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Induction of HLA-DR Expression on
Thyroid Follicular Cells by
Cytomegalovirus Infection In Vitro

Evidence for a Dual Mechanism of Induction
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Cytomegalovirus (CMV) infection of primary cul-
tures established from human thyroid nodular and
normal (paranodular) tissues resulted in induction
ofhuman leukocyte antigen (HLA) DR expression on
thyroid follicular cells (TFC), as detected by cell-
surface immunofluorescence staining with monoclo-
nal antibodies (MAb). Two distinct modalities of in-
duction were observed. The first type occurred in
cultures of normal tissue obtained from CMV-
seropositive but not seronegative donors, was
detected on 30% to 50% of the TFCs, even though the
vast majority of these cells failed to show any mor-
phologic or antigenic evidence of individual CMV
infection, and was associated with production of
,y-interferon (,y-IFN) in vitro. The induced molecules
displayed the characteristic DR polypeptide profile
on immunoprecipitation and electrophoretic anal-
ysis. These results demonstrate that CMV infection of
normal thyroid cultures may induce DR expression
on TFCs in the absence ofpre-existing lymphoid in-
filtrates and suggest that the induction is the result of
an in vitro response to CMV by previously sensitized
immunocompetent cells present in these primary
cultures. Such a response, associated with the release
of -y-IFN, would induce DR expression on neighbor-
ing uninfected cell& The second mode of induction
occurred in all CMV-infected cultures, regardless of
their tissue origin (nodular or normal) or the sero-
logic status of the donors. Up to 50% of infected TFCs
at a late stage of infection, having fully developed
CMV antigen-positive intranuclear inclusions, also
displayed the cell-surface DR-related determinant
recognized by one of the four anti-DR MAbs used

This induction was restricted to TFCs, while CMV-
infectedfibroblastoid cellspresent in the monolayers
were invariably negative. Induction by CMV ofmajor
histocompatibility class II antigens on human epi-
thelial cells may have significant implications in the
development of normal immune responses against
local viral infection, the enhancement of alloim-
mune rejection ofgrafted organs, and the generation
of organ-specific autoimmune responses. (Am J
Pathol 1991, 138:1209-1223)

The class 11 human leukocyte antigens (HLA) are poly-
morphic cell-surface glycoproteins encoded by the D re-
gion of the major histocompatibility complex (MHC) ge-
netic locus. They play a crucial role in the generation and
regulation of adaptive immune responses to foreign (eg,
viral) agents due to their ability to bind antigenic peptides
derived from these agents and to serve as restriction el-
ements for the recognition by, and activation of, autolo-
gous CD4+ T lymphocytes with specific receptors for
those epitopes.1 Spontaneous expression of class II HLA
antigens in nonlymphoid tissues was initially considered
to be restricted to vascular endothelium and those my-
eloid-derived cells (macrophages, dendritic cells) nor-
mally engaged in antigen presentation to T lymphocytes.
However it has been established that certain epithelial
and endocrine cell types also are able to synthesize and
express class 11 molecules.23 Thyroid follicular cells
(TFC) of normal glands do not express class II antigens in
vivo4 or in vitro5 and contain only low levels of the corre-
sponding mRNAs.6 However cultured TFCs can be in-
duced readily to express HLA-DR molecules with
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y-interferon [y-IFN]78 or mitogenic lectins,5 the latter
probably acting through the local release of y-IFN by
residual lymphocytes present in the primary thyroid
cultures.8'9 This inducibility, shared with many other cell
types,10 is reflected in vivo by the TFC ectopic DR ex-
pression found in glands affected by ongoing cell-
mediated immune phenomena.4 These observations
suggest the possibility that inducible DR expression en-
ables TFCs to behave as antigen-presenting cells and
thus to participate directly in the generation of specific
immune responses to local infections. It has also been
proposed11 that DR antigens would confer on TFCs a
similar ability to present their own cellular constituents to
self-reactive CD4+ T lymphocytes and trigger organ-
specific autoimmunity.

There is some indication that viruses may indeed play
a role in this inducible MHC class 11 antigen expression.
Transformed and partially dedifferentiated epithelial cell
lines obtained by transfection of human thyroid cultures
with SV40 DNA sequences have shown the emergence
of a DR-positive subpopulation.12 Furthermore infection
in vitro of either a rat thyroid or a mouse thyroid-derived
epithelial cell line with reovirus types 1 and 3 recently
was reported to induce MHC class 11 (la) expression in a
variable proportion of the cells.13'14 While in one of these
studies13 it was not established whether individual la-
positive cells were actually infected by the virus, in the
other14 induction of la expression was linked to the bind-
ing of the reovirus (including ultraviolet-inactivated viri-
ons) to the cells and was not dependent on virus repli-
cation or presence of y-IFN. Similarly ectopic la expres-
sion has been induced by noninfective interaction of
cultured rat astrocytes with murine hepatitis corona-
virus.15 Here we report that human cytomegalovirus
(CMV) infection of primary cultures established from his-
tologically normal thyroid tissue of CMV-seropositive do-
nors results in a widespread induction of ectopic HLA-DR
expression on individually uninfected TFCs, associated
with the presence of y-IFN in the supernatants. In addi-
tion, CMV directly induces the expression of an abnormal
DR or cross-reactive antigen on infected TFCs showing
characteristic cytopathic features of late infection, regard-
less of the immune status of the tissue donor toward
CMV.

Materials and Methods

Thyroid Donors and Tissues

Fresh thyroid tissues were obtained from four patients
with large nodular goiters in whom partial or subtotal thy-
roidectomy had been chosen independently as treat-
ment for their condition. The histopathologic diagnoses

(Department of Pathology, UCSF) were as follows: invo-
lutionary nodule (case 1), multinodular hyperplasia (case
2), and adenomatous goiter (cases 3 and 4). In none of
the cases (including case 3, who had previously had a
diagnosis of Graves' disease, in complete remission with
antithyroid drugs at the time of surgery), were mononu-
clear cell infiltrates detected in either the nodular or para-
nodular thyroid tissues. Representative portions from
each nodular and paranodular specimen were snap fro-
zen in isopentane at - 600C for cryostat sectioning and
the remaining tissue was processed under sterile condi-
tions to obtain dispersed viable cells.

All four tissue donors were typed for the serologically
defined HLA-DR allotypic specificities by standard tech-
niques of complement-mediated B-lymphocyte cytotox-
icity at the Immunogenetics and Transplantation Labora-
tory, UCSF. Cytomegalovirus serology status was deter-
mined by immunoadherence hemagglutination16 at
Virolab (Berkeley, CA). The presence of circulating thy-
roid microsomal autoantibodies (TMAb) was assessed
by indirect immunofluorescence on autologous viable
thyroid monolayers, as previously described.17

Cytomegalovirus

Human cytomegalovirus (strain AD 169) was grown and
titrated in human fetal lung fibroblast cultures18 and
stored at - 800C at a concentration of 107 plaque-
forming units (pfu) per milliliter.

Primary Thyroid Cell Monolayers

The method described in previous reports17.19 was fol-
lowed. Although an accurate cell count after enzymatic
digestion is not feasible, because most viable TFCs are
still part of small clusters,17 parallel cultures from a given
cell suspension were approximately equal in terms of cell
number. Aliquots of 100 pi of the cell suspension (-5 x
1 04 cells) were dispensed onto 12-mm round coverslips,
placed in 24-well Limbro plates (Flow Laboratories,
McLean, VA). After 1 hour of incubation at 37°C, 400 ,ul of
15% fetal calf serum (FCS) in culture medium was added
to each well. In some cases, 10 ml of the cell suspension
(-5 x 1 o6 cells) was dispensed and cultured into 75-cm2
plastic flasks. Cell suspensions from the nodular tissues
also were stored frozen in liquid N2 after slow cooling in
10% dimethylsulfoxide for additional testing.

Cytomegalovirus Infection

Four to eight days after plating, viable thyroid mono-
layers were washed extensively with culture medium to
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remove unattached cells and 200 ,ul of a freshly made
suspension of CMV in culture medium was added to
each culture, at a multiplicity of infection of -1 pfu/cell (ie,
5 x 1 Q4 pfu for each coverslip and 5 x 1 06 pfu for each
75-cm2 flask). The monolayers were incubated with the
CMV inoculum at 370C for 2 hours with continuous shak-
ing, then washed, and fresh culture medium plus 15%
FCS was added to the wells. Control cultures were sub-
jected to the same procedure, but without adding CMV.
The cultures were kept in a 5% C02 humidified cell incu-
bator until stained by indirect immunofluorescence or ra-
diolabeled with 1251.

Phytohemagglutinin (PHA) Treatment

To induce ectopic DR expression on the TFCs,5 par-
allel uninfected cultures were treated with purified phyto-
hemagglutinin (Wellcome Diagnostics, Research Trian-
gle Park, NC) at a final concentration of 10 ,ug/ml in cul-
ture medium plus 15% FCS.

Monoclonal Antibodies

The following monoclonal antibodies (MAb) were used
for the detection of various antigens on thyroid follicular
and other cell types in the primary thyroid monolayers:

1 . Two MAbs, CH 1 6. 120 and CH 1 67.5, 21 which react
with CMV-encoded DNA-binding proteins in in-
fected cells, diluted 1:400

2. Four MAbs directed against nonpolymorphic HLA-
DR antigenic determinants: (A) L243,22 from Bec-
ton-Dickinson, Inc., Mountain View, CA, at 5 to 25
,ug/ml; (B) 2.06,23 diluted 1:2; (C) 03-D7,24 at 30 to
100 jxg/ml; and (D) 1800 D2.4,25 from Mallinckrodt,
Inc., St. Louis, MO, at 100 ,ug/ml

3. MAb Leu 7 (clone HNK-1 ,26 from Becton-
Dickinson), which recognizes a cell-surface deter-
minant shared by large granular NK lymphocytes,
neoplastic/nodular thyroid follicular cells,27 and
other cell types,28 at 6 to 20 ,ug/ml

4. Two MAbs directed against cell-surface determi-
nants associated with Fc receptors for IgG on K,
NK, and neutrophil leukocytes, from Becton-
Dickinson: (A) Leu 11a (clone NKP1 5,29 at 50
,ug/ml; and (B) Leu 1 1c (clone B73.1 ,3 at 5 to 25
,ug/ml

Human Thyroid Autoantibodies

To identify further the TFCs and determine their relative
numbers in monolayers from different specimens, CMV-

seronegative human sera containing high titers of TMAbs
were used in indirect immunofluorescence stainings.17 In
all cases donors of TFCs and serum had the same blood
ABO type to avoid binding of natural isoantibodies to
ABH antigens re-expressed on the surface of cultured
TFCs.17

Immunofluorescence (IF) Stainings of
Primary Thyroid Cultures

Indirect IF staining of primary thyroid cultures was per-
formed as previously described.17 After being washed in
culture medium, the coverslips were covered with 80 ,l of
the prediluted (in culture medium plus 15% FCS) MAb or
human serum and incubated for 30 minutes at room tem-
perature. This was followed by a second incubation with
80 ,ul of fluorescein isothiocyanate (FITC)labeled F(ab')2
fragments of goat anti-mouse IgG, -mouse IgM, or -
human IgG, M, A (Cappel, Malvem, PA) diluted 1:40 un-
der similar conditions. All sera and conjugates were ul-
tracentrifuged at 1 00,000g for 10 minutes in an Airfuge
(Beckman, Palo Alto, CA) before use, and the monolay-
ers were washed extensively in culture medium after
each incubation. The cells then weie fixed in 5% acetic
acid in ethanol at - 20°C for 10 minutes, the coverslips
mounted in p-phenylenediamine on a microscope slide,
and examined under both phase-contrast and epifluores-
cence microscopy in a Zeiss photomicroscope (Carl
Zeiss, New York, NY). Positive cell-surface stainings were
graded + to + + + + according to their brightness, and
the proportion of positive cells was estimated after scan-
ning the entire monolayer under X300.

Double-label IF Staining of Cell-surface and
Intranuclear Antigens
For this procedure, viable thyroid monolayers first

were incubated with anti-DR IgM MAb 1800 D2.4 or hu-
man autoimmune serum, followed by FITC-labeled or tet-
ramethylrhodamine isothiocyanate (TRITC)-labeled
F(ab')2 fragments of the appropriate goat antiserum, as
described above. The cultures then were fixed in chilled
acetone for 2 to 4 minutes and exposed to anti-CMV
MAbs, CH16.1 or CH167.5, followed by F(ab')2 frag-
ments of goat anti-mouse IgG labeled with the alternative
(TRITC or FITC) fluorochrome.3

Identification of TFCs in the Primary Cultures

Thyroid follicular cells were identified by their charac-
teristic morphology under phase-contrast microscopy
and specific cell-surface reactivity with human TMAbs.17
Thyroid follicular cells dispersed from thyroid nodules, in
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addition to displaying thyroid microsomal antigen
(TMAg),31 32 express a cell-surface antigenic determi-
nant reactive with HNK-1 (Leu 7, Becton-Dickinson)
MAb.27 This determinant, in contrast with TMAg, still can
be detected on TFCs cultured for several weeks.27

Estimation of the Number of CMV-infected
Cells in the Monolayers

This was done by indirect IF staining with a CMV-
specific MAb (CH16.1), reactive with the ICP 36 DNA-
binding protein20 and rhodamine-labeled F(ab')2 frag-
ments of goat anti-mouse IgG antibodies on acetone-
fixed monolayers, which in most cases also were the
substrate for the FITC staining of cell-surface (HLA-DR,
HNK-1, or TMAg) antigens, at 2- to 7-day intervals after
infection. When the number of CH16.1-positive nuclei
within all the X300 microscopic fields along one diameter
of the coverslip (12 mm) was 200 or less, the entire cov-
erslip was examined and the total number of CMV-
infected cells counted. For those cultures in which the
CH16.1-positive nuclei along the diameter initially
scanned were more than 200, the total number of in-
fected cells in the monolayer was estimated by multiply-
ing the number counted by 16.3, which is the ratio of the
area of the entire coverslip to that of the segment initially
scanned. The variation between actual counts and esti-
mates obtained by this procedure, or between estimates
obtained by two observers for the same culture, ranged
between 7% and 14%.

Prevalence of DR and DR-related Expression
on CMV-infected Cells

This was systematically determined by the double-
label IF staining of cell-surface DR (with MAb 1800 D2.4
and FITC-labeled goat F(ab')2 anti-mouse IgM), on viable
monolayers before fixation, and nuclear CMV-encoded
protein (with MAb CH16.1 and TRITC-labeled goat
F(ab')2 anti-mouse IgG) on the same culture after ace-
tone fixation. Thyroid follicular cells having a large, usually
round or oval, CH16.1-positive intranuclear inclusion
were identified under X500 and rhodamine filters; then
each cell was examined under FITC filters and scored for
cell-surface DR staining. At least 100 CMV-infected TFCs
were examined in each culture by two observers and the
counts averaged. Fibroblastoid cells, present in small
numbers in monolayers cultured from paranodular tis-
sues but virtually absent in those from the nodules,
showed signs of earlier and more rapidly spreading CMV
infection and their intranuclear inclusions were irregular or
kidney shaped.33 In those cultures in which CMV-
infected nonthyroid cells could be identified, their expres-
sion of cell-surface DR determinants was assessed in the

same way. When anti-DR MAbs of the IgG class were
used in IF stainings, cells having single large intranuclear
inclusions were identified under phase-contrast micros-
copy at X500 and then examined for DR expression un-
der FITC filters.

Structural Characterization of CMV-induced
Cell-surface HLA-DR Antigens on TFCs

Cell monolayers from the nodular and paranodular thy-
roid tissues of donor 4 were established in 75-cm2 plas-
tic flasks at a density of -5 x 1 06 cells/flask, and 4 days
later infected with CMV at a multiplicity of infection of -1
pfu/cell. Seventeen days after infection, CMV-infected
and uninfected control monolayers were washed in cul-
ture medium and then detached with 0.05% trypsin-
0.02% ethylendiamine tetraacetic acid (EDTA) at 37°C.
Cell suspensions were centrifuged at 100g and pellets
resuspended in 20 mmolA (millimolar) glucose in phos-
phate-buffered saline (PBS) pH 7.4 at a concentration of
6 x 106 cells/ml. Lactoperoxidase-catalyzed iodination of
the viable cells was performed as described by Marchal-
onis et al.34 Briefly, lactoperoxidase (Boehringer Man-
nheim, Indianapolis, IN; 5 mg/ml) was added to the cell
suspension (final concentration, 100 ,ug/ml), followed by
the addition of glucose oxidase type V (Sigma Chemical
Co., St. Louis, MO; 1400 units/ml) at a final concentration
of 50 mU/ml. Na 1251 (Amersham, Arlington Heights, IN; 1
mCi/10 ,ul) then was added to the cells to a final concen-
tration of 0.4 mCi/ml. Cells were kept on ice for 15 minutes
with gentle agitation and the reaction then was stopped
by adding 5 ml cold PBS containing 0.01 mmol/l sodium
metabisulfite and 10 mmolA sodium azide. After labeling,
cells were washed six times in cold PBS and cell mem-
brane proteins were solubilized by mixing the pellet with
0.5% Nonidet P-40 in PBS at 40C for 15 minutes. The
lysates were centrifuged at 1 0,000g at 40C for 10 minutes
and the supernatants collected. 1251 labeling of solubi-
lized cell membrane proteins was assessed in a gamma
counter (Beckman LS1 701). Aliquots of 1251-labeled
membrane proteins solubilized from CMV-infected and
control cultures, having similar amounts of radioactivity,
were precleaned twice by overnight incubations at 40C
with protein A-sepharose beads (CL-4B, Pharmacia, Pis-
cataway, NJ) previously coated with purified rabbit IgG
anti-mouse IgG (Dakopatts, Glostrup, Denmark) and
mouse control ascites Ig (BRL, Gaithersburg, MD). The
preabsorbed supernatants (120 ,ul) then were incubated
sequentially (1 hour at 20°C and overnight at 40C) with 30
,ul each of anti-DR MAb (clones L243 or 1800 D2.4) and
rabbit IgG anti-mouse IgG or goat IgG anti-mouse IgG,M
(Chemicon, El Segundo, CA). The immunoprecipitates
were washed extensively until supernatants did not show
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any significant increase in radioactivity above back-
ground, then boiled in TRIS buffer 0.0625 mol/l pH 6.8
plus 20% glycerol, 0.004% bromphenol blue and 5%
2-mercaptoethanol, and electrophoresed, together with
prestained protein molecular weight standards (BRL), in
11% sodium dodecyl sulfate-polyacrylamide slab gels.
Gels were dried and autoradiographed at - 70°C for var-
ious periods on Kodak X-Omat AR film (Eastman Kodak,
Rochester, NY) with an intensifying screen.

Determination of y-lnterferon Levels in
Culture Supernatants

A solid-phase enzyme-linked immunosorbent assay (Hol-
land Biotechnology bv, The Netherlands), specifically de-
signed for the quantitation of human y-IFN in cell culture
supematants (SN), was used. Conditioned SNs of paral-
lel monolayers obtained from the nodular and paranod-
ular thyroid tissue of a CMV-seropositive donor (#4), and
cultured in 75-cm2 plastic flasks (-5 x 106 cells/flask)
under each experimental condition (ie, control, CMV-
infected, and PHA-treated cultures) were assayed in du-
plicate after being cleared by centrifugation and concen-
trated 15-fold (except for SNs from PHA-treated cultures,
which were tested unconcentrated) with Centricon-10 mi-
croconcentrators (Amicon, Danvers, MA). Supernatants
from CMV-infected and PHA-treated cultures were col-
lected when the induction of DR expression on TFCs was
manifested fully, as assessed by IF on parallel coverslips
(9 days after CMV infection and 3 days after addition of
PHA). Control culture SNs were collected 9 days after
mock infection. Absorbance readings were made with an
automated photocolorimeter (Titertek Multiskan, Flow
Laboratories, McLean, VA). Concentrations of y-IFN in
the samples were determined from standard curves ob-
tained by plotting the absorbance of quadruplicate sam-
ples of each of four positive controls having known y-IFN
concentrations (ie, 6.25, 12.5, 25, and 50 U/ml) and of a
negative control, assayed in parallel.

Results

Cultured TFCs were found to be susceptible to CMV in-
fection, confirming a previous report,3 with the conse-
quent expression of virally encoded antigens and pres-
ence of characteristic cytopathic changes in the infected
cells. This infection in vitro resulted in the induction of
cell-surface expression of DR antigenic determinants on
TFCs (Table 1). Two distinct modalities of induction were
observed.

Indirect Induction

In CMV-infected cultures from the paranodular (histolog-
ically normal) thyroid tissue of the two CMV-seropositive
donors, 30% to 50% of the TFCs showed strong induction
of DR expression (Figure 1) as early as 3 to 4 days after
infection, even though the vast majority of these cells
lacked morphologic as well as antigenic evidence of in-
dividual infection. This pattern of induction was detected
with all four anti-DR MAbs on at least 10 individual cul-
tures from each of these two donors. In contrast, unin-
fected TFCs in CMV-infected monolayers from either
nodular or paranodular thyroid tissue of the two CMV-
seronegative donors did not show this widespread induc-
tion of DR expression (Table 1). That this induction of DR
antigens was seen early on in the course of the slowly
progressive CMV infection of the cultures and involved
mostly uninfected TFCs strongly suggested the media-
tion of a diffusible factor. While viral infection stimulates
the release of nonimmune (a and 1) IFN by many differ-
ent cell types, neither a-IFN nor 1-IFN are able to induce
DR expression on human TFCs in culture.7 8 On the other
hand, -y-IFN, which induces HLA class 11 antigen expres-
sion on many cells including TFCs,7-9 is produced by T
lymphocytes in response to specific (ie, antigen) or non-
specific (ie, T-cell mitogens) stimulation.' Therefore we
measured levels of human -y-IFN in the conditioned cul-
ture SNs of parallel 1 3-day-old monolayers cultured from
the nodular and normal paranodular thyroid tissue of a
CMV-seropositive (#4) donor (Figure 2A). While under
basal (mock-infected culture) conditions, no y-IFN could
be detected in concentrated (15-fold) SNs from either
tissue, significantly increased levels were present in SNs
of CMV-infected cultures from normal thyroid tissue. A
less pronounced elevation was detected in SNs of CMV-
infected nodular thyroid cultures. Furthermore in all cases
there was a close correlation between the y-IFN levels in
these supematants and the proportion of TFCs induced
for DR expression in the corresponding monolayers (Fig-
ure 2A). In contrast, conditioned SNs of CMV-infected
and control thyroid cultures from one of the CMV-
seronegative donors (#3) did not have detectable levels
of y-IFN after concentration. The DR molecule induced
on TFCs under these conditions displayed the character-
istic subunit profile of classical HLA class 11 antigens (Fig-
ure 2B).

Higher levels of DR induction were observed in unin-
fected cultures after 3 to 6 days of treatment with PHA,
although in this case regardless of the CMV serology of
the tissue donors. Furthermore the degree of PHA-
induced DR expression on TFCs also was greater in
monolayers cultured from normal paranodular tissues
than in those from thyroid nodules (Figure 2A). This dif-
ferential quantitative effect confirms previous results by
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Table 1. Cytomegalovirus-induced Ectopic HLA-DR Expression on Thyroid Cells in Culture

Cell-surface IF on viable thyroid cultures

CMV-infected
Uninfected monolayers monolayers
1-2 days after plating 7-14 days Pi

HLA-DR HLA-DR
Autologous on on

Thyroid HLA-DR CMV TMAbt HLA- uninfected infected
donor Sex/age phenotype serology* reactivity Tissue TMAg# HNK-1 DR TFCt TFC§

*+ /+I++++ 25%
Nodular + + + 30% NEG NEG (874)**

1 M/61 DRw1O,w12 1:64 NEG

Paranodular + +/+ + + 1-2% NEG 40-50% ND
*+ /+I++++ 32%

Nodular + + >80% NEG NEG (16,394)
2 M/36 DR2,4 <1:4 NEG

* +/+ + ++ 16%
Paranodular +/+ + 20% NEG NEG (1585)

*+ /+I++++ 29%
Nodular + + 40% NEG NEG (15,844)

3 F/39 DR3 <1:4 ++
+ + +/+ + 11%

Paranodular¶ + + 1-2% <10% NEG (4742)
+++/++++ +/++ +/++ 50%

Nodular + + + >90% <5% 5-10% (4035)
4 M/36 DR4 1:16 NEG

+/+++ + ++/+++ 28%
Paranodular + +/+ + + 40% NEG 30-40% (1824)

As determined by immune adherence hemagglutination.16
t Thyroid microsomal autoantibody as determined by IF on autologous TFC at 1:10 dilution.17
t As determined by single- and double-label IF with four different anti-DR monoclonal antibodies.
§ As determined by double-label IF with anti-CMV (CH 16-1) and anti-DR (1800 D2.4) monoclonal antibodies.
I Graves' disease in complete remission with antithyroid drugs.
# As determined by IF with a blood group-matched, anti-CMV-negative, TMAb-positive human serum at 1:10 dilution.

Total number of cells in the culture with CMV-positive intranuclear inclusions.
PI, postinfection; ND, not determined.

us 32 and others6 and further supports the notion that this
indirect mechanism of induction, by either specific (CMV
in cultures from seropositive donors) or nonspecific (PHA
in all cultures) stimuli, would be a function of the numbers
of residual immunocompetent cells in the primary mono-
layers able to respond with -y-IFN release.

Direct Induction

A second type of induction of a DR antigenic determinant
on TFCs was observed at a later stage of CMV infection
in cultures from all tissues, regardless of the CMV serol-
ogy of the donors. In infected cultures from the nodular
portion of all four thyroid glands, a significant proportion
(25% to 50%) of the TFCs showing evidence of ad-
vanced CMV infection (large intranuclear inclusions pos-
itively stained with CH 16.1 and CH 167.5 MAbs) also
displayed a cell-surface coarse granular staining with the
anti-DR MAb from clone 1800 D2.4, in double-label IF
stainings (Figure 3). The prevalences of CMV-infected
TFCs displaying this DR determinant in monolayers cul-

tured from paranodular tissues were somewhat lower
(Table 1). MAb 1800 D2.4 (mouse IgM) reacts with a
nonpolymorphic epitope that has been shown to be
present in human DR molecules by immunoprecipitation,
two-dimensional gel electrophoresis, tryptic peptide
mapping, and N-terminal amino acid sequence analyses
(BD Schwartz, oral personal communication, 1987). In
contrast, TFCs with these fully developed cytopathic
changes invariably were negative for cell-surface IF stain-
ing with the other three anti-DR MAbs, even in cultures
derived from the CMV-seropositive donors. Similarly an-
other mouse IgM MAbs (Leu 7, Becton Dickinson), which
bound to the cell surface of a large proportion of unin-
fected TFCs cultured from these nodular tissues (see
Khoury et al.27 and Table 1), failed to react with the TFCs
at this advanced stage in their individual CMV infection
(data not shown). Cytomegalovirus-infected TFCs with
fully developed intranuclear inclusions also were nega-
tive for cell-surface expression of Fc receptors for human
IgG, as assessed by their lack of staining with MAb Leu
1 1 a and Leu 1 1 c or with autologous serum from one of
the CMV-seronegative donors (data not shown). The di-
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Figure 1. Widespread induction ofcell-surface HLA-DR expression on uninfected TFCs in CMV-infected monolayers culturedfrom nornmal
thyroid tssue of a CMVseropositive donor. Indirect IF staining with anti-DR AIAb (clone L243), followed by FITC-labeled goat F(ab')2
fragments of anti-mouse IgG, on two parallel 14-day-old monolayers, cultured from the paranodular thyroid tissue of donor 1. A:
CMV-infected culture 7 days after infection. Phase-contrast microscopy showing several spread-out TFCs and one partially spread mono-
nuclear leukocyte (arrowhead); none of the cells in this field have morphologic evidence (ie, intranuclear inclusions) of infection. B: IF
staining on same field as in A; all TFCs display a dense granular reaction on the cell surface, which is reinforced at the cell borders. C:
Uninfected control monolayer. Phase-contrast microscopy showing many spread-out TFCs and one macrophage (arrowhead). D: IFstaining
on same field as in C; TFCs are completely negative for DR expression and only the macrophage shows cell-surface staining. Original
magnifications: A and B, X500; C and D, X300.

rect induction of this DR determinant by CMV on individ-
ually infected cells was confined to TFCs, while fibroblas-
toid cells at a similar stage of infection (large but irregular
or kidney-shaped nuclear inclusions33) were invariably
negative (Figure 4). Thus in cultures from the nodular tis-
sue of donor 4 as many as 42% of the CMV-infected
TFCs with large nuclear inclusions showed cell-surface
reactivity with MAb 1800 D2.4 seven days after infection
(Figure 5B), compared with none of 100 fibroblasts with
similarly advanced CMV infection. Sodium dodecyl sul-
fate polyacrylamide gel electrophoresis of 1251-labeled
cell-surface proteins solubilized from the same CMV-
infected monolayers used for Figure 2B, but immunopre-
cipitated with MAb 1800 D2.4 and goat anti-mouse
IgG,M serum, revealed three weak bands (not shown).
Two of them had the expected mobility of DRa and ,B
subunits, while the third had an apparent molecular
weight of about 45 to 50 kd. However, because these
CMV-infected cultures were derived from a CMV-
seropositive (#4) donor, the contribution to this pattern
from (indirectly induced) 'conventional' and (directly in-

duced) 'abnormal' DR antigens, both of which are rec-
ognized by MAb 1800 D2.4, could not be determined.

Discussion

The findings described in this report demonstrate that
differentiated human thyroid cells can be induced to ex-
press MHC class 11 antigens by CMV infection in vitro.
Because of the slow progression of the CMV infection
with the dose of virus employed and the use of primary
thyroid cultures established from either CMV-seropositive
or seronegative donors, we were able to obtain evidence
that expression of DR antigenic determinants may be in-
duced on both infected and uninfected TFCs in the CMV-
infected monolayers. Furthermore the mechanism in-
volved in each of these situations appears to be different
and, in the case of uninfected TFCs, the induction is as-
sociated with positive CMV serology in the tissue donor
and the presence of -y-IFN in the culture supernatants.

Cytomegalovirus infects a large proportion of the hu-
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Figure 2. Characteristics of the HLA-DR induction in CMV-infected thyroid monolayers culturedfrom a CMV-seropositive donor. A: Levels
(mean + standard deviation) of y-interferon in culture supernatantsfrom control, CMV-infected, and PHA-treated monolayers obtained
from donor 4 (suprnatantsfrom control and CMllV-infected cultures were concentrated 15 times). Theproportion ofDR-positive TFCs in the
corresponding cultures is shown below each bar. B: SDS-poyacrylamide gel electrophoresis of '251-labeled cell-surface proteins solubilized
from twoparallel thyroid monolayers, after immunoprecipitation with anti-DR MAbfrom clone I243. Left lane: Uninfected culture control.
Right lane: CMV-infected culture; two bands with the apparent mobility ofthe a (-34 kd) and ,B (-28 kd) chains ofclassical DR molecules
are present. These bands were not precipitated by the mouse ascites used to preclear the antigen preparation or by irrelevant MAbs used in
parallel with MAb L243.
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man population and can cause severe disease in immu-
nocompromised individuals.37 Histopathologic findings
in these patients-'83 showed that this virus possesses a
remarkable tropism in vivo for endocrine tissues, partic-
ularly adrenal, thyroid, and pancreatic islets. Its ability to
induce ectopic HLA class 11 determinants on infected, as
well as neighboring uninfected, thyroid (and possibly
other epithelial) cells is likely to have significant implica-
tions in 1) normal immune responses to local CMV infec-
tions, and 2) the enhancement of alloimmune responses
to transplanted grafts. In addition, 3) CMV-induced DR
expression on TFCs or other endocrine cells might play a
role in the initiation of organ-specific autoimmune re-
sponses.

Local Immune Responses to CMV Infection

The normal immune response against foreign (eg, viral)
antigenic determinants is initiated and enhanced when

specific T inducer/helper lymphocytes recognize those
determinants, in association with self MHC class 11 mole-
cules, on the surface of antigen-presenting cells.1 There-
fore the presence of MHC class 11 antigens on the
surface of a particular cell type might confer a distinct
advantage for the containment of infection should those
cells become infected by a virus and consequently dis-
play virally encoded peptides on their surface. Support-
ing their putative role as antigen-presenting cells, DR-
positive TFCs from Graves' disease tissues were shown
to be able to present virally encoded peptides to DR-
restricted, antigen-specific T-cell clones in vitro.40 Induc-
tion of MHC class 11 antigens by CMV infection might,
therefore, confer on TFCs the capability to participate di-
rectly in the generation of the immune response to a viral
infection of the thyroid.

In the effector arm of the immune response against
CMV-infected cells, the importance of cell-mediated cy-
totoxicity is well established.41 To trigger the lysis of a
virus-infected cell, the receptor of a sensitized cytotoxic T
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Figure 3. Direct induction ofa cell-surface HLA-DR determinant (1800 D2.4) on CMV-infected TFCs. Double-label IF staining on the same
microscopicfields oftwo (12- and 19-day-old) CMV-infected monolayers culturedfrom the nodular thyroid tissue ofa CMV-seronegatie (#2)
donor, 7 days (A-C) and 14 days (D-F) after infection. A and D: Phase-contrast microscopy showing a homogeneous population of
spread-out TFCs; one of the cells in A and a cluster of cells in D contain large, round, and very dense intranuclear inclusions. B and E:
IF staining given (on permabilized cells, afterfixation of the monolayer) by anti-CMVMAbfrom clone CH16.1, followed by TRJTC-labeled
goat F(ab')2fragments anti-mouse IgG. There is a strong positive reaction on the intranuclear inclusions of all the infected TFCs. C and F:
Double-label IF staining given by MAb CH16 1, detected as in B and E, and (on viable cells, beforefixation of the monolayer) by anti-DR
MAbfrom clone 1800 D2.4followed by FITC-labeled goat F(ab')2fragments anti-mouse IgM. In addition to the rhodamine staining of the
intranuclear inclusions, there is a distinct granular FITC reaction on the surface of the CMV-infected TFC in C and on many ofthe infected
TFCs in F. Note that the cell-surface FITCstaining is coarser and sparser than that due to indirectDR induction on uninfected TFCs in infected
culturesfrom CMV-seropositive donors (Figures 1B and 4C). The strong TRITC staining ofthe viral inclusions obscures the cell-surface-bound
FITC granules above the nuclear areas. Those cells at an earlier stage in the infection and having smaller inclusions are negativefor this
direct induction (arrows). All uninfected TFCs are also negative. Original magnification, x500.

lymphocyte usually recognizes a complex between the
specific viral antigen and the autologous MHC class
molecule.42'43 In common with certain other viral patho-
gens in humans, CMV has been shown to bind to MHC
class molecules on the host-cell surface as the initial
step in infection." In infected cells, binding of CMV con-
stituents to MHC class antigens, therefore, may result in
the functional blocking of the latter with the consequent

impairment of T-cell-mediated lysis through this path-
way. Indeed we obtained evidence of absence or block-
ing of the cell-surface expression of both the MHC class
heavy chain and P2 microglobulin on CMV-infected

TFCs with fully developed nuclear inclusions (EL Khoury,
unpublished results). In this context, a concomitant in-
duction of ectopic MHC class 11 antigens would be par-
ticularly relevant because it has been shown that T-
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Figure 4. Lack of direct induction of LAIA-DR determinant 1800
D2.4 oni OXV-infected fibroblastoid cells. Double-label IF stainizg
on the same microscopicfiteld ofa 14-day-old monolayer cultured
from the normal Oparanodular) th.Yroid tissue of a CMV-
seropositive (#4) donor 10 daiws after CIV infection. A: Phase-
contrwat microscopy showuing a beterogeneous population of 7TCs
anid nontbyroid (fibroblastoid) cells. Some of the nonthvroid cells-
in thefield contain large intranuclear inclusions, uhich are irreg-
ular in shape and less dense than those pre.senit within TFCs in
Figure 3. B: IF staining given (on pernabilized cells, after fixation
of the monolaver) by anti-CMV tAbfrom clone CH]6. 1, follouwed
bhl TRITC-labeled goat (F(ahb),fragmments anti-mouse IgG. Tbere is
a strong positive reaction on the large (and also on smaller) in-
trazuclear inclusions in the inzfected celLs. C: Double-label IF stain-
ing giten 1 MA1b CIH1 6. 1, detected as in B, and (on tiable cells%
beforefixation ofthe monolaver) byv anti-DR MAhfrom clone 1800
D2.4, followued hby FITC-labeled goat F(ab )2fragagments anti-mouse
IgM. In addition to the TRI1C staining of the intranuclear inclu-
sions, thcere is a dce7se granular HTC staininig on the cell surface of
most of the uninfected TFCs and noonthroid cells in the field,
similar to that shoun in Figure lB and reflecting DR expre.ssion
due to inzdirect (-y-I1AN-associated) induction bly C1WV on this
monoltaer cultured from a C-IV-seropositive donor. Iouever
none of the nontthyroid cells uwith large CiVV inclusions shouw the
cell-surface reactivity seeni with thisSlAb on similarly infected TFCs
in Figure 3. Original nagnification, x 500.
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Figure 5. Time course, in monolayers cul-
turedfrom nodular thyroid tissues ofthefour
donors and infected with CMV in vitro, of. A:
The progression of the CMV infection, as de-
termined by the numbers of CMV-positive
TFCsper culture (-5 x 10" cells). Each data
point represents the mean ± standard devia-
tion (SD) of the number of TFCs having AMAb
CH16.1-positive IF staining on their nuclear
inclusions, estimated in two or three parallel
monolayers as described in Materials and
Methods. Data points without a SD bar had
SD values too small to be depicted with the
scale used. Note that monolayers obtained
from the CMV-seronegative (#2 and #3) do-
nors consistently showed higher numbers of
infected cells than those from the CMV-
seropositive donors. B: The prevalence of
cell-surface expression ofthe HLA-DR determi-
nant recognized by MAb 1800 D2.4 among
those individual TFCs showing evidence of
advanced CMV infection (ie, fully developed
intranuclear inclusions positively stained
with MAb CH16J), as determined by double-
label IF stainings. Each data point represents
the average of two values determined by dif-
ferent observers, screening at least 100 CMV-
infected TFCs each, in the same monolayer.
Note that, in contrast to the indirect HLA-DR
induction, which was seen only in monolay-
ers cultured from CMV-seropositive donors,
this direct induction was present on infected
TFCs of culturesfrom either CAMV-seropositive
or -seronegative donors with comparable
prevalences.
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lymphocyte-mediated lysis of some CMV-infected hu-
man cells is DR (and not class 1) restricted.45 Human
leukocyte antigen class 11 restriction also was described
for measles46 and mumps47 virus-specific T cytotoxic
lymphocytes.

Our findings provide evidence for an unexpectedly
high frequency of CMV-sensitized T lymphocytes in pri-
mary cultures from normal nonlymphoid tissue of unse-

lected CMV-seropositive individuals. The frequency of
CMV-specific T cytotoxic precursor cells recently was es-

timated to be 1:5000 to 1:20,000 of peripheral blood T
lymphocytes.' On the other hand, the frequency of re-

sidual T lymphocytes in primary cultures established from
normal human thyroid tissues, under similar conditions to
those used in this study, was determined to be approxi-
mately 1.6% of the total number of cells in the
monolayers.6 Because each of our cultures had about 5
x 1 04 cells, the frequency of primed T cells in those from
CMV-seropositive donors, able to respond to CMV in vitro
with release of -y-IFN resulting in widespread DR induc-
tion on uninfected TFCs, appears to be much higher

(:1:800) than what would have been expected. An ad-
ditional source of y-IFN in the thyroid cultures might result
from the recruitment of natural killer (NK) cells, which are

known to produce y-IFN when stimulated by interleukin-2
released by activated T lymphocytes.36 Thus the antigen-
specific activation of a small number of CMV-sensitized T
cells in monolayers cultured from CMV-seropositive do-
nors could trigger the release by antigen-nonspecific NK
cells of sufficient y-IFN to mediate DR induction on neigh-
boring TFCs. Production of y-IFN is a highly characteristic
component of the immune response in vitro to murine
CMV by lymphocytes cultured from previously infected
animals.49 The -y-IFN levels associated with the indirect
DR induction in CMV-infected monolayers were modest
and their reproducible quantitation required concentrat-
ing the SNs. This may reflect the fact that the SNs were

assayed when DR expression was already fully mani-
fested (9 days after infection) and, therefore, after the
peak in local y-IFN10 presumably responsible for the in-
duction. Although 10 to 100 U/ml is the usual range of
recombinant -y-IFN used for inducing DR antigens on

21 24
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TFCs in vitro, a concentration as low as 1 U/mI has been
shown to induce this expression on up to 30% of TFCs in
the treated monolayers.7 Because we did not determine
the effect of antiK-IFN antibodies on this indirect induc-
tion, a possible mediation by other soluble factor(s) can-
not be completely excluded. In any case, the release of
any alternative inducing factor would also have been de-
pendent on immune recognition of CMV in the infected
cultures. Widespread foci of MHC class 11 positive but
uninfected cells have been observed also in the brains of
rats infected with measles virus in vivo,50 possibly reflect-
ing a similar mechanism of induction. Furthermore a pu-
tative in vitro immune response also might explain the
consistently lower numbers of infected cells seen in cul-
tures from seropositive donors after infection with equal
doses of CMV (Figure 5A).

The characterization of the cell-surface molecule
bearing the HLA-DR determinant detected by MAb 1800
D2.4 on CMV-infected TFCs with fully developed cyto-
pathic changes, and the elucidation of the mechanism
responsible for its direct induction, requires further study.
In contrast to the recently described la induction in a
murine thyroid-derived epithelial cell line by reovirus,14
the direct induction of this DR-related antigen byCMV did
require viral replication because it was present only on
TFCs displaying fully developed cytopathic changes.
Major histocompatibility complex class 11 antigens might
be induced as a consequence of transcriptional activa-
tion of their encoding genes in the infected TFCs. Cyto-
megalovirus infection of human cells in vitro is known to
stimulate the synthesis of certain cellular enzymes due to
a selective increase in mRNA transcripts from their cor-
responding genes.51 Induction of a 'defective' DR mole-
cule (ie, recognized by some but not all MAbs directed
against its nonpolymorphic determinants) might be the
consequence of either an uncoordinated transcriptional
activation of MHC class 11 genes or the expression of a
host cell-encoded cross-reactive protein in infected
TFCs. Alternatively the lack of reactivity with most anti-DR
MAbs might be due to post-translational blocking of DR
epitopes by CMV-encoded products at this late stage in
infection. The failure to reproduce the cell-surface reac-
tivity of MAb 1800 D2.4 on CMV-infected TFCs with MAb
Leu 11 a or Leu 11 c, or with autologous serum from a
CMV-seronegative donor, would indicate that this
epitope is not part of Fc receptors for human IgG induced
by the CMV infection.52 On the other hand, it was re-
ported that a protein encoded by the CMV immediate
early (IE) 2 gene shares a common pentapeptide se-
quence with the i chain of DR molecules and that rabbits
immunized with this homologous sequence generated
antibodies that recognize a common epitope in CMV-
infected human fibroblasts and DR p chains from unin-
fected lymphoblastoid cells.' This immunologic cross-

reactivity might be construed to be the mechanism re-
sponsible for the appearance of the nonpolymorphic DR
determinant detected by MAb 1800 D2.4 on a proportion
of CMV-infected TFCs. However two facts argue against
this possibility. First CMV IE genes are expressed imme-
diately after infection and their products are localized to
the nucleus, while the DR determinant detected by MAb
1800 D2.4 is seen on the surface of cells only at a late
stage of infection. Second this direct DR induction on
infected cells is confined to TFCs and CMV-infected fi-
broblasts present in the same primary cultures remain
negative even at advanced stages of infection. Further-
more transfection of thyroid monolayers cultured from do-
nor 4 with plasmids carrying the CMV IE2A gene, either
alone or together with the IEl gene, failed to induce cell-
surface expression of the determinant recognized by
MAb 1800 D2.4 on TFCs displaying the products of these
transfected CMV genes (Khoury EL, Mocarski ES, un-
published results).

Enhancement of Immune Responses to
Allografts

Induction of HLA class 11 expression by CMV on other
differentiated epithelial cells, for example those in kidney
tubules, may play a role in allograft rejection. Cytomega-
lovirus infection is a serious complication in kidney recip-
ients, frequently leading to graft rejection.' During rejec-
tion episodes there is an enhanced HLA class 11 antigen
expression in the parenchymal (vascular endothelial and
tubular) cells of the graft.55 Furthermore CMV infection of
the graft was shown to be invariably associated with up-
regulation of DR expression and it has been proposed
that induction of HLA class 11 expression on parenchymal
cells, presumably mediated by release of y-IFN as a con-
sequence of CMV infection, is the reason for increased
graft rejection associated with CMV.56 Fujinami et al5
suggested the alternative possibility that a CMV/DR
cross-reactive epitope is expressed on CMV-infected pa-
renchymal cells in the graft. Our findings on CMV-
infected endocrine cell cultures are consistent with the
operation of either of these mechanisms, although the
putative cross-reactive determinant detected by MAb
1800 D2.4 appears to be host cell and not CMV en-
coded.

Generation of Organ-specific Autoimmune
Responses

A role for viral infection in the etiology of endocrine au-
toimmune disorders has long been postulated. This no-
tion has drawn support from the description of virally in-
duced endocrinopathies with autoimmune markers in ex-
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perimental models.57 One of the various mechanisms
whereby viral agents would trigger autoimmunity might
operate through the induction of ectopic MHC class 11
antigens. It has been proposed11 that this induction
would enable the endocrine cells to behave as autoanti-
gen-presenting cells and efficiently present, to potentially
autoreactive MHC class 11-restricted T helper lympho-
cytes, self constituents that would otherwise remain silent.

Several humoral markers of autoimmunity have been
reported to appear as a consequence of human58 and
experimental59 CMV infection in vivo. On the other hand,
we32 and others9 obtained clear evidence that MHC
class 11 expression detectable on TFCs of thyroid glands
affected by ongoing autoimmune phenomena is not a
primary or intrinsic abnormality of the TFCs but rather a
consequence of their response to the lymphoid infiltration
and local release of lymphokines. This would rule out a
'direct-type' DR induction on TFCs, resulting from their
latent or persistent infection with CMV, as an initial step in
the development of thyroid autoimmunity. Nevertheless
the possibility still remains of an initial 'indirect-type'
(through -y-IFN) induction by a local viral infection, sub-
sequently maintained by the autoreactive lymphoid infil-
trates. The reported high prevalence of persistent CMV
infection in newly diagnosed cases of type diabetes
mellitus with islet cell autoantibodies6O might reflect that
possibility.
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