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CD28 is not directly involved in the response of human CD3 CD56" natural
Kkiller cells to lipopolysaccharide: a role for T cells

M. R. GOODIER* & M. LONDEI{ *Department of Immunology, Imperial College London, Chelsea and Westminster Hospital,
London, UK, and tDivision of Auto-immunity, Institute of Child Health, University College London, London, UK

SUMMARY

We have previously shown that human CD3~ CD56" and CD3" CD56" cells from some
individuals mount vigorous proliferative responses to lipopolysaccharide. Such responses
have been blocked by the presence of cytotoxic T-lymphocyte antigen-4 immunoglobulin
fusion protein in the cultures, implicating a role for B7-mediated costimulation. Here we
confirm this inhibition of natural killer (NK) expansion using antibodies against B7-1 and
B7-2. We were unable to specifically detect CD28 on the surface of resting or stimulated
human peripheral blood NK cells, however, in either lipopolysaccharide-responsive or non-
responsive individuals, using a panel of four different anti-CD28 monoclonal antibodies. T-cell
depletion from peripheral blood mononuclear cell cultures resulted in a reduction in the
induction of CD25 on activated CD3~ CD56" cells and in the expansion and proliferation of
CD3 ™ CD56" NK cells. Furthermore, reconstitution experiments using peripheral blood
dendritic cells and purified NK cells demonstrated that NK expansion could only be achieved

in the presence of purified T cells.

INTRODUCTION

Human natural killer (NK) cells can be stimulated to proliferate
in vitro using combinations of exogenous recombinant cyto-
kines. In general, optimal NK cell proliferation requires the
combination of interleukin-12 (IL-12) in addition to a growth
factor such as IL-2, IL-7, IL-15, which signal and through the
common 7-chain of the IL-2 receptor complex.l’6 Furthermore
T-cell-derived IL-21 has recently been shown to induce pro-
liferation in human bone-marrow-derived NK cells.”®

We have shown that lipopolysaccharide (LPS) induces the
proliferation of human peripheral blood CD3~ CD56™ cells.’
This proliferative response is dependent on IL-12 and is blocked
by cytotoxic T-lymphocyte antigen-4 immunoglobulin fusion
protein (CTLA-41Ig), suggesting a role for CD80/86-mediated
costimulation.” Such a role for CD80/86 would seem plausible
considering the ability of LPS to augment the expression of
these molecules and of monocyte-derived dendritic cells (DCs)
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to activate human NK cells.”'* Such costimulation could
therefore support NK cell growth by acting on T cells expres-
sing CD28 and driving T-cell-derived growth factor production.
Alternatively, up-regulation of CD80/86 could directly engage
CD28 expressed on NK cells in the absence of any third party
role for T cells.

The CD80/86—CD28 axis is likely to play an important role
in NK-DC interactions as cytolytic activity against autologous
DCs is lost in NK cells from CD28 knockout mice."> The
induction of interferon-y (IFN-v) in murine NK cells is also
enhanced by CD80/86—CD28 interaction and murine NK cells
express low levels of CD28.'"* These studies did not explore,
however, whether analogous to its role in T-cell activation
CD28-mediated costimulation directly influences NK cell pro-
liferation. Two reports have demonstrated that transfection of
target cell lines with human B7-1 (CD80) induces activation
markers such as CD69 and cytolytic activity in human NK
cells.'>'® Furthermore, CD28, the major costimulatory ligand
for CD80/86, has been shown to be present on the surface of
human NK cells using one single monoclonal antibody
(mADb).'> However, other studies have raised doubts on the
expression of CD28 by human NK cells using a series of mAbs
recognizing CD28 only on T cells.'>™"”

In this paper we investigate whether the costimulatory
CD80/86—CD28 axis acts directly on NK cells during LPS-
induced proliferation or whether NK cells were being stimu-
lated by a bystander effect of T-cell activation.
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MATERIALS AND METHODS

Cell preparation and culture

Peripheral blood mononuclear cells (PBMC) were prepared
from blood taken with informed consent from healthy adult
volunteers. Cell stimulations were performed in bulk cultures
using 1 x 10° cells/ml in RPMI-1640 + 10% autologous
plasma. LPS (Sigma, Poole, UK) was used at 1 pg/ml unless
otherwise stated. For inhibition experiments humanized anti-
CD80 and CD86 mAbs (Genetics Institute, Cambridge, MA)
were each used at 5 pg/ml.

T-cell depletions were performed using unconjugated
anti-CD3 mAb (OKT3, American Type Culture Collection,
Rockville, MD) and anti-mouse conjugated magnetic beads
(Miltenyi Biotech, Bergish Gladbach, Germany). After deple-
tion less than 1% of contaminating T cells were detected.

Purification of NK cells, T cells and DCs for reconstitution
experiments was performed by negative selection using mag-
netic bead isolation kits (Miltenyi Biotech). These experiments
were performed using bufty coats (obtained from North Thames
Blood Transfusion Service, London, UK) and all cell fractions
were from a single donor for each experiment. NK cells and T
cells were >98% pure and total myeloid + lymphoid blood
DCs (enriched total HLA-DR high, CD11b negative population)
achieved a purity of >78%. Cells were mixed in the following
proportions: NK cells 1 x 10°, T cells 5 x 10° and DCs
5 x 10* in a total of 1 ml culture volume. Proliferation was
measured by the incorporation of [*H]thymidine after 7 or
8 days of culture, as specified.

Flow cytometry

The expression of CD28 on NK cells was monitored using the
following combinations of mAbs: anti-CD56 biotin (mouse
IgG1, BD Pharmingen, Oxford, UK) together with anti-CD3
fluorescein isothiocyanate (FITC) (mouse IgG1, BD Pharmin-
gen) and phycoerythrin (PE) conjugated anti-CD28 mAb —
CD28.2 (mouse IgG1, BD Pharmingen), L293 (mouse IgGl,
BD Biosciences, Oxford, UK) or YTH913.12 (rat IgG2b,
Serotec, Oxford, UK). Mouse IgG1-PE isotype control reagents
(BD Pharmingen) were used for CD28.2 and L293 and rat
IgG2b-PE (Serotec) for YTH913.12. Cell stainings were per-
formed for three-colour immunofluorescence by simultaneous
addition of anti-CD3, anti-CD56 and either anti-CD28 or an
isotype control reagent and incubation on ice for 30 min. Cells
were then washed twice and incubated with streptavidin Quan-
tum Red (Sigma, Poole, UK) to detect the anti-CD56 reagent.

Isotype blocking experiments were performed by prior
incubation of PBMC with varying concentrations of unconju-
gated rat IgG2b with irrelevant specificity (Serotec) followed by
10 pg/ml anti-CD28-PE (YTH913.12) along with anti-CD3 and
anti-CD56 to identify NK cell and T-cell subpopulations. Mean
fluorescence intensities for YTH913.12 binding were then
calculated on the entire gated cell populations in the presence
or absence of the unconjugated rat IgG antibody.

To assess the proportion of NK cells after culture PBMC
were labelled with anti-CD56 biotin (BD Pharmingen) along
with the following combinations of mAbs: anti-CD3 Quantum
Red and anti-CD94-FITC (mouse IgG1, BD Pharmingen) or
anti-CD3-FITC with anti-CD25 Quantum Red (mouse IgGl,
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Serotec). A total of 20 000 ungated events were acquired for
CD28 expression and T-cell depletion experiments and 10 000
ungated events were acquired for all other experiments.

Bromodeoxyuridine labelling for flow cytometry was per-
formed using the BrdU FLUOS kit (Boehringer Mannheim,
Heidelberg, Germany) according to the following protocol.
PBMC were cultured at 1 x 10%ml in the presence or absence
of LPS and cells were labelled with BrdU at a final concentra-
tion of 10 pg/ml for the last 16 h of culture. Cells were then
washed and first labelled with PE-conjugated anti-CD56 mAb.
Subsequently cells were washed in 70% ethanol, 50 mM gly-
cine buffer and DNA denatured intracellularly in 4 M HCI. After
neutralization of acid BrdU was detected using an FITC-con-
jugated anti-BrdU antibody. The specificity of the detection of
BrdU was controlled by omission of BrdU in control cultures.
Cells were then analysed on a FACScan flow cytometer at
488 nm.

Statistical tests were performed, where possible using a
Student’s paired r-test.

RESULTS

Anti-B7-1 and anti-B7-2 mAbs inhibit NK cell expansion in
response to LPS

We have previously shown that NK cell expansion in response to
LPS can be inhibited by CTLA-4Ig, most probably by blocking
costimulation via CD80/86.° The proportion of NK cells within
PBMC after LPS stimulation correlates with their expansion as
demonstrated previously by CESE incorporation.” Furthermore,
increases in the proportion of CD3~ CD56™ cells in the presence
of LPS are not due to a reduction in the proportions of CD56™ T
and B cells, which are more resistant to cell death (Goodier and
Londei, unpublished results). To confirm the role of CD80/86-
mediated costimulation we therefore measured the propor-
tions of CD3~ CD56™ cells after LPS stimulation of PBMC
in the presence or absence of humanized anti-CD80 and anti-
CD86 mAbs to block these molecules directly. Results for two
representative donors are shown in Fig. 1. We found that the
combination of anti-CD80 and anti-CD86 completely blocked
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Figure 1. B7 requirement for NK cell expansion. PBMC were pre-
incubated with anti-B7 and subsequently stimulated with LPS as
described in Materials and Methods. Cells were taken after 8 days of
stimulation and the proportions of gated CD3~ CD56" CD94" cells
were estimated by flow cytometry. Results for two out of four indivi-
duals are shown, all of which gave similar results.
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Table 1. Depletion of CD3™" cells reduces expansion of CD3~ CD56" cells and proliferation
Percentage of total cells Proliferation
Cells Stimulus CD56" CD3~ CD56" CD3™" (c.p.m. & SD)
Experiment 1
Undepleted Medium 19 0-4 1896 + 48
LPS 18-2 (9-6) 2-1 35503 £ 1242
CD3 depleted Medium 255 <0-1 975 £ 25
LPS 712 (2-8) 0-2 6531 + 94
Experiment 2
Undepleted Medium 3.7 1.0 621 £ 124
LPS 7-4 (2-0) 6-8 10089 + 416
CD3 depleted Medium 37-0 0-4 278 £ 23
LPS 56-1 (1-5) 0-6 3106 + 153

PBMC from two individual donors were depleted of CD3™ cells or left undepleted as described in Materials and Methods. Cells were stimulated with LPS or left in
medium alone and cell phenotype and proliferation was tested after 7 days. Consistent results were obtained in two further individuals. Fold changes in the proportion of

CD3™ CD56" cells are shown in parentheses.

the LPS-mediated expansion of CD3~ CD56™ cells as shown
by the lack of CD56" CD94™ cells after 8 days in culture
compared to control cultures (Fig. 1). Similar results were
observed in a total of four individuals (range CD3~ CD567,
LPS = 12:4%—36-8%, LPS + anti-B7 = 3-6%—13-8%,
P = 0-031; range CD56" CD9%4", LPS = 15-8%—38-5%;
LPS + anti-B7 = 3-6%—13-0%, P = 0-017).

CD28 cannot be specifically detected on NK cells

Two reports in human systems have implicated a role for CD28
in human NK cell activation, one of these identifying a variant
of this molecule on the cell surface.'>'® We therefore consid-
ered the possibility that CD28 was playing a direct role in the
stimulation and expansion of human NK cells by LPS and that
CTLA-4Ig or anti-B7 reagents were abolishing this interaction.
We decided to investigate the presence of a variant CD28 on NK
cells compared to T cells.'”> CD3~ CD56 ™" cells were counter-
stained with three anti-CD28 mAbs and isotype-matched con-
trol reagents as previously reported."® Figure 2(a) shows that, as
reported previously, only a single mAb, YTH913.12, stains
gated CD3~ CD56" NK cells compared to the isotype-matched
control. All three mAbs show positive staining on both
CD3" CD56" and CD3" CD56~ subsets.

We noted, however, that the reagent binding to the NK cells
(CD3~ CD56™) was arat IgG2b antibody, an isotype that is well
known to bind to FCyRIII and isoforms of FcyRII present on
NK cells in some individuals.'®'? It was therefore important to
ensure that the PE-conjugated isotype reagent adequately con-
trolled for Fc receptor binding and the YTH913.12 mAb was not
reacting with Fc receptors on the surface of NK cells. We took
PBMC from individuals in whom the YTH913.12 mAb ‘labelled’
CD3~ CD56™" cells, and titrated an unconjugated rat IgG2b
antibody onto these cells prior to the addition of PE-conjugated
YTHO13.12. Cells were then gated for analysis on CD3™
CD56™ NK cells, CD3" CD56" T cells and CD3* CD56~ T
cells. Titration of rat IgG2b had no effect on the labelling
of CD3* CD56™ or CD3" CD56™ T cells with YTH913.12
(Fig. 2b, two left-hand panels). However, the intensity of
YTH913.12 staining on CD3~ CD56" cells reduced progres-
sively with increasing rat IgG2b isotype control concentration

(Fig. 2b, right-hand panels). These results show that, in the
presence of rat IgG2b, YTH913.12 staining on T cells and NK
cells resembles that observed with the 1.293 and CD28.2 mAbs,
and suggests that CD28 is in fact absent from the surface of NK
cells.

Removal of T cells results in reduced CD25 expression
and proliferation in NK cells

In view of the apparent lack of CD28 on NK cells, we ques-
tioned whether factors generated through B7—CD28-mediated
costimulation of T cells could be responsible for the acti-
vation and expansion of NK cells. To investigate this possi-
bility, we depleted T cells from the PBMC of LPS-responsive
individuals using anti-CD3 and magnetic beads prior to LPS
stimulation of cultures. The resulting cultures were then
assessed for CD25, the expression of which is induced on
NK cells by IL-2 and which correlates with proliferative activity
in NK cells.”®

Substantial CD25 expression was observed on gated
CD3~ CD56™ NK cells in undepleted cultures following LPS
stimulation. T-cell depletion resulted in a decrease in CD25
expression on CD3~ CD56" cells in all individuals tested
(Fig. 3a, lower panels). The effect of T-cell depletion on
CD25 expression in total CD3~ CD56™ cells is shown for three
individuals in Fig. 3(b). The proportion of CD3~ CD56" cells
expressing CD25 was reduced from 35-0% —73-5% in PBMC
to 11:0%—55-4% in CD3-depleted PBMC in the individuals
tested (P = 0-007). The decrease in CD25 in CD3-depleted
cultures occurred despite enrichment for CD56" cells and was
directly reflected in reduced CD25 expression in the activated
CD56" population (Fig. 3c). The proportion of CD56™ cells
expressing CD25 was 45-1% —82% without CD3 depletion and
9-8%—50-8% in depleted cultures for the three individuals
tested (P = 0-019).

Depleted cultures were then assessed for proliferation. As
observed for CD25 expression, a substantial decrease in pro-
liferation occurred after depletion of CD3™ cells and despite
enrichment for CD3~ CD56" cells (Table 1). The range of
LPS-induced proliferation was 4199-35 503 counts per minute
(c.p.m.) prior to depletion and 738-6531 c.p.m. after T-cell
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Figure 2. Expression of CD28 on cell subsets. (a) Freshly isolated PBMC were labelled with mAbs to identify the expression of CD28
on gated T-cell and NK subsets (solid fill) by comparison to an isotype-matched control reagent, as described in Materials and Methods.
Gates used are shown in the left-hand panel. (b) The binding of YTH913.12 (10 pg/ml) on CD3" CD56~ and CD3" CD56™ subsets
was examined in the presence of an excess of rat IgG2b (three upper panels) and the effect of rat IgG2b on the binding and mean
fluorescence intensity for YTH913.12 on gated cell subsets is shown (three lower panels). The concentrations of rat IgG2b added are

indicated on the histogram for CD3~ CD56" cells.

depletion in four individuals tested. Furthermore, this reduction
in proliferation was reflected in a lower proportion of CD56"
cells incorporating BrdU in CD3-depleted cultures despite
enrichment for these cells prior to stimulation (Fig. 4). The
proportion of CD56" cells incorporating BrdU was reduced
from 57-0%—63-7% to 34-9%—43% in three individuals
tested (P = 0-044).

Peripheral blood DCs support NK cell expansion only in
the presence of T cells

We have shown previously that cell cultures depleted of major
histocompatibility complex class II positive cells, i.e. contain-
ing NK cells and T cells but not B cells or myeloid cells, do not
proliferate in response to LPS.? Furthermore, reconstitution of
such cultures with monocyte-derived DCs leads to a recovery in
the proportion of CD3~ CD56" cells and proliferation in
response to LPS.? The presence of T cells in those experiments
and the effects of T-cell depletion shown here, however, suggest
a possible role for T cells in DC-driven NK expansion. We
therefore investigated the role of T cells more closely by
purifying peripheral blood DCs and T cells and performing

© 2004 Blackwell Publishing Ltd, Immunology, 111, 384-390

reconstitution experiments to assess the contribution of these
cell populations to the expansion of purified NK cells. NK cell
proliferation was assessed in cultures stimulated with LPS for
7 days in the presence or absence of DCs and T cells (Fig. 5a).
Little or no proliferation was observed in response to LPS for
the three cell types when cultured alone. Coculture of purified
NK cells and purified DCs also resulted in little proliferation,
whereas LPS stimulation resulted in substantial proliferation
when all three cell types were present (Fig. 5a). Only marginal
proliferation was observed in cocultures of purified DCs and T
cells. An increase in the proportion of NK cells after 7 days of
culture was also observed by flow cytometry (Fig. 5b). These
results confirm a likely requirement for T cells, in addition to
DCs, in LPS-driven NK expansion.

DISCUSSION

This paper confirms the ability of reagents interacting with
CD80/86, namely anti-B7 antibodies and CTLA-4Ig, to inhibit
LPS-mediated expansion of human NK cells. These results are
in agreement with previous observations in systems designed to
study the early activation of human NK cells and target cell
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Figure 3. T-cell requirement for induction of CD25 on NK cells.
PBMC (upper panels) or CD3" T-cell-depleted PBMC (lower panels)
were cultured for 7 days in the presence or absence of LPS. (a) Gated
CD3~ CD56" cells (R2, four upper panels) were then assessed for the
expression of CD25 (four lower panels). The relative proportions of
CD25" cells were then estimated after LPS stimulation of undepleted or
CD3-depleted PBMC in three individual donors (b) as a percentage of
total CD3~ CD56" cells and (c) as a percentage of gated CD3~ CD56M
cells according to region 3 (R3) shown in (a).

recognition. For example, K562 cells transfected with CD80
stimulated enhanced NK cell CD69 expression and cytolytic
activity in syngeneic and xenogeneic systems compared to non-
transfected controls,''6!

It is uncertain whether CD28 on NK cells plays a direct role
in these responses, despite published evidence for the expres-
sion of a variant CD28 molecule, recognized by a single
mAb.">"7 We show that the anti-CD28 mAb, YTH913.12,
no longer binds NK cells in the presence of an excess of
unconjugated isotype control mAb. It is therefore likely that
the PE-conjugated rat IgG2b isotype-matched control reagent
used here (Fig. 2a) and that used in the previous study'® were
not as effective in Fc binding. Furthermore, specific binding of
the YTH913.12 mAb was confirmed by the staining of T cells,
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Figure 4. Reduced proportion of proliferating CD56™ cells in CD3-
depleted cultures. LPS-stimulated PBMC (upper panels) or CD3-
depleted PBMC (lower panels) were labelled with BrdU as described
in Materials and Methods and the proportion of proliferating NK cells
was estimated after gating on CD56™ cells (right-hand panels). Similar
results were observed in two further individuals.
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Figure 5. DC and T-cell requirement for NK expansion. Cell subsets
were prepared as described in Materials and Methods and mixed in
different combinations prior to stimulation with LPS. Proliferation (a)
and NK cell expansion (b) were estimated after 7 days.

where binding was unaffected by the presence of excess rat
IgG2b. A further less likely possibility, but one which could
reconcile our observations and those of others,ls_17 is that the
binding of YTH913.2 to FcR could stabilize its interaction with
CD28 on NK cells.

The possibility that CD28 could be transiently induced in
NK cells has not been excluded in our study. However, we
were unable to detect the binding of all the anti-CD28 mAbs
used to NK cells after stimulation with LPS, confirming that this
is not stably induced on the cell surface (data not shown). In
view of the apparent lack of specific binding of anti-CD28
reagents to human NK cells it was necessary to reappraise
our observations on the effect of B7 blockade. These observa-
tions, however, supported the possibility that B7 blockade
may mediate its effects by acting on CD28-expressing T cells.
Indeed, the T-cell depletion experiments performed here speci-
fically resulted in reduced NK cell specific CD25 expression
and proliferation.

All human NK cells constitutively express intermediate
affinity receptors for IL-2 (CD122 homodimers) and can there-
fore require high concentrations of exogenous IL-2 for stimula-
tion in vitro.* However, only the minor CD56"™ CD16™#%¢ NK
cell subset constitutively expresses CD25 to form a high affinity
IL-2 receptor complex and this can be induced on the remaining
majority of NK cells on activation.”? IL-2 is itself a potent
inducer of CD25 on NK cells. This therefore suggests that T-
cell-derived IL-2 or other growth factors may be responsible for
the LPS-induced CD25 expression on the majority of NK cells
in our cultures. The expression of CD25 on NK cells may be
critical for NK cell proliferation in response to the low con-
centrations of IL-2 available in response to LPS. We have
observed in some LPS-responsive individuals that neutralizing
mAbs to CD25 or to IL-2 itself partially inhibit the expansion of
CD3~ CD56" NK cells (by up to 45%) (data not shown). This
effect was not achieved by neutralizing other NK growth factors
such as IL-15 and IL-18 or their receptors in the same experi-
ments (data not shown).

We have consistently observed that neutralizing antibodies
to IL-12 effectively block LPS-induced NK cell expansion.’
Similarly to the high affinity IL-2 receptor, the functional
receptor for IL-12 is constitutively expressed on only the minor
CD3~ CD56" NK subset.?* Exogenous IL-2 has been shown to
induce the expression of functional IL-12 receptors and signal

© 2004 Blackwell Publishing Ltd, Immunology, 111, 384-390



LPS-stimulated NK cell proliferation and CD28 389

transducer and activator of transcription type 4 activation in NK
cells and could in this way prime these cells to respond to IL-12
induced by LPS in myeloid cells.>**

Monocyte-derived and peripheral blood DCs have been
shown to support the early activation of purified human NK
cells."™'? In our previous studies we also showed that the
depletion of HLA-DR™ cells from PBMC resulted in a loss
of NK cell proliferation and expansion and that this could be
reconstituted with autologous monocyte-derived DCs.” We
show here that the LPS-driven expansion and proliferation
of purified NK cells cannot be driven by peripheral blood
DCs alone and requires T cells. It is therefore possible that
the early activation of NK cells can be achieved by DC/myeloid
cell-derived factors alone but that T cells provide the necessary
growth factors for subsequent proliferation and expansion.
This is supported by our observations in T-cell-depleted
cultures where, although a higher proportion of NK cells have
an activated phenotype (CD56™) upon LPS stimulation, pro-
portionally fewer of these express CD25. Others have shown
that monocyte-derived DCs pulsed with intact bacteria can
drive enhanced proliferation of purified NK cells.>> This
would seem to contrast with our results where proliferation
and expansion of NK cells occurs only in the presence of
T cells. However, these and other studies contrast with ours
in so far as the NK cells used have been polyclonally expanded
prior to resting and restimulation. In these studies, a higher
proportion of NK cells may have acquired some of the regu-
lated components of cytokine receptor chains, in particular
IL-12RB and CD25.'>*° In this way, previously activated
NK cells could respond to DCs via the IL-12 pathway, which
could synergize with autocrine IL-2 production for the enhance-
ment of proliferation in that study.? It is further possible that
components of intact/live bacteria activate distinct signals to
purified LPS.

The ability of target cells transfected with B7-1 to induce
enhanced CD69 expression and cytolytic activity in primary
human NK cells or NK cell lines compared to non-transfected
targets, however, remains to be explained.'>'® It is possible that
an unknown receptor on NK cells interacts with B7 and provides
sufficient signals for CD69 expression and cytolytic activity but
not for CD25 expression and expansion. In this respect, and in
view of the observed exclusive expression of CD28 on
CD3" CD56~ and CD3" CD356%1 T cells in our cultures, we
propose that costimulation blockade in LPS-stimulated PBMC
is affecting these populations in the first instance, with sub-
sequent consequences for NK cell proliferation.

The importance of T cells for NK cell maintenance and
expansion could have consequences for innate NK immunity in
diseases where the T-cell compartment is compromised. In
chronic untreated human immunodeficiency virus type 1 infec-
tion, for example, the loss of CD4 T cells and cytokine-driven
help could explain the parallel diminishment in NK cell num-
bers, particularly in the CD56' D16™ population.*®
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