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A B S T R A C T The mechanism by which immune
complexes deposit in vascular tissue is uncertain. Sev-
eral human viruses, including herpes simplex virus,
have recently been demonstrated to replicate in hu-
man endothelial cells. Such viruses may injure vascular
tissue and could play a role in the pathogenesis of
immune complex deposition. Therefore, we studied
the expression of receptors for immune complexes con-
taining IgG and CS on endothelial cells after infection
with herpes simplex virus type I.

Human umbilical vein endothelial cells were incu-
bated with 51Cr-labeled sheep erythrocytes sensitized
with IgG, IgM, or IgM plus complement. Preferential
binding of IgG or complement-coated erythrocytes to
uninfected endothelial monolayers was not observed.
In contrast, significant binding of erythrocytes coated
with IgG or IgM plus complement was observed
after viral infection. Phase-contrast and scanning elec-
tron microscopy demonstrated erythrocyte adherence
around the infected endothelial cells in a rosette pat-
tern. Binding of IgG-coated erythrocytes was fully in-
hibited by Fc (0.31 mg/ml) but not Fab' fragments of
nonimmune IgG. Binding of complement-coated cells
was unaffected by the presence of IgG (1 mg/ml).
With purified individual components, binding of com-
plement-coated erythrocytes depended on the pres-
ence and was proportional to the concentration of C3.
Binding of IgG-or C3-coated cells was detected be-
ginning 4 h after infection.

These studies indicate that herpes simplex virus type
I infection can induce IgG and C3 receptors on human
endothelial cells. These receptors may promote the
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deposition of immune complexes in vascular tissue
after certain viral infections.

INTRODUCTION

Immune vascular injury is presumed to occur in a va-
riety of human diseases. Circulating immune com-
plexes have been identified in several of these disor-
ders, and their localization in the vessel wall is one
process thought to initiate vasculitis (1). However, the
mechanism by which such complexes localize in vas-
cular tissue is uncertain (1). Recent studies suggest that
the localization of immune complexes in the kidney
may depend upon the presence of specific tissue bind-
ing sites for immune complexes containing IgG and
complement (2). Similar binding sites have not been
observed on endothelial cells. Indeed, cells obtained
from bovine pulmonary artery have been shown to
lack Fc (IgG) and C3 receptors (3).

Viral antigens have been detected in vessel walls in
several forms of vasculitis (4, 5). For example, immune
complex deposition in the cutaneous microvasculature
after herpes simplex virus (HSV)1 infection has been
implicated in the development of erythema multi-
forme in some patients (6). In addition, Fc receptors
can be demonstrated on cultured fibroblasts and other
cell lines after infection with several herpes-family
viruses (7-9). Therefore, we questioned whether viral
infection of human endothelial cells with herpes sim-
plex virus type I (HSV I) would induce a receptor for
Fc and/or C3 on the endothelial cell surface.

METHODS

Endothelial cells were harvested from human umbilical cord
veins by collagenase digestion according to a modification

' Abbreviation used in this paper: HSV, herpes simplex
virus.
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of the method of Jaffe et al. (10), as described (10-12). The
cells were grown in Eagle's minimum essential medium or
medium 199 supplemented with 20% heat-inactivated fetal
calf serum. Confluent monolayers were prepared in 24-well
microtiter plates (Costar Corp., Cambridge, Mass.) and con-
tained "-1.5-2.0 X 105 endothelial cells/well. The cells were
identified as endothelial by their characteristic appearance
under light miscroscopy, by the presence of endothelial-spe-
cific Weible-Palade bodies demonstrated by transmission
electron microscopy, and by indirect immunofluorescence
demonstration of factor VIII antigen (13). Cells from 3- to
13-d-old primary cultures were used in these studies with
similar results. One-half of the wells were infected with HSV
I at a multiplicity of infection of 0.5-1.0 (105 Tissue Culture
Infectious Doses5o/well). The remaining half of the wells
were sham infected to serve as controls. After a 1-h adsorp-
tion at 37°C, the monolayers were washed and refed with
1 ml of medium. The cells were then incubated for 24 h at
37°C, examined for cytopathic effect by phase-contrast
microscopy, and used for the studies described below. Mono-
layers were also prepared from human mononuclear cells
separated by Hypaque-Ficoll density centrifugation by es-
tablished methods (14). These cells were utilized as positive
controls for the binding of antibody or complement-coated
erythrocytes.

Weused ultraviolet light-irradiated virus as a control for
the effect of adsorption of viral membrane glycoproteins to
the endothelial cell surface. HSV was exposed to ultraviolet
light irradiation as previously described (15). A 15-min ex-
posure of the cell-free HSV inactivated the virus, resulting
in a decline in titer from 106 plaque-forming units/ml to no
infectious virus. Endothelial cells were interacted with the
ultraviolet light-irradiated virus for 24-72 h in an identical
manner to the nonirradiated virus and studied for the de-
velopment of IgG and complement receptors.

The ability of uninfected or virally infected endothelial
cells to bind immunoglobulin- or complement-coated par-
ticles was studied. Fresh sheep erythrocytes (E) were radio-
labeled with 51Cr (Na2CrO4, New England Nuclear, Cam-
bridge, Mass.) and sensitized with subagglutinating doses of
the 7S (IgG) or the 19S (IgM) fraction of rabbit anti-sheep
erythrocyte serum (Cordis Laboratories Inc., Miami, Fla.)
to coat them with IgG (EAIgG) and IgM (EAIgM), respec-
tively. Guinea pig Cl and C2 were prepared by established
methods (16, 17); human C4 and C3 were purchased from
Cordis Laboratories. Complement-coated erythrocytes were
prepared with either EAIgM incubated with sublytic con-
centrations (1:40) of normal human serum for 15 min at
370C (EAIgMC) or EAIgM incubated with the stepwise ad-
dition of purified complement components to produce the
complement intermediates EAC1, EAC14, and EAC1423.
To prepare EAC1423, a concentration of 100 sites/cell of
purified C4 was used. In select experiments, EAC14 cells
were prepared at C4 concentrations of 1,000 or 3,000 sites/
cell. The presence and amount of human C3 on these eryth-
rocytes was established by the specific adsorption of 125I anti-
C3 as previously described (18). The complement interme-
diates EAC1423 and the heavily sensitized EAC14 cells used
in these experiments were demonstrated to be immune ad-
herence positive (19). The labeled erythrocyte indicator cells
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FIGURE 1 Binding of antibody or complement-coated eryth-
rocytes to uninfected or HSV I-infected human endothelial
cells. 5"Cr-labeled indicator cells were incubated with the
endothelial monolayer, and the percent binding was deter-
mined. The results±SEM of nine experiments are shown.

were adjusted to a concentration of 1 X 108 cells/ml in
Eagle's minimum essential medium. An aliquot from each
suspension (0.2 ml) was added to the uninfected or HSV-
infected endothelial cell monolayers and incubated for 2 h
at 370C. The wells were washed vigorously three times with
1 ml of Hanks' balanced salt solution (Microbiological As-
sociates, Walkersville, Md.). The monolayers were then
viewed by phase-contrast or scanning electron microscopy
to assess the distribution of bound erythrocytes. At least four
erythrocytes adherent to the surface of an endothelial cell
was required for the identification of a "rosette." After mi-
croscopic evaluation, the adherent erythrocytes were lysed
with 2 ml of distilled water, and the supernatant fluids were
counted for gammaemission (Gamma 8000, Beckman In-
struments, Inc., Irvine, Calif.).

Human IgG free of anti-HSV I antibody was prepared by
anion exchange and gel filtration chromatography as pre-
viously described (18). The Fc and Fab' fragments of IgG
were prepared by papain digestion and separated on car-
boxymethyl cellulose by established methods (20).

Scanning electron microscopy was performed after glu-
taraldehyde fixation and critical endpoint drying with a SEM
500 scanner (Philips Electronic Instruments, Inc., Mahwah,
N. J.) as previously described (21).

RESULTS
Less than 0.2% of unsensitized, antibody-coated, or
complement-coated erythrocytes bound to uninfected
endothelial cells (Fig. 1). Similarly, there was little
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FIGURE 2 (a) Phase-contrast micrograph of the HSV I-infected endothelial monolayer after
incubation with C3-coated sheep erythrocytes prepared with purified individual complement
components (EAIgMC1423). (b) Scanning electron micrograph of the HSV I-infected endo-
thelial monolayer after incubation with IgM and complement-coated sheep erythrocytes. a,
X200; b, X2,500.
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adherence of sheep erythrocytes or EAIgM to HSV-
infected endothelium as observed visually or as deter-
mined by the amount of bound radioactivity (Fig. 1).
In contrast, significant binding of EAIgG and EAIgMC
to the endothelium occurred after HSV infection
(paired Student's t test: P < 0.05, Fig. 1). Virtually all
bound erythrocytes were located around the periphery
of individual endothelial cells in a rosette pattern, and
many endothelial cells bound greater than twenty
erythrocytes per cell (Fig. 2 a). Cell-to-cell contact
between the antibody- and complement-coated eryth-
rocytes and the HSV-infected endothelial cells was
further evident on scanning electron microscopy (Fig.
2 b). Over 80% of the infected endothelial cells formed
rosettes with the IgG or complement-coated erythro-
cytes. Preincubation of the endothelial monolayers
with purified IgG (20.17 mg/ml) or with Fc fragments
(20.31 mg/ml) but not with their Fab' fragments
(20.29 mg/ml) or with purified human albumin (1
mg/ml) completely inhibited the binding of EAIgG.
In contrast, the binding of EAIgMC was not inhibited
by preincubating the monolayer with purified IgG or
albumin (1 mg/ml).

C3 mediated the binding of the complement-coated
erythrocytes (EAIgMC) to HSV-infected endothelium.
Uninfected and HSV-infected endothelial cells bound
similar amounts (<0.2%) of sheep erythrocytes, EAIgM,
and the complement intermediate EAC1. Similarly,
EAC14 prepared with 1,000 or 3,000 sites/cell of pu-
rified C4 did not form rosettes with the virally infected
endothelial monolayers. Enhanced binding (>0.8%) to
virally infected cells occurred only after sensitization
with purified human C3. In addition, the binding of
EAC1423 was proportional to the concentration of C3
(10-500 hemolytic U/cell) used to sensitize the cells.

The time-course for the development of these re-
ceptors was studied. Endothelial monolayers were in-
fected with HSV I at multiplicity of infection of 1.0,
incubated for 1-24 h at 37°C, washed, and interacted
with labeled erythrocyte indicator cells. Receptors for
EAIgMC1423 and EAIgG could not be demonstrated
30 min, 1 h, or 2 h after infection. Both receptors were
demonstrable 4 h after infection and were maximally
expressed by 18 h. These receptors were demonstrable
before a cytopathic effect was evident by phase-con-
trast microscopy. In simultaneously performed exper-
iments neither Fc nor C3 receptor activity could be
detected with endothelial cells exposed to ultraviolet
light-inactivated virus for periods of 24-72 h.

DISCUSSION

Disorders attributed to the deposition of immune com-
plexes in vessel walls show a wide divergence of clin-
ical expression and often follow an episodic clinical

course. Immune complexes may circulate without pro-
ducing clinically detectable systemic vascular injury
(1). In part, this may be attributed to the limited ca-
pacity of normal endothelium to recognize and bind
such complexes (Fig. 1) (5). In addition, injury due to
immune complex deposition may be anatomically re-
stricted within the vascular system of a single organ
or to certain types of blood vessels. Several processes
may influence immune complex deposition, including
alteration of the composition or titer of the complexes
themselves, saturation of the reticuloendothelial sys-
tem, and the release of vasoactive amines from plate-
lets and other cells by these complexes (1, 22, 23).
Previous work has also demonstrated antigen localiza-
tion within host tissue, and in situ antibody production
may also be important in determining the site of im-
mune injury (24, 25). The induction of receptors for
IgG and C3 on endothelial cells after viral infection
may also influence immune complex deposition.

The results of this study indicate that within 4 h of
infection, HSV I induces the expression of Fc and C3
receptors on human endothelial cells. Recently, the Fc
receptor induced by HSVon Hep 2 and Vera cells has
been characterized and demonstrated to be a viral
glycoprotein (26). The presence of a C3 receptor on
any cell surface after HSV infection has not previously
been described. Whether this is also a viral glycopro-
tein remains to be determined. It is clear from our
studies, however, that the Fc and C3 receptors are
distinct. Firstly, purified IgG completely inhibited
binding of IgG-coated cells to the Fc receptor without
diminishing the binding of the IgM and complement-
coated cells. Secondly, with purified individual com-
plement components, binding of IgM-coated cells re-
quired the presence of purified C3. The C3-coated
cells used in these experiments were demonstrated to
be immune adherence positive (19). In addition, the
binding of the C3-coated cells occurred in the absence
of a source of C3b inactivator or #31H. Therefore, it
is likely that this binding is mediated, at least in part,
by the presence of C3b on the erythrocyte.

In contrast to cells coated with human CS, we did
not observe adherence to infected endothelial cells of
erythrocytes heavily sensitized with human C4. There-
fore, the C3 receptor induced on human endothelial
cells appears to have a limited capacity to recognize
cells coated with C4b. Rosetting might have been ob-
served, however, had even higher concentrations of
C4 been employed (19).

Our data suggest that the expression of Fc and CS
receptors on the virally infected endothelial cells does
not simply reflect adsorption of viral glycoprotein to
the cell surface. Firstly, at the multiplicity of infection
employed throughout these studies, both receptors
were first detected 4 h after exposure to the virus. Sec-
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ondly, we used ultraviolet light-inactivated virus,
which is capable of adsorption to the cell but not com-
plete viral replication (15). Inactivated virus did not
induce Fc or C3 receptors on endothelial cells over a
24-72-h period, by which time cells infected with live
virus showed intense rosetting with IgG or C3-coated
erythrocytes.

In separate studies performed in our laboratory,
HSV has been noted to produce a persistent infection
of cultured endothelial cells (H. M. Friedman, unpub-
lished observation). This virus also produces persistent
or latent infection of sensory ganglia cells in vivo after
infection at the end organs innervated by the ganglia
(27-29). If similar events occur after endothelial in-
fection in vivo, chronic or remitting vessel wall infec-
tion may ensue. Wehave shown in vitro that endo-
thelial cells derived from human umbilical vein,
bovine thoracic aorta (30), bovine pulmonary artery
and vena cava (H. M. Friedman, unpublished obser-
vations) show similar susceptibility to HSVI infection.
Therefore, the expression of IgG and CS receptors that
we observed in this study may occur after HSV I in-
fection of endothelial cells derived from a number of
vascular sites. The induction of these receptors by HSV
I may promote binding of immune complexes, initiate
activation of complement, and lead to vasculitis or
other forms of chronic vessel wall injury.
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