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Highlights 

 

- An efficient CVB1 vaccine production and purification process was developed. 
- Formalin inactivation caused a dramatic change in CVB1 integrity. 
- Tween80 detergent increased CVB1 yield and stability significantly. 
- CVB1 vaccine was immunogenic and protected mice against CVB1 infection. 
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ABSTRACT 19 

 20 

Coxsackie B viruses are among the most common enteroviruses, causing a wide range of diseases. 21 

Recent studies have also suggested that they may contribute to the development of type 1 diabetes. 22 

Vaccination would provide an effective way to prevent CVB infections, and the objective of this study 23 

was to develop an efficient vaccine production protocol for the production of novel CVB vaccines. 24 

Various steps in the production of a formalin-inactivated Coxsackievirus B1 (CVB1) vaccine were 25 

optimized including the Multiplicity Of Infection (MOI) used for virus amplification, virus cultivation 26 

time, type of cell growth medium, virus purification method and formulation of the purified virus. 27 

Safety and immunogenicity of the formalin inactivated CVB1 vaccine was characterized in a mouse 28 

model. Two of the developed methods were found to be optimal for virus purification: the first 29 

employed PEG-precipitation followed by gelatin-chromatography and sucrose cushion pelleting 30 

(three-step protocol), yielding 19 fold increase in virus concentration (0.06 µg/cm2). The second 31 

method utilized tandem sucrose pelleting without a PEG precipitation step, yielding 83 fold increase 32 

in virus concentration (0.24 µg/cm2), but it was more labor-intensive and cannot be efficiently scaled 33 

up. Both protocols provide radically higher virus yields compared with traditional virus purification 34 

protocols involving PEG-precipitation and sucrose gradient ultracentrifugation. Formalin inactivation 35 

of CVB1 produced a vaccine that induced a strong, virus-neutralizing antibody response in 36 

vaccinated mice, which protected against challenge with CVB1 virus. Altogether, these results 37 

provide valuable information for the development of new enterovirus vaccines.  38 

 39 
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1. Introduction 42 

 43 

Coxsackievirus B1 (CVB1) belongs to the enterovirus (EV) family and has a non-enveloped, 44 

icosahedral ~30 nm diameter capsid, consisting of 60 copies of the structural proteins VP1-4. During 45 

replication, the viral polyprotein P1 is cleaved into structural proteins VP0, VP1 and VP3. VP0 is 46 

further processed into VP2 and VP4 in a viral RNA-driven autocatalysis reaction resulting in the 47 

formation of mature viral capsids [1-3]. 48 

EVs are the most common infection causing viruses in humans. Generally EVs infect the respiratory 49 

and gastrointestinal tracts and frequently lead to viremia. Sometimes, this can result in secondary 50 

infections in organs, such as the heart or central nervous system causing for example polio, 51 

meningoencephalitis [4-7], sepsis [8], pancreatitis [9] or myocarditis [10]. Children younger than three 52 

years are the most susceptible to severe EV diseases and recent CVB1 epidemics have caused life-53 

threatening infections in neonates [10-15]. 54 

Associations between EV infections and the development of chronic diseases such as type 1 55 

diabetes (T1D), dilating cardiomyopathy, asthma and allergies [16] have been documented. T1D is 56 

thought to result from an immune-mediated destruction of the insulin-producing -cells in the 57 

pancreas. Environmental triggers of T1D have been purported including CVBs (CVB1-6), and 58 

particularly CVB1 [17,18]. However, the mechanisms through which EVs may cause different 59 

disease pathogenesis are poorly understood, but persistent infections and viral proteases have been 60 

implicated [19-21]. 61 

Alongside traditional poliovirus vaccines, EV vaccines have been developed against a limited 62 

number of non-polio EV diseases. Three formalin-inactivated EV71 vaccines have been tested in 63 

phase 3 trials and are effective against hand-foot-and-mouth disease in children. Moreover two of 64 

them, have recently received regulatory approval in China [22].  65 
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In the present study, we describe an optimized and scalable production and purification protocol for 66 

CVB1 vaccine and demonstrate its ability to induce a strong, virus-neutralizing antibody response 67 

and protection against CVB1 infection in mice. 68 

 69 

2. Materials and Methods 70 

 71 

Virus strain, cell lines and cell culture media  72 

 73 

A field isolate CVB1 was used [17], hereinafter referred to as CVB1 and the ATCC CVB6 strain 74 

Schmitt was employed (henceforth CVB6).  CVB1 and CVB6 were propagated in green monkey 75 

kidney cells (Vero) in multilayer (Falcon Cell culture Multi-Flask or Corning hyperflask M cell culture 76 

vessel) flasks using SFM4MegaVir protein-free medium (HyClone) without fetal bovine serum (FBS). 77 

Vero-cells were cultivated in DMEM containing 10% FBS, 2 mM L-Glutamine and 1% penicillin-78 

streptomycin. Cell culture reagents were from Thermo Fisher Scientific. 79 

 80 

Optimization of CVB1 production and purification  81 

 82 

Different conditions were used for virus production and batches were designated CVB1#1-4 and 83 

CVB6#1. The details of the virus production (Supplementary Table 1.) and purification 84 

(Supplementary Table 2.) protocols are described in the supplementary material. 85 

 86 

 87 

 88 
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Virus characterization 89 

 90 

Purified viruses were run on mini-protean TGX stain-free precast gradient gels (4-20%) (BioRad). 91 

Tryptophan-containing proteins were detected in SDS-PAGE gels by UV-induced fluorescence. 92 

Subsequently, viruses were electroblotted onto a PVDF membrane and analyzed by Western blotting 93 

using mouse anti-enterovirus clone 5-D8/1 (DAKO, Glostrup, Denmark; 1:3000) for CVB1 and in-94 

house produced rat polyclonal antibody clone 1685 for CVB6, followed by incubation with IRDye-95 

labeled secondary antibodies (1:5000). Virus and impurities were assessed by densitometry analysis 96 

of SDS-PAGE gels using ImageJ software [23]. Fibronectin was also detected by Western Blotting 97 

using anti-fibronectin antibody (Sigma). Total protein concentrations of the viruses were determined 98 

using the Pierce BCA Protein Assay kit (Thermo Fischer Scientific). Vero cell residual DNA 99 

quantitation from the purified viruses was performed using the resDNASEQ quantitative qPCR kit 100 

(Applied Biosystems), Applied Biosystems 7500 Real-Time PCR system and 7500 system SDS 101 

software. 102 

Dynamic light scattering (DLS) analysis was performed with a Zetasizer Nano ZS instrument 103 

(Malvern Instruments Ltd.). The hydrodynamic diameter was determined using viruses diluted 1:10 104 

and three 10 x 10-second datasets at 25 °C. Transmission electron microscopy (TEM) analysis was 105 

performed as described [24]. Virus titers were determined in Green Monkey Kidney (GMK) cells 106 

using either TCID50 or plaque titration assays [17]. 107 

 108 

Vaccine preparation 109 

 110 

R-buffer in batch CVB1#2 was exchanged by dialysis to PBS-0.5 mM MgCl2. Virus was inactivated 111 

in 0.01% (vol/vol) formalin for 12 days at 37°C and inactivation confirmed by the lack of infective 112 
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virus in plaque titration assay. Inactivated CVB1 was diluted in PBS-0.5 mM MgCl2-0.01% formalin 113 

and stored at -70°C. 114 

 115 

Vaccinations, virus challenge, virus titering and seroneutralization assays 116 

 117 

NOD (Non-obese diabetic) mice [25] were bred and housed in a pathogen free environment at 118 

Karolinska Institutet (Stockholm, Sweden). Experiments were approved by the local ethics 119 

committee and conducted in accordance with the NIH Principles of Laboratory Animal Care and 120 

national laws. An extended monitoring of animal health was conducted regularly. Vaccinations were 121 

given interscapularly in 150 µl to NOD mice, starting at 4-6 weeks of age. In experiment 1, mice 122 

received 1.8 µg vaccine protein per injection on days 0, 21 and 35 and control mice received vaccine 123 

buffer alone. Serum was collected on days 0, 21, 35, 42 and 49 by tail bleeding or terminal heart 124 

puncture (day 49) and neutralizing antibodies against CVB1 were detected as described [26]. Mice 125 

in experiment 2 received either 1 µg or 10 µg CVB1 vaccine on days 0, 14 (both) and 28 (1 µg only) 126 

and were challenged with 106 PFU CVB1 10796 [27] by intraperitoneal injection on day 35 (un-127 

vaccinated littermates controls were also challenged). Serum samples were collected as before on 128 

days 0, 14 and 28 for the measurement of neutralizing antibody titers. Blood and pancreas were 129 

collected on days 38 and 40 respectively for the measurement of virus by standard plaque assay 130 

and the detection of viral VP1 protein by immunohistochemistry [28]. Statistical significance was 131 

determined by one-way ANOVA using GraphPad Prism version 5. 132 

 133 

 134 

 135 

 136 

 137 
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3. Results 138 

 139 

Effect of cultivation conditions on virus yields 140 

 141 

The Vero cell-line was chosen as a preferred CVB1 production host, since it is widely accepted by 142 

regulatory authorities and has been used in poliovirus vaccine production for over 30 years [29]. In 143 

order to prepare CVB1 vaccine free of animal derived contaminants, SFM4MegaVir (Hyclone) cell 144 

culture medium optimized for virus amplification was chosen. The effect of MOI and culture time on 145 

CVB1 production in Vero-cells was examined (Supplementary Figure 1). Virus yields did not differ 146 

significantly between time points with MOI 0.01 and therefore, MOI 0.01 and a cultivation time of 7 147 

DPI were selected as preferred cultivation conditions (longer incubation times guarantee strong 148 

cytopathic effect and cell detachment). 149 

 150 

Optimization of CVB1 purification 151 

 152 

We compared five different purification protocols (outlined in Figure 1). Analysis of purified virus by 153 

SDS-page showed CVB1#1 and CVB1#2 had a high purity (~99% and ~90% respectively) and 154 

highlighted the presence of proteins approximately 31, 29 and 26 kDa in size (Figure 2A) which 155 

correspond to the molecular weights of the capsid proteins VP1-3. VP1 was also recognized by 156 

Western Blotting (Figure 2B). When virus cultivation time was increased to seven days, the purity 157 

decreased (CVB1#3a was ~66% pure, as estimated by densitometry) compared to CVB1#2 (2 day 158 

cultivation). Mass spectrometry analysis identified 260 kDa band to represent fibronectin-1 (Figure 159 

2A), which was found to be the most prevalent contaminant in CVB1#3a (derived from Vero cells, 160 

data not shown). The Vero cell residual DNA quantity of the purified viruses was analyzed by qPCR. 161 

The DNA content was found to be very low and it varied between 0.0005 – 0.54 ng/µl in the finally 162 
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formulated virus or vaccine preparations (Supplementary Table 3). In the vaccine used in our 163 

experiments the amount of residual host DNA was 1 ng/dose, which is under the limit (10 ng/dose) 164 

for human parenteral vaccines given by WHO [30].  165 

The tandem pelleting protocol used for CVB1#2 and CVB1#3a (Figure 1) is quite laborious, as the 166 

initial virus concentration step also used ultracentrifugation. To streamline the protocol for CVB1#3b, 167 

we utilized a combination of PEG precipitation and 30/50% sucrose cushion pelleting (Figure 1: two-168 

step protocol). However, SDS-page  and western blotting analyses identified fibronectin as the most 169 

prominent protein purified in CVB1#3b (Figure 2A) with the virus purity estimated to be ~35% by 170 

densitometry analysis. Virus recovery from CVB1#3a was 7X higher compared with the otherwise 171 

identical batch CVB1#3b, indicating a loss of virus in the PEG-precipitation step. Nevertheless, PEG-172 

precipitation is a simple and easily scalable method for concentrating virus and also acts as a 173 

purification step. Since CVB1#3b appeared to be otherwise free of contaminants except for 174 

fibronectin, we used gelatin affinity chromatography to remove fibronectin [31]. CVB1#4, was PEG-175 

precipitated, incubated with gelatin resin and pelleted by 30/50% sucrose cushion ultracentrifugation 176 

(Figure 1: three-step protocol) and resulted in ~95% pure virus (Figure 2A). In order to demonstrate 177 

that this aforementioned three-step protocol is applicable for the purification of other enteroviruses, 178 

we also used this protocol for CVB6 purification and the result was in line with CVB1 (Figure 2C and 179 

D). 180 

The highest virus yield and infectivity titer was found in CVB1#3a (tandem pelleting protocol in the 181 

presence of 0.1% Tween80; Figure 2E), with the yield being 83 times higher than the CVB1#1 yield 182 

(purified with the conventional enterovirus purification method). Virus yields for CVB1#1-4 were 3, 183 

26, 241, 35 and 56 ng/cm2 (cultivation area) respectively, whereas their infectivity titers were 8.5 x 184 

105, 1.6 x 106, 9.8 x 106, 6.7 x 105 and 1.1 x 106 TCID50 units/cm2. CVB6 had a virus yield of 124 185 

ng/cm2 and infectivity titer 4.1 x 105 TCID50 units/cm2. Therefore, both concentration and titer 186 

measurements indicated that PEG precipitation results in substantial virus loss (Figure 2E). 187 

The quality of the purified CVB1#1–4 and CVB6#1 was determined with DLS (Figure 2F), and 188 

average sizes of the virus particles were 32 – 45 nm (Figure 2G). Due to the low concentration of 189 
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CVB1#1, the major DLS peak represents Tween micelles with size of 10 nm. In summary, DLS 190 

analysis showed all of the batches contained intact virus particles. 191 

 192 

Effect of buffers on the stability and homogeneity of the virus 193 

 194 

To enable optimal CVB1 purification, we evaluated the effect of buffer composition on virus stability 195 

and homogeneity. An important indicator of virus stability is particle size, as viruses may aggregate 196 

or dissociate into subunits during storage which can be monitored by changes in particle size by 197 

DLS. CVB1 particle size was studied in four buffers; R-buffer (pH 7.5) and citrate buffer (pH 5) are 198 

used in chromatographic purification techniques, whereas PBS-Tween (pH 7.4) and M199-Tween 199 

(pH 7.4) are suitable for vaccination. Virus stored at 4°C was measured by DLS on days 0 and 7 200 

(Figure 3). In R-buffer, the particle diameter size (37.5/34.4 nm on days 0/7) and sample 201 

polydispersity index (PdI; 0.431/0.476 days 0/7 respectively) remained constant (Figure 3A). CVB1 202 

virus showed a wider particle size range in citrate buffer (32.9/52.6 nm), but the sample was relatively 203 

monodisperse (PdI: 0.256/0.221; Figure 3B), indicating that it might aggregate during storage in 204 

acidic buffer with a low osmolality. The CVB1 batch solubilized in PBS-0.1% Tween was very 205 

homogenous (PdI: 0.234/0.230) and contained a 100% population of particles sized 46.6 nm and 206 

54.7 nm on days 0 and 7 respectively (Figure 3C). M199-0.1% Tween solubilized CVB1 was also 207 

very homogenous (PdI: 0.347/0.247) containing only particles with size 41.6 nm (d 0) and 40.0 nm 208 

(d 7; Figure 3D). The results highlight the suitability of M199 buffer, which is widely used in poliovirus 209 

vaccines, for formulating and storing CVB1 viruses as well. 210 

 211 

 212 

 213 

 214 
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Vaccine preparation and characterization 215 

 216 

We next tested the immunogenicity of the purified virus preparations. CVB1#2 was completely 217 

inactivated with formalin to produce vaccine [32] (virus titers dropped from 1.2 x 1010 PFU/ml to 0 218 

PFU/ml). However, formalin inactivation affected the virus structure and concentration. The light 219 

scattering intensity decreased 4.6X after formalin inactivation indicating a decrease in concentration. 220 

Light scattering intensity analysis showed that before the inactivation step, the derived count rate of 221 

the CVB1#2 was 7969 kcps and after the inactivation step, the scattering intensity had decreased to 222 

1713 kcps and therefore 78.5% of the virus had dispersed during the inactivation step (Figure 4A). 223 

Also, according to the SDS-PAGE and VP1-protein quantification by Western blot, the virus 224 

concentration dropped from 0.317 mg/ml before inactivation to 0.0165 mg/ml (5% recovered) after 225 

inactivation (Figure 4B). TEM analysis revealed a dramatic change in the morphology of the 226 

inactivated vaccine. Most of the virus was intact before inactivation, showing icosahedral full (white) 227 

and empty (grey) particles (Figure 4C) whereas after inactivation, the preparation had a 228 

heterogeneous and blurred appearance and only rarely were intact particles detected (Figure 4D).  229 

 230 

CVB1 vaccine is immunogenic and protects mice against CVB1 infection 231 

 232 

The immunogenicity of the CVB1 vaccine was tested in mice by injecting 3 x 1.8 µg non-adjuvanted 233 

vaccine to two mice. Sera from CVB1 immunized mice was evaluated for CVB1 neutralizing ability 234 

in vitro. Both vaccinated mice generated neutralizing antibodies at day 21 (after 1 vaccination) with 235 

titer 64 and at day 35 (after two vaccinations) the neutralizing titer was 1024 (Table 1). 236 

In the second vaccination experiment, mice received either 3 x 1 µg or 2 x 10 µg non-adjuvanted 237 

vaccine which had no adverse effects on weight gain (Figure 5A) in either group. Mice receiving 10 238 

µg vaccine showed some signs of inflammation around the injection site, hence only 2 vaccinations 239 
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were performed. All vaccinated mice mounted a strong neutralizing antibody response compared to 240 

controls (p<0.001) and similar to those seen in the first experiment (Figure 5B). On day 35, the 241 

vaccinated animals and littermate controls were challenged with 106 PFU CVB1 to examine the 242 

protective efficacy of the vaccine against infection. All mice challenged with CVB1 showed weight 243 

loss after CVB1 infection (Figure 5C). Three out of four control mice had viraemia on day 3 post 244 

infection whereas no replicating virus was detected in the blood of the vaccinated animals (0/7; 245 

Figure 5D; p<0.05). Furthermore, replicating virus was also measured in the pancreas of 3/4 control 246 

mice on day 5 post infection but in none of the vaccinated mice (Figure 5E). This was also confirmed 247 

by immunohistochemical analysis with VP1 positivity seen in the pancreas of 3/4 control mice but 248 

none of the vaccinated animals (representative images Figure 5F). These results indicate the 249 

vaccine protected against acute CVB1 infections in NOD mice.  250 

 251 

4. Discussion 252 

 253 

For the production of new vaccines, the physicochemical and immunological properties of a virus 254 

need to be carefully characterized and standardized. In the enterovirus vaccine field, the production, 255 

purification, formulation and analysis protocols have been standardized for polioviruses [33,34]. 256 

However, very limited information is available regarding the effect of formalin-inactivation on the 257 

quality and morphology of enterovirus particles despite the fact this is the method of choice for 258 

inactivating and introducing new enterovirus vaccines (including EV71 vaccines [35]) to the market. 259 

In this study, our objective was to develop a scalable production and purification method for a CVB1 260 

vaccine with thorough characterization in order to facilitate the safe development of CVB1 vaccines.  261 

To avoid animal derived contamination of the vaccine, serum free production medium was used for 262 

cell cultivation. Additionally, Vero cells were chosen for virus propagation due to their previous 263 

acceptance by regulatory authorities for human vaccine production [29]. Previously, poliovirus and 264 

EV71 were shown to grow well in Vero cells [34,36], whereas CAV6 and CAV10 grew poorly [37]. In 265 
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our study, CVB1 grew consistently well in Vero cells but modified Vero cell lines may further increase 266 

yields as described [38]. 267 

We restricted the demand on virus seed by applying a low MOI strategy with longer incubation times 268 

for virus propagation. During long virus cultivation periods, virus production was amplified with final 269 

virus yields comparable to those with short cultivation times and higher MOIs. Similar low MOI 270 

strategies have been described in the efficient propagation of EV71 [36,39] and poliovirus [34]. 271 

Stability of CVB1 in different buffers was examined to establish whether variation exists in conditions 272 

such as low salt and acidic pH (required for chromatographic purification methods); to compare to 273 

the R-buffer previously used in purifications [24]; and using buffers suitable for use in murine and 274 

human vaccines. These results were encouraging, as CVB1 was stable for one week in all buffers 275 

tested although the buffer containing low salt and low pH (pH 5), had the most significant particle 276 

size shift. Accordingly, we identify PBS or M199 media (pH 7.4) containing 0.1% Tween80 as the 277 

preferred buffers for CVB1 formulation, due to the Tween80 induced increase in virus yield and 278 

stability. This most likely occurs due to Tween80 forming complexes with CVB1 particles which 279 

increase recovery from the production medium by protecting the virus from unspecific binding to cell 280 

debris and plastic surfaces during purification. Of the two, M199 is the most preferable as it is already 281 

used in poliovirus vaccine [40] and accepted for human use, plus it contains a number of potentially 282 

virus stabilizing components. 283 

Another important feature of vaccine development is an easily standardized purification method, 284 

which is suitable for scaling-up. The gold standard for enterovirus purification is based on PEG 285 

precipitation followed by sucrose gradient ultracentrifugation and final concentrating by further 286 

ultracentrifugation. According to the literature [24,37] and our own results, this procedure leads to 287 

very pure virus but extremely low yields (Figure 2E). As such, we wanted to develop a purification 288 

protocol enabling high purity and improved yield. We introduced four alternative purification 289 

strategies based on namely, tandem sucrose cushion pelleting; tandem sucrose cushion pelleting 290 

with added Tween detergent in all purification steps; a two-step protocol relying on PEG precipitation 291 

and sucrose cushion pelleting (with Tween80); and finally a three-step protocol based on PEG 292 
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precipitation followed by gelatin chromatography and 30/50% sucrose cushion pelleting (with 293 

Tween80). 294 

The tandem pelleting approach had higher virus yields compared to the three-step protocol, and 295 

significantly, the conventional “gold standard” gradient purification. The resulting yield was 83 times 296 

higher compared to the gradient purified virus (Figure 2E), however, the purity (66%) was not as 297 

good as in three-step protocol (99%). In addition, the tandem pelleting protocol is labor demanding 298 

particularly in laboratories lacking large-scale centrifuges. In comparison, while quicker to perform, 299 

the PEG precipitation protocol (CVB1#3b) resulted in a loss of virus (15% recovery). Nevertheless, 300 

PEG precipitation improved virus purity, and the three-step protocol yielded 19 times more virus than 301 

the traditional gradient purification method, with equal purity. Since the developed protocols provide 302 

good (tandem pelleting) or high (three step protocol) purity and improved yields over standard 303 

gradient purification protocol, their selection can be determined based on the needs of each 304 

laboratory and equipment available. Our protocols offer a quicker streamlined method to produce 305 

new enterovirus vaccines for preclinical testing in animal models. 306 

Interestingly, formalin inactivation used in inactivated poliovirus vaccines caused a dramatic change 307 

in virus integrity. Following inactivation, only 5% virus protein was left in the vaccine preparation and 308 

most virus particles dispersed into smaller units, as seen with TEM (Figure 4D). This underlines the 309 

importance of properly analyzing vaccine preparations. It also indicates the poliovirus based 310 

inactivation protocol may not be suitable for other enteroviruses and virus-specific protocols may be 311 

required [36]. However, regardless of the concentration decrease, formalin-inactivated CVB1 still 312 

induced a strong virus-neutralizing antibody response in mice and protected against CVB1 infection 313 

in vivo. 314 

Future work must develop more efficient concentration and purification methods suitable for an 315 

industrial scale, based, for example, on tangential flow filtration and chromatography [34]. To 316 

produce sufficient vaccine for future studies, optimization of the CVB1 inactivation step is also 317 

necessary. 318 
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5. Conclusion 319 

 320 

In conclusion, we present an efficient and scalable CVB1 production protocol and purification 321 

process that is suitable for vaccine production. A three-step purification procedure can be scaled-up 322 

to purify several liters of virus-containing supernatant and allows for rapid progress to animal 323 

vaccination studies. For maximal virus yield an alternative tandem cushion pelleting protocol was 324 

also developed. The non-adjuvanted formalin inactivated CVB1 vaccine induced a strong, virus-325 

neutralizing antibody response in vaccinated mice, providing valuable information for the 326 

development of new enterovirus vaccines for human use. 327 

 328 

Figure legends 329 

 330 

Fig. 1. Schematic showing production and purification protocols used.  331 

Five different protocols were compared for purification of CVB1 (CVB1#1-4) and the most efficient 332 

protocol (three-step protocol) was tested also for CVB6. 333 

 334 

Fig. 2. Characterization of CVB1 and CVB6 purified with different methods.  335 

(A) Analysis of CVB1 total protein content (5 µl/well) on SDS-PAGE gel (B) and by Western blotting 336 

(1 µl/well) of VP1, stained with 5-D8/1. (C) Analysis of CVB6 total protein content on SDS-PAGE gel 337 

followed by (D) Western blotting analysis for the purified virus using pAb 1685 recognizing VP1. (E) 338 

Virus yield comparison (concentration and infectivity titer) expressed as normalized yield compared 339 

with the virus yield from CVB1#1. (F) Dynamic light scattering (DLS) analysis of CVB1#1-#4, CVB6 340 

and PBS-0.1% Tween80 buffer without virus. The boxed-in area represents the virus peaks for CVB1 341 

and CVB6. PBS-0.1% Tween80 contained 100% particles (determined by particle volume) with a 342 
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hydrodynamic diameter 10.7 nm representing Tween80 micelles. (G) The average sizes and volume 343 

distributions of the virus particles. 344 

 345 

Fig. 3. The stability profiles of different CVB1 batches stored at 4°C for one week analyzed by 346 

dynamic light scattering (DLS).  347 

The average sizes of the most predominant particles in the population were calculated from DLS 348 

measurements. (A) Purified CVB1 virus in R-buffer contained 85.0% and 91.2% particles 349 

(determined by particle volume) with a hydrodynamic diameter of 37.5 nm and 34.4 nm at days 0 350 

and 7 respectively. (B) Purified CVB1 virus in citrate buffer contained 81.7% and 98.1% particles 351 

with a hydrodynamic diameter of 32.9 nm and 52.6 nm at days 0 and 7 respectively. (C) Purified 352 

CVB1 virus in PBS-Tween buffer contained 100% and 100% particles with a hydrodynamic diameter 353 

of 46.6 nm and 54.7 nm at days 0 and 7 respectively. (D) Purified CVB1 virus in M199-Tween buffer 354 

contained 99.5% and 100.0% particles (determined by particle volume) with a hydrodynamic 355 

diameter of 41.6 nm and 40.0 nm at days 0 and 7 respectively. 356 

 357 

Fig. 4. Characterization of the CVB1#2 virus before and after formalin inactivation.  358 

(A) DLS analysis of CVB1#2 before and after formalin inactivation. (B) SDS-PAGE and WB analysis 359 

of CVB1#2 before and after inactivation. (C) TEM analysis of CVB1#2 before formalin inactivation 360 

(bar: 500 nm from 15000 x magnification, bar: 50 nm from 30000 x magnification). (D) TEM analysis 361 

of CVB1#2 after formalin inactivation (bar: 500 nm from 20000 x magnification, bar: 50 nm from 362 

30000 x magnification). 363 

 364 

Fig. 5. Mice vaccinated with CVB1 vaccine are protected against CVB1 infection.  365 

(A) Weights of mice after vaccination with 1 µg or 10 µg CVB1 vaccine. Black arrows indicate the 366 

days of vaccination. (B) Neutralizing antibody titres in mice vaccinated with 1 µg (n=4) or 10 µg (n=3) 367 
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of CVB1 vaccine ***p<0.001 compared to day 0 or as indicated (One-way ANOVA). (C) Weights of 368 

mice after infection with 106 PFU/mouse CVB1 in mice treated with 1 µg of vaccine, 10 µg of vaccine 369 

or control mice. (D) Viraemia on day 3 post infection or (E) replicating virus in the pancreas on day 370 

5 post infection in control (n=4) or vaccinated mice receiving low (1 µg, n=4) or high (10 µg, n=3) 371 

CVB1 vaccine, as measured by standard plaque assay *p<0.05 compared to both low and high 372 

vaccine doses (One-way ANOVA). (F) VP1 positivity, as detected by immunohistochemistry in the 373 

pancreas of control mice or vaccinated mice on day 5 post infection (representative images) 16X 374 

magnification on the left and 40X magnification on the right. 375 

 376 

Conflict of interest statement 377 

 378 

The authors have no conflict of interest to declare. HH is a minor (5%) shareholder and member of 379 

the board of Vactech Ltd, which develops vaccines against picornaviruses. 380 

 381 

Acknowledgments 382 

 383 

The authors would like to thank Ulla Kiiskinen, Merja Jokela, Outi Väätäinen, Niklas Kähkönen, Mervi 384 

Kekäläinen and Anne Karjalainen for their excellent technical assistance. Professor Hannu Uusitalo 385 

and Antti Jylhä are acknowledged for performing the mass spectrometry analyses. Sami Oikarinen, 386 

Niila Saarinen and Anni Honkimaa are acknowledged for the help in the preparation of the 387 

manuscript. This study was supported by the Tekes – the Finnish Funding Agency for Innovation 388 

(project THERDIAB 1843/31/2014), by the Swedish Child Diabetes Foundation, Karolinska Institutet 389 

including the Strategic Research Program in Diabetes and the Karolinska University Hospital, Sigrid 390 

Juselius Foundation and Reino Lahtikari Foundation. We acknowledge the infrastructure support by 391 

Biocenter Finland.  392 



17 
 

Appendix A. Supplementary material 393 

 394 

Supplementary data associated with this article can be found, in the online version 395 

  396 



18 
 

References 397 

[1] Jacobs SE, Lamson DM, St George K, Walsh TJ. Human rhinoviruses. Clin Microbiol Rev 398 
2013;26(1):135-62. 399 

[2] Tapparel C, Siegrist F, Petty TJ, Kaiser L. Picornavirus and enterovirus diversity with associated 400 
human diseases. Infect Genet Evol 2013;14:282-93. 401 

[3] Curry S, Fry E, Blakemore W, Abu-Ghazaleh R, Jackson T, King A et al. Dissecting the roles of 402 
VP0 cleavage and RNA packaging in picornavirus capsid stabilization: the structure of empty capsids 403 
of foot-and-mouth disease virus. J Virol 1997;71(12):9743-52. 404 

[4] Holmes CW, Koo SS, Osman H, Wilson S, Xerry J, Gallimore CI et al. Predominance of 405 
enterovirus B and echovirus 30 as cause of viral meningitis in a UK population. J Clin Virol 406 
2016;81:90-3. 407 

[5] Kim H, Kang B, Hwang S, Hong J, Chung J, Kim S et al. Molecular characteristics of human 408 
coxsackievirus B1 infection in Korea, 2008-2009. J Med Virol 2013;85(1):110-5. 409 

[6] Zhang L, Yan J, Ojcius DM, Lv H, Miao Z, Chen Y et al. Novel and predominant pathogen 410 
responsible for the enterovirus-associated encephalitis in eastern China. PLoS One 411 
2013;8(12):e85023. 412 

[7] Callen J, Paes BA. A case report of a premature infant with coxsackie B1 meningitis. Adv 413 
Neonatal Care 2007;7(5):238-47. 414 

[8] Orbach R, Mandel D, Lubetzky R, Ovental A, Haham A, Halutz O et al. Pulmonary hemorrhage 415 
due to Coxsackievirus B infection-A call to raise suspicion of this important complication as an end-416 
stage of enterovirus sepsis in preterm twin neonates. J Clin Virol 2016;82:41-5. 417 

[9] Huber S, Ramsingh AI. Coxsackievirus-induced pancreatitis. Viral Immunol 2004;17(3):358-69. 418 

[10] Verma NA, Zheng XT, Harris MU, Cadichon SB, Melin-Aldana H, Khetsuriani N et al. Outbreak 419 
of life-threatening coxsackievirus B1 myocarditis in neonates. Clin Infect Dis 2009;49(5):759-63. 420 

[11] Wikswo ME, Khetsuriani N, Fowlkes AL, Zheng X, Penaranda S, Verma N et al. Increased 421 
activity of Coxsackievirus B1 strains associated with severe disease among young infants in the 422 
United States, 2007-2008. Clin Infect Dis 2009;49(5):e44-51. 423 

[12] Centers for Disease Control and Prevention (CDC). Increased detections and severe neonatal 424 
disease associated with coxsackievirus B1 infection--United States, 2007. MMWR Morb Mortal Wkly 425 
Rep 2008;57(20):553-6. 426 

[13] Chu PY, Tyan YC, Chen YS, Chen HL, Lu PL, Chen YH et al. Transmission and Demographic 427 
Dynamics of Coxsackievirus B1. PLoS One 2015;10(6):e0129272. 428 

[14] Hwang JH, Kim JW, Hwang JY, Lee KM, Shim HM, Bae YK et al. Coxsackievirus B infection is 429 
highly related with missed abortion in Korea. Yonsei Med J 2014;55(6):1562-7. 430 

[15] Fukazawa M, Hoshina T, Nanishi E, Nishio H, Doi T, Ohga S et al. Neonatal hemophagocytic 431 
lymphohistiocytosis associated with a vertical transmission of coxsackievirus B1. J Infect Chemother 432 
2013;19(6):1210-3. 433 



19 
 

[16] Hyoty H, Knip M. Developing a vaccine for Type 1 diabetes through targeting enteroviral 434 
infections. Expert Rev Vaccines 2014;13(8):989-99. 435 

[17] Laitinen OH, Honkanen H, Pakkanen O, Oikarinen S, Hankaniemi MM, Huhtala H et al. 436 
Coxsackievirus B1 is associated with induction of beta-cell autoimmunity that portends type 1 437 
diabetes. Diabetes 2014;63(2):446-55. 438 

[18] Oikarinen S, Tauriainen S, Hober D, Lucas B, Vazeou A, Sioofy-Khojine A et al. Virus antibody 439 
survey in different European populations indicates risk association between coxsackievirus B1 and 440 
type 1 diabetes. Diabetes 2014;63(2):655-62. 441 

[19] Baj A, Colombo M, Headley JL, McFarlane JR, Liethof MA, Toniolo A. Post-poliomyelitis 442 
syndrome as a possible viral disease. Int J Infect Dis 2015;35:107-16. 443 

[20] Laitinen OH, Svedin E, Kapell S, Nurminen A, Hytonen VP, Flodstrom-Tullberg M. Enteroviral 444 
proteases: structure, host interactions and pathogenicity. Rev Med Virol 2016;26(4):251-67. 445 

[21] Morgan NG, Richardson SJ. Enteroviruses as causative agents in type 1 diabetes: loose ends 446 
or lost cause? Trends Endocrinol Metab 2014;25(12):611-9. 447 

[22] Reed Z, Cardosa MJ. Status of research and development of vaccines for enterovirus 71. 448 
Vaccine 2016;34(26):2967-70. 449 

[23] Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T et al. Fiji: an open-450 
source platform for biological-image analysis. Nat Methods 2012;9(7):676-82. 451 

[24] Koho T, Koivunen MR, Oikarinen S, Kummola L, Makinen S, Mahonen AJ et al. Coxsackievirus 452 
B3 VLPs purified by ion exchange chromatography elicit strong immune responses in mice. Antiviral 453 
Res 2014;104:93-101. 454 

[25] Flodstrom M, Maday A, Balakrishna D, Cleary MM, Yoshimura A, Sarvetnick N. Target cell 455 
defense prevents the development of diabetes after viral infection. Nat Immunol 2002;3(4):373-82. 456 

[26] Larsson PG, Lakshmikanth T, Laitinen OH, Utorova R, Jacobson S, Oikarinen M et al. A 457 
preclinical study on the efficacy and safety of a new vaccine against Coxsackievirus B1 reveals no 458 
risk for accelerated diabetes development in mouse models. Diabetologia 2015;58(2):346-54. 459 

[27] Hamalainen S, Nurminen N, Ahlfors H, Oikarinen S, Sioofy-Khojine AB, Frisk G et al. 460 
Coxsackievirus B1 reveals strain specific differences in plasmacytoid dendritic cell mediated 461 
immunogenicity. J Med Virol 2014;86(8):1412-20. 462 

[28] Larsson PG, Lakshmikanth T, Svedin E, King C, Flodstrom-Tullberg M. Previous maternal 463 
infection protects offspring from enterovirus infection and prevents experimental diabetes 464 
development in mice. Diabetologia 2013;56(4):867-74. 465 

[29] Barrett PN, Mundt W, Kistner O, Howard MK. Vero cell platform in vaccine production: moving 466 
towards cell culture-based viral vaccines. Expert Rev Vaccines 2009;8(5):607-18. 467 

[30] WHO Expert Committee On Biological Standardization 468 
http://www.who.int/biologicals/publications/trs/areas/vaccines/cells/WHO_TRS_878_A1Animalcells469 
.pdf?ua=1. World Health Organ Tech Rep Ser 1998;878:i,vi, 1-101. 470 

http://www.who.int/biologicals/publications/trs/areas/vaccines/cells/WHO_TRS_878_A1Animalcells.pdf?ua=1
http://www.who.int/biologicals/publications/trs/areas/vaccines/cells/WHO_TRS_878_A1Animalcells.pdf?ua=1


20 
 

[31] Speziale P, Visai L, Rindi S, Di Poto A. Purification of human plasma fibronectin using 471 
immobilized gelatin and Arg affinity chromatography. Nat Protoc 2008;3(3):525-33. 472 

[32] Wilton T, Dunn G, Eastwood D, Minor PD, Martin J. Effect of formaldehyde inactivation on 473 
poliovirus. J Virol 2014;88(20):11955-64. 474 

[33] Kew OM, Sutter RW, de Gourville EM, Dowdle WR, Pallansch MA. Vaccine-derived polioviruses 475 
and the endgame strategy for global polio eradication. Annu Rev Microbiol 2005;59:587-635. 476 

[34] Thomassen YE, van 't Oever AG, van Oijen MG, Wijffels RH, van der Pol LA, Bakker WA. Next 477 
generation inactivated polio vaccine manufacturing to support post polio-eradication biosafety goals. 478 
PLoS One 2013;8(12):e83374. 479 

[35] Mao QY, Wang Y, Bian L, Xu M, Liang Z. EV71 vaccine, a new tool to control outbreaks of hand, 480 
foot and mouth disease (HFMD). Expert Rev Vaccines 2016;15(5):599-606. 481 

[36] Chou AH, Liu CC, Chang CP, Guo MS, Hsieh SY, Yang WH et al. Pilot scale production of highly 482 
efficacious and stable enterovirus 71 vaccine candidates. PLoS One 2012;7(4):e34834. 483 

[37] Liu CC, Guo MS, Wu SR, Lin HY, Yang YT, Liu WC et al. Immunological and biochemical 484 
characterizations of coxsackievirus A6 and A10 viral particles. Antiviral Res 2016;129:58-66. 485 

[38] van der Sanden SM, Wu W, Dybdahl-Sissoko N, Weldon WC, Brooks P, O'Donnell J et al. 486 
Engineering Enhanced Vaccine Cell Lines To Eradicate Vaccine-Preventable Diseases: the Polio 487 
End Game. J Virol 2015;90(4):1694-704. 488 

[39] Liu CC, Guo MS, Lin FH, Hsiao KN, Chang KH, Chou AH et al. Purification and characterization 489 
of enterovirus 71 viral particles produced from vero cells grown in a serum-free microcarrier 490 
bioreactor system. PLoS One 2011;6(5):e20005. 491 

[40] Sanofi Pasteur. Poliovirus Vaccine Inactivated IPOL. 492 
http://products.sanofi.com.au/vaccines/IPOL_NZ_PI.pdf. 2008. 493 

  494 

 495 

http://products.sanofi.com.au/vaccines/IPOL_NZ_PI.pdf


21 
 

Tables 496 

 497 

Table 1. Neutralizing antibody titers analyzed by plaque neutralization assay. 498 

Vaccination group Neutralizing titer 

CVB1 vaccine Day 0 Day 21 Day 35 Day 42 Day 49 

Mouse 1 - 64 1024 1024 1024 

Mouse 2 16 64 2048 2048 2048 

Negative control 
  

  

Mouse 3 - 4 - - - 

Mouse 4 - - 4 - - 

 499 



Fig. 1. Schematic showing production and purification protocols used. Five different protocols were compared for purification of CVB1 (CVB1#1–4) and the most 
efficient protocol (three-step protocol) was tested also for CVB6.



Fig. 2. Characterization of CVB1 and CVB6 purified with different methods. (A) Analysis of CVB1 total protein content (5 ml/well) on SDS-PAGE gel (B) and by 
Western blotting (1 ml/well) of VP1, stained with 5-D8/1. (C) Analysis of CVB6 total protein content on SDS-PAGE gel followed by (D) Western blotting analysis for 
the purified virus using pAb 1685 recognizing VP1. (E) Virus yield comparison (concentration and infectivity titer) expressed as normalized yield compared with the 
virus yield from CVB1#1. (F) Dynamic light scattering (DLS) analysis of CVB1#1-#4, CVB6 and PBS-0.1% Tween80 buffer without virus. The boxed-in area represents 
the virus peaks for CVB1 and CVB6. PBS-0.1% Tween80 contained 100% particles (determined by particle volume) with a hydrodynamic diameter 10.7 nm 
representing Tween80 micelles. (G) The average sizes and volume distributions of the virus particles.



Fig. 3. The stability profiles of different CVB1 batches stored at 4 C for one week analyzed by dynamic light scattering (DLS). The average sizes of the 
most predominant particles in the population were calculated from DLS measurements. (A) Purified CVB1 virus in R-buffer contained 85.0% and 
91.2% particles (determined by particle volume) with a hydrodynamic diameter of 37.5 nm and 34.4 nm at days 0 and 7 respectively. (B) Purified 
CVB1 virus in citrate buffer contained 81.7% and 98.1% particles with a hydrodynamic diameter of 32.9 nm and 52.6 nm at days 0 and 7 respectively. 
(C) Purified CVB1 virus in PBS-Tween buffer contained 100% and 100% particles with a hydrodynamic diameter of 46.6 nm and 54.7 nm at days 0 
and 7 respectively. (D) Purified CVB1 virus in M199-Tween buffer contained 99.5% and 100.0% particles (determined by particle volume) with a 
hydrodynamic diameter of 41.6 nm and 40.0 nm at days 0 and 7 respectively.



Fig. 4. Characterization of the CVB1#2 virus before and after formalin inactivation. (A) DLS analysis of CVB1#2 before and after 
formalin inactivation. (B) SDS-PAGE and WB analysis of CVB1#2 before and after inactivation. (C) TEM analysis of CVB1#2 before 
formalin inactivation (bar: 500 nm from 15,000 magnification, bar: 50 nm from 30,000 magnification). (D) TEM analysis of CVB1#2 
after formalin inactivation (bar: 500 nm from 20,000 magnification, bar: 50 nm from 30,000 magnification).



Fig. 5. Mice vaccinated with CVB1 vaccine are protected against CVB1 infection. (A) Weights of mice after vaccination with 1 mg or 10 mg CVB1 vaccine. 
Black arrows indicate the days of vaccination. (B) Weights of mice after infection with 106 PFU/mouse CVB1 after treatment with 1 mg or 10 mg of 
vaccine or vaccine buffer alone. (C) Neutralizing antibody titres in mice vaccinated with 1 mg (n = 4) or 10 mg (n = 3) of CVB1 vaccine ***p < 0.001 
compared to day 0 or as indicated (One-way ANOVA). (D) Viraemia on day 3 post infection or (E) replicating virus in the pancreas on day 5 post infection 
in control (n = 4) or vaccinated mice receiving low (1 mg, n = 4) or high (10 mg, n = 3) CVB1 vaccine, as measured by standard plaque assay * p < 0.05 
compared to both low and high vaccine doses (One-way ANOVA). (F) VP1 positivity, as detected by immunohistochemistry in the pancreas of control 
mice or vaccinated mice on day 5 post infection (representative images) 16 magnification on the left and 40 magnification on the right.



SUPPLEMENTARY MATERIAL 

 

Supplementary Table 1. Details of CVB1 and CVB6 culturing and harvesting conditions. 

 

Virus Batch MOI Infection 
(days) Production medium Additives at 

harvest (vol/vol%) Virus release Virus collection Clarification 

CVB1#1 
5 2 DMEM 

0.1% Tween80 

3 x freeze-
thaw 

9610 x g, 4°C, 
20 min 

0.45 µm and 
0.2 µm vacuum 

filtration 

CVB1#2 0.3%  DOC1,  
0.6% NP-402 

CVB1#3a 
0.01 7 Megavir 0.1% Tween80 CVB1#3b 

CVB1#4 
CVB6#1 0.5 

 
1Sodium Deoxycholate (DOC) 
2Nonidet(N)P-40 
 

 

 

 

 

 

 

 

 

 



 

Supplementary Table 2. Details of CVB1 and CVB6 purification protocols. 

 

Virus 
Batch 

Concentration or 
purification step Solubilization Purification step Purification step Solubilization 

CVB1#1 PEG 60001 PBS-0.1% 
Tween80 

Discontinuous 5-20% sucrose 
gradient in PBS-0.1% Tween80, 

ultracentrifugation (103.9 k g, 4 h at 
4°C) 

Virus containing fractions were 
pooled and concentrated by 

pelleting using 
ultracentrifugation (108.6 k g, 4 

h 4°C) 

PBS-0.1% 
Tween 80 

CVB1#2 Pelleting through 30% 
sucrose cushion using 
ultracentrifugation (175 

k g, 14 h at 4°C) 

R-buffer2 
Pelleting through discontinuous 

30/50% sucrose cushion by  
ultracentrifugation (285 k g, 14 h at 

4°C) 

- 

R-buffer2 

CVB1#3a 

PBS-0.1% 
Tween80 

M199-0.1% 
Tween80 

 

CVB1#3b 

PEG 60001 
 

CVB1#4 Incubation with gelatin sepharose (GE 
Healthcare #17-0956-01) rotation at 
4°C for 16 h, followed by passing the 
collected supernatant through gelatin 

sepharose column 

Pelleting through discontinuous 
30/50% sucrose cushion by 

ultracentrifugation (285 k g, 14 h 
at 4°C) 

CVB6#1 

 
1Polyethylene Glycol (PEG) 6000 
2 R-buffer composition (10 mM Tris, 200 mM NaCl, 50 mM MgCl2) 



Suplementary Figure 1. The effect of MOI and culture time for CVB1 production. 

In order to optimize the virus cultivation process in Vero-cells, the effect of MOI and culture 
time was studied by infecting them in 6-well plates with MOIs: 0.1, 0.01, 0.001, 0.0001 and 
0.00001.  The CVB1 productions were compared at days 3 – 7. The lowest yield was 
achieved with MOI 0.00001 at day 3 and the highest yield with MOI 0.001 at day 4.  

 

 

 

Supplementary Table 3. The Vero cell residual DNA quantity of the purified viruses. 

Virus batch DNA (ng/µl) 
CVB1#1 0.54 ± 0.36 
CVB1#2 0.0068 ± 0.0030 

CVB1#3a 0.146 ± 0.088 
CVB1#3b 0.259 ± 0.164 
CVB1#4 0.0005 ± 0.0004 
CVB6#1 0.034 ± 0.025 
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