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Epstein-Barr virus (EBV) transformation of B cells from fetal cord blood in vitro varies depending on the
individual sample. When a single preparation of EBV was simultaneously used to transform fetal cord blood
samples from six different individuals, the virus transformation titer varied from less than zero to 105°. We
show that this variation in EBV transformation is associated with a marked primary immune response in cord
blood samples predominately involving CD4* T cells and CD16™ CD56™ NK cells. After virus challenge both
CD4™ T cells and NK cells in fetal cord blood cultures expressed the lymphocyte activation marker CD69. The
cytotoxic response against autologous EBV-infected lymphoblastoid cell line (LCL) targets correlated with the
number of CD16* CD69™ cells and was inversely correlated with the virus transformation titer. Although NK
activity was detected in fresh cord blood and increased following activation by the virus, killing of autologous
LCLs was detected only following activation by exposure to the virus. Both activated CD4™" T cells and CD16™
NK cells were independently able to kill autologous LCLs. Both interleukin-2 and gamma interferon were
produced by CD4* T cells after virus challenge. The titer of EBV was lower when purified B cells were used
than when whole cord blood was used. Addition of monocytes restored the virus titer, while addition of resting
T cells or EBV-activated CD4™* T-cell blasts reduced the virus titer. We conclude that there are primary NK-cell
and Th1-type CD4™" T-cell responses to EBV in fetal cord blood that limit the expansion of EBV-infected cells

and in some cases eliminate virus infection in vitro.

Epstein-Barr virus (EBV) is a ubiquitous human herpesvirus
that is carried by more than 90% of the human population as
a lifelong latent infection (reviewed in reference 41). EBV
transforms or immortalizes B cells in vitro (37), and this prop-
erty has been used as an assay for the virus itself (31) and for
virus-neutralizing antibodies (18, 35). Despite the transforming
properties of the virus, EBV infection is asymptomatic in the
vast majority of individuals. Nevertheless, it is associated with
a number of important cancers including undifferentiated na-
sopharyngeal carcinoma, endemic Burkitt’s lymphoma, certain
Hodgkin’s lymphomas, and posttransplant lymphoproliferative
disease (1). A normal, healthy immune response appears to be
essential in maintaining the asymptomatic carrier state.

Most work on cell-mediated immune responses to EBV has
focused on secondary immune responses to the virus in sero-
positive individuals and has concentrated on the major histo-
compatibility complex (MHC) class I-restricted cytotoxic re-
sponse of peripheral blood CD8" T cells to EBV-transformed
lymphoblastoid B-cell lines (LCL) (reviewed in references 40
and 43). Activation of memory T cells from peripheral blood
from seropositive individuals causes the growth of EBV-trans-
formed B cells to regress in vitro (42). More recently, there
have been a number of reports of cytotoxic CD4™ T cells which
are able to inhibit LCL growth (22, 32, 46, 50). Several mech-
anisms of killing by CD4™ T cells, including Fas/Fas ligand,
granzyme, and perforin, have been reported (50). Further-
more, CD4 ™ T-cell effectors from seropositive individuals have
been shown to inhibit the initial phase of EBV-induced B-cell
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proliferation (34). However, under certain circumstances
CD4™" T cells can also enhance LCL growth in vitro (20), and
T cells are required for the optimal development of EBV B
lymphomas in SCID-Hu mice (13, 23, 24, 36), providing fur-
ther evidence of potential T-helper function in B-cell growth
transformation by EBV.

EBYV infection is usually acquired in infancy, at which time it
is not associated with any defined clinical disease and is pre-
sumed to be asymptomatic. However, if primary infection is
delayed until adolescence or adulthood, a high proportion of
individuals develop infectious mononucleosis (IM) (reviewed
in reference 2). IM is characterized by increased numbers of
EBV-infected B cells in peripheral blood and massive oligo-
clonal expansion of EBV-specific CD8" T cells (11, 12). Al-
though the reason why IM occurs only in some individuals is
not known, one possible interpretation of the above observa-
tions is that IM occurs when primary EBV infection is not
adequately controlled, leading to a subsequent overstimulation
of CD8 T cells by EBV-infected B cells.

Primary EBV-specific cytotoxic CD8" T-cell responses to
LCL have not been demonstrated in vitro. Several studies have
detected primary cytotoxic CD4" T-cell responses either in
fetal cord blood or in lymphocytes from seronegative adults
following stimulation by autologous EBV-infected LCL (28,
29, 46, 50). In addition. EBV-transformed LCL can activate
NK cells from both adult and fetal blood (29). However, LCL
are not able to restimulate in vitro all of the responses that
occur to EBV in vivo. These include responses to those lytic
cycle antigens not present in LCL (38) and some EBV antigens
that require presentation by bystander dendritic cells (7). The
limitations of studies using LCL to stimulate a response and
the potential importance of primary immune responses to
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EBV have prompted us to examine the immune reaction of
unprimed fetal cord blood lymphocytes to EBV challenge with
live virus.

Fetal cord blood lymphocytes have been used for many years
to assay EBV in terms of its ability to transform cord blood B
cells. It has been tacitly assumed that fetal cord blood has no
immune response to EBV and is therefore ideal for this pur-
pose. Here we present evidence to the contrary and describe
primary cellular immune responses to EBV-infected cells by
fetal cord blood lymphocytes. The variation in these responses
relates to the variation in the observed B-cell transformation
titer of a standard sample of virus. The data shown demon-
strate that cellular immune responses of naive fetal cord blood
lymphocytes can regulate EBV infection in vitro and that these
responses vary greatly among individuals.

MATERIALS AND METHODS

Collection of fetal cord blood. Samples of fetal cord blood were collected from
placental veins, following elective caesarean section, by aspiration into 50-ml
heparinized syringes (20 U/ml) within 10 min of delivery. The blood was pro-
cessed immediately following collection. Each sample was diluted 1:1 with RPMI
1640 medium containing 10 mM glutamine, 100 IU of penicillin/ml, and 10 g of
streptomycin/ml. The diluted blood was layered over Ficoll Hypaque (Lympho-
cyte separation medium; ICN Flow) and centrifuged at 400 X g for 30 min at
room temperature. Cells from the interface were collected and washed twice by
suspension and centrifugation in phosphate-buffered saline (PBS). At the second
wash, a 10-ul sample was mixed in a 1:1 ratio with red blood cell-lysing fluid
(Haemolyse; Coulter), and nucleated cells were counted. Following centrifuga-
tion, the cells were resuspended at 2 X 107/ml in RPMI 1640 with 50% fetal calf
serum (FCS) and 10% dimethyl sulfoxide, and 1-ml aliquots were frozen and
stored in liquid nitrogen.

Virus preparation. High-titer stocks of the B958 laboratory strain of EBV
were prepared from B958 cells (American Type Culture Collection [ATCC]) as
previously described (49). Briefly, 10 liters of cell culture was centrifuged at 700
X g for 10 min to remove cells and debris. The supernatant was then centrifuged
at 100,000 X g for 90 min to pellet the virus, which was resuspended in RPMI
1640-10% FCS, filtered through a 0.22-pm-pore-size filter, and stored frozen at
—70°C.

Cell culture. All cells were cultured in RPMI 1640 supplemented with10 mM
glutamine, 100 IU of penicillin/ml, 10 pg of streptomycin (Gibco)/ml, and 10%
FCS. EBV-transformed LCL were recovered from the initial virus titration
plates; for samples where no initial virus transformation occurred, LCL were
initiated by culturing an aliquot of cord blood with EBV in the presence of 5 g
of phytohemagglutinin A (PHA)/ml. Established lines were cultured in 10-ml
flasks and split 1:5 twice weekly. Other cell lines used as targets in cytotoxicity
assays were the MHC class I-negative myeloid cell line K562 (ATCC) and the B-2
microglobulin-negative Burkitt’s lymphoma line Daudi (ATCC). The MHC class
I-negative lymphoblastoid cell line LCL721.221 (referred to below as 221) (45)
was a gift from V. Braud, University of Oxford.

Virus titration. Simultaneous titration of a single aliquot of EBV was carried
out on six unfractionated cord blood samples as previously described (49).
Briefly, serial 10-fold dilutions of 10! to 10~° were made from a single vial of
concentrated virus. A vial of each of the six cord blood samples was thawed, and
the cells were resuspended in tissue culture medium at a concentration of 2.2 X
10%/ml. For each cord blood sample, six 900-ul aliquots of cell suspension were
mixed with 100-pl aliquots of each dilution of virus. Following a 1-h incubation
at 37°C, each dilution of cells and virus was plated out into 10 replicate wells of
a 96-well microtiter plate containing a further 100 wl of medium to give a final
volume of 200 pl/well. Samples were incubated at 37°C in a humidified atmo-
sphere of 5% CO, and fed weekly by replacement of 100 pl of medium per well.
After 6 weeks the wells were examined under an inverted microscope and scored
for the presence of typical colonies of EBV-transformed cells. The virus titer was
defined as the highest dilution at which 50% of the wells were positive for
EBV-transformed growth, calculated as previously described (39, 49).

Virus challenge. An aliquot of cord blood lymphocytes was resuspended in
RPMI 1640-10% FCS at 2 X 10°ml. A 10-pl volume of concentrated virus was
added to each milliliter of cell suspension (equivalent to a virus concentration of
at least 100 times its 50% end point titer assayed in a permissive sample of cord
blood). The samples were cultured for 7 days, the cells were harvested, and their
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phenotypes were determined by flow cytometry, or the cells were assayed for
cytotoxic function in a chromium release assay.

Cytotoxic assay. Cytotoxic function was assayed by chromium release. A total
of 10° target cells were labeled by incubation with 0.1 wCi of >'Cr (Amersham)
in 100 wl of Hanks’ balanced salt solution at 37°C for 1 h. The target cells were
washed in PBS and then resuspended at a concentration of 10°/ml in tissue
culture medium. A 100-pl volume of target cells was placed in wells of a 96-well
V-bottom plate, and 100 pl of effector cells was added to triplicate wells. Control
wells containing 100 ul of medium alone (background counts per minute) or 100
wl of 1% Triton X-100 (total counts per minute) were also prepared. The plates
were centrifuged at 400 X g for 30 s to pellet the cells and were incubated for 5 h
at 37°C, at which time 50 wl of supernatant was removed and mixed with 250 pl
of scintillant (Optiphase Hi Safe; LKB) in 96-well polyethyltolbuamide (PET)
plates, and counts per minute were then determined with a scintillation counter.
The average of each triplicate was taken, and the percent specific cytotoxicity was
calculated by the following formula: (specific counts per minute — background
counts per minute)/(total counts per minute — background counts per minute) X
100.

Flow cytometry. Debris and dead cells were removed from 7-day cultures by
overlaying T cells on an isotonic density gradient of 18.36% (wt/vol) metrizamide
made up by using 1.02 ml of 36% (wt/vol) metrizamide in distilled water (ICN
Flow) plus 0.94 ml of PBS and 0.04 ml of FCS. Live cells were collected from the
interface after centrifugation at 500 X g for 15 min.

Prior to staining, both fresh and cultured cord blood cells were pelleted,
resuspended in 5 ml of 0.15 M ammonium chloride~10 mM potassium bicarbon-
ate-100 mM EDTA, and incubated for 5 min at room temperature to lyse red
blood cells. Cells were washed and resuspended at a concentration of 10%ml in
PBS-0.01% sodium azide. Aliquots (100 pl) were stained for 1 h at 4°C with the
following fluorochrome-conjugated antibodies: anti-CD4—phycoerythrin (PE)
(clone MT310; Dako), anti-CD8fluorescein isothiocyanate (FITC) (clone
DK25; Dako), anti-CD3-PE-Cy5 (UCHT1; Sigma), anti-CD45RA-FITC (clone
F8.11.13; Sigma), anti-CD45RO-PE (UCHL1; Sigma), anti-CD16-FITC (Sero-
tec), or anti-CD69-PE-Cy5 (Immunotech). Cells were washed and analyzed on
a FACScan (Becton Dickinson). Data were analyzed with WinMDI software
(Scripps). Cells were prepared and stained for fluorescence sorting as described
for flow cytometry by using azide-free buffers, and the final suspension was made
in PBS-0.05 mM EDTA-1% bovine serum albumin. Samples were analyzed by
using a FACSscan. Ten thousand gated events were collected for each sample.
Cell sorting was carried out by using a FACS Vantage flow cytometer (Becton
Dickinson).

Intracellular cytokine staining was carried out on fresh cord blood lympho-
cytes, cells cultured for 7 days after virus challenge, or cells cultured for 4 days
with PHA. The latter were maintained until day 10 by resuspension in a medium
containing 10 IU of recombinant interleukin-2 (IL-2)/ml. Cells were first restim-
ulated by culturing for 5 h with the addition of 50 ng of phorbol myristate acetate
(PMA)/ml, 250 ng of ionomycin/ml, and 10 mM monensin (Sigma) before intra-
cellular cytokine staining was carried out. Cell debris was removed by centrifu-
gation through metrizamide as described above, and cells were washed and
resuspended in 0.1 M lysine-0.05 M phosphate buffer. Cells were fixed by addi-
tion of 8% stock paraformaldehyde to a final concentration of 0.5%. After 1 h,
cells were pelleted, resuspended in fresh lysine phosphate buffer, and then kept
at 4°C until analysis. Cells were made permeable for staining by washing and
suspension in PBS containing 0.1% saponin (Sigma). The cells were stained with
anti-CD4-FITC, anti-CD3-Cy5, and either a PE-conjugated immunoglobulin
G1 (IgG1) control antibody (Sigma) or anti-gamma interferon (anti-IFN-y)
(Serotec), PE-anti-IL-2 (Sigma), or PE-anti-IL-4 (Sigma). Results were ana-
lyzed on a FACSscan flow cytometer.

Fractionation of cord blood cells. B cells and monocytes were purified from
whole cord blood by magnetic cell sorting. Cells were labeled with either the
anti-CD19 antibody clone HD37 or the anti-CD14 antibody clone TUK4 (Dako),
followed by a goat anti-mouse paramagnetic microbead conjugate (Miltenyi
Biotec, Bisley, Surrey, United Kingdom). Cells were washed in PBS-0.1% bovine
serum albumin-1 mM EDTA and passed over a “Minimacs” column (Miltenyi
Biotec). Retained CD19* B cells or CD14™ monocytes were eluted, washed in
PBS, and then resuspended in RPMI medium. The flowthrough was further
passed through a glass bead column coated with human IgG and anti-human
immunoglobulin to remove all remaining Fc receptor- or immunoglobulin-pos-
itive cells; the remaining cells were analyzed by flow cytometry and shown to be
90% CD3* T cells.

Generation of CD4* T-cell lines. Autologous LCL were produced from cord
blood by transformation with B958 virus. Once established, the LCL were cul-
tured in 10% autologous plasma and used to stimulate T-cell responses from
cord blood lymphocytes as previously described (50). Briefly 2 X 10° cord blood
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FIG. 1. Photomicrograph of fetal cord blood 4 days after infection
with EBV. Large clumps of cells have formed throughout the well,
indicating that many cell types become activated and adhere to one
another in association with EBV-infected B cells.

lymphocytes were mixed with 5 X 10* irradiated (3,000 rads) autologous LCL in
2 ml of RPMI-10% autologous plasma. On day 10, the cultures were stimulated
with a further 2 X 10° autologous LCL in autologous plasma. On day 14 and
weekly thereafter, the cultures were adjusted to 10° cells per ml and stimulated
with the addition of 10° autologous LCL and 10 U of IL-2 per ml. Once
established, the cultured cells were more than 80% CD4" T cells. They were
purified to 100% CD4" T cells by magnetic activated cell sorting.

RESULTS

Not all fetal cord blood samples support EBV transforma-
tion. Following EBV challenge of fetal cord blood, clumps of
cells were visible after 4 days (Fig. 1). Surprisingly, in as many
as 20% of individual cord blood samples, the clumps were seen
to disperse after 2 weeks and the cells died out, indicating an
apparent regression of transformation. Figure 2 shows virus
titers following transformation of five separate samples of fetal
cord blood, demonstrating the variation in virus titer between
different cord bloods, including one that failed to transform.
By comparison, purified B cells from the same samples gave a
10-fold-lower titer of virus in four out of five cases. This indi-
cates that B cells require the help of some accessory cells for

Virus Titre

Cord blood B-cells B-cells + MO B-cells + T-cells

FIG. 2. Bar graph showing the transformation titers of EBV on five
separate samples of unfractionated cord blood. The titer of virus was
lower when measured on purified B cells. The titer was restored by
addition of monocytes (M) to the purified B cells. In contrast, addi-
tion of T cells to purified B cells reduced the virus titer.
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TABLE 1. Apparent transformation titers of a single sample of
EBYV measured simultaneously on six samples of fetal cord blood
containing various proportions of CD19™" cells

Cord blood sample % CD19™" cells Log, virus titer

1 2.5 4.52
2 2.7 491
3 12.0 12
4 8.0 <1.0
5 3.0 59
6 5.7 3.85

optimal transformation. In contrast, the purified B cells from
the sample which failed to transform also grew into LCL,
indicating that failure to transform the unfractionated sample
of cord blood was not due to a functional deficit of either the
virus or the B cells. Furthermore, addition of CD14" mono-
cytes to the B cells partly restored their transformation, pro-
viding evidence for the role of monocytes as accessory cells
enhancing virus transformation, whereas addition of resting T
cells to the purified B-cell cultures reduced or eliminated the
transformation. These results indicate that primary cellular
immune responses in cord blood can exert a controlling influ-
ence on EBV transformation of B cells in vitro and that this
may account for the variation in virus transformation titer that
has been observed between different samples of cord blood
lymphocytes.

The same EBV preparation gives different transformation
titers against cord blood lymphocytes from different individu-
als. In order to control for variation between cord blood sam-
ples, possibly due to differences in the method of collection or
the length of time between collection and processing, we col-
lected six samples of cord blood in an identical manner, sep-
arated the lymphocytes, and froze them within 1 h. We then
titrated a single sample of EBV on an aliquot of each cord
blood sample. The results shown in Table 1 demonstrate that,
depending on the cord blood sample on which it was titrated,
a single sample of virus can have an apparent transformation
titer ranging from zero up to a maximum of 10°°. This could
not be explained by the variation in the number of B cells
between samples.

Fetal cord blood CD4™ T cells and NK cells become acti-
vated following EBV challenge. To determine which cord blood
lymphocytes might be involved in responses to EBV challenge
in vitro, we determined the phenotypes of the fresh fetal cord
blood lymphocytes and the cells remaining in a fetal cord blood
culture 7 days after virus challenge. The proportions of T cells,
monocytes, and NK cells in freshly isolated fetal cord blood are
similar to those in adult blood. Analysis of the resting cells in
the six samples used in the above experiment showed that
CD4" (43% =+ 6.3%) and CD8" (21% =+ 4.3%) T cells to-
gether make up the majority of the cells (Fig. 3a). The remain-
ing cells were mostly CD14" monocytes (12% =+ 3.3%),
CD16" NK cells (16.4% * 4.4%), and CD19" B cells (5.7% =+
3.7%) (data not shown). The CD45RA isotype indicative of
naive cells was present on a proportion of the cord blood
lymphocytes (Fig. 3b). A few CD45RO™ memory cells were
also found in most samples (Fig. 3b). Fewer than 1% of resting
cells expressed CD69, a marker of early activation on a range
of cell types (data not shown).
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FIG. 3. Flow cytometry plots of fetal cord blood stained with different combinations of fluorescent antibodies. (a) CD4-PE and CD8-FITC
staining of fresh fetal cord blood, showing the typical pattern of CD4"&" T cells and CD4'°~ monocytes on the y axis versus CD8"&" T cells and
CD8'"¥ NK cells on the x axis. Third-color staining with CD3-PE-Cy5 confirmed the phenotype of the T cells (data not shown). (b) CD45 expression
on freshly isolated cord blood. Many of the cells express the CD45RA isoform, which is typical of naive lymphocytes; only a few cells express the
CD45RO isoform, present on memory cells. A considerable number of cells do not express either isoform of CD45. (c) There is a slight increase
in the proportion of fetal cord blood cells expressing CD45RO after 7 days of culture, indicating that some cells have become activated and
developed a memory phenotype. (d) There is a greater increase in the proportion of cells expressing CD45RO 7 days after EBV challenge of fetal
cord blood, indicating that many cells have become activated and developed a memory phenotype.

After culture for 7 days in medium alone, there was a con-
siderable reduction in the total number of live cells recovered,
and the proportion of cells of each phenotype also changed.
Invariably, some cells present after culture in FCS alone
became activated, as demonstrated by the expression of
CD45RO (Fig. 3c) or CD69 (Fig. 4 a through c). However, by
comparison, following virus challenge there was both a greater
recovery of total viable cells after a week in culture and a more
marked increase in the proportion of cells expressing CD45SRO
or CD69 (Fig. 3d and 4e through g). Overall, following virus
challenge, there was a reduction in the average percentage of
CD4™" T cells (24.6% = 10%); however, a substantial portion
(40% = 13%) of these CD4™" T cells were now activated, as
indicated by their expression of CD69 (Fig. 4d). Conversely,
there was an increase in the average percentage of CD16™ cells
(38% = 17%), the majority of which (74% =+ 9.8%) now
coexpressed CD69 (Fig. 4f), indicating that they too had be-
come activated. There was also an increase in the percentage
of CD69" CD8* cells (Fig. 4¢); however, these were almost
entirely CD8'*" CD3~ CD16" cells, with only a small propor-

tion of CD8"e" CD3™ T cells remaining, of which only a few
expressed CD69 (Fig. 4e).

We analyzed the data for correlation between the activated
phenotype of the cells from each of the six cord blood samples
and the transformation titer of EBV virus obtained for that
sample. Figure 5 depicts the statistically significant negative
correlation (Spearman’s rank correlation coefficient [r] =
0.943; P < 0.035; n = 6) between the percentage of CD16" NK
cells on day 7 and the ultimate virus transformation titer, i.e.,
samples with the lowest virus transformation titers had the
highest numbers of NK cells on day 7 postchallenge. Con-
versely, there was a trend toward higher percentages of CD4™"
cells in samples with high virus transformation titers, but this
was not statistically significant (P > 0.05) (data not shown).

Cytotoxic function of EBV-activated cord blood lympho-
cytes. We went on to test the cytotoxic activity, against autol-
ogous LCL and NK target cells, of EBV responder cells from
fetal cord blood 1 week after stimulation with virus. First, we
measured the cytotoxicities of 100-pl aliquots of the resus-
pended cultures without recovering or adjusting the numbers
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FIG. 4. (a through c) Expression of CD4 and CD69 (a), CD8 and CD69 (b), or CD16 and CD69 (c) on fetal cord blood cells after 7 days in
culture with FCS alone. (d through f) Expression of CD4 and CD69 (d), CD8 and CDG69 (e), or CD16 and CD69 (f) on fetal cord blood cells 7

days after challenge with EBV.

of viable cells. In this way we could obtain a measure of the
total cytotoxic capacity induced by EBV exposure in any cord
blood sample. The results of this experiment are shown in Fig.
6. There was some cytotoxicity toward K562 NK and Daudi
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FIG. 5. Significant negative correlation between the transformation
titer of EBV obtained with each cord blood sample and the percentage
of CD16™ cells present in cultures of the same cord blood sample 7
days after virus challenge.

target cells following virus challenge in most of the samples.
This cytotoxic activity was greatest in those samples that had a
high percentage of NK cells and gave a low virus transforma-
tion titer. In addition, the two samples with the highest NK
activities were also able to kill autologous LCL. However,
these results take no account of differences in the numbers of
live cells present on day 7 or of potential differences between
the NK activities of the original individual resting cord blood
samples.

To address these issues, we compared the cytotoxic function
of the fresh cord blood samples with the cytotoxic activity of
the live cells on day 7. In this experiment the live cultured cells
were recovered on metrizamide gradients and used at the same
effector/target ratios. Figure 7 shows the cytotoxic activities of
fresh and cultured cord blood lymphocytes from three of the
six cord blood samples. The first of these did not support virus
transformation (Fig. 7a), the second showed an intermediate
transformation titer (Fig. 7b), and a third showed a high trans-
formation titer (Fig. 7c) following exposure to virus. All of the
samples from fresh cord blood had NK cell activity against the
MHC class I-negative 221 cells but not against autologous LCL
(Fig. 7). After 7 days of culture following exposure to EBV,
there was a marked increase in NK activity in the sample with
a low transformation titer, and this sample showed high levels
of killing of autologous LCL. A similar pattern was seen in the
samples with intermediate virus titers. In contrast, 7 days after
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FIG. 6. Cytotoxic activities in 100-pl aliquots of cells taken from
cord blood cultures 7 days post-virus challenge. The percentage of
CD16" NK cells in each culture is given. All cultures had some cyto-
toxicity for the NK K562 target cells. The cultures with high percent-
ages of CD16™ cells had the highest NK activities; they were also able
to kill the Burkitt’s lymphoma cell line Daudi, which is a target for
lymphokine-activated killer cells, as well as autologous LCL.

exposure to EBV, there was minimal change in the NK activ-
ities of the samples with high transformation titers. These
samples also showed only a marginal increase in killing of
autologous LCL at this time. Overall, the results show that the
high levels of cytotoxicity seen in cord blood samples with low
virus transformation titers are associated with activation of
cells by exposure to EBV, leading to both quantitative and
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qualitative increases in cytotoxic capacity against both NK tar-
gets and autologous LCL.

Both NK and CD4*% T cells are cytotoxic for LCL after
activation. In resting cord blood, two populations of CD16™"
cells can be seen by flow cytometry: a CD16Me" CD56"e#/ oV
and a CD16"" CD56'"" population (Fig. 8a). Gating on for-
ward and side scatter showed that the latter population was
large and granular, properties typical of NK cells. Following
culture with EBV, the CD16" " cells were no longer found in
the culture and only a CD16'Y CD56"" population of cells
remained (Fig. 8b). Further analysis showed that the CD16'"
cells were CD8'*%, CD3 ", and CD4 "~ (Fig. 8c through €). This
phenotype is consistent with their being NK cells. NK cells are
generally associated with killing of MHC class I-negative tar-
gets; however, LCL express MHC class 1. Therefore, we used
fluorescence-activated cell sorting (FACS) to investigate if the
killing of LCL was mediated by an NK CD16" CD3" cell
population or by CD4" CD3™ T cells. Figure 8e shows the two
distinct populations of either CD4™ or CD16™ cells seen in
cord blood samples on day 7 after virus challenge. Following
FACS separation, these cells were placed in a cytotoxic assay
against 221 cells and autologous LCL. The results of this assay
on sorted cells from three samples of cord blood (Fig. 9)
demonstrate that the autologous LCL were killed by both
CD16" and CD4" cells. The CD16 " cells also killed the MHC
class I-negative LCL 221 NK target, confirming the identity of
the cultured CD16" cells as NK cells.

EBV-activated CD4" T cells from cord blood produce
IFN-y. In addition to an alteration in the CD45 isoform,
CD69 expression, and enhanced cytotoxic function, the
CD4"% T cells also showed a change in their pattern of
cytokine production 7 days after virus challenge. Fresh cord
blood lymphocytes, when stimulated with PMA and iono-
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FIG. 7. Comparison of cytotoxic activities in three samples of cord blood before virus challenge and on day 7 after virus challenge. Open
rectangles, NK activity of fresh cord blood against the MHC class I-negative cell line 221; filled rectangles, NK activity of the cells against 221 target
cells on day 7; open triangles, cytotoxic activity of fresh cord blood against autologous LCL; filled triangles, cytotoxic activity of the same sample
against autologous LCL 7 days after virus challenge. (a) Cells from a cord blood sample with a low virus transformation titer of <10'; (b) cells
from a sample with an intermediate titer of 10*%; (c) cells from a cord blood sample with a high titer of 10°°. All of the resting samples had NK
activity but showed no significant lysis of autologous LCL. After 7 days of culture, there was an increase in NK activity in all the samples; this was
greatest for samples a and b, with a low or intermediate virus titer, respectively. This increase in NK activity was accompanied by the development
of cytotoxicity toward autologous LCL, which was most marked in the samples with lower virus titers.
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FIG. 8. Phenotypes of NK cells in resting fetal cord blood and cultured fetal cord blood 7 days post-virus challenge. (a) Dual staining of fresh
fetal cord blood showing two populations of CD16* and CD56" cells. The CD56™ CD16'" population was shown to be large and more granular,
consistent with their being NK cells. CD16 was also found on CD14* monocytes (data not shown). (b) Seven days after virus challenge, there was
a mixed population of CD16" and CD56™ cells. CD14" monocytes were absent from these cultures (data not shown). (¢ through e) The
CD16" cells also expressed low levels of CD8 (c) but were CD3™~ (d) and CD4~ (e). (f) The CD8"" cells did not express CD3, but the CD8"e"
cells were CD3™" T cells. The data indicate that the CD16™ cells present in day-7 cultures have an NK cell phenotype.

mycin, produced only IL-2; this is consistent with their naive
phenotype (data not shown). Furthermore, T-cell blasts,
generated by PHA stimulation and maintained for 10 days in
IL-2-containing medium, also produced only IL-2 (as de-

a 72.221 target cells

% cytotoxicity

CD4

tected by intracellular staining) upon restimulation with
PMA and ionomycin (Fig. 10a). In contrast, following 7 days
of culture with EBV, CD4™" T cells developed a Thl phe-
notype, as demonstrated by their ability to produce both

b autologous LCL targets
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FIG. 9. Cytotoxic activities of CD16" and CD4" populations purified by FACS. (a) Cytotoxic activity of CD16" and CD4" cell populations
derived from cultures of fetal cord blood 7 days after virus challenge and FACS purification. The MHC class I-negative 221 target cells were killed
most effectively by the CD16™ population. They were only slightly affected by purified CD4™" T cells. (b) In contrast, autologous LCL were killed

both by CD16" and by CD4* populations of effector cells.
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FIG. 10. Flow cytometry of intracellular cytokines in T-cell blasts derived from fetal cord blood. Cells were stained with anti-CD4-FITC and
anti-CD3-Cy5 plus control IgG-PE or anti-cytokine-PE. Plots show the gated CD4" CD3™ population. (a) Cord blood cells were stimulated with
PHA for 3 days and then washed and cultured in fresh medium with IL-2 until day 7, at which time they were restimulated with PMA and
ionomycin for 6 h in the presence of monensin prior to intracellular staining. (b) Cord blood cells cultured for 7 days after infection with EBV.
Prior to staining, cells were restimulated with PMA and ionomycin in the presence of monensin for 6 h. The results show that PHA blasts retained
a naive phenotype and produced only IL-2 upon restimulation. In contrast, EBV-stimulated blasts produced both IL-2 and IFN-y, but not IL-4.

IL-2 and IFN-v, but not IL-4, when restimulated with PMA
and ionomycin (Fig. 10b).

Inhibition of transformation by CD4™ T cells activated by
coculture with autologous LCL. The addition of resting CD4™"
T cells to purified B cells resulted in a reduction in the virus
transformation titer in four out of five samples, indicating that
they may directly inhibit virus transformation (Fig. 2). How-
ever, this experiment also demonstrates that monocytes act as
accessory cells for optimal B-cell transformation. Monocytes
coexpress CD4 and CD16, and depletion experiments to fur-
ther assess the role of CD4™" T cells or CD16 NK cells are
likely to be confounded by codepletion of monocytes. We
therefore measured the effect of adding autologous EBV-re-
active CD4 " T-cell blasts on the transformation of cord blood.
CD4™" T-cell lines were generated from cord blood by stimu-
lation with autologous LCL. The cells were cultured in autol-
ogous serum to avoid generating CD4" T cells reactive to
components of FCS. Further duplicate titrations of virus were
carried out on another aliquot of cord blood. Autologous
CD4" T-cell blasts were added to one of the titration plates at
a ratio of 1 CD4™ T cell to 100 cord blood lymphocytes. Table
2 shows the results from four separate samples. In three sam-
ples the addition of autologous CD4" T-cell blasts completely
eliminated virus transformation, while in the fourth sample the
T cells had no effect. Taken together, these results indicate that
CD4™" T cells mostly inhibit virus transformation.

DISCUSSION

For many years fetal cord blood has been used to assay the
concentration of virus in EBV preparations. The assay calcu-
lates the virus dilution at which 50% of wells in a 96-well plate,
each containing 2 X 10° lymphocytes, are transformed by virus,
resulting in outgrowth of an EBV-infected LCL (49). It has
been tacitly assumed in the use of this assay that cord blood
contains no significant immune response to inhibit the growth
of EBV-infected B cells. However, a growing number of re-
ports demonstrate the ability of EBV-transformed LCL to
induce primary responses in fetal cord blood (28, 29, 46, 50).
Furthermore, it has been routine practice in this laboratory to

TABLE 2. Influence of autologous EBV-reactive CD4" T-cell lines
on EBV transformation of cord blood

Log,, virus titer
on cord blood”

Log,, virus titer on cord blood
plus CD4 blasts”

¢ Virus was titrated on whole cord blood as described in Materials and Meth-
ods.

b Virus was titrated on whole cord blood with the addition of 10* autologous
T-cell blasts to each individual well.
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remove adherent cells from cord blood lymphocytes, because
this was found to reduce variation between EBV transforma-
tion assays. The mechanism by which the removal of adherent
cells caused this effect was never investigated, but one possible
explanation would be that depletion of antigen-presenting cells
limits the activation of an immune response. Here we report a
large variation in the apparent virus transformation titer when
samples of fetal cord blood from six individual donors were
transformed with the same virus sample without depletion of
adherent cells.

This variation in apparent transformation titer could not be
explained by variation in the virus preparations themselves,
since the virus dilutions were prepared simultaneously from
the same stock. Furthermore, flow cytometry did not reveal any
large differences in the numbers of B cells in the six fetal cord
blood samples prior to addition of virus that could have ac-
counted for the variation. Likewise, the cord blood samples all
had similar numbers of T cells, monocytes, and NK cells as well
as similar levels of NK activity at the start of the trial. In
contrast, at 1 week following virus challenge there was a clear
association between the number of activated NK cells in the
culture and failure of virus transformation.

The importance of NK cells in controlling virus infections
has been highlighted by numerous studies, and their role is of
particular importance in herpesvirus infections (6, 21, 25). NK
cells are regulated by a number of activating and inhibitory
receptors that control their cytotoxic function. These include
the inhibitory receptors regulated by MHC class I, which allow
the killing of a number of MHC class I-negative cells (6, 30,
47). It has been suggested that some inhibitory signals can be
mediated by MHC class I-independent mechanisms (4). In
humans at least eight activating receptors belonging to immu-
noglobulin or lectin families of proteins have been identified
on NK cells, and the ultimate decision as to whether a cell is
lysed or not is thought to depend on the relative balance of
inhibitory and activation signals (30, 47). Several studies of NK
cells from freshly isolated seropositive and seronegative adult
blood have shown that NK cells can inhibit the outgrowth of
EBV-infected cells (8, 9, 21, 27). Importantly, it has been
shown that NK cells freshly isolated from fetal cord blood were
unable to inhibit LCL outgrowth (27) but that NK cells from
cord blood can be activated by culturing in the presence of
EBV-infected LCL (29). It has also been shown that superin-
fection of B-cell targets with EBV or induction of lytic repli-
cation enhances the susceptibility of cells to NK lysis (8, 9).
These earlier observations are in agreement with our findings
that freshly isolated fetal cord blood lymphocytes do not kill
LCL in cytotoxicity assays and that cord blood NK cells are
able to do so only subsequent to activation in cultures chal-
lenged with virus. The interaction between CD48 on EBV-
infected B cells and 2B4 (CD244) on activated NK cells has
recently been shown to be critical for regulation of EBV in-
fection by NK cells. Defective NK cell signaling through this
pathway has been shown to underlie X-linked lymphoprolif-
erative disease, in which fatal fulminant infectious mononucle-
osis follows primary EBV infection (25, 30). Further quantita-
tive studies on the expression of NK-activating and -inhibitory
ligands associated with EBV infection will be required to clar-
ify the mechanism of NK target recognition in primary EBV
infection.

PRIMARY IMMUNE REGULATION OF EBV TRANSFORMATION 5079

Numerous cytokines, including interferons, IL-2, IL-12, and
IL-15, have been shown to activate NK cells, inducing them to
proliferate and enhancing their cytotoxic activity in vitro (5, 6,
9, 16, 21, 44). In vivo, following culture of peripheral blood
lymphocytes in medium containing IL-2, the resultant lympho-
kine-activated killer cells are able to regulate the outgrowth of
EBV-associated posttransplant lymphomas in humans (33). In
murine models, NK cells activated in the presence of IL-2
up-regulated CD95 ligand and acquired the ability to kill
CD95-positive tumor cells (10, 26). CD95 ligand is also up-
regulated on human NK cells in response to cytokines (6).
Cytokine secretion by T cells or monocytes may therefore
represent a mechanism by which NK cells become activated
and kill EBV-infected cells during a primary immune response.
We have previously shown that CD4™ T cells can kill LCL by
CD95/CD?95 ligand-induced apoptosis (50). If CD95 ligand on
NK cells is up-regulated by cytokines, then the killing of LCL
would be an intrinsic property of these NK cells and could be
independent of further activation or inhibitory signals. Our
results suggest that, in primary EBV infection, CD4" T cells
may play a central role in regulating EBV transformation, both
by directly killing EBV-infected B cells and by secreting IL-2,
which would induce NK cells to kill these infected targets.
Others have recently shown that CD4" T-cell effectors can
inhibit the early phase of EBV-induced B-cell proliferation
(34).

Our earlier observation that monocyte depletion enhanced
EBV transformation was confirmed and may in part be ex-
plained by the influence of monocytes on the activation of NK
cells through cytokine production. IL-12 and IL-15 are both
produced by monocytes and can activate NK cells and enhance
their production of IFN-vy (14, 15, 48). IL-12 was first described
as a product of EBV-transformed B-cell lines that activated
NK cells (48). IL-15 also has an important role in the early
activation of NK cells in response to virus infections, including
EBV and human herpesvirus-7 infections (3, 21, 48). Clearly,
further investigation of the role of monocytes in the control of
EBV transformation is needed.

Despite the evidence in favor of NK cells being the major
effector cell in regulating EBV infection of fetal cord blood,
this does not explain why cord blood samples were not all able
to eliminate EBV transformation. Both cytotoxic function as-
says and flow cytometry showed only small differences in NK
activity and numbers of CD16 " cells at the start of the culture,
so a lack of NK precursors is unlikely to be the explanation for
the failure of some cord blood samples to eliminate EBV.
Likewise, the proportion of CD14" monocytes showed little
variation between samples. The situation with CD4™ T cells is,
however, different. Although the total numbers are similar at
the start, the response of each individual will vary depending
on the MHC alleles and T-cell-receptor repertoire. Such vari-
ation in the numbers of responding CD4 ™" T cells could, there-
fore, explain the differences between samples. Evidence for the
central role of CD4™ T cells in the primary immune response
comes from the observation that T-cell depletion led to a
larger increase in virus titer than either CD16 or CD14 deple-
tion. In the cottontop tamarin model of EBV lymphomagen-
esis (17, 19), immunity is mediated by a combination of CD4"
T cells and CD8" NK or CD8" T cells. Vaccination studies
with this model showed that priming of an antigen-specific
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CD4" T-cell cytotoxic response was required for optimum
activation of the NK cell component (51, 52). Several studies
with humans have highlighted the cytotoxic activity of CD4" T
cells following stimulation by EBV-transformed LCL in sero-
positive adults (22, 31, 33, 50) and in fetal cord blood (29, 46,
50). In contrast, other studies have shown that under certain
circumstances CD4 " T cells can enhance EBV reactivation by
CD40/CD40 ligand-mediated signals (20). We have observed
that some primary cytotoxic CD4™" T cells are even able to
enhance LCL growth in a long-term assay (data not shown).
Further studies are required to clarify the role of CD4™ T cells
in primary EBV infection; these would include studies on the
precursor frequency of CD4 T cells and investigations of
whether CD4" T cells in cord blood samples with high trans-
formation titers can provide helper functions to enhance EBV
infection.

An important conclusion from the data presented above is
that different primary immune responses in different individu-
als might be reflected in different susceptibilities to primary
EBV infection, infectious mononucleosis, or posttransplant
lymphoma. Furthermore, the NK and CD4" T-cell activities
described above might have a long-term role in the control of,
or susceptibility to, other EBV-associated diseases in adults.
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