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14 Abstract: Porcine circovirus type 2 (PCV2) is a small non-enveloped DNA virus that causes swine
15 immunosuppression by inducing apoptosis in lymphocytes. The ORF3 protein plays a major role in

16 PCV2-induced apoptosis in porcine kidney cells, but there is little information regarding this protein
17 in PCV2-infected lymphocytes. In this study, hybridoma screening and epitope mapping were
18 determined by using an indirect ELISA. The mAb 7D3 against ORF3 peptide (residues 35-65) of
19 PCV2 were generated in this study. In vivo situation, the mAb 7D3 recognized ORF3 protein existed
20 in PCV2-infected apoptotic porcine PBMCs. It is noteworthy that thimerosal interfered with the
21 binding of mAb 7D3 to epitope and it was diminished by adding cysteine. Additionally, thimerosal
22 interacting with cysteine-containing peptide was demonstrated by the PTI assay. Furthermore,
23 thimerosal specifically interacted with the antigen-binding sites of mAb 7D3. This study suggested
24 that thimerosal blockade the occlusion of the antigen-binding sites of mAb 7D3 to bind ORF3

25 peptide (residues 35-65) via thimerosal interacting with cysteine residues which should be located
26 within the antigen-binding sites of mAb 7D3. Overall, the mAb 7D3 has been characterized and it
27 will be a valuables tool in future studies of ORF3 function and the wider mechanism of cell apoptosis
28 caused by PCV2 infection. Similarly, these techniques will be useful for applications in detecting
29 thimerosal too.

30
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33 1. Introduction

34 Porcine circovirus (PCV) is the smallest non-enveloped icosahedral virus and containing a
35  covalently closed circular single-stranded DNA [1]. Previous studies indicated that porcine circovirus
36  type 1 (PCV1) infected-pigs neither showed any signs of illness nor were pathological changes
37  noticeable [2,3]. However, porcine circovirus type 2 (PCV2) infected-pigs showed dull, thin, jaundice,
38  and hepatomegaly, and lesions of the post-weaning multisystemic wasting syndrome (PMWS) [4,5].
39  Gross lesions associated with PMWS were quite unspecific, but histopathological lesions in lymphoid
40  tissues (lymphocyte depletion with histiocytic infiltration and high concentrations of PCV2) were
41 almost unique for this disease [6]. Likewise, PCV2-associated disease (PCVAD) manifested as severe
42 swine herd problems, including PMWS, porcine dermatitis, and nephropathy syndrome (PDNS),
43  lymphadenopathy, enteritis, and respiratory disease, and reproductive disease [4,7-9].
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44 Openreading frames 1 (ORF1), open reading frames 2 (ORF2), and open reading frames 3 (ORF3)
45  genes are the three major ORFs among 11 ORFs in PCVs[10]. The ORF1 encodes for the replicase
46  proteins Rep and Rep’ [10,11]. The major structural capsid protein (CP) is encoded by ORF2 and has
a7 a molecular mass of 27.8-30 kDa [10,12]. However, PCV2 is very different from PCV1, especially for
48  the protein encoded by ORF3, which in PCV2 is about half the size of its counterpart in PCV1[10,13].
49  The ORF3 protein plays a major role in PCV2-induced apoptosis in porcine kidney cells (PK15) by
50  activating initiator caspase-8 and effector caspase-3 pathways [13]. Further, the wild-type PCV2
91  caused pathological lesions characterized by lymphocyte depletion with histiocytic infiltration of
52 lymphoid organs, but the ORF3-deficient mutant PCV2 failed to induce any obvious pathological
53  lesions in animal experiments [14,15]. In addition, another study demonstrated that the PCV2 ORF3
54 protein specifically interacted with the porcine p53-induced RING-H2 (pPirh2, an E3 ubiquitin ligase)
55  and inhibited its stabilization in the modulation of cellular function [16]. The data also showed that
56  OREF3 protein competed with p53 in binding to pPirh2, particularly the amino acid residues 20 to 65
57  of the ORF3 protein were essential in this competitive interaction of ORF3 protein with pPirh2 over
58  p53[17]. These events contribute to the deregulation of p53 by pPirh2, leading to increased p53 levels
59  and apoptosis of the infected cells [16,17]. Some researcher indicated that ORF3 protein physically
60 interacts with host regulator of G protein signaling 16 (RGS16), leading to degradation of the RGS16
61  protein, then degradation of RGS16 further enhances NFkB translocation into the nucleus through
62  the ERK1/2 signaling pathway and increases mRNA transcripts of the proinflammatory cytokines IL-
63 6 and IL-8 [18]. Furthermore, the ORF3 protein-induced apoptosis aids in recruiting macrophages to
64  phagocytize the infected apoptotic cells leading to the systemic dissemination of the infection [19].
65  As a result, the ORF3 protein is possibly the contributing factor for the pathogenesis and lesions
66  associated with PMWS. All known the ORF3 protein characterized to date associate with apoptosis
67  in ORF3-transfected cells and PCV2-infected PK15 cells, raising the question of whether this protein
68  exists in infected apoptotic lymphocytes.

69 Recently, some researchers try to figure out immunorelevant epitopes of ORF3 protein. The
70  ORF3 peptides (residues 31-50) were proved to be the immunodominant T lymphocyte epitope [20].
71 Further studies found the linear epitope within the residues 85-95 of the ORF3 protein that was finely
72 defined with synthetic peptides and monoclonal antibodies (mAbs), and they suggested this epitope
73 might be masked in PCV2 infected cells [21,22]. The immunoreactivity of the peptide N1 (residues
74 35-66) was confirmed by peptides reacting with PCV2-infected pig sera and peptide-immunized
75  mouse sera [23]. Based on previous studies [20,23], there should be epitopes on the N-terminal
76 sequence of ORF3 protein between residues 35 and 66. It would be facile to generate antibodies by
77 utilizing the peptide N1 (residues 35-66) of ORF3 protein. To demonstrate the peptide N1 can mimic
78  the epitopes present on the native ORF3 protein of PCV2b, this study utilized the conjugated N1-
79  KLH to inoculate mice and generate mAbs. This study had generated two mAbs and defined their
80 minimal binding region on peptide N1 using epitope mapping. This study also used
81  immunofluorescence assay to label ORF3 protein and p53 protein to figure out apoptosis in PCV2-
82  infected peripheral blood mononuclear cells (PBMCs).

83 Thimerosal (merthiolate; sodium ethylmercurithiosalicylate) is an organomercury compound
84  and widely used antiseptic and antifungal agent in some bioproducts, such as vaccines, recombinant
85  proteins, antibodies, ophthalmic products, and so on [24-28]. It is usually advisable to add a
86  preservative, such as 0.01% thimerosal or 0.02-0.05 % sodium azide before sera or antibodies are
87  stored at 4°C for more than a couple of days. However, sodium azide is a widely used peroxidase
88  inhibitor and could inhibit the horseradish peroxidase (HRP) activity [29]. Consequently, sodium
89  azide-containing is not suitable for HRP conjugation. In this study, some anti-ORF3 protein sera or
90  antibodies were stored at -20°C with 0.01% thimerosal since no previous research has been reported
91  pertaining to thimerosal affect the antibody binding capacity. While the anti-peptide N1 mAb7D3
92 had been tested for stability in this storage condition, this study discoverd that thimerosal interferesd
93  with the binding of the mAb 7D3. Hence, this work further elucidates the molecular nature of the
94  interaction of the mAb7D3 and its epitope with thimerosal. Then this study utilized amino acids and
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95  element truncated peptides of N1 to react with thimerosal to identify which essential amino acids of
96  mAb 7D3 or its epitope interact with thimerosal.

97

98 2. Results

99  2.1. Rabbit antisera against the PCV?2 peptides

100

101 Most rabbits exhibited low background anti-VLP of PCV2 IgG by iELISA before immunization.
102  The antibody titer of each serum (before immunization) were detected at the dilution 1: 100. After
103  five immunizations, the antibody titer was measured in each rabbit serum by iELISA. The peptide
104 N1 and VLP of PCV2 were capable of inducing each specific antibody. The antibody titer of each
105  serum (two weeks after the fourth booster) was detected at the dilution 1: 10,000 (OD value > 0.6 or
106  0.9). Following iELISA, the IFA test was performed to make sure those antisera could recognize
107  authentic viral protein.

108

109  2.2. Hybridomas screening and mAbs production

110

111 Mice were immunized with the synthetic peptide (N1). Mice were subsequently euthanized and

112 spleen cells were fused with myeloma cells. Following fusions, hybridoma supernatants were
113 removed and screened for the presence of peptide N1 specific antibodies by iELISA. Among them,
114 34 hybridoma supernatants reacted with peptide N1 at first screening. After repeatedly subcloning
115 by limiting dilution and screening, two stable hybridomas secreting anti-N1 mAbs (7D3 and 6D10)
116  were obtained.

117

118  2.3. Isotyping of anti-N1 mAbs

119

120 The isotypes of two mAbs were determined using an SBA ClonotypingTM System/HRP

121  according to the manufacturer’s instructions. The hybridoma produced IgG1 mAb (7D3) with kappa-
122 light chains. The other produced mAb (6D10) with lambda-light chains, however, no heavy chain
123 was detected in the supernatant of clone 6D10.

124

125 2.4. Mapping of anti-N1 mAb epitopes

126

127 Peptides included the N-terminal sequence of PCV2 ORF3 protein between residues 35 and 66,

128  associated 10-mer peptides, and truncated derivatives. Two mAbs bound to the N-terminal sequence
129  of PCV2b ORF3 protein (peptide N1, CsHNDVYISLPITLLHFPAHFQKFSQPAEISDKRss). To
130  determine the binding site of each mAb, a peptide scan analysis was performed (Figure 1). The mAb
131  7D3 just bound to the linear epitope (P126, sHNDVYISLPITLLHFPAHFQKFSQPAEISDKRse)
132 without an N-terminal cysteine compared to the peptide N1. However, the non-IgG mAb (6D10)

133 showed moderate reactions against all peptides in the ELISA test (Figure 1).
134
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136
137 Figure 1. Determination of linear epitope binding for anti-N1 mAbs. Anti-N1 mAbs (7D3 and 6D10)
138 bound the linear peptide spanning from residues 35 to 66 and tested for mAbs binding using an
139 iELISA. Peptides contained the N-terminal sequence of PCV2 ORF3 protein between residues 35 and
140 66, associated 10-mer peptides (spanning the peptide N1 and overlapping by five residues at a time),
141 and truncated derivatives (as shown in Table 1). Data represent the mean + SEM and are
142 representative of three independent assays.
143
144 2.5. Nuclear morphological changes in some PCV2-infected PBMCs
145
146 For the homemade PBMC:s slides, all wells contained both negative and positive cells (PCV2-

147  infected cells) were confirmed by IFA, as previously noted in a similar study [30]. As previous work
148  demonstrated that anti-C3 mAbs (1H3, 3B2, and 6B8) recognized native capsid protein and reacted
149  with core peptide (P59, 27KDPPLNP23:), but these mAbs produced variable positive staining pattern
150  in PBMCs by IFA [30]. In this study, PCV2 viral proteins (ORF3 protein and capsid protein) location
151  were initially assessed by IFA. These home-made polyclonal rabbit antibodies and mAb (7D3) were
152  colocalized with anti-C3 mAbs (1H3, 3B2, and 6B8) and conventional anti-capsid mAb (36A9).
153  Interesting, the anti-VLP of PCV2 rabbit serum produced cytoplasmic staining with rare intranuclear
154  staining in PCV2-infected PBMCs (Figure 2B, F, J). When PCV2-infected PBMCs were co-stained with
155  anti-VLP of PCV2 rabbit serum and anti-C3 mAbs (3B2 and 6B8), some VLP/C3 dual-positive cells
156  were showed abnormally or small shape nuclei (Figure 2C, G). Similarly, PCV2-infected PBMCs were
157  co-stained with anti-VLP of PCV2 rabbit serum and anti-N1 mAb 7D3, some VLP/N1 dual- positive
158  cells were also showed abnormally or small shape nuclei (Figure 2K).

159 The previous study suggested that ORF3 protein is leading to increased p53 levels and apoptosis
160  of the infected cells [31]. To identify the subcellular location of ORF3 protein in PCV2-infected PBMCs,
161  among anti-C3, anti-N1, and anti-p53 antibodies were used. This result showed peptide N1 close to
162  the capsid protein marker of PCV2 (Figure 2L, 3H). p53 also colocalized with peptide C3 (Figure 3D)
163  and N1 (Figure 4D). It is noteworthy that p53 protein was mainly distributed in the cytoplasm and
164  some distributed as a flocculent in the nucleus (Figure 3D, 4D). The p53/N1 dual-positive cell was
165  showed abnormally and segmented nucleus (Figure 4A, E). Nuclei of negative cells were round or
166  oval, and nuclear segmentation was very rare in negative cells (Figure 4F). Taken together, these
167  findings indicate that the frequency of irregular nuclear shape is more severe in strong dual-positive

168  cells compared with weak positive or negative cells (Figure 2H, 2L, 3D, and 4F).
169
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170
171
172 Figure 2. Localization of viral proteins of PCV2 on PCV2-infected PBMC. Localization of viral
173 proteins of PCV2 was assessed by indirect IFA using anti-VLP of PCV2 rabbit serum (green) and
174 costaining with mouse mAbs (red) to mark various viral epitopes: anti-C3 mAb 3B2 (KDPPLNP),
175 anti-C3 mAb 6B8 (KDPPLNP and KDPPLNPK ), or anti-N1 mAb 7D3 (HNDVYISLPITLLHFPAHEQ
176 KFSQPAEISDKR). Left column (A, E, and I): Staining with mouse mAbs (red) was used to identify
177 the capsid protein of PCV2 (A and E) and the ORF3 protein of PCV2 (I). The second column from
178 the left (B, F, and J): Fluorescence microscopy of VLP of PCV2 were identified (green). The third
179 column from the left (C, G, and K): Nuclei were stained with DAPI (blue), some dual-positive cells
180 were showed abnormally or small shape nuclei (arrows). Right column (D, H, and L): The merge of
181 the images is shown. Scale bars, 10 pum.

182
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184
185 Figure 3. Subcellular location of the ORF3 protein and p53 in PCV2-infected PBMCs. Localization of
186 capsid proteins of PCV2 was assessed by indirect IFA using mouse mAbs (red) to mark capsid
187 epitopes: anti-C3 mAb 1H3 (DPPLNP, DPPLNPK, LKDPPLKP), or anti-capsid mAb 36A9. Left
188 column (A and E): Staining with mouse mAbs (red) was used to identify the capsid protein of PCV2.
189 The second column from the left (B and F): Costaining with rabbit antibody (green) was used to
190 identify p53 (B) or the ORF3 protein of PCV2 (F). Nuclei were stained with DAPI (blue, C and G),
191 some dual-positive cells were presented abnormally or small shape nuclei (arrows). The merge of
192 the images is shown (D and H). Scale bars, 10 pm.
193
Anti-p53 Anti-N1
rabbit serum mAb 7D3
194
195
196 Figure 4. Morphological abnormality in PCV2-infected PBMCs. Immunofluorescence microscopy of
197 PCV2-infected PBMCs with antibodies against p53 (green) and N1 (red). Left column (A and E):
198 Nuclei were stained with DAP], the arrow pointed to the irregularly shaped nucleus (E), and
199 enlarged in the upper left panel (A). Staining with rabbit antibody (green) was used to identify p53
200 (B). Costaining with mAb 7D3 (red) was used to identify the ORE3 protein of PCV2 (C). The merge

201 of the images is shown (D and F). Scale bars, 10 pum.
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202
203 2.6. Thimerosal interfere with mAb 7D3 binding to peptide N1
204
205 To determine whether preservative could interfere with the specific mAb binding to the linear

206 epitope, two common preservatives (thimerosal and sodium azide) and four mAbs (7D3, 3B2, 8A3,
207  and 6D10) were used in this study. The mAb 7D3 specific bound the peptide N1, whereas the mAb
208 7D3 mixed with 0.1% thimerosal content (1000 ug/mL, just as 100 pg/well) that decreased
209  significantly the strength of the interactive binding of mAb 7D3 and peptide N1 compared with the
210 non-treated control did (p < 0.05; Figure 5A). Otherwise, 0.1% thimerosal content did not interfere
211  with other mAbs (3B2, 8A3, and 6D10) binding to their linear epitopes in this test (Figure 5A, B).
212 Similarly, 0.1% sodium azide content did not interfere with mAbs (3B2, 8A3, 7D3, and 6D10) binding
213 to their linear epitopes in this test (Figure 5A, B). Further, to estimate the concentration of thimerosal
214  interfere with antibodies (mAbs or mouse antisera) binding to the linear epitope, thimerosal at
215  various concentrations was mixed with antibodies (ascites or sera were used at 1:1000 dilution). The
216  data indicated that mAb 7D3 with high thimerosal (=10 pg/well, just as =100 ug/mL) content
217  decreased significantly the strength of the interactive binding of peptide N1 and mAb 7D3 compared
218  with mAb 7D3 with low thimerosal (=1 pg/well, just as =10 pg/mL) content did (p < 0.05; Figure
219  6A). However, anti-N1 mouse serum with high thimerosal content did not change significantly the
220  strength of the interactive binding of peptide N1 and anti-N1 polyclonal antibody compared with
221  anti-N1 mouse serum without thimerosal content did (p > 0.05; Figure 6A ). Similarly, anti-C3
222  antibodies (mAb 8A3 or anti-C3 mouse serum) with thimerosal content did not change significantly
223  the strength of the interactive binding of peptide C3 and anti-C3 antibodies compared with anti-C3
224  antibodies (mAb 8A3 or anti-C3 mouse serum) without thimerosal content did, except antibodies
225  (mAb 8A3 or anti-C3 mouse serum) with thimerosal level at 10 pg/mL (1 pg/well) did (Figure 6B).

226
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228
229 Figure 5. Assessment of preservative affecting specific mAb-peptide binding by IIDM. Evaluation of
230 preservative (thimerosal or sodium azide) affects binding potencies of anti-N1 mAbs (6D10 and
231 7D3) and anti-C3 mAbs (3B2 and 8A3). ELISA plates were coated with the peptide N1 (A), and the
232 others were coated with the peptide C3 (B). Each mAb with 0.1% preservative content was then
233 tested for reactivity against the N1 coated plate (A) and C3 coated plate (B), respectively. Statistic
234 calculations were done using one-way ANOVA with Tukey’s Studentized Range (HSD) multiple
235 comparisons test. A p-value < 0.05 was considered significant. Data represent the mean + SEM and
236 are representative of three independent assays. Treatments with different letters have statistically
237 significant differences.

238
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239
240
241 Figure 6. Effect of thimerosal on the binding of specific antibodies to linear peptides. ELISA plates
242 were coated with the peptide N1 (A), and the others were coated with the peptide C3 (B).
243 Antibodies with different concentrations of the thimerosal were tested for reactivity against the N1
244 coated plate (A) and C3 coated plate (B), respectively. Statistic calculations were done using one-
245 way ANOVA with Tukey’s Studentized Range (HSD) multiple comparisons test. A p-value <0.05
246 was considered significant. Data represent the mean + SEM and are representative of three
247 independent assays. Treatments with different letters have statistically significant differences.
248
249 2.7. Cysteine inhibits the interaction of thimerosal with mAb 7D3
250 To better understand how thimerosal influences the strength of the interactive binding of mAb

251  7D3 and its linear epitope, the assay of thimerosal interacting-truncated peptides of N1 and amino
252  acids were performed using bIIDM. This assay is based upon specific blocking of thimerosal by
253  preincubating with truncated peptides of peptide N1 or amino acids. Although all of the truncated
254  peptides (at 5 pug/well) tested for inhibiting active site of thimerosal were used in a concentration 10-
255  fold higher than that of coating peptide N1 (at 0.5 pg/well), they did not diminish the strength of
256  thimerosal (at 100 pg/well) interfering with the binding of mAb 7D3 to peptide N1 (Figure 7).

257 To further evaluate which critical residues within the mAb 7D3 (or its linear epitope) were
258  particularly important for interaction with thimerosal. In the following experiments, the peptide P126
259  was used at 0.5 pg/well to coat ELISA plates. Thirteen of the amino acids were tested for their ability
260  to interact with thimerosal in this assay. Among them, only cysteine (at 500 pg/well) diminished the
261  strength of thimerosal (at 100 pg/well) interfering with the binding of mAb 7D3 to the peptide P126
262  (p < 0.05 compared to the result for the control group) (Figure 8). Since the peptide P126
263  (HNDVYISLPITLLHFPAHFQKFSQPAEISDKRes) does not contain cysteine residue, one attractive
264  possibility is that cysteine interacted directly with thimerosal to quench thimerosal interfering with
265  the binding of mAb 7D3 to the peptide P126.

266
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269 Figure 7. Assessment of thimerosal interacting-truncated peptides of N1. The determination of
270 thimerosal interacting-element peptide of N1 was assessed by bIIDM using a serial dilution of mAb
271 7D3. All of the truncated peptides (at 5 pg/well) tested for inhibiting active site of thimerosal were
272 used in a concentration 10-fold higher than that of coating peptide N1 (at 0.5 pg/well). Com
273 (combined P31, P32, P33, P40, P41, and P42) was included in this experiment. PBS (no peptide) was
274 used as a negative control. No Thi (neither thimerosal nor peptide) was used as a positive control.
275 Statistic calculations were done using one-way ANOVA with Tukey’s Studentized Range (HSD)
276 multiple comparisons test. A p-value < 0.05 was considered significant. Data represent the mean +
277 SEM and are representative of three independent assays. Treatments with different letters have
278 statistically significant differences.
279

280
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282
283 Figure 8. Determination of thimerosal interacting-amino acids. The peptide P126 was used at 0.5
284 pg/well to coat ELISA plates. Arginine (R), asparagine (N), aspartic acid (D), cysteine (C), glutamine (Q),
285 glutamic acid (E), glycine (G), histidine (H), lysine (K), phenylalanine(F), proline (P), serine (S), and tyrosine
286 (Y) were tested for their ability to interact with 0.1 % thimerosal. Determination of thimerosal interacting-
287 amino acid was assessed by bIIDM using a serial dilution of mAb 7D3 and amino acids within the
288 range of concentration (up to 5 mg/mL, 100 puL per well). PBST (no amino acid) was used as a
289 negative control. No Thi (neither thimerosal nor amino acid) was used as a positive control. Statistic
290 calculations were done using one-way ANOVA with Tukey’s Studentized Range (HSD) multiple
291 comparisons test. A p-value < 0.05 was considered significant. Results show the mean of three
292 assays, each with two replicate wells. Error bars indicate standard deviations. Treatments with
293 different letters have statistically significant differences.
294
295  2.8. Thimerosal interacts with cysteine-containing peptide
296
297 Having shown that cysteine achieved a reduction in the interaction of thimerosal with mAb

298  7D3, this study hypothesized that this activity may be related to the ability of cysteine to block the
299  interaction of thimerosal with cysteine-containing peptide or mAb 7D3. The following experiment
300  was set up to investigate whether cysteine-containing peptide was capable of interacting with
301  thimerosal. The interaction was detected by coating peptide using cysteine-containing peptide
302  (peptide N1) in the PTI assay, but not by coating peptide using a cysteine-free epitope (peptide P126)
303  inthe PTI assay (Figure 9). The result indicated that coating peptide using thimerosal-treated peptide
304 N1 (cysteine-containing peptide) diminished the strength of mAb 7D3 binding to the peptide N1 (p
305 < 0.05 compared to the result for the control group) (Figure 9). However, coating peptide using
306  thimerosal-treated P126 (cysteine-free epitope) did not diminish the strength of mAb 7D3 binding to

307  the peptide P126 (p > 0.05, compared to the result for the control group) (Figure 9).
308
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310
311
312 Figure 9. Assessment of cysteine-containing peptide interacting with thimerosal by PTI assay.
313 Thimerosal-treated peptides were used as coating antigens. The mAb 7D3 was used within the
314 range of concentration (up to 0.1 pg/well, 100 uL per well). Statistic calculations were done using
315 one-way ANOVA with Tukey’s Studentized Range (HSD) multiple comparisons test. Results show
316 the mean of two independent experiments (hexplicate wells). Error bars indicate standard
317 deviations. Significant p values are indicated as * p <0.05. Treatments with different letters have
318 statistically significant differences at that concentration.
319
320  2.9. Thimerosal diminishes the strength of mAb 7D3 binding
321
322 Having demonstrated that thimerosal interacted with cysteine-containing peptide (N1) in the

323  PTI assay, but not cysteine-free epitope (P126). Although thimerosal does not interact with P126,
324  previous data showed that thimerosal interferes with mAb 7D3 binding to the peptide P126.
325  Therefore this study suggested that thimerosal may directly interact with mAb 7D3 and diminish the
326  strength of its binding to the peptide P126. The following experiment was set up to clarify
327  the relationship between the concentration of thimerosal and the strength of mAb 7D3 binding to the
328  peptide P126. In order to estimate the concentration of thimerosal diminishes the strength of mAb
329  7D3 binding to its cysteine-free epitope, thimerosal at various concentrations (range from 0 pg/well
330  to 1000 pg/well) was mixed with mAb 7D3 (range from 0.0001 pg/well to 1 ug/well) in this experiment.
331  The data indicated that mAb 7D3 (=0.1 ug/well, just as =1 pg/mL) with thimerosal (=1 pg/well,
332  justas =10 pg/mL) content decreased significantly the strength of the interactive binding of mAb
333  7D3and peptide P126 compared with mAb 7D3 without thimerosal content did (p < 0.05; Figure 10A).
334  However, mAb 1H3 even with 1 % thimerosal (1000 pg/well, just as 10 mg/mL) content did not
335  change significantly the strength of the interactive binding of mAb 1H3 and peptide P59 compared
336  with mAb 1H3 without thimerosal content did (p > 0.05; Figure 10B ). Owing to both mAb 1H3 and
337  mAb 7D3 belonged to the IgG1 isotype with kappa (k) light chains, the antigen-binding sites of
338  immunoglobin were the only difference between these two mAbs.

339

340

341
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Figure 10. Quantification of mAb and thimerosal interaction by IIDM. To estimate the effect of thimerosal
(Thi) on the binding of specific mAb to a linear epitope in the liquid phase. (A) mAb 7D3 was tested
for binding to P126 (0.5 pg/well) with thimerosal concentrations ranging between 0 and 1,000
ug/well (100 uL per well). (B) mAb 1H3 was tested for binding to P59 under the same conditions.
Statistic calculations were done using one-way ANOVA with Tukey’s Studentized Range (HSD)
multiple comparisons test. All experiments were repeated three times, and average values are
shown. Error bars indicate standard deviations. Significant p values are indicated as * p <0.05.
Treatments with different letters have statistically significant differences at that concentration.
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354
355 3. Discussion
356 Researchers demonstrated that ORF3 deletion mutants 20-50 and 35-65 neither induced

357  apoptosis in the transfected cells nor interacted with pPirh2, they suggested that the region
358  containing the 20th to 65th amino acid residues causes apoptosis in PCV2-infected cells and could be
359  important in the interaction between pPirh2 and p53 [31]. The 35th to 66th amino acid residues of
360  ORF3 protein (peptide N1) was synthesized and proved to be the immunodominant peptide [23]. In
361  order to search fine epitopes on the peptide N1, this study utilized the conjugated N1-KLH to
362  inoculate mice and generate hybridomas. This work generated one hybridoma producing IgG1 mAb,
363  the other hybridoma producing immunoglobulin without heavy chains. The IgG1 mAb 7D3 bound
364 to the linear peptide N1 (CssHNDVYISLP ITLLHFPAHFQKFSQPAEISDKRss) and P126
365  (HNDVYISLPITLLHFPAHFQK FSQPAEISDKRes). However, the defected Ig mAb 6D10 almost
366  reacted with all truncated peptides. This finding is similar to the previous study [30], it's probably
367  that defected Ig mAb have broadly binding with associated peptide.

368 Previous IFA data for PCV2-infected PBMCs have shown that anti-C3 mAbs (1H3, 3B2, and 6B8)
369  produced positive staining reaction in homemade IFA slides [30], so this study used both polyclonal
370  anti-N1 rabbit serum and anti-N1 mAb 7D3 (binding residues 35-66) to observe ORF3 protein of
371  PCV2 in PCV2-infected PBMCs by colocalization with markers of capsid protein of PCV2 and p53
372  marker of apoptosis. In this approach, some VLP/C3 dual-positive cells were showed abnormally or
373  small shape nuclei, and some capsid/N1 dual-positive cells were also showed small bizarre nuclei. It
374 isimplied that PBMCs could undergo PCV2 infection then reacted by causing pyknosis or apoptosis.
375  According to previous studies, exogenous ORF3 protein interacts with pPirh2 and leads to increasing
376  p53 levels and apoptosis in ORF3-transfected PK15 cells, PCV2-infected PK15 cells, and ORF3-
377 transfected H1299 cells [16,17]. Recent research has shown that PCV2 induced S phase accumulation
378  through p53 mediated up-regulation of p21, Cyclin E and down-regulation of Cyclin A, CDK 2
379  proteins in PK15 cells [32]. Nevertheless, lymphocyte depletion and apoptosis in lymphoid tissues
380 are histological hallmarks in PCV2-infected pigs [33-36]. Lymphocyte and PBMCs lineage cells
381  should be the major target cells for PCV2 infection. To the best of the author’s knowledge, the ORF3
382  protein study by indirect immunofluorescence assay in PCV2-infected PBMCs had never been
383  performed and only a single article mentioned the transient expression of ORF3 in porcine PBMCs
384  and detecting apoptosis with TUNEL assay [37]. Therefore this work explored the relation of
385  pyknosis and peptide N1 (residues 35-66) of ORF3 protein by IFA, and shed light on residues 35-66
386  of ORF3 protein was accompanied by p53 protein in PCV2-infected PBMCs. The result indicated
387  residues 35-66 of ORF3 protein close to the capsid protein marker of PCV2. p53 protein colocalized
388  with residues 35-66 of ORF3 protein. The p53/N1 dual-positive cell was presented segmented nucleus
389  which was similar to apoptosis (Figure 4). These IFA data confirm previous reports that exogenous
390  ORF3 protein was related to the accumulation of p53 [16,17] and agree with previous studies showing
391  that ORF3 protein was associated with apoptosis phenomena in PCV2-infected cells or ORF3-
392  transfected cells [17,38,39].

393 Many scientists routinely add sodium azide or thimerosal as an anti-microbial agent to all
394  preparations of antibodies in order to inhibit microbial growth. Although it is well known that
395  antibodies containing preservatives must be stored at <4 C in sterile polypropylene tubes, most
396  researchers were not even aware that these preservatives could affect the antibody binding capacity.
397  To address the above-mentioned hypothesis, two common preservatives (thimerosal and sodium
398  azide) and four mAbs (three IgG1 mAbs and one defective Ig mAb) were tested by IIDM assay to
399  clarify whether preservative could interfere with the specific mAb binding to its epitope. The data
400  indicated that only mAb 7D3 with greater than or equal to 0.01% thimerosal (=10 ug/well) content
401  decreased the strength of the interactive binding of peptide N1 and mAb 7D3. Otherwise, 0.1%
402  thimerosal content did not decrease other mAbs (3B2, 8A3, and 6D10) binding to their linear epitopes
403 in the same test. Similarly, 0.1% sodium azide content did not affect mAbs (3B2, 8A3, 7D3, and 6D10)
404  binding to their linear epitopes in the same assay. Notably, these mAbs (3B2, 8A3, and 7D3) belonged
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405  to the IgGl1 isotype with kappa(k) light chains, but each mAb bound to the different minimal linear
406  epitope [30]. This observation raises the hypothesis that thimerosal may interact with key amino acid
407  residues within the antigen-binding site of mAb 7D3 or peptides (N1 or P126), then it blocks mAb
408  7D3 binding to peptides (N1 or P126).

409 According to the previous study [40], thimerosal decomposes into thiosalicylic acid and
410  ethylmercury in aqueous media. An earlier report on mercury-binding proteins of Mytilus edulis
411  described these proteins had similar amino acid compositions with 26% half-cystine, 16% glycine,
412  and very low levels of the aromatic amino acids phenylalanine and tyrosine (0.3-0.5%), histidine
413  (0.4%), methionine (0.5%), and leucine (1%) [41]. To evaluate which critical residues within the mAb
414  7D3 (or its linear epitope) were particularly important for interaction with thimerosal, the assay of
415  thimerosal interacting-amino acids was performed using bIIDM. This assay was
416  invented by the author of this paper and based upon specific blocking of thimerosal by
417  preincubating with amino acids before thimerosal interacted with mAb 7D3 or peptide P126.
418  According to the compositions of peptide P126 and mercury-binding proteins of Mytilus edulis,
419  arginine, asparagine, aspartic acid, cysteine, glutamine, glutamic acid, glycine, histidine, lysine,
420  phenylalanine, proline, serine, and tyrosine were used in this assay. These results demonstrated only
421  cysteine (at 500 pg/well) diminished the strength of thimerosal (at 100 ug/well) interfering with the
422  binding of mAb 7D3 to the peptide P126. This research suggested that cysteine interact directly with
423  thimerosal to quench thimerosal interfering with the binding of mAb 7D3 to the peptide P126.
424  Additionally, thimerosal interacting with cysteine-containing peptide was demonstrated by coating
425  the peptide N1 (peptide N1 was appended with cysteine at N-terminus of peptide P126 during
426  synthesis) in the PTI assay, but it was not detected by coating the peptide P126 (cysteine-free peptide)
427  inthe PTI assay (Figure 9). This agrees with previous studies showing that thimerosal interacts with
428  cysteine-containing proteins via ethylmercury moiety binding to the free thiol group of proteins [42]
429  and it leads to changing protein conformation [43] and altering its antigenicity and immunogenicity
430  [44].

431 Although thimerosal does not interact with peptide P126 (cysteine-free peptide) in the PTI assay
432  (Figure 9), the aforementioned data showed that thimerosal interferes with mAb 7D3 binding to the
433  peptide P126 in the bIIDM assay (Figure 8). Hence this study postulated that thimerosal may be
434  interacted with cysteine residues within the antigen-binding sites of mAb 7D3 and diminished the
435  strength of its binding to the peptide P126. To bear out this hypothesis, this study used another mAb
436  1H3 (IgGl1 isotype with kappa light chains) for negative control. This study indicated that mAb 7D3
437  with thimerosal (=10 pug/mL) content decreased significantly the strength of the interactive binding
438  of mAb 7D3 and peptide P126 compared with mAb 7D3 without thimerosal content did ( Figure 10A).
439  Conversely, mAb 1H3 even with 1 % thimerosal (10 mg/mL) content did not change significantly the
440  strength of the interactive binding of mAb 1H3 and peptide P59. These results revealed that
441  thimerosal specifically interacted with mAb 7D3. Since both of mAb 7D3 and mAb 1H3 belong to the
442  same isotype and individual mAbs differ in their variable regions of immunoglobulin, especially in
443  their antigen-binding sites. Previous data also showed that the only cysteine diminished the strength
444 of thimerosal interacting with mAb 7D3. Therefore this study suggested that thimerosal blockade the
445 occlusion of the antigen-binding sites of mAb 7D3 to bind peptide P126 via thimerosal interacting
446  with cysteine residues which were located within the antigen-binding site of mAb 7D3. Further
447  research should be carried out advanced techniques (such as liquid chromatography with mass
448  spectrometry and spectroscopic techniques) to investigate free thiols within the antigen-binding sites
449  of mAb 7D3 and evaluate the interaction between mAb 7D3 and thimerosal simulating physiological
450  conditions.

451 On the basis of previous studies that showed the regions of Pirh2 encompassing residues 120—
452 137 and 249-256 which were required for binding p53 [16,45,46], then the scientists discovered that
453  the ORF3 protein of PCV2 interacted with the p53-binding domain of pPirh2 (residues 120 to 137)
454  and facilitated p53 expression in PCV2 infection [16]. Subsequently, researchers demonstrated that
455  the ORF3 protein with deletions in the amino acid residues 20-50 and 35-65 did not interact with
456  pPirh2 as efficiently as wild-type ORF3 protein or other ORF3 deletion mutants [17]. They suggested
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457  that the ORF3 efficiently disrupt the p53 homeostasis by interacting with Pirh2, through its amino
458  acid residues 20-50 and 35-65. These p53-binding sites and the ORF3 protein-interacting site of Pirh2
459  are illustrated in Figure 11. Intriguingly, each site contains cysteine residues. It is implied the thiol
460  group of cysteine that might play a role in the binding affinity [47-49] of Pirh2 (residues 120-137 and
461  249-256) to ORF3 protein (residues 20-50 and 35-65) as well as mAb 7D3 to the peptide P126 (ORF3
462  protein residues 35-65). Both of Pirh2 and mAb 7D3 bind to the same peptide of ORF3 protein
463  (residues 35-65). Pirh2 binds to ORF3 protein which caused by PCV2-infection. However, mAb 7D3
464  was generated by immunological methods and hybridoma screening which was selected specifically
465  binding to the 35th to 66th amino acid residues of ORF3 protein. Therefore, further investigation of
466  the amino acid sequence of the antigen-binding sites of mAb 7D3 would be interesting.

467
468
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471 Figure 11. Amino acid Sequence alignments of the Pirh2 from three species of animals were used.
472 The amino acid residues of the p53-binding domain of pPirh2 locate in the orange box. The ORF3
473 protein-interacting site of porcine Pirh2 is illustrated in the light blue box. Sequence alignments were made
474 using the T-Coffee multiple-alignment tool [50] and displayed with Jalview Version 2 [51].
475

476 4. Materials and Methods

477  4.1. Design of synthesized peptides

478

479 Two peptides (C3 and N1) have been described [23]. Briefly, the peptide C3 contained the C-
480  terminal sequence of PCV2b capsid protein between residues 195 and 233, and the peptide N1
481  contained the sequence of PCV2b ORF3 protein between residues 35 and 66. C3 and N1 were appended
482  with an N-terminal cysteine during synthesis, which was required for conjugation with keyhole limpet
483  hemocyanin (Thermo scientific, Rockford, IL, USA). Other truncated peptides of N1 were used in this
484  study which was synthesized by Yao-Hong Biotechnology Inc. (New Taipei, Taiwan) and listed in Table
485 1. All peptide purity was assessed by high-performance liquid chromatography (LC-10ATVP serial
486  dual plunger pump, Shimadzu, USA) and were tested for the correct mass by Waters Micromass ZQ™
487 2000 LC Mass Spectrometer (Waters, USA).

488
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489 Table 1. Peptide sequences of the truncated PCV2 ORF3 protein and negative control peptide
490 (PCV2b CP)
491
Name PCV Position Peptide sequence
Type

N1* 2b ORF3(35-66) CHNDVYISLPITLLHFPAHFQKFSQPAEISDKR
P31 2b ORF3(35-44) HNDVYISLPI

P32 2b ORF3(45-54) TLLHFPAHFQ

P33 2b ORF3(55-66) KFSQPAEISDKR
P40 2b ORF3(40-49) ISLPITLLHF

P41 2b ORF3(50-59) PAHFQKFSQP

P42 2b ORF3(60-68) AEISDKRRV
P48 2a ORF3(35-44) HNDVYIGLPI

P49 2 ORF3(35-44) HNDVYIRLPI

P56 1 ORF3(35-44) HNDVYSCLPI

P61 2b ORF3(35-47) HNDVYISLPITLL

P69 2b ORF3(45-66) TLLHFPAHFQKFSQPAEISDKR
P75 2b ORF3(40-59) ISLPITLLHFPAHFQKFSQP

P126 2b ORF3(35-66) HNDVYISLPITLLHFPAHFQKFSQPAEISDKR
C3* 2b CP(195-233) CHVGLGTAFENSIYDOEYNIRVTMYVOFREFNL

KDPPLNP
492 Non-conserved amino acids are bold and underline.
493 * C3 and N1 were appended with an N-terminal cysteine during synthesis, which was required for
494 conjugation with maleimide-activated carriers.
495
496  4.2. Preparation of rabbit antisera against PCV2
497
498 Antisera against PCV2 were generated by immunizing New Zealand white rabbits (from Livestock

499 Research Institute, Council of Agriculture, Taiwan). Rabbits have maintained in isolation rooms and
500  the room temperature was at 20-26 “C. Rabbits were fed with a commercially pelleted diet (Fwusow
501  In, Taiwan), and pure water was available ad libitum. This study follows the standards of the Guide of
502  the Care and Use of Laboratory Animals and the study protocol was approved by the Committee of
503  Animal Experimentation of Animal Health Research Institute. IACUC approval number A00027 and
504  A02023 were given in this study. Then rabbits were immunized with peptide immunogen (peptide N1
505  conjugated with KLH) or commercial vaccine five times at two-week intervals. For peptide
506  immunization, an initial dose of 150 ug of the conjugated peptide was mixed with complete Freund’s
507  adjuvant (Sigma-Aldrich, USA) at first inoculation. Each rabbit was re-immunized with the same
508  amount of immunogenic mixture with incomplete Freund’s adjuvant (Sigma-Aldrich, USA). For virus-
509  like particles (VLP) of PCV2 immunization, the rabbit was injected intramuscularly in legs with 0.5 mL
510  of the PCV2 vaccine (CircoFLEX®, Boehringer Ingelheim). Blood was harvested two weeks after the
511  last inoculation. The antibody titers were measured by indirect enzyme-linked immunosorbent assay
512 (iELISA).

513

914 4.3. Generation of mAbs against the ORF3 peptide (N1)

515

516 Hybridomas were generated following established methods as previously described [30]. Briefly,

517  four five-week-old, female, BALB/cByJNarl mice were purchased from a specific pathogen-free (SPF)
518  colony (the National Applied Research Laboratories, Taiwan). SPF status was verified by bacteriology,
519  parasitology, histopathology, serology, and genetic testing through the supplier and no specific
520  pathogens (Ectromelia virus, Hantaan virus, Lymphocytic choriomeningitis virus, Minute virus of mice,
521  Mouse adenovirus, Mouse hepatitis virus, Mouse norovirus, Mouse parvovirus, Pneumonia virus of
522  mice, Reovirus Type 3, Sendai virus, Theiler's murine encephalomyelitis virus, Bordetella bronchiseptica,
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523 Clostridium piliforme, Corynebacterium kutscheri, Helicobacter spp., Mycoplasma pulmonis, Pneumocystis spp.,
524 Salmonella spp., Ecto-parasite, Aspiculuris tetraptera, Giardia spp., Hymenolepis diminuta, Rodentolepis nana,
525  Spironucleus spp., and Syphacia spp.) were detected. Mice were maintained in isolation rooms in filtertop
526  cages and the room temperature was at 20-26 ‘C. Mice were fed with a commercially pelleted diet
527 (LabDiet, 5002, USA), and pure water was available ad libitum. Mice were immunized subcutaneously
528  with 65 ug of immunogen (peptide N1 conjugated with KLH) emulsified in complete Freund’s adjuvant
529  and boosted fortnightly with immunogen emulsified in incomplete Freund’s adjuvant. Three days after
530 the final booster, spleen cells from the mouse and mouse myeloma SP2/0 cells were fused and selected
531  in hypoxanthin—aminopterin-thymidine (HAT) medium. Hybridomas were screened for secretion of
532  anti-N1-specific mAbs by iELISA using N1 as a coating antigen. The hybridomas that secreted anti-N1
533  mAbs were then cloned by limited dilution of the cells. Then ascites containing mAbs were collected as
534  previously described [30].

535 All experiments in this study were performed in accordance with relevant national laws and
536  animal welfare requirements. All animal experiments were approved by the Committee of Animal
537  Experimentation of Livestock Research Institute and the Committee of Animal Experimentation of
538  Animal Health Research Institute. IACUC approval number LRIIACUC100-33, A00027, and A02023
539  were given in this study.

540

541  44. Isotyping of mAbs

542

543 The heavy chain and light chain of the two mAbs secreted by each hybridoma were determined

544 using an SBA Clonotyping System/HRP (Southern Biotechnology, Birmingham, AL, USA). A sandwich
545  immunoassay was performed according to the manufacturer’s instructions. Briefly, the Nunc MaxiSorp
546  flat-bottom 96 well plates (Thermo Fisher Scientific, Inc., USA) was coated with the capture antibody
947  (goat anti-mouse Ig, 5 pg/mL) in 0.05 M bicarbonate buffer (Sigma-Aldrich, USA) at 4C overnight.
548  After three washes with PBS containing 0.05% Tween 20 (PBST), the plate was blocked with PBST
549  containing 5% casein hydrolysate at 37°C for 60 min. After washing, 100 uL of each hybridoma culture
550  supernatant was added sequentially, and the plate was again incubated at37 °C for 2 h. After washing,
551 100 pL of HRP labeled goat anti-mouse 1gG1, -IgG2a, -IgG2b, -IgG3, -IgA, -IgM, -k light chain, and -A
552 light chain were added to appropriate wells of the plate. PBST served as background. The plate was
553  then incubated at 37 C for 1 h and thereafter washed with PBST. Finally, 100 uL of ABTS solution
554 (Sigma-Aldrich, USA) was added to each well of the plate. After 30 min, the optical density of each well
555  was measured at 405 nm using a SpectraMax M5 microplate reader (Molecular Devices, USA).

556

957 4.5. Hybridomas screening and epitope mapping

558

559 Hybridomas screening and epitope mapping were determined using an iELISA with peptides (as

560  shown in Table 1) as coating antigens. Peptides contained the N-terminal sequence of PCV2b ORF3
561  protein between residues 35 and 66, associated 10-mer peptides, and truncated derivatives. Ninety-six-
562  well Maxisorp plates were coated with each peptide (5 pg/mL) in bicarbonate buffer and incubated at
563 4 C overnight. After three washes in PBST, the plates were blocked with PBST containing 5% casein
564  hydrolysate at 37 C for 30 min. After washing, the hybridoma culture supernatant was added and
565  plates were again incubated at 37 “C for 2 h. After rinsing three times with PBST, HRP-conjugated goat
566  anti-mouse IgA/IgG/IgM, H/L chain (Novus, USA) was used at 1:2500 dilution for hybridoma screening.
567  According to the isotype of each mAb, the appropriate secondary antibody diluted solution was added
568  for epitope mapping. Peroxidase-conjugated goat anti-mouse IgG (subclasses 1+2a+2b+3, Fcy, Jackson
569  ImmunoResearch, USA) was used at 1:2500 dilution; and HRP-conjugated goat anti-mouse lambda
570  light chain (Novus, USA) was used at 1:5000 dilution. After 1 h, the plates were washed three times.
571  The colorimetric reaction was developed using ABTS solution. The plates were read after 30 min at 405
572  nm.

573

574 4.6. PCV2-infected PBMCs were fixed on slides
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575 Homemade immunofluorescence assay (IFA) slides were performed as previously described [30]
576  employing fetal bovine serum to fix PCV2-infected peripheral blood mononuclear cells (PBMCs) on
977  glass slides. PBMCs were collected from PCV2-infected conventional piglets. Pig sera were detected
578  seropositive for PCV2 by anti-C3 specific immunoassay [23] or IFA with Porcine Circovirus Type 2
579  (PCV2) FA Substrate Slide (VMRD, USA), and confirmed as positive for PCV2 DNA by PCR. Briefly,
580  PBMCs were isolated from EDTA treated whole blood samples by Ficoll-Paque Plus (GE Healthcare
581  Bio-Sciences, Uppsala, Sweden) and according to the manufacturer’s instructions. The PBMCs were
582  resuspended in fetal bovine serum. An aliquot (25 uL) of PBMCs mixture was loaded onto a glass slide
583  for cell smear. Slides were fixed with PBS containing 2% paraformaldehyde at4 °C for 10 min and then
584  washed three times with PBS. Following slides were soaked in PBS containing 0.1% Triton X-100 at 4
585  C for 3 min, slides were washed with PBS and prepared for IFA.

586

587  4.7.IFA of PCV2-infected PBMCs

588

589 Three anti-C3 monoclonal antibodies (1H3, 3B2, and 6B8) [30], one monoclonal anti-PCV2

590  antibody (36A9, Ingenasa, Madrid, Spain), polyclonal anti-p53 protein (wt-p53) antibody (Bioss, USA),
591  and home-made monoclonal or polyclonal antibody as the aforementioned method were used in this
592  study. The PCV2-infected PBMCs slides were incubated with a 1:100 dilution of a rabbit antibody and
593  a1:100 dilution of mAb. After incubation at 37 “C for 1 h, slides were gently rinsed briefly in PBS and
594 then soaked for 15 minutes in PBS at 4 “C. The slides were then incubated at 37 ‘C with TRITC-
595  conjugated goat anti-mouse IgG (subclasses 1+2a+2b+3, Fcy) at 1: 100 dilution, and FITC-conjugated
596  goat anti-rabbit IgG (H+L) (all from Jackson ImmunoResearch, USA, and each antibody minimal cross-
597  reaction to other animal’s serum protein) at 1: 100 dilution. After 30 minutes of incubation, the slide was
598  washed with PBS and then incubated with 4,6-Diamidino-2-phenylindole, dihydrochloride (DAPI,
599 AAT Bioquest, Sunnyvale, CA, USA) at 1: 2300 dilution in PBS at room temperature for 15 min. Slides
600  were mounted under 50% glycerol and observed with an Olympus BX51 fluorescence microscope and
601  SPOT FIEX camera (Diagnostic Instrument, Model 15.2 64MP, USA).

602

603  4.8. Immunobinding interference detection method (IIDM)

604

605 An immunobinding interference detection method (IIDM) was developed by Ling-Chu Hung and

606  introduced for detecting chemical interfere with the binding of specific mADb to its epitope in this study.
607  Two anti-C3 mAbs (3B2 and 8A3) [30] and two anti-N1 mAbs (6D10 and 7D3) were used in this study.
608  Thimerosal (2-[(Ethylmercury) Thio] Benzoic Acid Sodium Salt) was purchased from Panreac (Spain).
609  Sodium azide was purchased from Sigma-Aldrich (USA). Ninety-six-well Maxisorp plates were coated
610  with 5 pug/mL (100 pL per well) of the peptide (N1 or C3) in bicarbonate buffer and incubated at 4 C
611  overnight. After three washes with PBST, the plates were blocked with PBST containing 5% casein
612  hydrolysate at 37 ‘C for 30 min. After washing, 99 uL of hybridoma culture supernatant or 1:1000
613  dilution of ascites (or mouse antiserum) was added to the well and 1 uL of serial dilution (100 pg/uL to
614 0.1 pg/uL) of thimerosal solution (or sodium azide solution) was added to the appropriate well. The
615 plates were incubated at 37 C for 2 h. After washing, 100 uL of appropriate secondary antibody
616  diluted solution (peroxidase-conjugated goat anti-mouse IgG, or HRP-conjugated goat anti-mouse
617  lambda light chain, and each secondary antibody was according to isotype of mAbs) were added,
618  respectively. The plates were incubated at 37 “C for 1 h. After washing, assays were developed using
619  ABST buffer. Following a 30 min incubation, the absorbance was measured at 405 nm.

620

621  4.9. Identification of thimerosal interacting- peptide or amino acid

622

623 The assay of thimerosal interacting-element truncated peptides of N1 or amino acids were

624  performed using the blocking-IIDM (bIIDM) as the aforementioned method, with minor modification.
625  This assay is based upon specific blocking of thimerosal by preincubating with truncated peptides of
626 N1 or amino acids. Arginine (R), asparagine (N), aspartic acid (D), cysteine (C), glutamine (Q), glutamic
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627  acid (E), glycine (G), histidine (H), lysine (K), phenylalanine(F), proline (P), serine (S), and tyrosine (Y)
628  were purchased from Sigma-Aldrich (USA). Briefly, ELISA plates were coated with peptide N1 or P126
629  in bicarbonate buffer at 5 pg/mL and incubated at 4 ‘C overnight. After washing and blocking, the
630  equal volume (50 pL/well) of the thimerosal-peptide mixture (peptide or the serial dilution of amino
631  acid was preincubated with the thimerosal solution for That 37 ‘C prior to application to the plate) and
632  serial dilution of mAb 7D3 (50 uL/well) were added to the appropriate wells. All wells should contain
633 100 pL total mixture (final concentration of thimerosal should be 1 mg/mL) and the plates were
634  incubated at 37 C for 2 h. After washing in PBST, secondary peroxidase-conjugated goat anti-mouse
635  IgG (subclasses 1+2a+2b+3, Fcy) at 1:2500 dilution in PBST containing 0.5% BSA (PBST-B) was applied
636  for 1h. Plates were washed again in PBST and then added ABST buffer to each well. After 30 min, the
637  optical density (OD) was read at 405 nm.

638

639  4.10. Assays of cysteine-containing peptide interacting with thimerosal

640

641 First, IgGs were purified from the ascites using the NAb Protein G Spin Column (Thermo Scientific,

642  USA), and collected solutions were exchanged the buffer and IgG concentrated using the Amicon Ultra
643 50K (Millipore, USA). The IgG concentration was determined using the Nano Photometer® (Implen,
644  Germany). Stock solutions of 2.463 mg/mL (mAb 7D3) and 1.206 mg/ml (mAb 1H3) in PBS (pH 7.2)
645  were used in the following studies.

646 Peptide and thimerosal interacting (PTI) assay was performed using thimerosal-treated peptides
647  for coating antigen, then the following steps were similar to ELISA. Briefly, one volume of the peptide
648  solutions (1 mg/mL ) were incubated with 20 volume of thimerosal solution (100 mg/mL ) or PBS
649  (control) at 37 C for 1h, followed by diluting in bicarbonate buffer to a coating concentration of 5 ug/
650 mL peptide and 10 mg/mL thimerosal. ELISA plates were coated with 100 pL/well of the
651  aforementioned mixture and incubated at 4 ‘C overnight. After washing and blocking, the serial
652  dilution of mAb 7D3 was added to the appropriate well and incubated at 37 “C for 2 h. After washing
653  in PBST, secondary peroxidase-conjugated goat anti-mouse IgG at 1:2500 for 1h. Plates were washed
654  again in PBST and then added ABST buffer to each well. After 30 min, the OD was read at 405 nm.

655

656  4.10. Quantification of mAb 7D3 and thimerosal interaction

657

658 Anti-C3 mAb (1H3) [30] and anti-N1 mAbs (7D3) were purified in this assay, the method was as

659  described above. Ninety-six-well Maxisorp plates were coated with 5 pg/mL (100 uL per well) of the
660  peptide (P126 or P59) in bicarbonate buffer and incubated at 4 ‘C overnight. After washing and
661  blocking, 50 UL of serial dilution of mAb (7D3 or 1H3) was added to the well and 50 pL of serial dilution
662  of thimerosal solution was added to the appropriate well. The plates were incubated at 37 “C for 2 h.
663  After washing in PBST, secondary peroxidase-conjugated goat anti-mouse IgG at 1:2500 for 1h. Plates
664 were washed again in PBST and then added ABST buffer to each well. After 30 min, the OD was read
665  at405nm.

666

667  4.10. Statistical analysis

668

669 Average OD values were compared using one-way analysis of variance (ANOVA) and Tukey’s

670  Studentized Range (HSD, honestly significance difference) multiple comparisons test using the SAS
671  Enterprise Guide 7.1® software (SAS Institute Inc., Cary, NC, USA). A p-value < 0.05 was considered
672  significant.

673 5. Conclusions

674 The mAbs against ORF3 protein (residues 35-65) of PCV2 were generated in this study. In the
675  relevant in vivo situation, the mAb 7D3 recognized ORF3 protein existed in PCV2-infected apoptotic
676  porcine PBMCs. The data displayed that the binding affinity of mAb 7D3 was sensitive to thimerosal
677  treatment. It is noted that the only cysteine diminished the strength of thimerosal interacting with
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678  mAb 7D3. Moreover, thimerosal specifically interacted with the antigen-binding sites of mAb 7D3.
679  The lower limit of detection of the thimerosal interacting with mAb 7D3 was 10 pg/mL. This study suggested
680  that thimerosal blockade the occlusion of the antigen-binding sites of mAb 7D3 to bind peptide P126
681  (ORF3 protein residues 35-65) via thimerosal interacting with cysteine residues which are located
682  within the antigen-binding sites of mAb 7D3. Taken together, the mAb 7D3 has been characterized
683  and it will be a valuables tool in future studies of ORF3 protein function and the wider mechanism
684  of cell apoptosis caused by PCV2 infection. Similarly, researchers could apply these techniques to
685  detect the active form of thimerosal content in thimerosal-containing solutions or vaccines in times
686  to come.
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697  Abbreviations

ANOVA Analysis of variance

bIIDM Blocking immunobinding interference detection method
CP Capsid protein

Cterminus Carboxyl-terminus

DMEM Dulbecco’s modified Eagle medium

IIDM Immunobinding interference detection method
iELISA Indirect enzyme-linked immunosorbent assay
IFA Immunofluorescence assay

Ig Immunoglobulin

KLH Keyhole limpet hemocyanin

mAb Monoclonal antibody

OD Optical density

ORF Open reading frames

PBMCs Peripheral blood mononuclear cells

PBST PBS containing 0.05% Tween 20

PCV Porcine circovirus

PCV1 Porcine circovirus type 1

PCV2 Porcine circovirus type 2

PDNS Porcine dermatitis and nephropathy syndrome
PEG Polyethylene glycol

PMWS Post-weaning multisystemic wasting syndrome
pPirh2 Porcine p53-induced RING-H2

PTI Peptide and thimerosal interacting

SCF Suspending cells were fixed

SPF Specific pathogen-free

Thi Thimerosal

TRITC Tetramethyl rhodamine isothiocyanate;

VLP Virus-like particle
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