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A B S T R A C T These studies were carried out to in-
vestigate the mechanism of neutralization of purified
Epstein-Barr virus (EBV) by fresh human serum from
normal individuals lacking antibody to the EBV viral
capsid (VCA) and nuclear antigens (EBNA). Such in-
dividuals thus lack serological evidence of immunity
to EBV. Although an enzyme-linked immunosorbent
assay (ELISA) with highly purified immobilized EBV
detected low levels of IgG antibody reactive with EBV
in these normal nonimmune sera, this antibody failed
to neutralize EBV in the absence of complement. Stud-
ies with depleted sera and mixtures of purified com-
plement proteins at physiologic concentrations showed
that the IgG antibody and Cl, C4, C2, and C3 of the
classical pathway were able to fully neutralize EBV.
Mixtures of the purified components of the alternative
pathway at physiologic concentrations failed to neu-
tralize purified EBV in the presence or absence of the
antibody and the alternative pathway did not poten-
tiate classical pathway-mediated neutralization. No
evidence for a requirement for C8 was obtained, pre-
cluding lysis as the mechanism of neutralization. Since
C3 deposition on the viral surface accompanied clas-
sical pathway activation, viral neutralization is most
likely secondary to the accumulation of complement
protein on the viral surface. A coating of protein on
the virus could interfere with attachment to, or pen-
etration of potentially susceptible cells.

Experiments were undertaken to determine the
specificity of the IgG antibody in the sera of EBV
nonimmune individuals which, together with comple-
ment, neutralized EBV. Both purified EBVand herpes
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simplex I (HSV-1) absorbed the EBV ELISA reactivity
and EBV-neutralizing activity of nonimmune sera,
whereas another member of the herpesvirus group,
cytomegalovirus, was inactive in this regard. HSV-1
was quantitatively more efficient than EBV in absorb-
ing reactivity, a finding that indicates that the anti-
body has a higher affinity for HSV-1 than for EBV.
Further absorption studies indicated that the cross-re-
action occurred in both directions as EBV also ab-
sorbed HSV-1 reactive antibodies as tested in an HSV-
1 ELISA. EBV was also less efficient than HSV-1 in
absorbing reactivity with HSV-1. A serum lacking de-
tectable antibodies.to both EBV and HSV-1 failed to
neutralize EBV. These studies cumulatively indicate
that fresh serum from EBV nonimmune individuals
neutralizes EBV by the combined action of a previ-
ously undescribed cross-reacting antibody apparently
elicited by HSV-1 and Cl, C4, C2, and C3 of the clas-
sical complement pathway.

INTRODUCTION

Epstein-Barr virus (EBV)' infection in man usually
occurs early in life and is not generally accompanied
by apparent clinical diseases (1). If the initial contact

'Abbreviations used in this paper: CBL, cord blood leu-
kocytes: CBL(EBV+), Epstein-Barr virus transformed cord
blood cell line; CMV, cytomegalovirus; EBNA, Epstein-Barr
nuclear antigen; EBV, Epstein-Barr virus; ELISA, enzyme-
linked immunoabsorbent assay; HSV-1, herpes simplex I vi-
rus; PAP, purified alternative pathway proteins; PBS, phos-
phate-buffered saline, pH 7.4; VBS+", veronal-buffered sa-
line containing 1 mMMg++ and 2.5 mMCa++; VCA, viral
capsid antigen; VSV, vesicular stomatitis virus; Z, reciprocal
serum dilution giving 63% hemolysis of antibody sensitized
erythrocytes.
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with EBV is delayed until adolescence or adulthood,
the virus causes infectious mononucleosis in a signif-
icant proportion of individuals (2). In most cases this
disorder is self-limiting, but it can progress to a fatal
lymphoproliferative disease in immune-deficient in-
dividuals (3, 4). In addition, EBV is an oncogenic agent
in certain nonhuman primates (5) and is a prime can-
didate for a human cancer virus (6, 7).

Host defense against EBV includes cellular immune
mechanisms that suppress B lymphocytes infected with
EBV (8, 9), humoral antibodies that inactivate EBV
before infection (7, 10), as well as nonspecific humoral
factors (11, 12) that may also play an important role
in limiting the spread of the virus.

Approximately 80-90% of adult individuals possess
these immunologic defense mechanisms indicative of
previous EBV infection (13). However, the remaining
population lack detectable EBV antibodies and spe-
cific cytotoxic T cells. Such individuals have presum-
ably not been exposed to EBV and would be expected
to lack immunity to the virus. Wewere thus surprised
to find that fresh serum from one such individual ef-
ficiently neutralized purified EBV in vitro (14). The
observation that heating (56°C, 30 min), or chelation
of metals in the serum with EDTAabrogated the neu-
tralizing activity suggested complement involvement.
Subsequent studies have revealed that sera from other
individuals lacking antibodies to viral capsid antigens
(VCA) and Epstein-Barr nuclear antigens (EBNA)
EBV also neutralized the virus. The following study
was undertaken to determine the mechanisms involved
in EBV inactivation by nonimmune sera.

METHODS
Isolation and quantitation of EBV, herpes simplex virus-

1, cytomegalovirus, and vesicular stomatitis virus. The
transforming strain of EBV was isolated from supernates of
12-O-tetracanoyl-phorbol-13-acetate stimulated B95-8 mar-
moset lymphoblastoid cells by sedimentation on dextran T-
10 gradients as previously described (14). A single modifi-
cation in the procedure was the initial concentration of the
supernatant fluids by Pellicon (Millipore Corp., Bedford,
MA) cassette (108 mol wt) filtration. EBV preparations were
devoid of significant cellular contamination as judged by
transmission electron microscopy (14). Tritium-labeled EBV
was obtained by addition of [3H]thymidine to B95-8 cultures
as previously described (14). Herpes simplex virus I (HSV-
1) was produced in hamster kidney cells (BHK-21) and pu-
rified on 15-50% (wt/wt) Renograffin (E. R. Squibb & Co.,
Princeton, NJ) gradients. Cytomegalovirus (CMV), strain
AD169, was produced in human embryonic skin fibroblasts.
EBV and HSV-1 were quantitated by determination of the
DNAcontent of each virus preparation as follows. Aliquots
of virus were disrupted by incubation (37°C, 10 min) in 0.3
N NaOHand the released DNAwas detected spectropho-
tometrically at 260 nm. The concentration of DNAwas then
calculated to determine the number of virus particles using
the extinction coefficient of DNAin NaOH (e = 37.0) and
the number of particles determined using a molecular weight

of 1.1 X 108 for EBV (15) and HSV-1 (16) DNA. The values
obtained by this method correlated well with the viral titers
performed by infectivity assays. Vesicular stomatitis virus
(VSV) was produced in BHK cells and titered as previously
described (17).

Lymphoblastoid and cord blood mononuclear cells. Hu-
man fetal umbilical cord blood was collected into sterile
tubes containing a final concentration of 20 mMEDTAand
the mononuclear cord blood leukocytes (CBL) isolated by
sequential sedimentation on 1.09 and 1.077 p Ficoll-Hy-
paque gradients as previously described (18). A transformed
cell line, designated CBL(EBV+), was established by infection
of isolated CBL with purified EBV. These cells and B95-8
and Raji lymphoblastoid cell lines were maintained (37°C,
5% C02) in RPMI 1640 (Flow Laboratories, Inglewood, CA)
containing 10% fetal calf serum.

Immune and nonimmune reagents. Fluorescein conju-
gated anti-human IgG, used with the VCA test kit, was ob-
tained from Litton Bionetics (Kensington, MD). Monospe-
cific antibody to human C3, G8, and IgG were produced by
immunization of goats with the purified proteins.

Nonimmune sera were obtained from adult individuals
lacking detectable antiviral antibodies (VCA < 1:1 and
EBNA < 1:2) as determined by immunofluorescence (19).
Nonimmune serum from a 4-mo-old infant who lacked IgG
antibodies to both EBV and HSV-1 was kindly provided by
Dr. Richard O'Connor (University of California at San
Diego, Department of Pediatrics). EBV immune sera were
obtained from normal individuals having VCAtiters of 1:20-
1:160. Hyperimmune serum containing normal C activity
was generously provided by Dr. Bonnie Mills (City of Hope
Hospital, Duarte, CA) from a patient with nasopharyngeal
carcinoma (VCA 1:5,120). The three types of sera noted
above are referred to as normal nonimmune, normal im-
mune, and hyperimmune in this paper. Serum from an
agammaglobinemic patient contained 3.8 Ag/ml of serum
IgG and no detectable IgM or IgA (<70 ,ug/ml). This serum
had normal complement activity after reconstitution with
purified Clq at 70 lAg/ml. The IgG fractions of these sera
were prepared by ammonium sulfate precipitation followed
by DEAE-cellulose column chromatography. The purified
IgG fractions were sterile filtered and stored at concentra-
tions of 10-35 mg/ml in phosphate-buffered saline (PBS) at
-700C.

Complement (C) components and reagents. HumanClq
(20), Clr (21), Cls (22), C4 (23), C2 (24), C3 (25), and Cl
inhibitor (26) were isolated from human serum by published
methods. Component Cl was assembled with purified Clq,
Clr, and Cls at equimolar ratios to achieve a hemolytic titer
equivalent to that of serum Cl (1Z = 80,000). The purified
reassembled classical pathway included Clq (70,ug/ml), Clr
(34 Ag/ml), Cls (31 Ag/ml), C4 (600 .ug/ml), C2 (25 gg/ml),
and C3 (1.2 mg/ml), which were assembled to achieve the
level of serum C components. The purified alternative pro-
teins (PAP) assembled at serum concentration included Fac-
tor B (200 ug/ml), C3 (1,200 ,ug/ml), factor D (2 ,ug/ml),
properdin (20,ug/ml), C3bINA (I) (34 ,g/ml), and BIH (H)
(470 ,g/ml) as previously described (27). The PAP proteins
were assayed for activity by lysis of rabbit erythro-
cytes (RaE).

Preparation of IgG and complement component-de-
pleted serum reagents. EBV immune serum was depleted
of IgG by passage through a column of monospecific anti-
body to IgG coupled to CNBr-activated Sepharose 4B (Phar-
macia Fine Chemicals, Piscataway, NJ). The classical and
alternative pathway levels of the depleted sera following
reconstitution of Ca++ and Mg++and purified Clq (70 Ag/
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ml) as measured by CH50 and RaE hemolytic assays were
normal. Nonimmune serum was depleted of C8 by passage
through a column of monospecific IgG antibody to C8 cou-
pled to CNBr-activated Sepharose 4B in the presence of 0.01
M EDTA. After reconstitution of this reagent with purified
C8, Clq, and metal ions, full hemolytic activity (CH50) was
restored. Nonimmune serum was depleted of both Clq and
factor D by passage over a Bio-Rex 70 (Bio-Rad Labora-
tories, Richmond, CA) column in the presence of 2 mM
EDTA as previously described (20). The Clq- and D-de-
pleted serum lacked both classical and alternative pathway
hemolytic activities that could be selectively restored to nor-
mal levels by addition of either purified Clq or factor D.
The depleted sera were extensively dialyzed against veronal-
buffered saline (VBS) containing 2.5 mMCa++ and 1 mM
Mg++ ions.

Density gradient ultracentrifugal analysis of EBV inter-
actions with complement. Tritium-labeled EBV was used
to study the interactions of complement with the virus. EBV
(4 X 106 particles in 40 gl) was incubated with an equal vol-
ume of nonimmune serum or IgG-depleted immune serum
for 30 min at 37°C. Subsequently, 80 gl of monospecific
rabbit anti-human C3 (IgG fraction at 5 mg/ml) or buffer
was added to the samples and incubation continued for 15
min. The samples were then subjected to density gradient
ultracentrifugation on 5-30% continuous dextran T-10 gra-
dients in Tris-NaCl-bacitracin (TNB) buffer. Rate zonal ul-
tracentrifugation was performed in a SW50.1 rotor at 20,000
rpm for 45 min and fractions analyzed for the presence of
the 3H-labeled DNA. Controls for nonspecific binding of C3
to the virus included EBV incubated with serum chelated
with either 10 mMEDTA or 10 mMMg", 10 mMEGTA
before addition of anti-C3.

VCAand EBNAassays. Antibodies to Epstein-Barr VCA
(28) and EBNA (19) antigens were detected by indirect im-
munofluorescence as previously described. The antibody ti-
ters directed against these antigens were expressed as the
reciprocal of the highest dilution of serum giving a positive
staining reaction.

Enzyme-linked immunosorbent assay (ELISA) for de-
tection of antibody to EBV and HSV-1. IgG and IgM an-
tibodies to EBV or HSV-1 were detected with an ELISA
assay system. Briefly, 106 viral particles in 100 ,ul of 0.01 M
carbonate buffer, pH 9.6, were added to each of the wells
of 96-well polystyrene microtiter plates (Flow Laboratories,
Inglewood, CA). The plates were dried by vacuum dessi-
cation and then washed once each in PBS-Tween-20 (0.05%)-
ovalbumin (0.5%) and PBS-Tween for 5 min at ambient tem-
perature. After decanting the final wash solution, dilutions
of sera or of purified IgG in 50-,gl vol of PBS were then
added and the plates gently rocked for 1 h at room tem-
perature. After removal of the test samples and three washes
in PBS-Tween, 50 1l of a dilution of glucose-oxidase con-
jugated goat anti-human IgG or anti-IgM (kindly provided
by Roy M. Johnson, Research Institute of Scripps Clinic)
were added and the plates incubated for 1 h at room tem-
perature. The plates were again washed three times with
PBS-Tween and developed with 200 jil of substrate solution
containing 10% glucose in 0.1 M phosphate buffer, pH 6.0,
8 tg/ml peroxidase and 160 Ag/ml 2,2 azino-di-(3-ethy-
benzthiazoline sulfonic acid) (Sigma Chemical Co., St. Louis,
MO). Reactions were read spectrophotometrically after 60
min at 405 nm in a Titertek (Flow Laboratories, McLean,
VA) ELISA plate reader. Background absorbance was de-
termined by addition of substrate to wells containing all reac-
tants except the antibody conjugate. Background values
(usually <A405 = 0.02) were subtracted from the test sample

readings. To determine the amount of specific antiviral IgG
antibody detected in the ELISA, a standard curve was gen-
erated using goat anti-human Fc (4 fig/well) coupled to the
ELISA plates. Varying amounts of purified human IgG in
50 Al of PBS were added (12.5 to 100 ng/well) and after
incubation and washing as described above, 50 AI of glucose-
oxidase conjugated goat anti-human F(ab')2 (kindly provided
by Rov Johnson) was added. After a second incubation for
60 min, the reaction was developed with the substrate as
described above.

Neutralization and viral infectivity assays. EBV infec-
tivity was assayed by the ability of the virus to stimulate
DNA synthesis in CBL as measured by incorporation of
[3H]thymidine (29). This assay can be used to quantitate the
amount of tranforming virus in a given sample since only
viable EBV will stimulate DNAsynthesis in neonatal B cells
(14). Thymidine incorporation was determined 4 d after in-
fection rather than at 10-14 d as previously used (14). A
linear relationship also prevails between incorporation and
purified EBV input 4 d after infection. Incorporation on day
4 represented specific viral activity and not a nonspecific
mitogenic effect as immune, but not nonimmune, human
anti-EBV IgG completely abrogated incorporation. Viral
neutralization assays by colony formation (14) also correlate
with the response at day 4. Complement proteins and serum
reagents were usually sterile filtered before initiating neu-
tralization experiments. Equal volumes of virus (7.5 X 106
particles in 75 ,ul) and C proteins (in VBS++ buffer) in con-
centrations equivalent to those present in undiluted normal
sera were incubated at 37°C for 45 min. Next, 2 X 105 CBL
were added and incubation continued for 60 min at 37°C
in a 5% CO2 humidified incubator. The CBL were then
washed with RPMI media, plated in microtiter plates, and
pulsed with 2 gCi of [3H]thymidine 4 d later. Background
incorporation of [3H]thymidine, was subtracted from the
experimental values to obtain specific incorporation. All as-
says were performed in triplicate or quadruplicate and
the results expressed as the average incorporation of
[3H]thymidine.

Absorption of nonimmune IgG and serum with virus.
Purified EBV, HSV-1, CMV, or VSV were used to absorb
either serum or purified IgG obtained from individuals non-
immune to EBV. 50 Al of EBV, CMV, HSV-1, or VSV, in
amounts specified in the text, were added to 50 ytl of whole
serum or purified nonimmune IgG (90 Htg) and the mixtures
allowed to incubate overnight at 40C. Subsequently, the IgG-
virus complexes were removed by airfuge ultracentrifuga-
tion (Beckman Instruments, Inc., Palo Alto, CA) and the
supernatant analyzed for EBV neutralizing activity in the
presence of complement as described above. The superna-
tant was also analyzed for ELISA reactivity to EBV or HSV-
1. Controls included nonimmune IgG preincubated with
either VSV or PBS.

RESULTS

Examination of normal nonimmune, normal im-
mune and hyperimmune human sera for the presence
of EBV antibody by ELISA assay. As previously
noted, a fresh normal nonimmune human serum lack-
ing both VCAand EBNAantibodies to EBV was found
to neutralize the virus (14). Because - 10% of the pop-
ulation lacks these antibodies (13), it was of interest
to determine whether sera from other such individuals
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TABLE I
Reactivity of Human Serum with EBV

ELISAI
Serum source Neutralization' IgG VCA§ EBNA§

% ng/ml titer titer

Agammaglobinemicll 3.0 90 <1 ND

Nonimmune 1 60.0 180 <1 <2
Nonimmune 2 53.0 210 <1 <2
Nonimmune 3 51.0 165 <1 <2

Immune 1 78.0 800 160 40
Immune 2 ND 940 160 ND
Immune 3 87.0 960 80 20

Nasopharyngeal
carcinoma 97.0 1,360 5,120 640

Neutralization of EBVby undiluted fresh serum was determined
by inhibition of DNAsynthesis in CBL.
I The amount of specific IgG antibody to EBV was obtained from
a standard curve using purified human IgG and anti-human Fc
antibody coupled to ELISA wells.
§ IgG antibodies to EBV viral capsid antigen or EBV nuclear an-
tigen as assayed by indirect immunofluorescence on EBV-infected
lymphoblastoid cells. Values expressed as the reciprocal of the high-
est dilution of serum showing positive staining.

Serum from a patient with -3.8 ,ug/ml of IgG and no detectable
IgM or IgA.
ND, not done.

also neutralized the virus, two of which along with the
first individual (1 in Table I) are shown in Table I. For
comparison, the VCA and EBNA titers, neutralizing
activity and ELISA reactivity (see below) of three nor-
mal immune human sera, an agammaglobinemic
serum and the hyperimmune serum are given in Table
I. Although not shown, the ability of normal nonim-
mune. human sera to neutralize EBV was abrogated
by heating for 30 min at 56°C. The heat labile nature
of the neutralizing activity of normal nonimmune sera
clearly distinguishes these sera from sera obtained
from normal- immune individuals as such sera fully
neutralize EBV after heating (14). To determine
whether such nonimmune sera contained low levels of
EBV antibody not detectable in the VCA and EBNA
tests, or alternatively, antibody to other EBV antigens,
an ELISA was developed. In this assay, polystyrene
plates coated with purified EBV were reacted with
varying dilutions of sera. After washing, bound anti-
body was detected by reactivity with enzyme conju-
gated anti-human IgG or anti-human IgM. As seen in
Fig. 1A and Table I the ELISA detected low levels of
IgG antibody reactive with EBV in nonimmune sera.
Normal immune sera (Fig. lB and Table I) and the
nasopharyngeal carcinoma hyperimmune serum (Fig.
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FIGURE 1 ELISA assay for detection of IgG (- 0) and
IgM (- - - -0) antibodies to EBV in the serum of (A) nor-
mal nonimmune, (B) normal immune, and (C) nasopharyn-
geal carcinoma (hyperimmune) sera. The normal nonim-
mune serum is the nonimmune serum I in Table I and the
normal immune serum is the immune in Table I.

IC and Table I) exhibited higher levels of IgG anti-
body reactive with EBV in the ELISA assay. Only the
hyperimmune serum showed reactivity with the anti-
IgM antibody (Fig. 1). In order to determine whether
the observed IgG reactivity was specific for EBV the
normal nonimmune and immune sera were preab-
sorbed with purified EBV (2 X 107 virions/50 ,l sera)
and then tested by the EBV ELISA for IgG antibody.
As seen in Fig. 2, this procedure removed all of the
detectable EBV-reactive IgG antibody from a normal
nonimmune serum and -70% of the antibody in the
immune serum. Table I also shows that there is no
apparent quantitative correlation between the VCA,
EBNA, and the ELISA titers. The above studies estab-
lished the specificity of the EBV ELISA and demon-
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FIGURE 2 Absorption of EBVELISA reactive IgG antibodies
in normal immune and nonimmune serum with purified
EBV. Normal immune serum (- 0) or nonimmune
serum (A A) was preabsorbed with 2 X 107 EBV virions
before being assayed for residual EBV IgG antibodies
(-- - - 0, A - -- A) by the ELISA technique.
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strated that normal nonimmune human sera contained
low levels of IgG antibody reactive with EBV.

Antibody and complement requirements for EBV
neutralization by nonimmune sera. Studies were car-
ried out to determine whether antibody, antibody and
complement, or complement alone was required for
EBV neutralization by normal nonimmune sera. As
expected from the heat labile nature of EBV neutral-
ization by nonimmune sera, physiological concentra-
tions of isolated IgG from such sera did not neutralize
EBV (Table II). Nevertheless IgG was required for
neutralization as an IgG-depleted immune serum (not
shown) and an agammaglobinemic serum (Table I),
both containing adequate C levels, failed to neutralize
EBV. Reconstitution of these sera with purified im-
mune IgG fully restored this activity. Further studies
with C component-depleted nonimmune serum were
carried out to determine the complement pathway
used for EBV neutralization. Nonimmune serum de-
pleted of both Clq and factor D failed to significantly
neutralize EBV (Table II). Purified Clq significantly
restored neutralizing activity to the serum. Factor D
neither restored neutralizing activity to the depleted
serum nor potentiated the neutralization observed
with restoration with Clq. The above studies indicated
requirements for both IgG and the classical pathway
for EBV neutralization by nonimmune human serum.

The complement proteins required for neutraliza-
tion were examined in the following studies. Purified

TABLE II
Neutralization of EBV by Clq and Factor D-depleted

Nonimmune Human Serum

Specific [3H]TdR Nettral-
Sample incorporation ization

cpmn Y

EBV control 44,000 -

EBV + noniminune IgC 41,500 5

EBV control 30,700 -

EBV + nonimmune sertum 5,600 82
EBV + Clq and factor D-depleted

nonimmune serum 25,000 19
EBV + Clq and factor D-depleted

nonimmune serum + purified
Clq 12,100 61

EBV + Clq and factor D-depleted
nonimmune serum + purified
factor D 28,400 8

EBV + Clq and factor D-depleted
niotnimmune seruim + purified
Clq + factor D 11,200 67

EBV + CIq 26,700 14
EBV + factor D 27,800 10

TABLE III
Neutralization of EBV by Nonimmune IgG and

Purified C Components

SpeCifiC [31l]TdR Neutral-
Samiiple incorporation izationt

( port 'i

EBV control 20,000 -

EBV + nonimmune serum 3,100 85
EBV + nonimmnune IgG 21,400 -2
EBV + C1, C4, C2, C3 19,300 4

EBV + nonimmune IgG + (, 18,200 9
EBV + nonimmune IgC

+ C1, C4 18,600 7
EBV + nonimmune IgG

+ C1, (A4, C(2 19,600 2
EBV + nonimmune IgG

+ C1, C4, C,2, C3 6,300 69

EBV + nonimmune IgG
+ PAP 22,800 -7

EBV + PAP 20,300 -2

EBV was reacted with varying combinations of puri-
fied nonimmune human IgG, Cl, C4, C2, and C3
(Table III). No neutralization was observed at the Cl,
Cl and C4 or Cl, C4, and C2 stage of the reaction
sequence; only mixtures containing lgG together with
Cl, C2, C3, and C4 mediated significant viral inac-
tivation. Although the above described serum studies
provided no evidence for alternative pathway media-
tion of neutralization, the possible participation of this
pathway was also assessed with mixtures of the puri-
fied alternative pathway proteins at concentrations
equivalent to those found in undiluted serum. Such
mixtures of purified proteins at physiologic concen-
trations are equivalent to serum in alternative pathway
functional activities (27). Functional activity of the
mixtures used here was verified by showing full activ-
ity in lysing rabbit erythrocytes. The PAP was, how-
ever, devoid of the ability to neutralize EBV, regard-
less of the presence or absence of nonimmune IgG
(Table I1I).

To determine whether completion of the comple-
ment sequence was required for neutralization, puri-
fied EBV was reacted with C8-depleted nonimmune
human serum. C8-depleted serum neutralized EBV as
well as untreated serum (Table IV) indicating that the
assembled C5b-9 attack complex was not required and
therefore lysis was not necessary for neutralization of
EBV. These studies showed that EBV was efficiently
neutralized by nonimmune human IgG present in nor-
mal nonimmune human serum together with the first
four reacting classical pathway components Cl, C2,

Neutralization of Epstein-Barr Virus by Nonimmune Human Serum 1085



260-TABLE IV
EBV Neutralization by C8-depleted Nonimmune Serum

Specific [rH]TdR Neutral-
Sample incorporation ization

CPM %

EBV control 80,500 -

EBV + nonimmune serum 18,500 77

EBV + C8-depleted nonimmune
serum 21,300 74

EBV + C8-depleted nonimmune
serum (heated 56°, 30') 75,700 3

EBV + C8-depleted serum
+ C8 24,400 70

EBV + C8 79,900 0.9

195 -

130-

65 -

960-

720-

480-

240-

A 340-

255-

170-

85-

B 440

330-

220-

110-

25 50 75 100

c 560 -E

420-

280-

140-

D 11207 F

840-

560-

280-

25 50 75 100 25 50 75 100

C3, and C4. Neither the alternative pathway nor late
acting components were required in this reaction.

Complement deposition on EBV. In a further ef-
fort to analyze the mechanism of viral neutralization,
the interactions of C3 in nonimmune and immune
serum with EBV were examined by rate zonal ultra-
centrifugal analysis. Labeled EBV was first incubated
with normal nonimmune serum, EDTA-treated non-
immune serum, Mg++-EGTA-treated nonimmune
serum, or with IgG-depleted immune serum, and sub-
sequently with either buffer or monospecific anti-hu-
man C3. The samples were then subjected to dextran
density gradient ultracentrifugation. As seen in Fig.
3A, virus preincubated with nonimmune serum alone
sedimented as a single discrete peak in the center of
the gradient in agreement with our earlier electron
microscopic studies (14). There was no evidence of
significant aggregation or viral lysis. In contrast, EBV
reacted with nonimmune serum followed by anti-C3
was pelleted to the bottom of the gradient indicating
the presence of a C3 product on the virus envelope
(Fig. 3B). Anti-C3 did not pellet virus preincubated
with EDTAor Mg++-EGTA-treated nonimmune serum
(Fig. 3C, 3D), findings consistent with C3 (b, bi, or d)
deposition exclusively via the classical pathway. IgG
was also required for this reaction since virus prein-
cubated with IgG-depleted immune serum was not
pelleted by anti-C3 (Fig. 3E). This property was re-
constituted by the addition of physiological levels of
normal immune IgG to the serum (Fig. 3F).

Analysis of the viral specificity of the IgG antibody
in nonimmune serum. Although not previously de-
scribed, it was considered likely that the IgG in non-
immune sera reactive with EBV represented cross-re-
acting antibody elicited by other herpesviruses. The
most likely candidates were considered to be HSV-1

Percent of Gradient

FIGURE 3 Demonstration of C3 deposition on EBV by non-
immune human serum. Purified 3H-labeled EBV was incu-
bated with (A, B) nonimmune serum, (C) nonimmune serum
+ EDTA, (D) nonimmune serum + Mg++-EGTA, (E) im-
mune serum depleted of IgG, (F) IgG-depleted immune
serum reconstituted with IgG. After a second incubation
with anti-human C3 except sample (A), which was incubated
with buffer, the samples were ultracentrifuged on 5-30%
dextran T-10 gradients. Fractions were then assayed for ra-
dioactivity. The direction of sedimentation indicated by the
arrow, is to the left.

or CMV. Since three of the four nonimmune sera had
moderate to elevated ELISA titers to HSV-1 (data not
shown), we first examined the relationship of the an-
tibody to HSV-1. Isolated IgG from normal nonim-
mune serum (1 in Table I) was absorbed with varying
amounts of purified EBV, HSV-1, or VSV (as a control).
The absorbed IgG was then assayed with purified Cl,
C4, C2, and C3 for EBV neutralization (Fig. 4, upper
panel) and for binding to EBV in the ELISA (Fig. 4,
lower panel). As can be seen, both EBV and HSV-1
absorbed reactivity, but HSV-1 was quantitatively
more efficient than EBV in absorbing both the EBV-
neutralizing and EBV-binding activity of nonimmune
IgG. VSV, the control, failed to absorb either reactiv-
ity. In other experiments we were unable to absorb the
neutralizing and EBVELISA reactivity of nonimmune
serum with equivalent amounts of CMV (data not
shown).

Cross-reactivity between IgG antibodies to EBVand
HSV-1 in nonimmune sera was also observed in the
reciprocal experiment using an HSV-1 ELISA. Puri-
fied HSV-1 and to a lesser extent EBV, but not CMV
absorbed a significant proportion of IgG antibodies
reactive with HSV-1 from the nonimmune serum
(Fig. 5).
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FIGURE 5 Analysis of the viral specificity of nonimmune
IgG reactive with HSV-1 in EBV nonimmune serum. Non-
immune serum was preabsorbed with 4 X 106 particles of
CMV(E), EBV (A), HSV-1 (0), or buffer (E) after which
dilutions of the serum were assayed for residual IgG anti-
bodies reactive with HSV-1 by an ELISA.

The above data together indicate that the primary
antigenic reactivity of the nonimmune IgG is with
HSV-1.

Virus used for Absorption (Virions x 1 06)

FIGURE 4 Analysis of the viral specificity of the nonimmune
IgG reactive with HSV-1 and with EBV. Purified nonim-
mune IgG (90 Mg) was preabsorbed with varying amounts
(1.25 X 106 to 1 X 107 virions) of isolated EBV (0 *),
HSV-1 (A A) or VSV (U U) prior to being assayed
undiluted for residual EBV neutralizing activity in the pres-
ence of purified Cl, C4, C2, and C3 (upper panel) or for
EBV ELISA reactivity (lower panel).

A serum from a 4-month-old infant (nonimmune 4)
lacking detectable reactivity with either EBV or HSV-
1 (Table V) was examined for ability to neutralize
EBV. Since this serum lacked adequate complement
function the same agammaglobinemic serum as de-
scribed in Table I, which lacks neutralizing activity,
was added as a complement source. As seen in Table
V this nonimmune serum failed to neutralize EBV in
the presence of the agammaglobinemic serum. How-
ever, significant neutralization was achieved with the
addition of IgG from another nonimmune (1). These
findings indicate that both cross-reacting antibody and
complement are needed for neutralization of EBV.

TABLE V
Immune Reactivity of an EBVand HSV-1 Negative Serum (4)

Serological activity

EBV ELISA HSV-1 ELISA VCA EBNA
IgG (ng/ml) IgG (ng/ml) (titer) (titer)

<50 <50 <1 <2

EBV Neutralization activity

Specific r5HJTdR Neutral-
Sample incorporation ization

CPM %

EBV control 16,300
EBV + immune serum 1,200 93
EBV + nonimmune serum (4) 14,300 13
EBV + nonimmune serum (4)

+ agammaglobinemic
serum 15,600 5

EBV + agammaglobinemic 14,600 11
EBV + nonimmune serum (4)

+ agammaglobinemic
+ nonimmune (1) IgG 1,900 88

EBV + nonimmune (1) IgG 18,500 -0.13
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DISCUSSION

The present studies show that a number of sera lacking
VCAand EBNAantibodies to EBVneutralize the virus
through the action of complement and a cross-reacting
anti-HSV antibody. Two of the nonimmune individ-
uals in the studies presented here were also found to
lack specific cytotoxic T cells reactive with EBV-in-
fected cells (30), thus, further indicating lack of prior
exposure to EBV. The IgG antibody present in the
normal nonimmune sera is not capable of neutralizing
EBV in the absence of complement. This feature
clearly distinguishes this antibody from the immune
antibody present in -90% of the normal U. S. pop-
ulation (normal immune sera) which effectively neu-
tralizes purified EBV in the absence of complement
and is not potentiated in this regard by complement
(14). Three hypotheses can be offered to explain the
failure of the antibody in normal nonimmune human
sera to directly neutralize EBV. First, the antibody
may not be present in sufficiently high concentrations
in the nonimmune sera to directly mediate viral neu-
tralization. In this regard, the EBV ELISA clearly de-
tects less antibody in the nonimmune than in the nor-
mal immune sera. Nevertheless, the concentration dif-
ference alone is unlikely to explain the failure of
normal nonimmune IgG to directly neutralize since
normal immune IgG fully neutralizes EBV at a con-
centration equivalent to a 1:40 dilution of immune
serum (14), while the actual antibody concentration
difference between normal nonimmune and immune
sera, obtained from the ELISA, is only four- or five-
fold. Second, the nonimmune antibody could be of low
affinity and dissociate from the virus. In all probability,
the antibody is of relatively low affinity as it is cross-
reactive with, rather than elicited by, EBV. However,
this property alone is not likely to explain the failure
of nonimmune IgG to directly neutralize, since the
antibody binds sufficiently firmly to EBVon the ELISA
plates to withstand several washes. In contrast, EBV
and IgG are incubated together and not washed in the
virus-neutralization test. A third possibility, and per-
haps the most probable, is that the nonimmune and
immune IgG antibody molecules react with different
antigenic sites with only the immune antibody being
directed to viral surface structures directly involved
in attachment to and/or penetration of, cells suscep-
tible to EBV infection.

Although the mechanism by which complement,
together with the nonimmune antibody, induces neu-
tralization was not directly addressed in these studies,
it is evident that neutralization is not due to comple-
ment-dependent lysis, since C8-depleted serum effec-
tively neutralized EBV. Serum lacking C8 does not
permit formation of the C5b-9 membrane attack com-
plex required for lysis. Furthermore, the density gra-

dient ultracentrifugation studies with 3H-labeled EBV
and nonimmune serum did not provide evidence of
viral disruption. The density gradient studies also
showed that complement did not neutralize EBV by
inducing viral aggregation, as occurs with some viruses
(31). Viral aggregation reduces the net number of in-
fectious particles and thus produces an apparent de-
crease in viral titer, or neutralization. Complement
most likely neutralizes EBV by contributing protein,
primarily C3 products, to the virus envelope. Since C3
products are deposited and covalently bind to surfaces
in a spatial distribution surrounding each C-activating
immune complex, it is likely that some of the C3 frag-
ment molecules become bound to viral structures in-
volved in attachment to and/or penetration of B lym-
phocytes. This mechanism of complement-dependent
viral neutralization has been observed with other vi-
ruses and is most likely the mechanism of IgM and
complement-mediated inactivation of avian infectious
bronchitis virus (32), HSV (33-35), Newcastle disease
virus (36), equine arteritis virus (37), vesicular sto-
matitis virus (38), and vaccinia virus (39). Studies with
complement components with some of these viruses
show that herpes simplex I (33) and equine arteritis
viruses (37) can be neutralized by antibody together
with Cl and C4 but these viruses and also Newcastle
disease virus (36), vesicular stomatitis virus (38), and
vaccinia virus (39) are more efficiently neutralized in
the presence of Cl, C4, C2, and C3. Several viruses
have been reported to be neutralized by IgG and com-
plement including the herpesviruses, CMV(40), and
equine herpesvirus I (41), however, the complement
requirements for these effects remain to be investi-
gated.

It is well documented that lymphoblastoid cells
bearing the EBVgenome activate the alternative com-
plement pathway (42) and under certain conditions
undergo lysis (43, 44). The ability to activate the al-
ternative pathway correlates with some evidence of
the presence of EBV genome in the cells (42). These
observations prompted a thorough investigation of the
role of the alternative pathway in EBV neutralization.
However, factor D did not restore EBV-neutralizing
activity to nonimmune serum depleted of both Clq
and factor D and restoration of the alternative path-
way also did not potentiate classical pathway-me-
diated neutralization. Consistent with these findings,
mixtures of the purified alternative pathway proteins
at physiologic concentrations failed to neutralize EBV
regardless of the presence or absence of nonimmune
antibody. Although it remains possible that the virus
activates the alternative pathway, such activation, if
it occurs, clearly does not result in viral neutralization.

Although the present studies have not conclusively
demonstrated that the antibody detected in normal
nonimmune sera in the EBVELISA has the same spec-
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ificity as the lgG antibody involved in the neutraliza-
tion reaction, this is probable for the following three
reasons. There was a correlation between the two tests
with low or high reactivities in the ELISA being re-
flected in comparable reactivity in the neutralization
test. Both the EBV ELISA and neutralizing activities
were absorbed with intact EBV (Fig. 4), and therefore
the IgG antibody participating in both reactions is
directed against viral surface structures. Finally, both
reactivities were also absorbed by HSV-1, indicating
that the two assays involve an IgG antibody that is
cross-reactive with EBV.

The viral antigen reactive with the IgG antibody in
nonimmune human sera and detected in the ELISA
and neutralization tests is not the VCA or EBNAan-
tigens associated with EBV, as is evident from the lack
of correlation between these reactivities in Table 1.
Since intact Raji and CBL(EBV+) cells did not absorb
the IgG antibody reactive with EBV (data not shown),
this antigen must also differ from the LYDMAantigen
(45), a surface antigen involved in T cell cytotoxicity
against EBV-infected cells. Another EBV-associated
antigen, the early antigen is not a candidate as it is not
present in the virus. It is therefore, most likely that
the IgG antibody is directed against one of the EBV
envelope antigens such as membrane antigen com-
plex (46).

The specificity of the IgG antibody present in the
nonimmune sera that reacted with EBV in the ELISA
and, together with Cl, C4, C2, and C3, participated
in its neutralization, was examined in absorption stud-
ies. It was considered most likely that the antibody was
elicited by infection with another herpesvirus and
cross-reacted with EBV. Absorption studies showed
that HSV-1 as well as EBV absorbed the antibody re-
active with EBV in the ELISA and in the neutralization
reaction whereas neither CMV, another herpesvirus,
nor VSV, as a control, failed to do so (Fig. 4). HSV-1
was quanititatively more efficient than EBV in absorb-
ing the EBV-reactive antibody. The cross-reaction ex-
tended also in the reverse direction in that HSV-1 and
EBV, but again not CMV, absorbed the antibody re-
active with HSV-1 as tested in an HSV-1 ELISA (Fig.
5). Again, the antibody was more readily absorbed by
HSV-l than EBV. These studies indicate that the pri-
mary specificity of the antibody is almost certainly
directed against HSV-1 and that the cross-reaction
does not include another human herpesvirus, CMV.
The (MV results document the specificity of the ab-
sorption studies. Furthermore, since CMV (47) like
HSV-1 (48), has Fc receptors but fails to absorb reac-
tivity, the ab)sorption results cannot be explained by
non-specific depletion of immunoglobulin by the Fc
receptors.

EBV and HSV-1, although both herpesviruses, have
not beent previously reported to elicit cross-reacting

antibodies. Among the relatively few reported in-
stances of cross-reactive herpesvirus proteins is the CP-
1 (gp52) envelope glycoprotein of HSV-1 and HSV-2
(49). Although we do not yet know the extent of cross-
reactivity of the IgG antibody involved in EBV neu-
tralization with other herpesviruses, we found that
CMVdid not absorb the IgG antibody reactive with
EBV in nonimmune serum. As has been true in the
past few years with other families of viruses, it is prob-
able that additional cross-reactions and other evidence
of relatedness will become apparent as more sensitive
and different assay systems are utilized, such as the
ELISA and complement-dependent neutralization re-
actions used in this study.

In the present studies, fresh undiluted human serum
from normal EBV nonimmune individuals neutralized

i107 virions of EBV/ml of serum. Thus, this comple-
ment dependent reaction neutralizes EBV as well as
does immune human serum. Since infectious mononu-
cleosis is known to only develop in individuals lacking
antibody (noncomplement requiring) to EBV (50), it
is not unlikely that the complement-requiring cross-
reactive antibody to herpes simplex virus also prevents
EBV-induced disease. In this regard, it would be of
interest to follow a number of normal nonimmune in-
dividuals having EBV cross-reacting antibodies to de-
termine whether they are immune to EBV infection
and thus fail to convert to EBV positivity.
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