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NK Cells Regulate CD8™ T Cell Effector Function in Response
to an Intracellular Pathogen'

Ramakrishna Vankayalapati,*" Peter Klucar,*" Benjamin Wizel,*" Stephen E. Weis,*
Buka Samten,*" Hassan Safi,* Homayoun Shams,*" and Peter F. Barnes®*"*

We studied the role of NK cells in regulating human CD8* T cell effector function against mononuclear phagocytes infected with
the intracellular pathogen Mycobacterium tuberculosis. Depletion of NK cells from PBMC of healthy tuberculin reactors reduced
the frequency of M. tuberculosis-responsive CD8"IFN-y* cells and decreased their capacity to lyse M. tuberculosis-infected
monocytes. The frequency of CD8 IFN-y*cells was restored by soluble factors produced by activated NK cells and was dependent
on IFN-v, IL-15, and IL-18. M. tuberculosis-activated NK cells produced IFN-v, activated NK cells stimulated infected monocytes
to produce IL-15 and IL-18, and production of IL-15 and IL-18 were inhibited by anti-IFN-vy. These findings suggest that NK cells
maintain the frequency of M. tuberculosis-responsive CD8*IFN-y* T cells by producing IFN-vy, which elicits secretion of IL-15
and IL-18 by monocytes. These monokines in turn favor expansion of Tc1l CD8* T cells. The capacity of NK cells to prime CD8*
T cells to lyse M. tuberculosis-infected target cells required cell-cell contact between NK cells and infected monocytes and depended
on interactions between the CD40 ligand on NK cells and CD40 on infected monocytes. NK cells link the innate and the adaptive
immune responses by optimizing the capacity of CD8™ T cells to produce IFN-v and to lyse infected cells, functions that are critical

for protective immunity against M. tuberculosis and other intracellular pathogens.

130-137.

atural killer cells are large granular lymphocytes that can
kill infected cells without prior sensitization and play an
important role in innate immunity to microbial patho-
gens. NK cells mediate protection against viruses, bacteria, and
parasites through destruction of infected cells and by secretion of
cytokines that shape the adaptive immune response (1-5). In-
creased NK cell cytolytic activity has been observed soon after
primary viral infections, and there is a striking correlation between
poor NK cell function and susceptibility to viral and other micro-
bial infections (6, 7). NK cells are an important early source of
IFN-v, which is critical for activation of macrophages (1-3), and
NK cells may favor clonal expansion of Thl cells, processes that
are important for elimination of many intracellular pathogens.
The immune response to Mycobacterium tuberculosis is medi-
ated by CD4" and CD8™ T cells. The latter contribute to protec-
tion by lysing infected cells and by producing cytokines such as
IFN-v (8, 9). CD16" NK cells are essential for the generation of
human CD8™ allogeneic CTL responses, and this effect is medi-
ated in part through CD56 (10). NK cells also contribute to the
capacity of CD8" T cells to reject tumors through interactions of
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CD27 on NK cells and CD70 on tumor cells, and this activity
depends on IFN-vy production (11).

Limited information is available on the effects of NK cells on
the CD8" CTL response to infection. Depletion of NK cells by
Abs to asialo-GM1 or to NK1.1 suppressed influenza virus-specific
CTL responses (7). Abs to asialo-GM1 also abrogated the capacity
of DNA immunization to elicit protection through induction of
CD8™ CTL against Plasmodium yoelii, suggesting that NK cells
are essential to optimize the CTL response (4). However, because
anti-asialo-GM1 and anti-NK1.1 can bind to T cells (12), it is
uncertain whether these effects were mediated entirely by deple-
tion of NK cells. The contribution of NK cells to development of
CD8™" CTL activity against intracellular pathogens in humans is
largely unexplored. In the present study, we investigated the mech-
anisms by which human NK cells regulate CD8 T cell effector
function against cells infected with M. tuberculosis.

Materials and Methods

Patient population

Blood was obtained from 17 healthy tuberculin reactors, under protocols
approved by the institutional Review Boards of the University of Texas
Health Center at Tyler and the University of North Texas Health Science
Center at Fort Worth. Five subjects had been vaccinated with Mycobacte-
rium bovis bacillus Calmette-Guérin during childhood.

Cytofluorometric analysis

To measure the percentages of CD8", CD3", and CD56 " cells in various
cell populations, we used FITC anti-CD8, FITC anti-CD3, and PE-conju-
gated anti-CD56 (all from BD PharMingen, San Diego, CA), and immu-
nostaining was performed by standard techniques (13). Based on forward
scatter and side scatter characteristics, we gated on lymphocytes and the
percentages of single- and double-stained cells were determined with an
EPICS flow cytometer (Coulter, Hialeah, FL). To measure CD40 ligand
(CD40L)* expression on purified NK cells, we used PE-conjugated anti-
CD40L (BD PharMingen).

3 Abbreviations used in this paper: CD40L, CD40 ligand; MOI, multiplicity of
infection.
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Preparation of target cells for cytotoxicity assays

PBMC were isolated by differential centrifugation over Ficoll-Paque (Am-
ersham Pharmacia Biotech, Piscataway, NJ). Monocytes were isolated with
magnetic beads conjugated to anti-CD14 (Miltenyi Biotec, Auburn, CA),
and positively selected cells were >95% CD14%, as measured by flow
cytometry. Monocytes (10%/well) were plated in 12-well plates (BD Lab-
ware, Franklin Lakes, NJ) in 1 ml of RPMI 1640 (Life Technologies,
Grand Island, NY) containing 10% heat-inactivated human serum (Pel-
Freez Biologicals, Rogers, AR). Some monocytes were uninfected and
others were infected with single-cell suspensions of M. tuberculosis H37Ra
at a multiplicity of infection (MOI) of 5:1, as previously described (14).
Cells were incubated for 4 h at 37°C in a humidified 5% CO, atmosphere,
washed to remove extracellular bacilli, and cultured in RPMI 1640 con-
taining 10% heat-inactivated human serum. Approximately 25-40% of the
monocytes were infected. After 48 h, cells were collected using a cell
scraper and used as targets in cytotoxicity experiments. These cells were
>90% monocytes, as assessed by staining with nonspecific esterase. Cell
viability was >90%, as judged by trypan blue exclusion.

Isolation of cell subpopulations

Most experiments involved evaluation of PBMC and CD56-depleted
PBMC, obtained by incubation with magnetic beads conjugated to anti-
CD56 (Miltenyi Biotec), using standard methods (15). PBMC and CD56-
depleted PBMC were cultured with M. tuberculosis H37Ra at a MOI of
0.5:1. Because ~10% of the PBMC were monocytes, the ratio of M. ru-
berculosis to monocytes was roughly 5:1. After varying periods of incu-
bation, CD8* cells were isolated by positive selection with magnetic beads
conjugated to anti-CD8 (Miltenyi Biotec) and used in assays to measure
cytokine production or CTL activity. These cells were 92-99% CD8*, as
assessed by flow cytometry.

In some experiments, PBMC were cultured with M. tuberculosis H37Ra
at a MOI of 0.5:1 for 24—-48 h, CD56™ cells were isolated by positive
immunomagnetic selection, and CD3™ cells were then immunomagneti-
cally depleted (Dynal Biotech, Lake Success, NY) to yield CD56"CD3~
cells, which we considered to be activated NK cells. These cells were
>95% CD56"CD3 ™, as measured by flow cytometry.

Culture of monocytes and NK cells

In some experiments, we cultured infected and uninfected monocytes in
12-well plates at 10° cells/well in 1 ml of RPMI 1640 containing penicillin
(Life Technologies) and 10% heat-inactivated human serum in the absence
or presence of 10° NK cells/well. In other experiments, 10° M. tubercu-
losis-activated autologous NK cells, prepared as outlined above, were cul-
tured in Transwell inserts (Costar, Milpitas, CA) in the 12-well plates. The
insert contains 0.4-um diameter pores that allow diffusion of soluble fac-
tors but not cell-cell contact. In some cases, neutralizing Abs to IFN-y (BD
PharMingen), IL-12, IL-15 (both from R&D Systems, Minneapolis, MN),
and IL-18 (MBL International, Nagoya, Japan) were added to the Tran-
swells and to the large wells.

Cytotoxicity assay

CD8™" T cell-mediated cytotoxicity against infected and uninfected mono-
cytes was assayed in a °'Cr release assay using standard methods (16).
Briefly, target cells were labeled overnight with 100 wCi of sodium chro-
mate. Target cells were washed three times, and triplicate wells of 10*
cells/well were mixed with effector cells at an E:T ratio of 40:1 in 200 ul
of RPMI 1640 with 10% heat-inactivated human serum. Six hours after
incubation, 100 ul of supernatant was removed from each well and radio-
activity was measured in a gamma counter. The percentage of lysis was
calculated as 100 X ((experimental release — spontaneous release/maxi-
mum release — spontaneous release)).

Measurement of cytokine concentrations

For measurement of IL-18, IL-12, and IL-15, supernatants from cultured
cells were collected after 10 h and for IFN-vy, supernatants were collected
after 1-5 days and stored at —70°C until cytokine concentrations were
measured by ELISA. Paired Abs were used to detect IFN-y (BD PharM-
ingen). ELISA kits were used to measure IL-15, IL-12 p70 (both from
R&D Systems), and IL-18 (MBL International). The lower limits of de-
tection were 0.6 pg/ml for IL-12, 5 pg/ml for IFN-vy, 3 pg/ml for IL-15, and
13 pg/ml for IL-18.

Frequency of IFN-y-producing cells

To measure the percentage of CD8™ cells that produce IFN-vy, we used the
ELISPOT assay (17). Briefly, CD8™ cells were isolated by positive im-
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munomagnetic selection from PBMC or CD56-depleted PBMC, and trip-
licate wells of 10° cells were cultured in 96-well nitrocellulose-backed
plates for 18 h using the anti-human IFN-y mAbs 1-DIK and 7-B6-1
(Mabtech, Nacka, Sweden) as coating and detection Abs, respectively. The
wells were developed according to the manufacturer’s instructions, and the
spots in the air-dried plates were counted with a stereomicroscope.

To measure the frequency of M. tuberculosis-activated NK cells that
produced IFN-y, CD56"CD3" cells were isolated from PBMC cultured
with H37Ra for 24 h, and the ELISPOT assay was used to detect IFN-y*
NK cells as outlined above for CD8™ cells.

Statistical analysis

Results are shown as the mean = SE. For data that were normally distrib-
uted, comparisons between groups were performed by a paired or unpaired
t test, as appropriate. For data that were not normally distributed, the Wil-
coxon rank sum test was used. Values of p < 0.05 were considered sta-
tistically significant.

Results
CD56™ cells contribute to IFN-y production by PBMC

One of the important mechanisms by which CD8" T cells con-
tribute to immunity against tuberculosis is by producing IFN-vy
(18, 19). To evaluate the contribution of NK cells to M. tubercu-
losis-induced IFN-y production, PBMC and CD56-depleted
PBMC from four healthy tuberculin reactors were cultured with
live M. tuberculosis for 24—120 h, and IFN-vy levels were mea-
sured by ELISA. Depletion of CD56" cells markedly reduced
IFN-vy levels after 24 h of culture (63 % 39 pg/ml vs 858 * 273
pg/ml, p = 0.06, Fig. 1), when NK cells are expected to be the
major source of IFN-y. However, even after 5 days, when T cells
are the predominant source of IFN-vy (19), IFN-vy production was
greatly reduced in CD56-depleted PBMC (924 £ 232 pg/ml vs
3749 + 251 pg/ml, p = 0.02). This suggests that CD56™ cells,
which include NK cells and NKT cells, affect the capacity of T
cells to produce IFN-v in response to M. tuberculosis. Previous
studies showed that CD56"CD3~ NK cells exposed to M. tuber-
culosis-infected monocytes are potent sources of IFN-y (15). How-
ever, CD56™ cells alone cultured with M. tuberculosis did not
secrete IFN-vy (Fig. 1), indicating that exposure of NK cells to
infected monocytes is required for IFN-y production.

CD56™ cells maintain the frequency of M. tuberculosis-
responsive CD8 IFN-y* T cells

To determine whether CD56™ cells affect the capacity of CD8"
cells to produce IFN-v in response to M. tuberculosis, we cultured

5000 — pBMC
-—— PBMC - CD56+ celis
------- CD56+ cells
4000 [
£
g 3000 |
>
=z
% 2000 [
1000 |
0

FIGURE 1. Effect of depletion of CD56™ cells on IFN-y production by
PBMC. PBMC were obtained from healthy tuberculin reactors and CD56™
cells were depleted from some PBMC. PBMC, CD56-depleted PBMC, and
CD56™ cells alone were cultured with live M. tuberculosis for 1-5 days,
and IFN-vy levels were measured by ELISA. Mean values and SEs for
experiments in four donors are shown.
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PBMC or CD56-depleted PBMC from 15 healthy tuberculin reac-
tors with live M. tuberculosis for 48 h. CD8™" cells were then
isolated from PBMC and from CD56-depleted PBMC and incu-
bated overnight on an ELISPOT plate to detect IFN-y-producing
cells. Depletion of CD56™ cells reduced the frequency of TFN-y-
producing CD8™ cells by two-thirds (929 * 179 per 10° cells vs
319 = 93 per 10° cells, p = 0.001, Fig. 2A).

CD56™ cells enhance CD8" cell-mediated cytotoxicity

To determine whether CD56 " cells affect the capacity of CD8" T
cells to lyse M. tuberculosis-infected mononuclear phagocytes, we
cultured PBMC and CD56-depleted PBMC from five healthy tu-
berculin reactors with live M. tuberculosis for 6 days. CD8™" cells
were then isolated and used as effectors against autologous M.
tuberculosis-infected monocytes as outlined in Materials and

p -]
[\ ]
[,
[=)
o

2000

1500

=

1000

{EN-y+ cells per 10° CD8+ cells

500 1

PBMC PBMC - NK cells

50

oy}

40

30

20 1

10 ¢

% net specific lysis by CD8+ cells

Vza

PBMC PBMC - NK cells

FIGURE 2. Effect of depletion of CD56" cells on the frequency of M.
tuberculosis-responsive CD8*TFN-y* cells (A) and CD8* CTL activity
(B). A, PBMC and CD56-depleted PBMC from 15 healthy tuberculin re-
actors were cultured with live M. tuberculosis at a MOI of 0.5:1 for 48 h.
CD8™" cells were isolated from PBMC and from CD56-depleted PBMC
and incubated overnight in triplicate wells on an ELISPOT plate to detect
IFN-vy-producing cells. Each spot shows mean values from one subject. B,
PBMC and CD56-depleted PBMC from five healthy tuberculin reactors
were cultured with live M. tuberculosis at a MOI of 0.5:1 for 5 days. CD8"
cells were then isolated and cultured in triplicate wells with uninfected and
M. tuberculosis-infected autologous monocytes at an E:T ratio of 40:1.
Each spot shows the percent net specific lysis for one subject, calculated by
subtracting percent lysis of uninfected monocytes from that of infected
monocytes.

NK CELLS REGULATE CD8* CELL FUNCTION

Methods. Depletion of CD56™ cells markedly reduced net specific
lysis by CD8™ effectors from 24 + 7% to 3 += 2% (p = 0.01, Fig.
2B). This reduction was not due to depletion of APCs by CD56
depletion, as the percentage of CD14" cells in CD56-depleted
PBMC was similar to that in PBMC (13% vs 14%).

Effect of soluble factors produced by activated NK cells on 1FN-
v production and CTL activity of CD8" cells

Depletion of CD56™ cells removes both CD56"CD3" NKT cells
and CD56"CD3~ NK cells. To focus on the mechanisms by which
NK cells regulate CD8™ cell function, we first asked whether sol-
uble factors produced by M. tuberculosis-activated NK cells up-
regulate IFN-y production and cytotoxicity by CD8™ cells. At day
0, PBMC from healthy tuberculin reactors were cultured with live
M. tuberculosis for 24 h, and CD56"CD3~ cells were isolated by
immunomagnetic selection and designated as activated NK cells.
At day 1, more blood was obtained from the same donor, and
PBMC, as well as CD56-depleted PBMC, were prepared by neg-
ative immunomagnetic depletion. These cells were cultured in sep-
arate wells of 12-well plates with live M. tuberculosis. The acti-
vated NK cells were cultured in Transwell inserts in some wells
containing CD56-depleted PBMC. For measurement of IFN-
v CD8™ cells, CD8™ cells were isolated after 48 h from PBMC,
CD56-depleted PBMC, and CD56-depleted PBMC exposed to ac-
tivated NK cells in the Transwell. The CD8™ cells were incubated
overnight on an ELISPOT plate to detect IFN-y-producing cells.
For measurement of CTL activity, CD8™ cells were isolated after
5 days from PBMC, CD56-depleted PBMC, and CD56-depleted
PBMC exposed to activated NK cells in the Transwell. CD8 ™" cells
were used as effectors against autologous M. tuberculosis-infected
monocytes.

Similar to results in Fig. 2, depletion of CD56™ cells from
PBMC lowered the frequency of IFN-y-producing CD8"cells
(Fig. 3A). Coculture of CD56-depleted PBMC with activated NK
cells restored the number of IFN-y-producing CD8 ™ cells to base-
line levels (973 = 281 per 10° cells vs 511 = 176 per 10° cells,
p = 0.02, Fig. 3A). Addition of activated NK cells also restored
IFN-vy concentrations to baseline levels (Fig. 3B). In contrast, CTL
activity of CD8™ cells was not restored by addition of activated
NK cells in a Transwell (Fig. 3C).

M. tuberculosis-activated NK cells produce IFN-vy

NK cells exposed to M. tuberculosis-infected monocytes are potent
sources of IFN-vy (15). Therefore, we hypothesized that IFN-+y pro-
duced by activated NK cells elicits production of cytokines by
mononuclear phagocytes that in turn increase IFN-vy production by
CD8™ cells. To test this hypothesis, we first cultured PBMC of five
donors with or without live M. tuberculosis for 24 h, then isolated
CD56"CD3™ NK cells and placed them in triplicate wells on an
ELISPOT plate coated with anti-IFN-y Abs. The frequency of
IFN-y* cells in M. tuberculosis-activated NK cells was extremely
high (2198 + 448 cells per 10° cells) compared with that in un-
activated NK cells (2 * 2 cells per 10° cells, p < 0.001).

Activated NK cells enhance production of IL-15 and IL-18

We hypothesized that IFN-vy produced by activated NK cells elic-
ited production of IL-12, IL-15, and/or IL-18 by M. tuberculosis-
infected monocytes, which in turn increased IFN-vy production by
CD8™ T cells. As a first step to test this hypothesis, we cultured
infected monocytes with activated NK cells in Transwells in the
presence or absence of anti-IFN-vy. IL-12 and IL-15 were not de-
tected in cell culture supernatants. However, activated NK cells in
Transwells enhanced IL-18 production by infected monocytes, and
this effect was reduced by anti-IFN-y (147 £ 8 pg/ml vs 89 £ 5
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FIGURE 3. Effect of soluble factors produced by activated NK cells on
the frequency of M. tuberculosis-responsive CD8 IFN-y" cells (A), the
concentration of IFN-vy (B), and CD8™ cell-mediated cytotoxicity against
M. tuberculosis-infected monocytes (C). PBMC and CDS56-depleted
PBMC from healthy tuberculin reactors were cultured with live M. tuber-
culosis at a MOI of 0.5:1. To some wells of CD56-depleted PBMC,
CD56"CD3"~ NK cells preactivated by culture with live M. muberculosis
for 24 h were added in Transwell inserts. A, After 48 h, CD8" cells were
positively selected from PBMC, CD56-depleted PBMC, and CD56-de-
pleted PBMC exposed to activated NK cells. The CD8™ cells were incu-
bated in triplicate wells overnight on an ELISPOT plate to detect IFN-vy-
producing cells. Mean values and SEs for experiments in seven donors are
shown. B, After 24 h, IFN-vy concentrations were measured by ELISA in
supernatants from wells containing PBMC, CD56-depleted PBMC, and
CD56-depleted PBMC to which activated NK cells were added in Trans-
well inserts. Mean values and SEs for experiments in four donors are
shown. C, After 5 days, CD8" cells were positively selected from the
PBMC, CD56-depleted PBMC, and CD56-depleted PBMC exposed to ac-
tivated NK cells. The CD8" cells were cultured in triplicate wells with
uninfected or M. tuberculosis-infected autologous monocytes at an E:T
ratio of 40:1. Mean values and SEs for percent net specific lysis of CD8*
cells from five donors are shown, calculated by subtracting percent lysis of
uninfected monocytes from that of infected monocytes.
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pg/ml, p = 0.004, Fig. 4). Isotype control Abs did not affect IFN-y
production (data not shown).

Separation of infected monocytes and NK cells by Transwells
does not permit cell-cell contact and may reduce monokine pro-
duction. To evaluate production of IL-12, IL-15, and IL-18 under
more physiologic conditions, activated NK cells were added di-
rectly to wells containing M. tuberculosis-infected monocytes. Ad-
dition of activated NK cells increased production of IL-15 and
IL-18 (p < 0.05 for both monokines, Fig. 5). IL-12 levels were <5
pg/ml in the presence or absence of NK cells. Anti-IFN-vy reduced
production of IL-15 and IL-18 by infected monocytes cultured
with activated NK cells (Fig. 5, p = 0.002 for IL-15 and p = 0.004
for IL-18). In contrast, isotype control Abs had no effect (data not
shown).

IFN-vy and monokines are required for NK cells to restore the
frequency of CD8" IFN-vy cells

The experiments above suggest that IFN-y produced by activated
NK cells elicits production of IL-15 and IL-18 by M. tuberculosis-
infected monocytes, which may in turn increase IFN-vy production
by CD8" cells. To investigate this hypothesis, we added anti-
IFN-v to CD56-depleted PBMC cultured with activated NK cells
in Transwells. We also used Abs to IL-15 and IL-18, alone or in
combination, to determine the contribution of these monokines to
IFN-vy production by CD8" cells. Anti-IFN-y abrogated the ca-
pacity of NK cells to restore the frequency of CD8 " IFN-y™" cells
in CD56-depleted PBMC to baseline levels (488 = 167 per 10°
cells vs 1247 =+ 426 per 10° cells, p = 0.04, Fig. 6). Isotype control
Abs did not affect IFN-vy concentrations (data not shown). We
considered the possibility that incubation of cells with anti-
IFN-y artifactually reduced the number of IFN-y"CD8™" cells
visualized by ELISPOT. Therefore, we cultured PBMC with
PMA, with or without anti-IFN-y Abs, for 48 h, then positively
selected CD8™ cells and placed them on an ELISPOT plate for
18 h. Anti-IFN-vy did not reduce the number of IFN-y*CD8"
cells (data not shown).

200

150

100

IL-18 (pg/ml)

50 |

0

Control NK NK + a-IFN-y

FIGURE 4. Effect of NK cells and anti-IFN-vy on IL-18 production by
M. tuberculosis-infected monocytes. Monocytes from healthy tubercu-
lin reactors were infected with M. tuberculosis at a MOI of 5:1 for 24 h.
To some wells, autologous CD56"CD3~ NK cells, preactivated by cul-
ture with live M. tuberculosis for 24 h, were added in Transwell inserts
at a ratio of 1 NK cell to 5 monocytes. Anti-IFN-y (10 wg/ml) was
added to some wells containing NK cells in Transwells. After an ad-
ditional 48 h, supernatants were collected and IL-18 levels were mea-
sured by ELISA. Mean values and SEs for experiments in four donors
are shown. B, Infected monocytes alone; [, infected monocytes and
NK cells in Transwell; @, infected monocytes and NK cells in Trans-
well and anti-IFN-vy.
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FIGURE 5. Effect of activated NK cells and anti-IFN-y on monokine
production. Monocytes from four healthy tuberculin reactors were in-
fected with M. tuberculosis (TB) at a MOI of 5:1. After 24 h, autolo-
gous CD56"CD3~ NK cells, preactivated by culture with live M. fu-
berculosis for 24 h, were added directly to some wells at a ratio of 1 NK
cell to 10 monocytes. To other wells, preactivated NK cells and anti-
IFN-vy (10 pwg/ml) were added. After 48 h, supernatants were collected
and IL-15 and IL-18 levels were measured by ELISA. Mean values and
SEs are shown.

The combination of anti-IL-15 and anti-IL-18 prevented NK
cells from increasing the frequency of CD8*IFN-y* cells in
CD56-depleted PBMC (453 = 219 per 10° cells vs 1247 = 426
per 10° cells, p = 0.02, Fig. 6). Addition of anti-IL-15 and anti-
IL-18 individually had effects similar to that of adding both Abs
(data not shown). We also added 25-2500 pg/ml rIL-15 and rIL-18
individually to CD56-depleted PBMC. At concentrations of 100
pg/ml, both recombinant cytokines restored the number of
CD8IFN-y™ cells to normal, but lower concentrations had vari-
able effects in different individuals (data not shown). We were
therefore unable to determine the relative contribution of IL-15
and IL-18 to enhancing IFN-y production by CD8* cells.

CDA40L contributes to the capacity of NK cells to optimize CTL
activity of CD8" T cells

The results in Figs. 2B and 3C suggest that NK cells enhance lysis
of M. tuberculosis-infected monocytes by CD8" T cells and that
this effect requires cell-cell contact between NK cells and either
infected monocytes or CD8™ cells. We hypothesized that M. tu-
berculosis-activated NK cells express CD40L, which binds to
CD40 on infected monocytes, up-regulating CD8* CTL activity in
a manner similar to that mediated by CD4™" cells (20, 21). To
evaluate this possibility, we first isolated CD56"CD3~ cells from
PBMC that had been cultured with or without live M. tuberculosis
and measured the percentage of NK cells that expressed CD40L. In
seven donors, the mean fluorescence intensity of CD40L on un-
stimulated CD56"CD3~ NK cells was 24 = 1, and this increased
to 41 £ 2 on M. tuberculosis-activated NK cells (p < 0.001).
CD40L on CD4 ™ T cells can provide costimulation for CD8* T
cells by binding either to CD40 on APCs (20, 21) or by binding to
CD40 on CD8™ cells (22). Because we hypothesized that the
former was more likely, we devised an experimental system in
which NK cells had contact with infected monocytes but not with
CD8™ cells. We first isolated CD14 ™ monocytes from four healthy
tuberculin reactors and infected them with M. tuberculosis. Mono-
cytes were then cultured under four conditions: 1) alone, 2) with
autologous NK cells and anti-CD40 mAb, 3) with autologous NK
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FIGURE 6. Effect of anti-cytokine Abs on the frequency of
CD8"IFN-y" cells. PBMC and CD56-depleted PBMC from healthy tu-
berculin reactors were cultured with live M. tuberculosis at a MOI of 0.5:1.
To some wells of CD56-depleted PBMC, CD56*CD3~ NK cells, preac-
tivated by culture with live M. tuberculosis for 24 h, were added in Trans-
well inserts. To some wells containing CD56-depleted PBMC and acti-
vated NK cells, anti-IFN-vy or the combination of anti-IL-15 and anti-IL-18
were also added (all at 10 wg/ml). After 48 h, CD8" cells were isolated
from PBMC, CD56-depleted PBMC, and CD56-depleted PBMC exposed
to activated NK cells, with or without anti-cytokine Abs, and incubated
overnight on an ELISPOT plate to detect IFN-y-producing cells. Mean
values and SEs for experiments in five donors are shown. ll, PBMC; [],
CD56-depleted PBMC; 2, CD56-depleted PBMC and NK cells in Trans-
well; E, CD56-depleted PBMC, NK cells in Transwell, and anti-IFN-y; B,
CD56-depleted PBMC, NK cells in Transwell, and anti-IL-15 and
anti-IL-18.

cells and anti-CD40L mAb, and 4) with autologous CD56"CD3 ™
NK cells and isotype control Abs. After 2 days of culture, mono-
cytes from each well were cultured with autologous CD8™ cells.
After 6 additional days, CD8" cells were isolated and tested for
CTL activity against M. tuberculosis-infected monocytes. CD8* T
cells cultured with infected monocytes alone showed minimal CTL
activity. In contrast, infected monocytes that had been exposed
to NK cells and isotype control Abs primed CD8" T cells to
lyse 80-90% of infected target cells (Fig. 7). Anti-CD40 and
anti-CD40L abrogated the capacity of NK cell-exposed infected
monocytes to prime CTL activity of CD8" cells. In three ad-
ditional donors, anti-CD40 had similar effects (data not shown).
These findings indicate that interactions between CD40L on NK
cells and CD40 on monocytes prime CTL activity of CD8" T
cells.

Blocking CD40L-CD40 interactions alters IL-15 and IL-18
production by infected monocytes

Because IL-15 and IL-18 can favor development of CD8* CTL,
we determined whether interactions between CD40L on NK cells
and CD40 on monocytes contributes to IL-15 and IL-18 produc-
tion by infected monocytes. We isolated NK cells from three
healthy donors and cultured them with autologous M. tuberculosis-
infected monocytes in the absence and presence of Abs to CD40
and CD40L. After 48 h, culture supernatants were collected and
IL-18 and IL-15 levels were measured by ELISA. Baseline
IL-18 concentrations of 87 = 15 pg/ml were reduced to 38 = 8
pg/ml by anti-CD40 and to 42 = 10 by anti-CD40L Abs. Sim-
ilarly, baseline IL-15 concentrations of 5.1 * 0.5 pg/ml were
reduced to 1.9 £ 0.6 pg/ml by anti-CD40 and to 0.9 = 0.2
pg/ml by anti-CD40L.

Discussion
NK cells are a central component of the innate immune response
to intracellular pathogens. It is widely believed that NK cells shape
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FIGURE 7. Effect of CD40 and CD40L interactions on the capacity of
infected monocytes to prime CTL activity of CD8" T cells. CD14 " mono-
cytes from healthy tuberculin reactors were infected with M. tuberculosis
at a MOI of 5:1. These were cultured: 1) alone (control), 2) with autologous
CD56"CD3~ NK cells at a ratio of 1 NK cell to 5 monocytes and isotype
control Abs (1gG1, 5 ug/ml; BD PharMingen), 3) with autologous NK
cells and neutralizing anti-CD40 mAb (M2, 5 wg/ml; Amgen, Seattle,
WA), and 4) with autologous NK cells and neutralizing anti-CD40L mAb
(M91, 5 pg/ml; Amgen). After 2 days, CD14" cells from each well were
positively selected and cultured with autologous CD8™ cells at a ratio of 25
CD8" cells to 1 CD14" cell. After 6 additional days, CD8" cells were
isolated and tested for CTL activity against M. tuberculosis-infected and
uninfected monocyte targets. Percent net specific lysis was calculated by
subtracting the percent lysis of uninfected monocytes from the percent lysis
of infected monocytes. Each value shows the mean of triplicate values for
a single subject. The SE was <10% of the mean in all cases. Experiments
were performed with cells from four subjects, and two representative re-
sults are shown.

the adaptive immune response through production of cytokines
and other mechanisms. However, we are unaware of published
evidence in humans demonstrating that NK cells contribute to the
T cell response to an infectious agent. We studied the relationship
between NK cells and CD8" T cell in persons infected with M.
tuberculosis, a facultative intracellular bacterium that infects an
estimated two billion persons worldwide (23).

We found that depletion of CD56™ cells from PBMC of healthy
tuberculin reactors reduced the frequency of M. tuberculosis-re-
sponsive CD8* IFN-v producing cells and decreased the capacity
of CD8* T cells to lyse M. tuberculosis-infected mononuclear
phagocytes. The frequency of CD8IFN-y* T cells was restored
by soluble factors secreted by activated CD56"CD3~ NK cells
and was dependent on the presence of IFN-+, IL-15, and IL-18. M.
tuberculosis-activated NK cells produced IFN-+y, addition of acti-
vated NK cells to infected monocytes enhanced secretion of IL-15
and IL-18, and production of IL-15 and IL-18 was abrogated by
anti-IFN-vy. The capacity of NK cells to prime CTL activity of
CD8™ T cells depended on cell-cell contact between NK cells and
infected monocytes and was inhibited by anti-CD40 and anti-
CDA40L. These findings demonstrate that NK cells enhance IFN-y
production by CD8™ cells through a cascade of cytokines and op-
timize CD8% CTL activity through the CD40L/CD40 pathway.
Therefore, NK cells utilize at least two distinct mechanisms to
enhance CD8™ T cell effector functions that are likely to contribute
to protective immunity against M. tuberculosis.

IFN-v increases production of IL-15 and IL-18 by mononuclear
phagocytes exposed to mycobacteria (24, 25). Furthermore, IL-15
enhances expansion of virus- and mycobacterium-specific CD8* T
cells (26, 27), and IL-18 favors development of Tcl CD8™ T cells
that produce IFN-y (28). In the current report, NK cells were po-
tent sources of IFN-v, addition of activated NK cells to infected
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monocytes significantly increased production of IL-15 and IL-18
(Fig. 5), and IL-15 and IL-18 concentrations were reduced by anti-
IFN-vy (Figs. 4 and 5). In our experimental system, IL-15 concen-
trations were extremely low and others have found that IL-15 is
barely detectable in biological fluids despite abundant evidence for
its myriad immunologic effects (29, 30). This paradox has recently
been resolved by the demonstration that activated monocytes ex-
press complexes of IL-15 bound to the IL-15« receptor on the cell
membrane, and these complexes have the potential to stimulate
proliferation by CD8™" T cells (31). We speculate that monocyte
IL-15 may act predominantly as membrane-bound rather than sol-
uble cytokines that affect CD8" T cells in our experimental sys-
tem. Our current findings suggest that NK cells secrete IFN-v,
which stimulates monocytes to produce 1L-15 and IL-18, which in
turn facilitates expansion of CD8™ T cells that produce IFN-v in
response to M. tuberculosis-infected monocytes. Because NK cells
produce IFN-vy early in the course of infection with M. tuberculosis
(32), this pathway is likely to be important in facilitating expansion
of CD8™ effector cells during the immune response to M. tuber-
culosis in vivo.

CDS8™ effector cells have classically been considered to both
produce IFN-y and exhibit CTL activity. However, a growing
body of evidence indicates that these functional characteristics can
be dissociated. For example, HIV-specific and polyoma virus-in-
duced CD8™" T cells produce IFN-v in response to viral peptides,
but showed reduced CTL activity (33, 34). In addition, a novel
assay that permits identification of individual cytokine-producing
and cytolytic cells demonstrated independent regulation of these
effector functions (35). In the current report, soluble factors se-
creted by CD56"CD3~ NK cells increased the number of IFN-
v*CD8™" T cells, whereas interactions between CD40 on APCs
and CD40 ligand on NK cells enhanced CD8* CTL activity
against M. tuberculosis-infected monocytes. This suggests that NK
cells may utilize distinct mechanisms to regulate IFN-vy production
and CTL activity by CD8™ cells in the course of the immune
response to infection with intracellular pathogens. In NK cells,
IFN-vy production and cytolytic activity are mediated through dif-
ferent cell surface receptors and signal transduction pathways.
Stimulation through the receptors CD137 or KIR2DLA4 elicits
IFN-v production but not cytotoxicity (36, 37). In addition, sig-
naling through mitogen-activated protein kinases and Vav1 control
cytotoxicity, whereas the p38 signaling pathway mediates IFN-y
production (38, 39). We speculate that IFN-vy production and CTL
activity by CD8™ cells are also controlled by different intracellular
signaling pathways.

CD4™ T cells provide help for development of CD8" CTL in
response to several intracellular pathogens through interactions be-
tween the CD40L on CD4 ™" T cells and CD40 on APCs (40, 41),
and the CD40L trimer increased human CD8* CTL activity
against M. tuberculosis-infected monocytes (42). In the current
report, we found that NK cells enhanced lysis of M. tuberculosis-
infected monocytes by CD8" T cells through mechanisms that
require direct contact between NK cells and infected monocytes.
CD40L expression was up-regulated on activated NK cells ex-
posed to infected monocytes. In addition, both anti-CD40 and anti-
CD40L reduced production of IL-15 and IL-18 and abrogated the
capacity of NK cell-exposed monocytes to prime CTL function by
CD8" T cells. These data suggest that interactions between
CD40L on activated NK cells and CD40 on infected monocytes
were necessary to optimize CD8" CTL activity. CD40 was orig-
inally believed to be expressed only on APCs, but recent data
indicate that CD40 is also present on CD8" T cells (22). CD40L
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on NK cells did not bind to CD40 on CD8* T cells in our exper-
imental system, because NK cells did not have contact with CD8™"
T cells (Fig. 7).

We found that depletion of CD56™ cells from PBMC markedly
reduced CD8" T cell effector function. Approximately 20% of
CD8™ T cells in PBMC were CD56", and some of the reduced
cytotoxicity by CD56-depleted cells may have been due to re-
moval of CD8*CD56" cells. CD56™ cells include CD56"CD3™
NK cells and CD56"CD3" NKT cells. One recent study showed
that NK cells and NKT cells are both important for dendritic cell-
dependent priming of CD8" T cells that recognize a hepatitis B
viral peptide (43). Nevertheless, we found that CD56"CD3 " cells
restored the capacity of CD8" T cells to produce IFN-vy and ex-
hibit CTL activity through secretion of soluble factors and cell-cell
contact with infected monocytes, respectively. These findings
clearly demonstrate a role for NK cells in maintaining CD8™ T cell
function. Additional studies are needed to determine the relative
contributions of NK cells and NKT cells to the CD8" T cell re-
sponse to M. tuberculosis.

One shortcoming of our studies is that we evaluated NK cells
obtained from peripheral blood rather than from the lungs and
lymph nodes of persons with primary M. tuberculosis infection.
Such experiments would be extremely informative but unfortu-
nately, ethical and logistical constraints make it difficult to perform
these studies in humans. Additional work in animals is needed to
better delineate the contribution of NK cells to development of the
CD8™ T cell response at the site of disease in vivo.

CD8™ T cells are a critical component of the adaptive immune
response that contributes to protective immunity against M. tuber-
culosis through lysis of infected cells, production of IFN-vy, and
secretion of the mycobactericidal peptide granulysin (8, 18, 44). It
is therefore important to delineate the innate immune mechanisms
that favor expansion of CD8" T cells that recognize and lyse
pathogen-infected cells. Most studies have emphasized the role of
APCs. For example, dendritic cells can shape cytokine production
and CTL activity of CD8" T cells through production of IL-12,
TNF-c, and other cytokines (45, 46). Our results demonstrate that
NK cells constitute another innate mechanism that can modulate
the human CD8™ T cell response to intracellular pathogens.
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