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Abstract

Primary infection with Epstein-Barr virus (EBV) is associated with post-transplant 

lymphoproliferative disease and severe disease in patients with X-linked lymphoproliferative 

disease; no therapies are approved to prevent EBV infection in these patients. Hyperimmune 

globulin has been used to prevent some virus infections in immunocompromised persons. Here, 

we identified plasma donors with high titers of EBV gp350 and EBV B cell neutralizing 

antibodies. Pooled IgG isolated from these donors was compared to intravenous immunoglobulin 

(IVIG) for its ability to reduce viral load in the blood in humanized mice challenged with 

EBV. Mice that received EBV hyperimmune globulin had significantly reduced EBV DNA 

copy numbers compared to animals that received saline control; however, while animals that 

received EBV hyperimmune globulin had lower EBV DNA copies than those that received IVIG, 

the difference was not significant. Thus, while EBV hyperimmune globulin reduced viral load 

compared to IVIG, the effect was modest.
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1. Introduction

Epstein-Barr virus (EBV) is one of the most prevalent human viruses with more than 90% 

of the world’s adult population infected with EBV (Cohen et al., 2011). EBV is the primary 

cause of infectious mononucleosis and is also associated with certain B cell lymphomas 

and epithelial cell malignancies. In immunocompromised individuals who undergo solid 

organ or hematopoietic stem cell transplant, EBV is responsible for > 70% of cases of 

post-transplant lymphoproliferative disease (PTLD) (San-Juan et al., 2014). PTLD usually 

develops within first year after transplant in hematopoietic stem cell transplant recipients 

and in the first 2 years in solid organ transplant recipients (Fujimoto and Suzuki, 2020; 

Wistinghausen, Gross, and Bollard, 2013). The frequency of PTLD is 24- to 33-fold 

higher in persons with primary EBV infection after transplant than in EBV seropositive 

persons (Preiksaitis and Cockfield, 1998). EBV infection can also result in fatal disease 

in boys with X-linked lymphoproliferative disease (XLPD) and in certain other primary 

immunodeficiencies (Cohen, 2015).

Intravenous immunoglobulin (IVIG) or antiviral therapy has been used to try to prevent 

infection in some patients at high risk of PTLD or XLPD; however, fatal breakthroughs 

have occurred. Neither IVIG nor antivirals affect latent EBV infection; thus, they have 

only been used to try to reduce infection or in the case of antivirals to inhibit EBV lytic 

replication. IVIG contains polyclonal antibodies prepared from pooled plasma of >15,000 

donors (Orange et al., 2006). While plasma donors are not screened for antibodies to EBV, 

since 90% of adults are infected with the virus, IVIG contains EBV antibodies, although 

antibody levels to different EBV proteins can vary from batch to batch.

Hyperimmune globulin is available to prevent or attenuate virus infections (Slifka 

and Amanna, 2018). FDA licensed products include varicella, rabies, and hepatitis B 

hyperimmune globulins that are used to prevent disease after exposure (post-exposure 

prophylaxis) to the corresponding virus infections. Cytomegalovirus and hepatitis B 

hyperimmune globulins are used to prevent disease before exposure, while vaccinia 

hyperimmune globulin is used to treat persons with progressive vaccinia. The FDA recently 

issued an emergency use authorization for convalescent plasma from persons with high titers 

of antibody to SARS-CoV-2 to treat hospitalized persons with COVID-19.

Currently there is no approved hyperimmune globulin for EBV. In view of the limited 

effectiveness associated with IVIG for prevention of EBV PTLD (Humar et al., 2006) 

and prevention of primary infection in patients with XLPD (Seemayer et al. 1993), 

EBV hyperimmune globulin may be more effective than IVIG due to the higher titer of 

neutralizing antibody. Here, we isolated EBV hyperimmune globulin from plasma of donors 

with high titers of EBV gp350 and EBV B cell neutralizing antibodies and evaluated its 

effect on protection against EBV infection using a humanized mouse model.
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2. Materials and Methods

2.1. Cells and viruses

293/2089 cells containing the B95-8/F EBV genome, which expresses green fluorescent 

protein (GFP), were cultured in DMEM with 10% fetal bovine serum, penicillin (100U/mL), 

streptomycin (100U/mL) and hygromycin (100 μg/mL) (Delecluse et al., 1998). Raji cells, 

an EBV-positive Burkitt lymphoma cell line, were cultured in RPMI 1640 medium with 10% 

fetal bovine serum (FBS), penicillin, and streptomycin.

EBV was prepared by transfecting 293/2089 cells with plasmids expressing EBV BZLF1 

and BALF4 (Neuhierl et al., 2002) using PEI Max (Polysciences, Warrington, PA). After 

7 days, medium was collected and filtered through a 0.80 μm MCE membrane filter 

(Millipore, Burlington, MA). Filtered supernatant was concentrated by ultracentrifugation 

at 21,000 rpm for 1 hr at 4°C. The virus pellet was resuspended in DMEM with 10% FBS 

and EBV B95-8/F was stored at −70°C.

2.2. Commercial IVIG, plasma collection and EBV IgG purification

Plasma donors were consented using FDA approved informed consents for plasmapheresis. 

Plasma was separated from red blood cells during plasmapheresis and the red cells were 

returned to the donors. Prior to donation, donors were screened in accordance with FDA 

regulations to protect the donor and ensure the safety, purity, and potency of the collected 

plasma. All plasma units were tested for presence of antigens and antibodies to human 

immunodeficiency viruses I and II, hepatitis A, B, and C, and parvovirus.

IgG was purified from plasma using Protein G Sepharose Fast Flow (Cytiva Life Sciences) 

using the manufacturer’s protocol. Briefly, plasma was diluted with the binding buffer, 

centrifuged for 15 min to clarify, the supernatant was loaded onto the Protein G column, 

and the IgG was eluted with low pH buffer. The pH of the purified IgG was neutralized, 

extensively dialyzed with PBS, and sterile filtered. The concentration was determined by 

OD280 using 1 mg/ml = 1.4 AU.

2.3. Virus titration, EBV B cell neutralization, and gp350 antibody assay

EBV B95-8/F was serially diluted in 2-fold steps in a 96 well plate and incubated with 

75 μl of 1 x 105 Raji cells. After 72 hr, cells were fixed with 2% paraformaldehyde in 

PBS. GFP-positive Raji cells were counted using a BD FACSCanto II flow cytometer (BD 

Biosciences, San Jose, CA) and analyzed by FlowJo software (Tree Star Inc., Ashland, OR). 

The EBV titer was measured in Green Raji units (GRU) as previously described (Sashihara 

et al., 2009).

100 μg/mL of IVIG (Bivigam, ADMA Biologics) or EBV hyperimmune globulin was 

serially diluted 23 times in 2-fold dilutions. 25 μL of diluted IVIG or EBV hyperimmune 

globulin was added to each well of a 96-well plate. 25 μL of B95-8/F virus was added to 

each of the wells and incubated for 2 hr at 37°C. After incubation, 50 μL of 1 x 105 Raji 

cells were added and incubated for 3 days at 37°C. Cells were fixed in 2% paraformaldehyde 

in PBS.
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GFP-positive cells were quantified using a FACSCanto II flow cytometer (BD Biosciences, 

San Jose, CA) and BD FlowJo software (BD Biosciences, Ashland, OR). The dilution 

of IVIG or EBV hyperimmune globulin that inhibited infectivity by 50% (IC50) 

based on reduction of the number of GFP-positive cells was calculated by non-linear 

regression analysis using GraphPad PRISM software (GraphPad Software, San Diego, CA). 

Neutralizing activity was considered absent when the software program failed to fit the 

results to an appropriate regression curve.

EBV gp350 antibody titers were determined by a luciferase immunoprecipitation system 

(LIPS) assay (Sashihara et al., 2009). Briefly, 293T cells were transfected with pREN3s-

gp350 which expresses EBV p350 fused with Renilla luciferase. Cell lysates were incubated 

with either human plasma or IVIG, and immunoprecipitated with protein A/G beads for 1 hr. 

Coelenterazine substrate was added and luciferase activity was measured in light units (LU) 

by a luminometer. Each sample was tested in triplicate.

2.4. Passive transfer in humanized mice

All animal experiments were performed in accordance with federal regulations and NIH 

guidelines and approved by the Animal Care and Use Committee of the National Institute of 

Allergy and Infectious Diseases. Female HSCCB-NOG-F (NOD.Cg-Prkdcscid Il2rgtm1Sug/ 

JicTac) mice that were 19 to 20 weeks post-engraftment was purchased from Taconic. IVIG 

(0.5 mg), EBV hyperimmune globulin (0.5 mg), or 300 μl of PBS was injected to each 

mouse by intraperitoneal injection on days −1, 0, 1, 4, 7, and 10 of challenge. On day 0, 

at least 4 hours after receiving immune globulin or PBS, all animals were challenged with 

1 x 106 GRU of EBV B95-8/F virus given intravenously. Mouse weights and blood were 

collected weekly for 15 weeks after EBV infection. Mice were euthanized when they lost 

30% of their original weight, were unable to obtain food or water, or were non-responsive to 

stimuli.

2.5. Quantifying the number of EBV DNA copies in the blood by qPCR

EBV DNA was quantified in blood as previously reported (Strowig et al., 2009) with minor 

modifications. DNA was isolated from mouse blood using a DNeasy Blood and Tissue kit 

(Qiagen, Germantown, MD). Forward primer 5’-GGACCACTGCCCCTGGTATAA-3’and 

reverse primer 5’-TTTGTGTGGACTCCTGGCG-3’were used to amply the EBV BamHI 

W repeat fragment and probe 5’-FAM-TCCTGCAGCTATTTCTGGTCGCATCA-3’ was 

used to detect the PCR product. Human GAPDH was amplified using primers 5’-

AGGGTGGTGGACCTCAT-3’ and 5’-TGAGTGTGGCAGGGACT-3’ and the PCR product 

was detected with probe 5’-HEX-CAGCAAGAGCACAAGAGGAAGAGAGA-3’. EBV 

viral DNA was quantified using a TaqMan Universal PCR Master Mix kit and CFX96 Touch 

Real-Time PCR Detection System (BioRad, Hercules, CA). p-values were calculated using 

the Welch two sample t-test.

2.6. Total human IgG quantification by ELISA

Plasma was separated from mouse blood by centrifuging at 800 x g for 10 min. Total 

human IgG concentration in plasma was measured using an IgG (Total) Human Uncoated 

ELISA kit (Invitrogen, Carlsbad, CA). Plasma was diluted to fall within the standard range 
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of the kit. Briefly, 96 well plates were coated with purified anti-human IgG monoclonal 

antibody and incubated overnight at 4°C. Plates were washed with wash buffer and blocked 

with blocking buffer for 2 hr at room temperature. Plates were washed again, and plasma 

samples and standards were added to wells and incubated for 2 hr at room temperature. 

After incubation, plates were washed, and HRP-conjugated anti-human IgG monoclonal 

antibody was added. After incubation for 1 hr at room temperature, tetramethylbenzidine 

substrate solution was added and incubated for 15 min. 1M H3PO4 was added as a stop 

solution and wells were read at 450 nm.

2.7. Pathology of tissues in mice

Mice were euthanized at the end of the study and portions of the liver, spleen, lung, and 

kidney were fixed with 10% neutral-buffered formalin, embedded in paraffin, sectioned, and 

stained with hematoxylin and eosin. Organs from 6 animals in each treatment group were 

examined for evidence of lymphoproliferative disease or lymphoma by a pathologist who 

was blinded to the treatment arms.

3. Results

3.1. Screening of plasma from EBV seropositive donors for EBV gp350 antibody and B 
cell neutralizing titers

Plasma from 200 EBV seropositive donors were evaluated for EBV gp350 antibody titers by 

LIPS assay. As a control, plasma previously obtained from NIH blood bank donors that had 

been categorized as having high, medium, or low levels of gp350 antibody were used as a 

control (Fig. 1A). Many of the plasma donors had similar or higher levels of gp350 antibody 

titers as compared to the high titer gp350 antibody control group. Based on these results, a 

subset of plasma donors was evaluated for EBV B cell neutralizing titers to select donors for 

preparation of EBV hyperimmune globulin. Seven donors were selected that had high titers 

of both gp350 and EBV B cell neutralizing antibodies (Fig. 1B). All 7 donors had higher 

EBV neutralizing titers (1-2 log lower IC50 values) than 4 different preparations of IVIG.

3.2. Comparison of IVIG and EBV hyperimmune globulin by passive transfer in 
humanized mice and EBV challenge

Three plasma donors (donors 1, 6, 7), available for further plasma donation after their 

initial screening, were chosen from the 7 donors with the highest gp350 and EBV B cell 

neutralizing titers, and IgG was purified from their plasma and pooled. This pooled IgG 

was termed EBV hyperimmune globulin and compared with IVIG and PBS for its ability 

to reduce the number of EBV DNA copies in the blood in humanized mice challenged with 

EBV. Groups of 6 mice received 0.5 mg of either IVIG or EBV hyperimmune globulin on 

days −1, 0, 1, 4, 7, and 10 of challenge (Fig. 2A). Another group of mice was given PBS at 

the same time points as a control. On the day of challenge, 1 x 106 GRU of EBV B95-8/F 

was given by intravenous injection. Mouse weights were recorded and peripheral blood was 

collected weekly from week 1 to 15 after infection. The concentration of total human IgG 

in plasma and the level of EBV DNA in whole blood was measured. EBV hyperimmune 

globulin had comparable levels of EBV B cell neutralizing titers as IgG obtained from 

individual plasma donors (Fig. 2B). Differences in the individual donors’ neutralizing titers 
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in Fig 1B and 2B were due to the use of plasma from donors in the former and purified IgG 

from donors in the latter.

Mice in all three groups were monitored for weight changes. In the PBS group, one mouse 

reached the endpoint for 30% weight loss and was euthanized, while none of the mice in the 

other groups had significant weight loss (Fig. 3A-C). One mouse in the PBS control group 

was euthanized, while all mice in the IVIG and hyperimmune EBV globulin groups survived 

(Fig. 3D).

3.3. Mice receiving hyperimmune EBV globulin had the lowest EBV viral load in the blood 
after virus challenge

DNA was extracted from the blood of mice after challenge with EBV and the level of viral 

DNA was measured by qPCR using a probe for the EBV BamHI W sequence. There are 

11 copies of BamHI W, a repeat sequence, in the EBV B95-8 genome (Quynh-Thu et al., 

2005); therefore, amplifying this repeat sequence increases the sensitivity of the assay. All 

three groups of mice had peak levels of EBV DNA in the blood 5 weeks after infection 

and thereafter the levels decreased (Fig. 4A-C). When the number of EBV DNA copies 

in the blood was compared over the full 15-week study period, an area under the curve 

analysis showed that mice that received EBV hyperimmune globulin had a significantly 

lower viral load in the blood compared to PBS group (p = 0.004, Welch two sample t 

test); however, animals that received IVIG did not have significantly lower viral load than 

those that received PBS (p = 0.19) (Fig. 4D). While mice that received EBV hyperimmune 

globulin had a lower viral load in the blood than those that received IVIG over the 15-week 

study period, the difference was not significant (p = 0.13).

Mice were euthanized at the end of the study, and sections of liver, spleen, lung, and kidney 

were examined for evidence of lymphoproliferative disease or lymphoma. Tissues from 

33.3% of mice in the PBS group, 16.7% of mice in the IVIG group, and none of the mice 

in the EBV hyperimmune globulin group showed lymphoproliferative disease or lymphoma 

(Table 1).

3.4. Mice that received IVIG or EBV hyperimmune globulin had similar levels of total 
human IgG in the plasma

To be certain that differences in EBV DNA copy number in the blood between mice 

receiving EBV hyperimmune globulin and IVIG was not due to differences in plasma levels 

of the two immune globulin products, plasma from mice was tested for total human IgG 

concentration by ELISA. Mice that received IVIG or EBV hyperimmune globulin showed 

an increase in the level of human IgG that peaked at 1 to 3 weeks after infection (Fig. 5A-C), 

while animals that received PBS showed no increase in IgG levels. Mice that received 

IVIG or EBV hyperimmune globulin had a decline in human IgG from weeks 3 to 11 after 

infection and then remained stable. Similar levels of IgG were present in plasma of mice 

receiving IVIG or EBV hyperimmune globulin each week with the exception of week 3 

when IgG was significantly higher in animals receiving IVIG than those receiving EBV 

hyperimmune globulin (p = 0.04) (Fig. 5D). Therefore, the lower number of EBV DNA 
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copies in the blood of mice that received EBV hyperimmune globulin compared to those that 

received IVIG was not due to a difference in the plasma level of total human IgG.

4. Discussion

We have shown that humanized mice that received EBV hyperimmune globulin isolated 

from the plasma of donors with high levels of gp350 and B cell neutralizing antibodies had 

significantly reduced EBV DNA copies in the blood compared with mice that received PBS 

after challenge with EBV. However, EBV hyperimmune globulin was not significantly better 

than IVIG to reduce EBV DNA copies in the blood of mice after challenge.

We screened plasma donors for those with high gp350 titers since EBV gp350 is the 

major target of B cell neutralizing antibodies in human plasma (Bu et al., 2019) and 

gp350 antibody titers correlate strongly with EBV neutralizing antibodies in human plasma 

(Sashihara et al, 2009). While EBV gp350 has been the major target for an EBV vaccine 

(Sokal et al., 2007) and EBV monoclonal antibodies have been developed as potential 

therapeutics (Herrman et al., 2016; Tanner, Hu, and Alfieri, 2018; Mutsvunguma et al., 

2019), recent studies have focused on other EBV glycoproteins including gH/gL as vaccine 

candidates or therapeutics. gp350 is important for virus attachment to B cells through CD21 

(Nemerow et al., 1987) or CD35 (Ogembo et al., 2013), but is not essential for infection 

in vitro (Janz et al., 2000). In contrast, EBV gH/gL is essential for virus fusion to B cells 

and epithelial cells (Wu and Hutt-Fletcher, 2007). In addition, a vaccine containing gH/gL 

nanoparticles induced higher titers of antibody to neutralize virus infection of B cells and 

epithelial cells than a similar gp350 nanoparticle vaccine (Bu et al., 2019). Monoclonals to 

EBV gH/gL have been isolated that block fusion of the virus to both B cells and epithelial 

cells and potently neutralize infection of both cell types (Bu et al., 2019; Snijder et al. 2018). 

Thus, isolation of EBV hyperimmune globulin from donors with high titers of antibodies to 

EBV gH/gL may have provided more effective reduction in the number of EBV DNA copies 

in the blood than EBV hyperimmune globulin selected for antibody to gp350.

We found that EBV hyperimmune globulin did not completely eliminate detection of 

EBV DNA in the blood of humanized mice challenged with EBV intravenously. EBV 

does not naturally infect small animals. Lymphocryptoviruses that are closely related 

to EBV can infect rhesus monkeys (Cho et al., 1999), but the sequence of EBV and 

rhesus lymphocryptovirus gp350 share only 49% amino acid similarity and EBV cannot 

infect rhesus macaques (Herrman et al., 2016). Humanized mice engrafted with CD34 

hematopoietic stem cells are currently the best small animal model to study EBV 

infection. Infection of these mice with high doses of EBV results in viremia and B cell 

lymphoproliferative disease or lymphoma with similar histopathology and latent EBV gene 

expression as EBV infected immunocompromised patients; infection with low doses of 

EBV cause persistent infection without lymphoproliferative disease (Yajima et al., 2008). 

Humanized mice reach their peak viral load 4-to-6 weeks after primary infection which 

is similar to the course in symptomatic infections in humans (Munz, 2017). Despite the 

similarities between EBV infection in humans and humanized mice, there are several 

limitations in the mice model. Humanized mice have engraftment of human lymphocytes, 

but not human epithelial cells. Since mouse epithelial cells cannot be infected with EBV in 
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the absence of expression of human CD21 (Ahearn et al., 1988), only B cells in humanized 

mice can be infected. Thus, these animals require intravenous inoculation with EBV for 

efficient infection and therefore the natural route of EBV infection, the oropharynx, cannot 

be studied in humanized mice. This difference in the route of infection may affect the 

evaluation of the efficacy of EBV hyperimmune globulin. Thus, administration of EBV 

hyperimmune globulin to humans, may or may not reach sufficient levels in the mucosa 

of the oropharynx to protect them from the natural route of infection, despite protection 

observed in the humanized mice model.

While hyperimmune globulin may be more effective than IVIG due to its higher EBV 

antibody and neutralizing titers, monoclonal antibody (mAb) to EBV glycoproteins may be 

even more effective. In fact, a gp350 monoclonal antibody (72A1) prevented EBV tumor 

development in severe combined immunodeficient mice injected with EBV seronegative 

donor peripheral blood mononuclear cells and challenged intravenously with EBV (Haque 

et al., 2006). More recent studies with a gH/gL mAb showed protection of humanized mice 

from challenge with EBV (Singh et al, 2020). Future studies might use a combination of 

EBV mAbs to reduce the chance of immune escape by the virus.

5. Conclusion

In conclusion, we have isolated EBV hyperimmune globulin from donors with high gp350 

titers and EBV B cell neutralizing titers and shown that the EBV hyperimmune globulin 

significantly reduced EBV DNA copies in the blood when compared to PBS control 

group. However, this reduction was suboptimal and EBV hyperimmune globulin did not 

show significantly better protection than IVIG. Future studies using hyperimmune globulin 

derived from donors with high titers of antibody to other glycoproteins or mAbs might 

provide better protection.
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Fig. 1. EBV gp350 antibody levels in plasma from donors and EBV B cell neutralizing titers in 
lots of IVIG and selected plasma donors with high EBV gp350 antibody titers.
(A) gp350 antibody levels in human plasma donors were quantified using a gp350 LIPS 

assay. Plasma previously obtained from blood bank donors that had been categorized with 

high, medium, and low gp350 antibody titers were used as controls. Antibody titers are 

expressed in light units (LUs) based on the luciferase immunoprecipitation system (LIPS) 

assay. Each dot indicates the mean titer of triplicate results for each donor and the solid 

black line indicates the mean. The dotted line represents the cutoff value defined as the 

mean plus 2 standard deviations of the antibody titer of EBV negative sera. (B) EBV B 

cell neutralizing antibody titers from separate lots of IVIG and 7 plasma donors with the 

highest EBV gp350 antibody titers based on LIPS assay. Each dot represents the IC50 value 

of individual neutralization assay result.
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Fig. 2. Passive transfer protocol for humanized mice and EBV B cell neutralizing titers of IVIG 
or EBV hyperimmune globulin.
(A) Six doses of either IVIG or EBV hyperimmune globulin, indicated by the black circles, 

were given by intraperitoneal injection and 1x106 GRU of EBV was used to challenge 

mice by intravenous injection. (B) EBV B cell neutralization titers for IgG isolated from 

individual donors, hyperimmune globulin from pooled donors, and IVIG were plotted.

Kim et al. Page 12

Virology. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Changes of weight and survival rate for mice receiving IVIG, EBV hyperimmune 
globulin, or PBS and challenged with EBV.
Percentage weights relative to initial weights (set at 100%) are plotted for mice that received 

PBS control (A), IVIG (B), or EBV hyperimmune globulin (C). Each line represents one 

animal and dotted lines indicate study end point 30% weight loss. Survival rates were plotted 

for each group of mice up to week 15 after infection (D).
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Fig. 4. Quantification of EBV viral load from weeks 1 to 15 after challenge.
EBV viral load expressed as EBV copy numbers per 10 μl of blood was plotted for each 

mouse over time. Each dot represents one mouse. Whiskers are the minimum and maximum 

data points and box represents upper and lower quartiles with the horizontal line at the 

median. EBV DNA was quantified in mice in the PBS control group (A), IVIG group (B), 

and EBV hyperimmune globulin group (C). Median EBV DNA copies for each group at 

separate time points were calculated (D). NS indicates not significant.
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Fig. 5. Quantification of total human IgG in mouse plasma.
The total human IgG concentration was measured by ELISA in the plasma of mice that 

received PBS (A), IVIG (B), or EBV hyperimmune globulin (C). Each line represents one 

mouse and plasma samples collected bi-weekly were used in the assay. Median total IgG 

level of each group at different time points was calculated (D).
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Table 1.

Number of animals with lymphoproliferative disease (LPD) or lymphoma after challenge with EBV

Treatment group No LPD or lymphoma (%) LPD or lymphoma (%)

PBS 4/6 (66.7%) 2/6 (33.3%)

IVIG 5/6 (83.3%) 1/6 (16.7%)

EBV hyperimmune globulin 6/6 (100%) 0/6 (0%)
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