistent with the data obtained by Reis et al. [58] in their analysis of anti- 478 

gen specific antibody responses from animals that developed chronic disease after infec- 479 

tion with the low virulent ASFV/NH/p68. Separately, the presence of B646L/p72 and 480 

B602L antibodies (Figure 5 and Figure 8) was associated with recovery from OURT88/1 481 

challenge in both inbred Babrahams and outbred pigs, but these were not sufficient to 482 

prevent viremia induced by OURT88/1. Furthermore, expression of B646L/p72 and B602L 483 

antibodies did not protect against Georgia 2007/1 in outbred animals (Figure 8). Due to 484 

the small number of outbred animals and the limited panel of ASFV antigens in this study, 485 

it was not possible to differentiate antigen specific antibody responses between animals 486 

that did and did not recover from Georgia 2007/1. However, the observations of antibody 487 

responses against M1249L and E120R/p14.5 in recovered animals with reduced clinical 488 

signs and viremia after OURT88/1 and Georgia 2007/1 challenge warrant further investi- 489 

gation. 490 

Similar to our previous findings with regards to the cellular responses of these ani- 491 

mals [51], there were marked differences in the antibody responses between Babraham 492 

animals and the outbred animals that may account for differences in clinical outcomes. 493 

Over half of the immunized Babraham animals were unable to mount a response to 494 

B646L/p72-B602L and B602L (Figure 5d, f), despite the ability to develop CP204L/p30 an- 495 

tibodies (Figure 5c). In contrast, majority of the outbred animals produced antibodies to 496 

B646L/p72-B602L and B602L (Figure 8d, f) and the poor outcome of AV77 can be at- 497 

tributed to a generally poor immune response as observable in its low levels of 498 

CP204L/p30 antibodies (Figure 8c), in comparison to the other animals in both experi- 499 

ments.  500 

In these experiments, we utilized the protein sequences of the genotype II Georgia 501 

2007/1 strain even though all the animals were primed and boosted with genotype I ASFV 502 

strains, while the outbreds were also challenged with genotype I and II ASFV. The results 503 

we and others have published previously [6, 51, 59] demonstrated the potential of cross- 504 
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protection between genotype I and II ASFV strains and here we sought to identify if gen- 505 

otype I trained antibody responses would be able to bind to genotype II antigens, since 506 

most of the capsid proteins are highly conserved (Supplementary Figures 7-13). In both 507 

experiments antibody responses could be detected with the genotype II recombinant pro- 508 

teins even against B602L which had the lowest homology between genotypes due to the 509 

presence of a central variable region [41] (Supplementary Figure 8). Here we confirm that 510 

cross-reactive antibodies are present for all capsid proteins assessed to be immunogenic 511 

in this work. 512 

Vaccine research efforts have mainly focused on cellular responses [6, 12, 14] even 513 

though robust protection against ASFV involves both humoral and cellular immune path- 514 

ways [16]. More recently, the action of antibodies induced by live attenuated vaccines has 515 

been associated with survival and protection after virulent Georgia 2007/1 challenge and 516 

the presence of ASFV neutralizing antibodies [19]– a point of contention for decades [20] 517 

– was described. Our work presented here demonstrate the contributions of antibody re- 518 

sponses to protection from fatal disease and identify a subset of the contributing antigens 519 

in inbred animals and, to a lesser extent, outbred pigs. The tools presented here expand 520 

the ability to decipher the antibody responses of non-protected and convalescent animals 521 

after immunization and ASFV challenge.  522 

In contrast to antigen specific ELISAs that have been developed using recombinant 523 

ASFV antigens in bacterial [22-24, 26, 27] or insect cells [27, 60, 61], the assays described 524 

here use recombinant proteins produced in mammalian cells, similar to the EP402R/CD2v 525 

ELISA developed by Lv et al. [25] and the LIPS assay developed by Luong et al. to a panel 526 

of ASFV antigens (O61R/p12, CP204L/p30, E183L/p54, CP530R/pp62, EP153R/C-type lec- 527 

tin and EP402R/CD2v) [29] to ensure that the recombinant proteins receive mammalian 528 

post-translational modifications resembling their native conformation. The ability to uti- 529 

lize unpurified recombinant proteins in cell lysates for the assay simplifies the process [31, 530 

32] and enables the development of assays using antigens that are typically difficult to 531 

purify, like membrane bound proteins or hard to express proteins with low yields, which 532 

is typical of many ASFV proteins that have immunomodulatory properties.   533 

Unlike LIPS, LACA has a lower dynamic range due to the use of white plates coated 534 

with protein A instead of protein A resin, but this setup drastically reduces the cost and 535 

requirements for specialized equipment and filter plates. Furthermore, the use of white 536 

plates provides the option to use isotype specific antibodies for antibody capture as de- 537 

scribed by Duong et al. in their development of a LACA for antibody responses from 538 

chickens [62], since protein A has different affinities for antibodies from different species 539 

and subclasses. Further discrimination of antigen specific antibody responses at the sub- 540 

class level will help direct studies into other antibody directed innate effector functions 541 

[63] that may contribute to protection. 542 

Whilst improving cellular responses to vaccination is important for protection 543 

against ASFV, increased emphasis needs to be placed on exploring the repertoire of ASFV 544 

antigen specific antibody responses of vaccinated and convalescent animals to identify 545 

protective antigens and inform vaccine design for the development of a safe and effica- 546 

cious ASFV vaccine.  547 

Supplementary Materials: The following supporting information can be downloaded at: 548 
www.mdpi.com/xxx/s1, Figure S1: Confocal images of cells expressing recombinant ASFV proteins 549 
D117L, B438L, E120R and M1249L; Figure S2: Confocal images of cells expressing recombinant 550 
ASFV proteins B646L/p72, B602L and Nluc; Figure S3: Western blot detection of recombinant Nluc- 551 
tagged ASFV proteins; Figure S4: Determination of B646L/p72 and chaperone B602L transfection 552 
ratio; Figure S5: Heatmaps of (a) clinical scores and (b) temperatures of inbred Babraham animals; 553 
Figure S6: Heatmaps of (a) clinical scores and (b) temperatures of outbred domestic pigs; Figure S7: 554 
Multiple sequence alignment of B646L/p72 amino acid sequences from Georgia2007/1 and 555 
OURT88/3; Figure S8: Multiple sequence alignment of B602L amino acid sequences from Geor- 556 
gia2007/1 and OURT88/3; Figure S9: Multiple sequence alignment of D117L/p17 amino acid se- 557 
quences from Georgia2007/1 and OURT88/3; Figure S10: Multiple sequence alignment of B438L/p49 558 
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amino acid sequences from Georgia2007/1 and OURT88/3; Figure S11: Multiple sequence alignment 559 
of E120R/p14.5 amino acid sequences from Georgia2007/1 and OURT88/3; Figure S12: Multiple se- 560 
quence alignment of M1249L amino acid sequences (1-720) from Georgia2007/1 and OURT88/3; Fig- 561 
ure S13: Multiple sequence alignment of M1249L amino acid sequences (721-1249) from Geor- 562 
gia2007/1 and OURT88/3; Supplementary Materials and Methods; Table S1: DNA sequences of re- 563 
combinant Nluc tagged ASFV protein open reading frames. 564 
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