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ABSTRACT 30 
Despite various attempts to treat SARS-CoV-2-infected patients with COVID-19-convalescent plasmas, 31 
neither appropriate approach nor clinical utility has been established. We examined the efficacy of 32 
administration of highly-neutralizing COVID-19-convalescent plasma (hn-plasmas) and such 33 
plasma-derived IgG administration using the Syrian hamster COVID-19 model. Two hn-plasmas, which 34 
were in the best 1% of 340 neutralizing-activity-determined convalescent plasma samples, were 35 
intraperitoneally administered to SARS-CoV-2-infected hamsters, resulting in significant reduction of viral 36 
titers in lungs by up to 32-fold as compared to the viral titers in hamsters receiving control non-neutralizing 37 
plasma, while with two moderately neutralizing plasmas (mn-plasmas) administered, viral titer reduction 38 
was by up to 6-fold. IgG fractions purified from the two hn-plasmas also reduced viral titers in lungs than 39 
those from the two mn-plasmas. The severity of lung lesions seen in hamsters receiving hn-plasmas was 40 
minimal to moderate as assessed using micro-computerized tomography, which histological examination 41 
confirmed. Western blotting revealed that all four COVID-19-convalescent-plasmas variably contained 42 
antibodies against SARS-CoV-2 components including the receptor-binding domain and S1 domain. The 43 
present data strongly suggest that administering potent-neutralizing-activity-confirmed 44 
COVID-19-convalescent plasmas would be efficacious in treating patients with COVID-19. 45 
 46 
 47 
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 50 
 51 
Importance 52 
Convalescent plasmas obtained from patients, who recovered from a specific infection, have been used as 53 
agents to treat other patients infected with the very pathogen. To treat using convalescent plasmas, despite 54 
that more than 10 randomized-controlled-clinical-trials have been conducted and more than 100 studies 55 
are currently ongoing, the effects of convalescent plasma against COVID-19 remained uncertain. On the 56 
other hand, certain COVID-19 vaccines have been shown to reduce the clinical COVID-19 onset by 57 
94-95%, for which the elicited SARS-CoV-2-neutralizing antibodies are apparently directly responsible. 58 
Here, we demonstrate that highly-neutralizing-effect-confirmed convalescent plasmas significantly reduce 59 
the viral titers in the lung of SARS-CoV-2-infected Syrian hamsters and block the development of 60 
virally-induced lung lesions. The present data provide a proof-of-concept that the presence of 61 
highly-neutralizing antibody in COVID-19-convalescent plasmas is directly responsible for the reduction 62 
of viral replication and support the use of highly-neutralizing antibody-containing plasmas in COVID-19 63 
therapy with convalescent plasmas. 64 
  65 
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Introduction 66 
More than a year had passed since the World Health Organization (WHO) declared a state of 67 

emergency, the pandemic of the novel coronavirus (severe acute respiratory syndrome coronavirus 2; 68 
SARS-CoV-2) disease (COVID-19) is still spreading worldwide1,2. More than 176 million people have 69 
been infected and more than 3.8 million lives have been lost by June 17, 2021 (https://covid19.who.int/) 70 
and COVID-19 is continuously posing most serious public health and socioeconomic problem globally in 71 
this century3. Vaccination is one of the most effective prophylactic health measures4,5 and considered as one 72 
of the most promising key strategy for curbing the current pandemic6. Multiple COVID-19 vaccines, such 73 
as mRNA vaccines, BNT162b27, mRNA-12738, ChAdOx1 nCoV-19/AZD12229, and an adenovirus vector, 74 
Ad26.COV2.S10 are presently available in the US, the European Union, and other parts of the world. 75 
Different classes of vaccines such as a recombinant protein nanoparticle vaccine, NVX-CoV237311, and 76 
inactivated COVID-19 vaccines, BBIBP-CorV12, CoronaVac13, and Covaxin14 are currently under 77 
development. Yet, how long the observed efficacy of vaccines lasts and whether such vaccines are effective 78 
in treating already-infected individuals remain to be determined15. In addition, the spread of SARS-CoV-2 79 
variants which resist to the efficacy of certain vaccines throughout the world has been of great concern16,17.  80 

Moreover, in terms of disease management, remdesivir18, dexamethasone19, baricitinib20, and IL-6 81 
pathway inhibitors (e.g., tocilizumab)21 are the only recommended agents for severely ill patients with 82 
COVID-19, although the efficacy of such agents is only limited22,23 and no COVID-specific therapeutics 83 
are likely to be available in the immediate future. In this regard, immunotherapies for certain cancers and 84 
autoimmune disorders are relatively well established24; however, there are only a few immunotherapy for 85 
infectious diseases, which were shown to be efficacious. The efficacy of plasma infusions of 86 
SARS-CoV-1-convalescent plasma is controversial mainly because most clinical trials were not controlled 87 
or randomized25. Moreover, in many clinical trials, plasmas administered were not examined for their titers 88 
of neutralizing antibodies contained. Of note, fatality/clinical outcomes among those with COVID-19 89 
receiving convalescent plasma whose titers of anti-SARS-CoV-2-receptor binding domain (RBD) 90 
antibodies have been reportedly lower than in those receiving no plasma26,27, especially when such plasmas 91 
were administered early after the onset. The outcomes of those receiving high-titer anti-SARS-CoV-2-RBD 92 
or anti-SARS-CoV-2-spike antibodies early after the onset have also been shown to be favorable27.  93 

Imai and his colleagues have recently reported that SARS-CoV-2 efficiently replicates in the lungs of 94 
Syrian hamsters and causes severe pathological lung lesions that share the characteristics with lung lesions 95 
in patients with COVID-1928. Here, we examined the efficacy of neutralizing activity-confirmed 96 
COVID-19-convalescent plasmas and such plasma-derived IgG fractions by employing the 97 
SARS-CoV-2-exposed VeroE6 cells29 and Syrian hamster model. The present data strongly suggest that the 98 
treatment of COVID-19 patients using highly neutralizing activity-confirmed convalescent plasmas would 99 
efficiently block the development of COVID-19-associated lung lesions. 100 
 101 
 102 
Results 103 
COVID-19-convalescent-plasma-derived IgG fractions block SARS-CoV-2 infection in vitro. 104 

We have previously examined the presence and temporal changes of the neutralizing activity of IgG 105 
fractions from 43 COVID-19-convalescent plasma samples using cell-based assays30. In the current study, 106 
we chose two highly-neutralizing plasma (hn-plasma) samples and IgG fractions from Donor-043 (D43) 107 
and D84, which were in the best 1.4 and 0.5% of 340 neutralizing-activity-determined convalescent plasma 108 
samples, respectively, and two moderately-neutralizing plasma (mn-plasma) samples and IgG fractions 109 
from D73 and D91, which showed top 40.5 and 20.9% neutralizing activity in the 340 convalescent plasma 110 
samples, respectively, and confirmed their activity to block the cytopathic effect (CPE) of a SARS-CoV-2 111 
strain (SARS-CoV-205-2N) using VeroE6TMPRSS2 cells and the methyl thiazolyl tetrazolium (MTT) 112 
method29,30. Figure 1 shows that all the four representative COVID-19-convalescent plasmas and IgG 113 
samples significantly blocked the CPE of SARS-CoV-205-2N. D43 and D84 plasmas were highly potent 114 
against the virus with IC50 values of 1,400±240 and 1,100±60 fold, respectively, while D73 and D91 115 
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samples showed relatively moderate activity with IC50 values of 220±30 and 400±90 fold, respectively 116 
(Figure 1a and Table 1). IgG fractions purified from D43 and D84 plasmas also exerted potent activity with 117 
IC50 values of 9.2±1.3 and 9.8±2.7 µg/ml, respectively, while those from D73 and D91 showed moderate 118 
activity with IC50 values of 47.9±9.0 and 24.9±3.1 µg/ml, respectively (Figure 1b and Table 1). A plasma 119 
sample from a healthy and qRNA-PCR-and-ELISA-confirmed SARS-CoV-2-uninfected individual and its 120 
IgG fraction failed to show significant CPE-blocking activity (Figure 1 and Table 1). We have also 121 
quantified the amounts of SARS-CoV-2-S1-binding antibodies in each plasma sample by using D84 122 
plasma as a reference (100%) employing a commercially available ELISA kit. D43, D73, and D91 123 
contained 140, 34, and 57% of IgG relative to D84 plasma (Table 1), showing that the amounts of 124 
S1-binding antibodies contained in plasma samples were roughly proportionate to the blocking effects of 125 
each plasma and IgG fraction, although it is of note that the presence of greater amounts of S1-binding 126 
antibodies in plasma does not necessarily predict the presence of greater levels of neutralizing activity30. 127 
Taken together, these data show that all the plasma samples used were highly or moderately active in 128 
blocking the infectivity and replication of SARS-CoV-2 and that the IgG fractions isolated from plasmas 129 
were largely responsible for the activity of plasmas to block the infectivity and CPE of the virus. 130 
 131 
Body weight gains in SARS-CoV-2

UT-NCGM02
-exposed and neutralizing plasma-receiving Syrian 132 

hamsters were significantly greater than those in control-plasma-receiving animals. 133 
We have previously demonstrated that SARS-CoV-2 isolates efficiently replicate in the lungs of 134 

Syrian hamsters, causing severe pathological lung lesions28. Such SARS-CoV-2-infected 7- to 135 
8-month-old hamsters also underwent substantial weight loss by day 7 post-infection and continued to 136 
lose weight for up to 14 days post-infection28. In the present study, we employed 1-month-old hamsters 137 
and intranasally inoculated them with 103 plaque-forming units (PFU) of a clinically isolated 138 
SARS-CoV-2, SARS-CoV-2UT-NCGM02 (Set as Day 0).  In 24 hours following the inoculation (on day 1), 139 
three hamsters per group were intraperitoneally administered with 2 ml of plasma from a 140 
qRNA-PCR-and-ELISA-confirmed SARS-CoV-2-uninfected healthy individual (control-plasma; See the 141 
protocol in Supp Figure 1). As the body weights of the control-plasma-receiving hamsters (n=3) were 142 
followed up every day, their weights continued to decrease by day 8 following the viral exposure, while 143 
the weights started to gain by day 9 and continued to gain thereafter. However, in hamsters that received 144 
the hn-plasma samples (D43 and D84), the decrease in body weights by day 8 was much less than in 145 
control-plasma-receiving hamsters and their body weights started to increase on day 9 and beyond (p 146 
values of the temporal changes in the body weights for the D43- and D84-receiving hamster groups to the 147 
control group were 0.0095 and 0.0092, respectively). One of the D73-plasma-receiving hamsters 148 
(Hamster#28) had a significantly greater body weight decrease among the four D73-plasma-receiving 149 
hamsters and the average body weights became close to those in the control-plasma-receiving hamsters 150 
(Figure 2; p value for the D73-plasma-receiving hamsters compared to four control-plasma-receiving 151 
hamsters was 0.2025).  152 
 153 
SARS-CoV-2

UT-NCGM02
-exposed and neutralizing plasma-receiving Syrian hamsters develop less severe 154 

pneumonia. 155 
SARS-CoV-2-infected Syrian hamsters undergo lung injuries, which share characteristics with injuries 156 

seen in the lungs of SARS-CoV-2-infected individuals, including severe, bilateral, largely peripherally 157 
distributed, multi-lobular ground glass opacity lesions and lobular consolidations as examined using 158 
microcomputed tomographic (micro-CT) imaging (Figure 3)28. In order to examine the effects of 159 
administering neutralizing human plasmas on the development of SARS-CoV-2-induced lung lesions in 160 
virus-exposed Syrian hamsters, we employed the in vivo X-ray micro-CT image capturing in the present 161 
study. In all three SARS-CoV-2UT-NCGM02-exposed hamsters, which intraperitoneally received 2 ml of the 162 
control-plasma on day 1 post-infection (Hamsters#21, #22, and #23), low-level infiltration with 163 
ground-glass opacities (GGOs) in bilateral lower lobes appeared by day 4 in both coronal and axial 164 
micro-CT thorax images (Supp Figure 2). By day 6, those lesions evolved into a mixed pattern of GGOs, 165 
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consolidations, and interlobular septal thickening seen in whole lung. By day 8, such lesions further 166 
worsened to show GGOs with consolidations and fibrous stripes in bilateral lung accompanied with 167 
mediastinal emphysema, traction bronchiectasis, interlobular septal thickening, and/or cavitations (Supp 168 
Figure 2). Micro-CT scans taken on day 10, however, showed healing of the lung cavitation and mediastinal 169 
emphysema together with reduced GGOs. Micro-CT scans on day 12 show further healing of the 170 
consolidation and GGOs, while multiple focal fibrous stripes remained in bilateral peripheral field (Supp 171 
Figure 2). 172 

However, in all three hamsters that intraperitoneally received either of the two hn-plasma samples 173 
(Hamsters#24, #25, and #26 received 2 ml of D43 plasma; while Hamsters #30, #31 and #32 received 2 ml 174 
D84 plasma), no such extensive lung lesions developed throughout the 12-day period of observation and 175 
the difference between the lung images of D43- and D84-plasma-receiving hamsters and those of 176 
control-plasma-receiving Hamsters#21, #22, and #23 on day 8 post-infection (the dorsal lung images of 177 
control-plasma-receiving hamsters were taken from Supp Figure 2) was readily noticeable. 178 

The lung CT scan images of mn-plasma-receiving hamsters (Hamsters#27, #28, and #29 received D73 179 
plasma; while Hamsters #33, #34 and #35 received D91 plasma) showed mixed but moderate GGO lesions 180 
and interlobular septal thickening in whole lung, however, no mediastinal emphysema or traction 181 
bronchiectasis were observed except in Hamster#28 (Figure 3a). Coronal micro-CT scan images confirmed 182 
the moderate changes in the lung scan images of those hamsters as compared to the lung CT images of the 183 
control-plasma-receiving hamsters (Figure 3b). 184 
 185 
D43-plasma administration apparently inhibited the spread of viral infection from bronchiolar to 186 
alveolar regions. 187 

On day 4 post-infection (on day 3 post-plasma-administration), histopathological features and virus 188 
distribution pattern in the lung tissues of each hamster were examined. All histopathology and 189 
immunohistochemistry features obtained are illustrated in Supp Figure 3. Histopathology of the lung 190 
sections of each animal showed moderate inflammatory cell infiltration consisting of neutrophil, 191 
monocytes/macrophages, and lymphocytes around the bronchi and bronchioles. In some regions, the 192 
inflammatory cells were detected in the alveoli. However, the degrees of histopathological changes 193 
substantially varied among hamsters, and there was no readily significant difference among the groups 194 
administered with different plasmas (Figure 4, panels a, c, e, g, i, and Supp Figures 3a–e). Then, 195 
immunohistochemistry with anti-SARS-CoV-2 antibody revealed viral antigens in the bronchiole 196 
epithelium and viral spreading to the alveolar epithelium surrounding the bronchioles in all the animals 197 
except for D43-plasma-receiving hamsters. Notably, in the D43-receiving animals (Figure 4d and Supp 198 
Figure 3b), substantially less viral antigens were seen and the extent of the viral spreading was apparently 199 
limited to bronchial and alveolar epitheliums adjacent to bronchioles regardless of the degrees of 200 
histopathological changes compared to the amounts of viral antigens seen in the lungs of control-plasma-, 201 
and D73-, D84-, and D91-plasma-receiving hamsters (Figure 4b, f, h, j, and Supp Figures 3a, c, and d). 202 
Moreover, the numbers of viral antigen-positive-cells in the alveolar regions also appeared less in the lung 203 
of D43-plasma-receiving hamsters (Figure 4d and Supp Figure 3b) than in the control-plasma-receiving 204 
and D73-, D84-, or D91-plasma-receiving animals (Figure 4b, f, h, j, and Supp Figures 3a, c, and d). 205 
 206 
Neutralizing activity-confirmed plasmas significantly suppressed the replication of SARS-CoV-2 in the 207 
lung of hamsters. 208 

All the neutralizing activity-confirmed COVID-19-convalescent plasma samples (D43, D73, D84, and 209 
D91 plasmas) mitigated the body weight reduction and SARS-CoV-2-induced lung lesions (Figure 2, Supp 210 
Figure 2, and Figure 3); however, the histopathological examination and immunostaining method largely 211 
failed to detect differences in the presence or spread of the virus between the hamsters receiving the 212 
control-plasma and those receiving neutralizing-activity-confirmed plasmas (Figure 4 and Supp Figure 3). 213 
Thus, we attempted to quantify the amounts of infectious virions in the lungs of hamsters receiving 214 
control-plasma, D43-, D73-, D84-, or D91-plasma samples. Each hamster was exposed to the virus on day 215 
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0, intraperitoneally administered with 2 ml of each plasma on day 1, and sacrificed on day 4. Thereafter, 216 
each lung was homogenized and the virus titers in the homogenates were determined employing plaque 217 
forming assays using VeroE6TMPRSS2 cells. As shown in Figure 5a, the geometric mean titer for the hamsters 218 
receiving control-plasma was 108.5 PFU/g, while the administration of D43 and D91 plasmas had 219 
significantly suppressed the replication of SARS-CoV-2UT-NCGM02 with viral titers of down to 107.0 220 
(p=0.0003) and 107.7 (p=0.037) PFU/g, respectively, while the reductions by D73 and D84 plasmas were 221 
not statistically significant (p>0.05; Figure 5a). When IgG fractions isolated from plasmas were 222 
intraperitoneally administered to hamsters, D43 IgG fraction gave the greatest reduction with a geometric 223 
mean infectious viral titer of 107.1 PFU/g compared to the viral titer in the control-plasma-receiving 224 
hamsters with a geometric mean titer of 108.4 PFU/g; while D91, D84, and D73 IgG fractions gave mean 225 
titers of 107.7 (p=0.015), 107.8 (p=0.037), and 108.0 (p>0.05) PFU/g, respectively (Figure 5b).  226 

In an attempt to see the effects of administering IgG fractions isolated from neutralizing human 227 
plasmas on the development of lung lesions in virus-exposed animals, we conducted additional 228 
histopathological and immunostaining study. Since we had failed identifying the difference in the 229 
histopathological findings among lungs of hamsters receiving various plasmas, we examined the lung in 230 
one hamster, which had the lowest infectious viral titer among each group (n=4) in this additional study. 231 
Representative images of the immunostained lung sections of hamsters showed that the infected cells are 232 
observed from the terminal bronchioles into the alveolar region in animals treated with control-plasma IgG, 233 
IgG from D73, D84, and D91 plasmas; however, the number of infected cells was much less in the terminal 234 
bronchioles and alveolar regions in the hamster receiving IgG fraction from D43 plasma (Supp Fig 4), 235 
corroborating the histopathological and immunostaining observations in hamsters receiving plasmas 236 
(Figure 4).  237 
 238 
COVID-19-convalescent-plasmas variably contain antibodies that specifically bind to viral components. 239 

We finally attempted to determine which antibodies within the four convalescent D43, D73, D84, and 240 
D91 plasma samples bind to SARS-CoV-2 components using the Jess capillary-based Western blot system. 241 
The four viral components (RBD, S1, S2, and nucleocapsid) are covalently fixed to the capillary and the 242 
presence of human IgG specifically bound to each viral component in the capillary is detected by exposing 243 
the capillary to HRP-conjugated anti-human IgG and iridescent light elicited by luminol being mediated by 244 
HRP. Figure 6a illustrates that each of the plasma contained IgG antibodies reactive with viral components, 245 
showing that the amounts and the ratios of each viral component-specific antibodies were substantially 246 
varied. Among the four convalescent plasma tested, D43, one of the two hn-plasmas contained the highest 247 
amounts of anti-RBD, -S1, and -NC IgG, while D84 contained the highest amount of anti-S2 and -whole 248 
Spike IgG (Figure 6b). Interestingly, the two mn-plasmas contained low levels of anti-RBD, -S1, -whole 249 
spike and -NC IgG. 250 
 251 
 252 
DISCUSSION 253 

In the present study, we demonstrate that highly neutralizing COVID-19-convalescent plasmas 254 
(hn-plasmas) reduced the severity of lung lesions in SARS-CoV-2-exposed Syrian hamsters compared to 255 
those receiving a non-neutralizing (control) plasma or moderately-neutralizing plasmas (mn-plasmas) as 256 
assessed with microCT-captured images (Supp Figure 2 and Figure 3) and the presence of 257 
SARS-CoV-2-infected cells in the lung (Figure 4 and Supp Figures 3 and 4). Moreover, hn-plasmas 258 
induced significant reduction of viral titers in the lungs of SARS-CoV-2-exposed Syrian hamsters as 259 
compared to those receiving control plasma or mn-plasmas (Figure 5a). IgG fractions purified from 260 
hn-plasmas also substantially reduced viral titers in the lungs of hamsters (Figure 5b). These data strongly 261 
suggest that administering hn-COVID-19-convalescent plasmas would be efficacious in treating patients 262 
with COVID-19 and mn-plasmas are unlikely to be effective in treating COVID-19 patients. The data also 263 
suggest that the IgG fractions largely contribute to the antiviral activity of hn-plasma, although other 264 
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immune responses such as CD8+ killer T-cell and Fc-effector functions may contribute to protection and 265 
their relative importance in protection against COVID-19 is to be investigated33,34. 266 

Several recent clinical studies suggest that neutralizing antibodies are generally sufficient to confer 267 
protection against the SARS-CoV-2 infection and that the protection against COVID-19 development is 268 
largely explained by SARS-CoV-2-neutralizing antibody responses, leaving less room for impact of T cells 269 
on correlation.  270 

Yet, the efficacy of infusions of COVID-19-convalescent plasma has been controversial mainly 271 
because most clinical trials were not well controlled or randomized25. However, the failure of most 272 
COVID-19-convalescent plasma infusion studies to prove to be efficacious is likely due to the facts that the 273 
plasmas used were not confirmed to contain high titers of neutralizing activity before transfusion. In fact, in 274 
a few studies, in which only convalescent plasma whose levels of anti-SARS-CoV-2-RBD antibodies were 275 
confirmed to be high, have produced favorable clinical results26,27.  276 

It is noteworthy that even in the well-planned clinical studies where high titers of neutralizing 277 
antibodies were used, a number of such clinical studies employed different ways and means to express 278 
neutralizing activity such as 50% neutralization titers, reciprocal neutralizing antibody titers, and IC50 log10 279 
geometric mean titers. Moreover, such clinical studies have used different cells and viral strains in 280 
quantifying neutralizing activity of plasmas. Thus, establishing “international unit” or “international 281 
standard” is being thought to be needed to compare across various studies and to calibrate the strength of 282 
neutralization with a reference human convalescent sera panel. Establishing such standard should improve 283 
the correlation between the levels of neutralization activity and resulting clinical efficacy35. 284 

In our previous study30, to possibly calibrate the neutralizing activity of COVID-19-convalescent 285 
plasmas with the neutralizing activity of plasmas determined in other studies, we used neutralizing unit per 286 
mg protein of IgG derived from such COVID-19-convalescent plasmas. In the present study, from among 287 
340 COVID-19-convalescent plasma samples we have examined for their neutralizing activity using 288 
SARS-CoV-205-2N that was isolated in Tokyo in March 2020 and TMPRSS2-overexpressing VeroE6 289 
(VeroE6TMPRSS2) cells as target cells as previously described30, we chose four plasma samples as references 290 
of SARS-CoV-2-neutralizing plasmas. The four plasma samples, D43, D73, D84, and D91 were in the top 291 
1.4%, 40.5%, 0.5%, and 20.9% of 340 COVID-19-convalescent plasma samples, respectively. It is of note 292 
that approximately 60% of convalescent plasmas have low or no significant neutralizing activity as we 293 
mentioned in our previous report30. The reason why D43 was most effectively blocked the infection and 294 
replication of the virus in hamsters, while the comparably neutralizing D84 was less effectively blocked the 295 
virus in hamsters, remains to be elucidated. One possibility is that convalescent plasmas contain polyclonal 296 
neutralizing antibodies and their constituents may substantially vary from one convalescent patient to 297 
another36,37. Thus, even if a plasma sample exerts potent neutralizing activity in a cell-based assay, its 298 
neutralizing activity may not be directly well reproduced in the bodies of hamsters where the virus may 299 
unevenly infect and replicate so that the efficacy may vary depending on the constituent of polyclonal 300 
neutralizing antibodies.  301 

One limitation of the current study is that only one SARS-CoV-2 strain (SARS-CoV-205-2N) was 302 
employed and the results obtained here may not predict the efficacy in individuals infected with other 303 
SARS-CoV-2 strains, in particular, SARS-CoV-2 variants recently isolated38–41, which may escape 304 
neutralizing antibodies in plasmas used in the present study42 or may replicate more efficiently than 305 
previously isolated SARS-CoV-2 strains such as SARS-CoV-205-2N 43. However, if convalescent plasmas 306 
are collected from individuals who are infected with certain SARS-CoV-2 variants, the plasmas from such 307 
individuals should be of use to immediately treat others infected with the same variants. 308 

In conclusion, the present data strongly suggest that administering highly-neutralizing 309 
COVID-19-convalescent plasmas should be efficacious in treating patients with COVID-19, but potent 310 
neutralizing activity has to be confirmed before administering such convalescent plasmas. 311 
 312 
 313 
MATERIALS AND METHODS 314 
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Patients. Four patients, who were clinically diagnosed with COVID-19 and agreed to participate in the 315 
clinical studies (approval number NCGM-G-003472 and NCGM-G-003536) for convalescent plasma 316 
donation, were selected30. Donated plasma was stored at -20°C until use.  317 
 318 
Cells, viruses, and IgG purification. TMPRSS2-overexpressing VeroE6 (VeroE6TMPRSS2) cells (RRID: 319 
CVCL_YQ49) were obtained from the Japanese Collection of Research Bioresources (JCRB) Cell Bank 320 
(Osaka, Japan). VeroE6TMPRSS2 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 321 
supplemented with 10% fetal bovine serum, 100 μg/ml penicillin, 100 μg/ml kanamycin, and 1 mg/ml 322 
G418 under humidified atmosphere containing 5% CO2 at 37°C. Two SARS-CoV-2 strains, 323 
hCoV-19/Japan/UT-NCGM02/2020 (SARS-CoV-2UT-NCGM02, GISAID Accession ID; EPI_ISL_418809)28 324 
and 05-2N (SARS-CoV-205-2N)30 were clinically isolated as previously described. IgG fractions were 325 
purified from convalescent plasma at Immuno-Biological Laboratories (Gunma, Japan) by using rProtein A 326 
Sepharose Fast Flow (Cytiva, Marlborough, MA) and eluted in phosphate-buffered saline (PBS). The IgG 327 
fractions were stored at -80°C until use. 328 
 329 
Antiviral assays. The SARS-CoV-2 neutralizing activity of donated plasma and purified IgG was 330 
determined as previously described29–31. In brief, VeroE6TMPRSS2 cells were seeded in 96-well flat microtiter 331 
culture plates at the density of 1 × 104 cells/well. On the following day, the virus (SARS-CoV-205-2N) was 332 
mixed to the various concentrations of the plasma or purified IgG fractions and incubated for 20 min at 333 
37°C. The preincubated mixture was inoculated to the cells at a multiplicity of infection (MOI) of 0.01. The 334 
cells were cultured for 3 days and the number of viable cells in each well was measured using Cell Counting 335 
Kit-8 (Dojindo, Kumamoto, Japan). The potency of SARS-CoV-2 inhibition by plasma or purified IgG was 336 
determined based on its inhibitory effect on virally induced cytopathicity in VeroE6TMPRSS2 cells. The 337 
amounts of SARS-CoV-2-S1-binding antibodies in each plasma sample were determined by using 338 
Anti-SARS-CoV-2 ELISA (IgG) (Euroimmun, Lübeck, Germany). The total human IgG concentration was 339 
determined by using Human IgG ELISA Kit (abcam, Cambridge, UK). 340 
 341 
Experimental Infection of Syrian Hamsters. All the animal infection experiments were conducted as 342 
previously described28. In brief, one-year-old male Syrian hamsters (Japan SLC Inc., Shizuoka, Japan) were 343 
enrolled. Hamsters were intranasally inoculated with 103 PFU (in 100 μl) of SARS-CoV-2UT-NCGM02 under 344 
ketamine-xylazine anesthesia. On the following day, 2 ml of convalescent plasma (experiments 1 and 2) or 345 
purified IgG (experiment 3) were intraperitoneally (i.p.) transfused to each Syrian hamster (Supp. Figure 1). 346 
The total dosage and the dosage per body weight of human IgG in 2 ml plasma are shown in Supp. Table 1 347 
(Supp. Table 1). The total amount of human IgG in purified IgG fraction transfused to hamsters and plasma 348 
equivalent are shown in Supp. Table 2 (Supp. Table 2). The hamsters were monitored until the designated 349 
endpoint of the experiments. 350 
For experiment 1, to monitor the body weight change and the micro-CT image, three hamsters per group 351 
were enrolled. The daily body weight was monitored for 15 days, and micro-CT imaging was conducted on 352 
days 0, 4, 6, 8, 10, and 12 post infection. The body weight was compared with the pre-infection baseline, 353 
and the relative values were calculated. The change in the body weights from the baseline of each hamster 354 
treated with plasma were compared and p value was calculated. In experiments 2 (plasma administered i.p.) 355 
and 3 (purified IgG fraction administered i.p.), in order to determine the in vivo antiviral activity of the 356 
convalescent plasma or purified IgG, four hamsters per group were enrolled. Hamsters were sacrificed on 357 
the fourth day post infection, and lungs were collected for histological examination and viral titration (Supp. 358 
Figure 1). The viral titer in the lungs was determined by means of plaque assays in VeroE6TMPRSS2 cells. All 359 
experiments with hamsters were performed in accordance with the Science Council of Japan’s Guidelines 360 
for Proper Conduct of Animal Experiments. The protocol was approved by the Animal Experiment 361 
Committee of the Institute of Medical Science, the University of Tokyo (approval number PA19-75). 362 
 363 
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Micro-CT imaging. The chest CT images of the SARS-CoV-2-infected hamsters were captured as 364 
previously described using an in vivo micro-CT scanner (CosmoScan FX; Rigaku Corporation, Japan) until 365 
12 days post-infection under ketamine-xylazine anesthesia. The imaging was conducted at the following 366 
conditions; 2 min at 90 kV, 88 μA, FOV 45 mm, and pixel size 90.0 μm. After scanning, the lung images 367 
were reconstructed by using the CosmoScan Database software (Rigaku Corporation) and analyzed as 368 
manufacturer’s instruction. 369 
 370 
Pathological examination. Excised animal tissues were fixed in 10%-buffered formalin and processed for 371 
paraffin embedding. The paraffin blocks were cut into 3-µm-thick sections and then mounted on 372 
silane-coated glass slides. One section from each tissue sample was stained using a standard hematoxylin 373 
and eosin procedure; another was processed for immunohistochemistry. After deparaffinization, antigens 374 
were activated (121°C, 10 min) with Target Retrieval Solution pH6.0 (Dako Cytomation, Glostrup, 375 
Denmark), and endogenous HRP was inactivated by hydroperoxide treatment. The sections were treated 376 
with 5 % normal goat serum for 30 minutes at room temperature and incubated with rabbit monoclonal anti 377 
SARS-CoV nucleoprotein antibody (Sino Biological, Beijing, China) at 4°C overnight. Specific 378 
antigen-antibody reactions were visualized by means of 3,3’-diaminobenzidine tetrahydrochloride staining 379 
using the Dako Envision system (Dako Cytomation). 380 
 381 
Detection and quantification of anti-SARS-CoV-2 IgG bound to viral components. The amounts of 382 
anti-SARS-CoV-2 IgG antibodies reactive with SARS-CoV-2 viral components in convalescent plasma 383 
were determined using the Simple Western Jess apparatus and the SARS-CoV-2 Multi-Antigen Serology 384 
Module (Protein Simple, San Jose, CA) according to the manufacturer’s instructions. In brief, various 385 
recombinant viral components [RBD (200 µg/ml), nucleocapsid [NC](5 µg/ml), S1(20 µg/ml), S2(20 386 
µg/ml), and whole Spike (20 µg/ml)] were covalently fixed with ultraviolet irradiation to a 12-230 kDa Jess 387 
& Wes Separation Module (Protein Simple). The immobilized viral components were then exposed to each 388 
of 30-fold-diluted convalescent plasma samples (primary antibodies). Subsequently, the antibodies bound 389 
to the viral components were probed with horseradish peroxidase (HRP)-conjugated anti-human IgG 390 
(secondary antibody). The presence of human IgG in the Module is detected by iridescent light produced by 391 
luminol reagent being mediated by HRP. The quantification of each signal was performed using Compass 392 
for SW software ver. 5.0.1 (Protein Simple). 393 
 394 
Statistical analysis. For the comparison of the temporal changes in body weights of hamsters receiving 395 
control and convalescent plasma (control, D43, D73, D84, and D91), the changes in the body weights 396 
relative to the body weight before viral exposure were modeled with quartic functions. This is because 397 
each curve has a minimum around the middle of the post infection days and high values at its both edges. 398 
Therefore, the number of parameters determined is five, and the function was fitted to the data by use of 399 
the nonlinear least squares method which was performed by the Levenberg-Marquardt algorithm. The F 400 
statistics for the comparisons of two curves of the body-weight changes were calculated and the p values 401 
were derived32. The distribution of the residuals was tested and found to be consistent with normality. 402 
Because of the nonlinearity of the model, the p values are only approximate. For the viral titer in lung, 403 
each the convalescent plasma receiving group was compared with the healthy donor plasma receiving 404 
group using Dunnett's test by using JMP Pro 15.0.0 (SAS Institute). 405 
 406 
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Figure Legends 433 
Figure 1. Anti-viral activity of convalescent plasma and purified IgG. VeroE6TMPRSS2 cells were 434 
exposed to SARS-CoV-205-2N with or without various concentrations of diluted plasma (a) or purified IgG 435 
(b). Note that highly neutralizing plasma (hn-plasma), D43 and D84, were highly potent while moderately 436 
neutralizing plasma (mn-plasma), D73 and D91, were relatively moderate active against the virus. A 437 
plasma sample from a healthy and qRNA-PCR-and-ELISA-confirmed SARS-CoV-2-uninfected individual 438 
and its IgG fraction failed to show significant CPE-blocking activity. 439 
 440 
Figure 2. Body weight change in SARS-CoV-2 infected Syrian hamsters with plasma transfusion. 441 
Syrian hamsters were intranasally inoculated with 103 PFU of clinically isolated SARS-CoV-2 442 
(SARS-CoV-2UT-NCGM02). In 24 hours following the inoculation, hamsters were intraperitoneally 443 
administered with 2 ml of convalescent plasma or a qRNA-PCR-and-ELISA-confirmed 444 
SARS-CoV-2-uninfected healthy individual-derived control plasma, and the body weight was monitored 445 
daily for 15 days. The mean relative value from the pre-viral exposure baseline and S.D. values are shown. 446 
All the hamsters lost their weight by day 8 following the viral exposure, while the weights started to gain by 447 
day 9 and continued to gain thereafter. P values of the body weight change in D43-, D73-, D84-, and 448 
D91-receiving hamster groups to the control group were 0.0095, 0.2025, 0.0092, and 0.01, respectively. 449 
 450 
Figure 3. Micro-CT imaging of the lungs of SARS-CoV-2-infected Syrian hamsters with 451 
convalescent plasma transfusion on 8 days post viral exposure. (a) Coronal and (b) axial images of the 452 
thorax of hamsters receiving the SARS-CoV-2 inoculation and COVID-19-convalescent plasma i.p. 453 
transfusion. (a, b) The control plasma-receiving hamsters (Hamsters #21, #22, and #23) developed the 454 
ground-glass opacities (GGOs) with consolidations and fibrosis. However, in all three hamsters receiving 455 
hn-plasma (D43 for Hamsters #24, #25, and #26, and D84 for Hamsters #30, #31, and #32), no such lung 456 
abnormalities were observed throughout the 12 days micro-CT imaging in Hamster #24, #25, #30 and mild 457 
to moderate GGO and interlobular septal thickening were focally observed in #26, #31, #32. On the other 458 
hand, the chest CT images in mn-plasma receiving hamsters (D73 for Hamsters #27, #28, and #29, and D91 459 
for Hamsters #33, #34, and #35) showed mixed but moderate GGO lesions and interlobular septal 460 
thickening in whole lung, however, no mediastinal emphysema or traction bronchiectasis were observed 461 
except in Hamster #28. 462 
 463 
Figure 4. Pathological examination of the hamsters treated with plasma. Representative images of 464 
histopathology and immunohistochemistry on the lung sections of hamsters treated with control or each 465 
plasma on Day 1 post-infection are shown. Hematoxylin Eosin (HE) staining of the lung sections obtained 466 
from the control (a) and plasma D43 (c), D73 (e), D84 (g), or D91 (i) treated animals. 467 
Immunohistochemistry (IHC) for SARS-CoV-2 antigen detection of the lung sections obtained from the 468 
control (b) and plasma D43 (d), D73 (f), D84 (h), or D91 (j) treated animals. Scale bar = 200μm. 469 
 470 
Figure 5. Neutralizing activity of convalescent plasma in the lungs of SARS-CoV-2 infected Syrian 471 
hamsters with plasma transfusion. Syrian hamsters were intranasally inoculated with 103 PFU of 472 
clinically isolated SARS-CoV-2 (SARS-CoV-2UT-NCGM02). In 24 hours following the inoculation, hamsters 473 
were intraperitoneally administered with 2 ml of plasma (a) or plasma-derived purified IgG (b). Four 474 
Syrian hamsters per group were sacrificed on 4 days post viral exposure (3 days post plasma transfusion), 475 
and the virus titers in the lungs and neutralizing antibody titer in sera were determined by employing 476 
VeroE6TMPRSS2 cells. The geometric mean titer and S.D. values are shown. 477 
 478 
Figure 6. The characteristics of the anti-SARS-CoV-2 IgG in convalescent plasma against multiple 479 
viral components. The anti-SARS-CoV-2 IgG in each COVID-19-convalescent plasma reactive against 480 
SARS-CoV-2 viral components (RBD, S1, S2, whole Spike, and nucleocapsid [NC]) was detected using 481 
the Simple Western Jess System. (a) Western blotting image obtained with the Jess System and the 482 
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immunoreactive signals for the presence of viral components bound by anti-SARS-CoV-2 IgG by using 483 
Simple Western Jess System. All four COVID-19-convalescent plasmas contained the 484 
SARS-CoV-2-specific IgG. (b) The quantification of IgG levels in four COVID-19-convalescent plasmas. 485 
D43 and D84 plasma samples had high amounts of anti-RBD IgG, while D73 and D91 had much less 486 
amounts of anti-RBD IgG. The same trend was seen in the amounts of anti-S1 and anti-whole Spike IgGs. 487 
On the other hand, D43 sample had lower amount of anti-S2 IgG than D84. D43 had a much higher amount 488 
of anti-NC IgG compared with D73, D84, and D91.  489 
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Supporting Figure Legends 491 
Supp. Figure 1. Scheme of the Syrian Hamster experiments. Hamsters were intranasally inoculated 492 
with 103 PFU (in 100 μl) of SARS-CoV-2UT-NCGM02 (Set as Day 0). In 24 hours, 2 ml of convalescent 493 
plasma (experiments 1 and 2) or purified IgG (experiment 3) was intraperitoneally (i.p.) transfused to 494 
each Syrian hamster. In experiment 1, micro-CT imaging and the body weight monitoring were 495 
conducted for 15 days. In experiments 2 and 3, hamsters were sacrificed on day 4 and the histological 496 
examination and viral titration of lungs were conducted. The distribution of anti-viral activity of the 340 497 
donated convalescent plasma samples and four convalescent plasma tested are indicated in violin plot. 498 
 499 
 500 
Supp. Figure 2. Administration of IgG fraction purified from plasma D43 effectively blocks the 501 
replication and spread of SARS-CoV-2 infection in lung tissue. Fixed/paraffin-embedded lung tissue 502 
sections were immuno-histologically stained with anti-SARS-CoV-2-nucleoprotein polyclonal antibodies 503 
(in brown) and examined under light microscopy. Nuclei were counterstained with Mayer’s hematoxylin 504 
(in blue). Representative images of the immune-stained lung sections of hamsters receiving IgG fraction 505 
isolated from the control-plasma (a) and IgG fractions from D43 (b), D73 (c), D84 (d), and D91 (e) 506 
plasmas are shown.  Each inset shows a higher magnification field of the rectangle area, showing the 507 
terminal bronchioles open into the alveolar region. Note that the infected cells are observed from the 508 
terminal bronchioles into the alveolar region in animals treated with control-plasma IgG, or IgG from 509 
D73, D84, or D91 plasmas, but the number of infected cells is much less in the terminal bronchioles and 510 
alveolar regions in hamsters receiving IgG from D43 plasma (b). Scale bars in magnified view denote 50 511 
µm and those in the insets are 200 μm. 512 
 513 
Supp. Figure 3. Images captured in the pathological examination of the lung in hamsters treated 514 
with plasma.  Comprehensive images of the histopathology and immunohistochemistry on the lung 515 
sections of hamsters treated with control or each plasma on Day 1 post-infection are shown. Hematoxylin 516 
eosin (HE) staining of the lung sections obtained from the control plasma- (a), plasma D43- (b), plasma 517 
D73- (c), plasma D84- (d), or plasma D91- (e) receiving animals was done.  Immunohistochemistry (IHC) 518 
for SARS-CoV-2 antigen detection of the lung sections was also conducted and shown in the right-handed 519 
side of each panel.  The figures featured in Figure 4 are indicated with asterisk (*).  Scale bar = 200μm 520 
 521 
Supp. Figure 4. Administration of IgG fraction purified from plasma D43 effectively blocks the 522 
replication and spread of SARS-CoV-2 infection in the lung tissue. Fixed/paraffin-embedded lung 523 
tissue sections were immuno-histologically stained with anti-SARS-CoV-2-nucleoprotein polyclonal 524 
antibodies (in brown) and examined under light microscopy. Nuclei were counterstained with Mayer’s 525 
hematoxylin (in blue). Representative images of the immuno-stained lung sections of hamsters receiving 526 
IgG fraction isolated from the control-plasma (a) and IgG fractions from D43 (b), D73 (c), D84 (d), and 527 
D91 (e) plasmas are shown.  Each inset shows a higher magnification field of the rectangle area, showing 528 
the terminal bronchioles open into the alveolar region. Note that the infected cells are observed from the 529 
terminal bronchioles into the alveolar region in animals treated with control-plasma IgG, or IgG from D73, 530 
D84, or D91 plasmas, but the number of infected cells is much less in the terminal bronchioles and alveolar 531 
regions in hamsters receiving IgG from D43 plasma (b). Scale bars in magnified view denote 50 µm and 532 
those in the insets are 200 μm. 533 
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Table 1. The neutralizing activity of convalescent plasma and purified IgG.  535 
The neutralizing activity of COVID-19-convalescent plasmas and their IgG fractions were determined 536 
using MTT assay employing VeroE6TMPRSS2 cells. The relative amounts of anti-SARS-CoV-2-S1 binding 537 
antibody were quantified using anti-SARS-CoV-2-S1 IgG ELISA with serially diluted D84 plasma samples 538 
for standardization. All the convalescent plasma and purified IgG showed various potency of neutralizing 539 
activity, while healthy donor plasma and its purified IgG were inert against SARS-CoV-205-2N. Of note, D43 540 
derived plasma and purified IgG showed the most potent antiviral activity with the IC50 values of 1,400 ± 541 
240-fold and 9.2 ± 1.3 μg/ml, respectively. 542 
  543 

 

Plasma IC50 

(fold) 

Purified IgG IC50 

(μg/ml) 

Anti-S1-IgG 

(%) 

D43 1,400 ± 240 9.2 ± 1.3 140 

D73 220 ± 30 47.9 ± 9.0 34 

D84 1,100 ± 60 9.8 ± 2.7 100 

D91 400 ± 90 24.9 ± 3.1 57 

Healthy donor < 2 > 1,000 ＜0.3 
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Supp. Table 1. The amount of total human IgG in plasma transfused to hamsters. 544 
Two ml of four COVID-19 convalescent plasma and one healthy donor plasma was intraperitoneally 545 
transfused to each Syrian hamster. The concentrations of total human IgG in D43, D73, D84, and D91 546 
plasma samples were 7.9 mg/ml, 6.2 mg/ml, 9.8 mg/ml, and 6.0 mg/ml, giving the total IgG administrated 547 
15.8 mg, 12.4 mg, 19.6 mg, and 12.0 mg, respectively. The dosage of total human IgG per body weight in 548 
D43, D73, D84, and D91 group ranged from 191.3 – 200.0 (mg/kg), 144.2 – 148.5 (mg/kg), 219.0 – 241.4 549 
(mg/kg), and 127.8 – 163.0 (mg/kg), respectively. 550 
  551 

Group Animal # 
Total IgG in 2 ml 

plasma (mg) 

Body weight 

(g) 

IgG per body weight 

(mg/kg) 

D43 24 15.8 79.3 199.2 

 
25 15.8 79.0 200.0 

 
26 15.8 82.6 191.3 

D73 27 12.4 86.0 144.2 

 
28 12.4 83.5 148.5 

 
29 12.4 85.1 145.7 

D84 30 19.6 81.2 241.4 

 
31 19.6 89.5 219.0 

 
32 19.6 81.5 240.5 

D91 33 12.0 73.6 163.0 

 
34 12.0 93.9 127.8 

 
35 12.0 82.7 145.1 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 30, 2021. ; https://doi.org/10.1101/2021.06.29.450453doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.29.450453
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supp Table 2. The amount of total human IgG in purified IgG transfused hamsters. 552 
Two ml of four COVID-19-convalescent plasma samples and one healthy donor plasma-derived purified 553 
IgG was intraperitoneally transfused to each Syrian hamster. The amount of total IgG transfused in D43, 554 
D73, D84, and D91 group was 14.5 mg, 8.4 mg, 16.5 mg, and 9.4 mg, which was equivalent to 1.8 ml, 1.4 555 
ml, 1.7 ml, and 1.6 ml of the convalescent plasma, respectively. 556 
 557 

Group 
Concentration of purified 

IgG (mg/ml) 
Total IgG transfused (mg) 

Equivalent amount of plasma 

(ml) 

D43 7.2 14.5 1.8 

D73 4.2 8.4 1.4 

D84 8.2 16.5 1.7 

D91 4.7 9.4 1.6 
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