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The human macrophage cell line U937 as an in vitro model for selective evaluation
of mycobacterial antigen-specific cytotoxic T-cell function

J. S. PASSMORE.* P. T. LUKEYt & S. R. RESS* *Clinical Immunology Laboratory, Department of Medicine,
University of Cape Town & Groote Schuur Hospital, Cape Town, South Africa, and TGlaxo Wellcome Medicines Research
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SUMMARY

Despite strong evidence for CD8' T-cell function in murine mycobacterial infections, their
corresponding role in human tuberculosis has proven more difficult to demonstrate. We have
evaluated the human macrophage (M¢) cell line U937 as an in vitro model for human leucocyte
antigen (HLA) class I-restricted presentation of mycobacterial antigens, as HLA class 1 is
constitutively expressed at high levels by U937 cells in the absence of detectable HLA class II or
CDI1 molecules. U937 cells were evaluated for their ability to phagocytose Mycobacterium
tuberculosis and for their ability to present mycobacterial antigens to human HLA class I-matched
cytotoxic T lymphocytes (CTLs). Differentiated U937 cells were capable of efficient phagocytosis of
M. tuberculosis but did not generate a subsequent respiratory burst response, and were permissive
for intracellular growth of both bacillus Calmette-Guérin (BCG) and the virulent M. tuberculosis
H37Rv strain. CTL activity was restricted to live mycobacterial organisms and was shown to be
mediated by M. tuberculosis-specific, HLA class I-matched, purified CD8 " CTL lines and CD8* T-
cell clones. Furthermore, M. tuberculosis-infected U937 targets were more rapidly and strongly
lysed by CD8* CTLs than were infected autologous M¢. Finally, M. tuberculosis-infected U937
cells simultaneously provided a sensitive indicator for detection of mycobacterial-specific, HLA-

unrestricted y8* CTL activity.

INTRODUCTION

Cell-mediated cytotoxic activity in mycobacterial infections is
mediated by an array of effector cells, which include human
leucocyte antigen (HLA) class II-restricted' > CD4 " and HLA
class I-restricted* ' CD8 ™ cytotoxic T lymphocytes (CTLs), as
well as non-HLA-restricted y8* CTLs,'> natural killer (NK)
cells and lymphokine-activated killer (LAK) cell mediators.>
Evidence for CD8 T-cell involvement from murine models of
tuberculosis included the demonstration that CD8* CTL lines
were cytolytic towards macrophages (M¢) infected with
Mycobacterium tuberculosis,*> that B,-microglobulin-deficient
mice were reported to be more susceptible to mycobacterial
infection than their wild-type littermates,® and that mice with a
targeted disruption in the gene for TAP1 (necessary for HLA
class I presentation) were found to be highly susceptible to
infection with M. tuberculosis.”
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Until recently, little success had been achieved in determin-
ing the role of HLA class I-restricted CD8* T cells in human
immunity to tuberculosis, with mycobacteria-responsive CD8 ™
T cells only rarely being isolated from patients with
tuberculosis.'® With the emergence of more sensitive immu-
nological techniques and a corresponding renewed interest in
the role of CD8% CTLs in tuberculosis, a number of studies
have recently been published, demonstrating the existence of
classical HLA class I-restricted M. tuberculosis-responsive
human CD8* T cells.>'* Many of these studies have focused
on the ability of CD8% T cells to produce cytokines or
proliferate in response to stimulation with defined mycobacter-
ial peptides.'®'? Those studies that demonstrated the existence
of cytotoxic CD8" T cells which are capable of lysing M.
tuberculosis-infected target cells, also reported a requirement
for specific priming conditions to facilitate the generation of
CD8* CTLs. Tan et al.’ reported that mycobacterial-specific
CD8™" CTL activity was only demonstrable following in vitro
co-culture with specific growth factors, while Mohagheghpour
et al.'” made use of mycobacterial peptide-pulsed dendritic cells
to efficiently prime CD8* CTL effector cells.

This study describes a relatively simple, robust and easily
adaptable in vitro model that makes use of the human M¢ cell
line, U937,' to present mycobacterial antigens to human HLA
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Figure 1. The effect of differentiation with phorbol 12-myristate 13-acetate (PMA), interferon-y (IFN-y) or 1,25-dihydroxyvitamin
D5 (VD3) on the ability of U937 cells to bind (a) and phagocytose (b) Mycobacterium tuberculosis, generate a respiratory burst
response following infection (¢) and control intracellular mycobacterial growth (d). (a) The ability of untreated, PMA- (5 ng/ml), IFN-
- (200 IU/ml), or VD5- (10~7 wm) differentiated U937 cells to bind M. tuberculosis (10 colony-forming units [CFUJ/cell) in the absence
(top panel) or presence (bottom panel) of fresh human serum was investigated using Zeihl-Neilson (ZN) staining and light
microscopy. M.th, Mycobacterium tuberculosis. (b) Transmission electron micrograph (TEM) photomicrograph of M. tuberculosis
contained in membrane-bound phagosomes within PMA-differentiated U937 cells ( x 5000 magnification). (c) Untreated, PMA-,
IFN-y- or VDjs-differentiated U937 cells were assessed for their ability to mount a respiratory burst by Nitro-blue tetrazolium (NBT)
reduction following stimulation with PMA (20 pg/ml; top panel) or infection with M. tuberculosis H37Rv (50 CFU/cell; bottom
panel). *Represents significantly (P <0-05) increased ability to reduce NBT following differentiation. (d) The permissiveness of
PMA-differentiated (O), IFN-y-differentiated (A) or VDs-differentiated ([J) U937 for intracellular growth of M. tuberculosis
H37Rv (0-1 CFU/cell; top panel) or bacillus Calmette-Guérin (BCG) (0-1 CFU/cell; bottom panel) was assessed over a period of
5 days. Each bar/data point represents the mean percentage (+SD) of at least three independent experiments.

class I-restricted CD8 " CTL. U937 cells were selected because antigens to the HLA class I-processing pathway.'® We

they constitutively express high levels of cell-surface HLA class
I molecules, while HLA class II is undetectable and
uninducible, both at the mRNA level and at the cell surface.'®
U937 cells have also been shown to have a relatively efficient
phagosome-to-cytosol pathway for delivery of exogenous
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demonstrate here that M. tuberculosis-infected U937 target
cells are more rapidly and strongly lysed by CD8* CTL than
infected autologous M¢. Not only do U937 cells provide a
useful in vitro human M¢ model for evaluation of HLA class
I-restricted CD8* CTL function in mycobacterial infections,
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but they are also shown to be a sensitive and selective indicator
of y8* CTL activity, in the absence of significant LAK cell
mediators.

MATERIALS AND METHODS

Cell lines and culture conditions

U937 cells were maintained in suspension culture in RPMI-
1640 (Flow Laboratories, Irvine, UK) supplemented with 10%
(v/v) heat-inactivated fetal calf serum (FCS; Delta Bioproducts,
Kempton Park, South Africa), 2 mm L-glutamine and 10 mm
HEPES, at 37° in a humidified atmosphere of 5% CO,. U937
cells were induced to differentiate by exposing the cells (5 x 10°
cells/ml) to 5 ng/ml of phorbol 12-myristate 13-acetate (PMA)
(Sigma, St. Louis, MO), 200 TU/ml of recombinant interferon-
v (IFN-vy) (Biomedical PBL Laboratories, New Brunswick, NJ)
or 1077 m 1,25-dihydroxyvitamin D3 (VD3) (Roche Pharma-
ceuticals, Nutley, NJ), for 48 hr.

Mycobacterial growth conditions

M. tuberculosis H37TRv and M. bovis bacillus Calmette—Guérin
(BCG) were grown in Middlebrook 7H9 broth (Difco
Laboratories, Detroit, MI) supplemented with 10% Oleic Acid
Albumin Dextran Catalase (OADC) (State Vaccine, Cape Town,
South Africa) and 0-:02% Tween-80 (Merck, Darmstadt,
Germany) at 37° in an atmosphere of 5% CO,. Mid-log phase
cultures were snap-frozen in liquid nitrogen and stored at —80°.

Phagocytosis of M. tuberculosis by U937 cells

For evaluation of mycobacterial binding, Zeihl-Neilsen (ZN)
staining and light microscopy were used. M. tuberculosis
H37Rv was either untreated or precoated with serum opsonins
by culture for 30 min at 37° in the presence of an equal volume
of fresh human serum. Immediately before infection, both
untreated and serum-coated M. tuberculosis were washed once
in phosphate-buffered saline (PBS). Untreated or differentiated
(PMA, IFN-y or VDj3) U937 cells were infected with M.
tuberculosis H37Rv (10 colony-forming units [CFU]/cell) for
90 min in the absence of additional serum. Alternatively,
mycobacterial phagocytosis was assessed by transmission
electron microscopy (TEM), according to the method
described by Schaible er al.*® In these experiments, PMA-
differentiated U937 cells were infected with serum-opsonized
M. tuberculosis (50 CFU/cell) for 90 min.

Following the finding in Fig. 1(a) that the presence of
serum opsonins increased the ability of U937 cells to bind M.
tuberculosis, precoating of M. tuberculosis with human serum
was used for all subsequent experiments.

Nitro-blue tetrazolium (NBT) reduction assay

Respiratory burst activity was assessed by NBT reduction,
according to the method described by Roberts er al.*' U937
cells (either untreated or differentiated with PMA, IFN-y or
VDs; for 48 hr) were suspended in RPMI-1640 containing 10%
FCS and 0-05% (w/v) NBT (Sigma, St. Louis, MO), and primed
with PMA (20 ug/ml, Sigma), infected with M. tuberculosis
(50 CFU/cell) or left untreated, for 60 min at 37°. NBT reduc-
tion was assessed microscopically and at least 200 cells from
duplicate experiments were counted for each of the treatments.

Permissiveness of U937 cells for intracellular mycobacterial
growth

PMA-, IFN-y- or VDs-differentiated U937 cells were infected
with either M. tuberculosis H37Rv or BCG (0-1 CFU/cell) in
the presence of 10% FCS. On days 0 (90-min postinfection), 3
and 5, the cells were lysed using 0-25% sodium dodecyl sulphate
(SDS). The cell lysate was diluted 10-fold in 10% OADC
Middlebrooks 7H9 broth (Difco), plated into a 96-well plate
(100 pl/well; replicates of six per treatment) and pulsed
with [*HJuridine (1 uCi/well; Amersham Pharmacia Biotech,
Buckingham, UK) for 10-12 days at 37°. Bacterial cell-
associated radioactivity was measured using a liquid scintilla-
tion counter (Tricarb 4640; Packard, Downers Grove, IL).

Isolation of human peripheral blood mononuclear cells
(PBMC)

PBMC were obtained from healthy adult volunteers by
centrifugation of heparinized venous blood over Ficoll-
Hypaque density gradients (Sigma).

Tissue typing
HLA typing of U937 cells and human PBMC was determined
according to phenotype, as described by Bodmer er al.??

Flow cytometry
An Epics Profile IT flow cytometer (Coulter, Miami, FL) was
used to perform immunophenotyping. Monoclonal antibodies
(mAbs) were from Coulter (Hialeah, FL) or Becton-Dickinson
(San Jose, CA).

Stimulation of mycobacterial-specific CTLs

PBMC (1 x 10° cells/ml) were stimulated with purified-protein
derivative (PPD) (3 pug/ml; Central Veterinary College,
Weybridge, UK), M. tuberculosis H37Rv or BCG (1 CFU/
cell), for 6 days at 37°. Where indicated, specific T-cell subsets
were isolated using the Minimacs magnetic bead separation
system (Miltenyi Biotec, Auburn, CA). The purity of the
positively selected T-cell subsets ranged from 95 to 99%. On
day 6 of stimulation, the primed CTLs were adjusted to the
concentration required for the cytotoxicity assays.

To investigate the effect of initial CTL priming on CDS8
cytolytic activity, in some experiments the PBMC were: (i)
primed with M. tuberculosis (1 CFU/ml) in the presence of
recombinant human interleukin-2 (rhIL-2) (10 IU/ml; Cetus,
Chiron Corporation, Emeryville, CA) (Tan et al.)’ and CD8™*
cells were isolated after 6 days; (i1) primed with M. tuberculosis
for 24 hr, then the CD8* CTLs were isolated and cultured in
the presence of rhIL-2 (50 IU/ml) for the remaining 5 days; or
(111) primed with M. tuberculosis-infected, ‘osmotically shocked’
M¢ (Moore et al.)** and then the CD8* T cells were isolated
after 6 days.

Generation of T-cell clones

T-cell clones were generated by limiting dilution from M.
tuberculosis-primed bulk PBMC cultures or from short-term
CDS8™ or y8 " T-cell lines. T-cell subpopulations were seeded at
0-2 cells/well into Terasaki wells in the presence of irradiated
(40 Gy) autologous PBMC feeders (1 x 10° cells/ml), phyto-
haemagglutinin (PHA; 113 x 10~ mitogenic units/ml) (Murex
Biotec, Dartford, UK) and recombinant interleukin-2 (rIL-2;
100 TU/ml), for 10-12 days. Mycobacterial-specific cytolytic
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CD8™ or y8 ™" T-cell clones were restimulated every 7 days with
PHA (1-13x 1072 mitogenic units/ml) or M. tuberculosis
(1 CFU/cell) and rhIL-2 (100 IU/ml), in the presence of
autologous irradiated PBMCs.

Cytotoxicity assays

The non-adherent target cytotoxicity assay for determining
CD8™", NK- and LAK-mediated cytotoxicity against U937
targets was adapted from Ratcliffe e al.* PMA-differentiated
U937 cells were either infected with M. tuberculosis H37Rv (5
CFU/cell) or pulsed with the irrelevant streptococcal antigen
streptokinase-streptodornase (SK-SD; 250 IU/ml of SK;
62:5 IU/ml of SD) (Lederle Laboratory, Wayne, NJ) for
16 hr at 37°. Suspension cells were then labelled with 250 uCi
of chromium-51 (°'Cr) for 90 min, washed three times and
adjusted to the desired concentration.

The adherent target cytotoxicity assay for determining
cytolysis against autologous M¢ targets has been described
previously by Lorgat er al? Monocyte-derived Md were
infected with M. tuberculosis H37Rv (5 CFU/cell) or pulsed
with SK-SD (250 IU/ml of SK; 62-5 TU/ml of SD) (Lederle
Laboratory) and concurrently labelled with >'Cr (6 pCi/well;
Amersham) for 16 hr at 37°.

M. tuberculosis-primed CTL effector cells were then added
to either non-adherent (U937) or adherent (M¢) target cells, at
various effector : target ratios, for either 4 or 16 hr (as indicated
in the figure legends) at 37° in an atmosphere of 5% CO..

Lymphoproliferative assay

T-cell clones (1x10° cells/ml) were stimulated with fresh
irradiated autologous feeders (1 x 10° cells/ml) in the presence
of PHA (1-1 x 10~ 2 mitogenic units/ml), PPD (3 ug/ml), or M.
tuberculosis H37Rv (1 CFU/feeder), for 40-48 hr at 37° in an
atmosphere of 5% CO,. [PH]Thymidine (1 uCi/well) (Amer-
sham) was added to triplicate wells for the last 8 hr of the assay.
Radioactivity was measured (in counts per minute [c.p.m.])
using a liquid scintillation counter (Tricarb 4640; Packard).

Statistical analysis
Statistical analyses were performed using the Student’s z-test
with the commercial statistical software package statisticA® .

RESULTS
Phagocytosis and intracellular growth of mycobacteria

Undifferentiated U937 cells were unable to bind M. tubercu-
losis H37Rv, but differentiation using PMA, IFN-y or VD3
significantly enhanced their ability to bind mycobacteria
(Fig. 1a), particularly in the presence of serum opsonins.
PMA-induced U937 cells showed the greatest ability to bind M.
tuberculosis (57+3% binding one or more bacilli in the
presence of serum). TEM of PMA-treated U937 cells infected
with M. tuberculosis revealed that the bacilli were intracellular
and contained within vacuoles (Fig. 1b). Quantitative analysis
of the infected cells by TEM confirmed that = 53% of PMA-
treated U937 cells became infected.

Differentiation of U937 cells with IFN-y or VD3, but not
with PMA, significantly (P=0-02, P=0-03 and P=0-25,
respectively) increased their ability to reduce NBT (Fig. 1c¢).
However, despite showing moderate-to-strong respiratory
burst activity following stimulation with PMA, differentiated
U937 cells showed poor oxidative burst activity following
infection with M. tuberculosis.

Differentiated U937 cells were found to be permissive to the
growth of both virulent M. tuberculosis H37Rv and, to a lesser
extent, non-virulent BCG, regardless of the agent used to
induce differentiation (Fig. 1d).

Surface expression of HLA class I, HLA class II and CD1

U937 cells do not express cell-surface HLA class II but do
express significant levels of HLA class I (Table 1).'® HLA class
II expression was not inducible using rhIFN-y (10" —10? units/
ml), PMA (5ng/ml), VD; (107°—10"° m), granulocyte—
macrophage colony-stimulating factor (GM-CSF) (5-10 ng/
ml), or a combination of these agents (data not shown).
Although mycobacterial infection was found to have no effect
on the number of cells expressing HLA class II or on the level
of cell-surface expression, the level of HLA class I on the M.
tuberculosis-infected, but not the BCG-infected, cells was
significantly up-regulated (P <0-05) compared with uninfected
cells (Table 1).

We also found that U937 cells do not express measurable
levels of CDla, CDIlb or CDIlc following conventional

Table 1. Effect of mycobacterial infection on human leucocyte antigen (HLA) expression by U937 cells

Percentage (+SD) of cells
expressing surface antigen

MFI (£ SD) of cells
expressing surface antigen

HLA Treatment Isotypic Ab* Specific Ab Isotypic Ab Specific Ab

HLA class IT Uninfected 2:0 (+1-0) 32 (£26) 344 (+£209) 30-3 (£181)
BCG infected 2-1 (+0-6) 2:5(+13) 27-5 (+11-2) 29-7 (+159)
M. tb infected 2:0 (£0-7) 2:2 (+1-2) 350 (£10:7) 32:8 (£94)

HLA class I Uninfected 21 (+1:9) 966 (+£2-6) 12:6 (+13-4) 270 (+12-1)
BCG infected 2:5(+1:7) 967 (£2-1) 18:2 (£19-'5) 282 (+89)
M. th infected 2:3 (+0-4) 94-3 (£1-3) 23-8 (£3-5) 59-5 (£9-7)F

These results are presented as the mean percentage (+SD) or mean fluorescence intensity (MFI) (+SD) of phorbol 12-myristate 13-acetate (PMA)-

differentiated U937 cells expressing cell surface HLA class I or class II.

*Isotypic controls were used in all cases to set cursors to allow 2% false positives. Ab, antibody.
FTHLA class I expression was significantly up-regulated (P <0-05) following infection with Mycobacterium tuberculosis (M. tb) H37Rv but not with bacillus

Calmette-Guérin (BCG).
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Table 2. Human leucocyte antigen (HLA) typing of HLA class I-matched and -mismatched donors

HLA compatibility: Donor SI HLA class T typing HLA class II typing
Cell line: U937 - A3 BI18,51 Cwl - - -
HLA class I matched TS 1254 A3*2 B35,44 Cw4,5 DR1,7 DQI,2
PB 773 A3* 28 B7,42 Cw7- DR2,11 DQ1,7
ES 89-1 A3*28 B35,7 Cw4,— DR2,- DQI—
EC 91-8 A3* 30 B7,65 Cw7.8 DR2,11 DQL,7
RG 58-8 A2,31 B51*,62 Cw3,— DR4,11 DQ3,~
BR 7-0 A224 B51%,7 Cw3,6 DR2,13 DQI.—
HLA class I mismatched MH 12:3 Al,28 B37,62 Cw3,6 DR2,13 DQI.—
NP 229 A11,30 B13,58 Cw6,7 DR2,17 DQ1,7
SG 523 A28,34 B16,40 Cw—— DR2,14 DQI -
SJ 234 A24,31 B7.8 Cw7,- DR2,17 DQI,2
MF 40-5 A26,33 B58,— Cw3.6 DR4,17 DQ2,8
WM 1935 A30,68 B42,53 Cwé— DRS,18 DQ4,7

*HLA class I match to U937 cells.

Lymphoproliferative responses of selected donors to purified protein derivative (PPD) are expressed as stimulation index (SI) in counts per minute (c.p.m.)

and were calculated as follows:
SI=[(c.p.m. following PPD stimulation)=(c.p.m. of unstimulated cells)]

differentiation or stimulation with GM-CSF/interleukin-4
(IL-4) (data not shown).?

Selection of HLA class I-matched donors

U937 cells were found to express HLA-A3, -B18, -B51 and -
Cwl (Table 2). Twelve healthy employees of the Groote
Schuur Hospital were recruited for this study on the basis of
their HLA typing. Six of the donors were HLA class I-matched
to U937. The remaining donors were HLA class [-mismatched
to U937 cells. All of the selected donors showed strong
proliferative responses to PPD.

NK and LAK activity against U937

We initially evaluated the relative contribution of NK- or
LAK-cell cytotoxicity against U937 cells before and following
differentiation (Fig. 2). Using freshly isolated PBMC effector
cells, undifferentiated U937 cells were found to be as
susceptible to NK activity as K562 (the classical NK-indicator
cell line). Following rIL-2 stimulation of PBMC to generate
LAK effectors (6 days), U937 cells were killed with an
efficiency similar to that of Daudi cells (the classical LAK
indicator cell line). Differentiation of U937, however, sig-
nificantly abrogated their sensitivity to both NK- and LAK-
mediated cytotoxicity.

Cytolysis of U937 and autologous M¢

Figure 3(a) shows the susceptibility of M. tuberculosis-infected
U937 compared with autologous M¢ targets to mycobacterial
antigen-specific CTL activity. Both HLA-A3- (n=4; Table 2)
and HLA-BS1-matched CTLs (n=2) showed significantly
greater ability (P<0-05) to lyse M. tuberculosis-infected
U937 cells than SK-SD-pulsed cells. Mycobacterial-specific
CTLs generated from donors who were HLA mismatched to
U937 cells (n=6) did not demonstrate any significant ability to

(a) NK-mediated kill (b) LAK-mediated kill
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Figure 2. Natural killer (NK) (a) and lymphokine-activated Kkiller
(LAK) (b) cell-mediated cytotoxicity against untreated U937 cells (V),
phorbol 12-myristate 13-acetate (PMA)-differentiated U937 cells (A),
K562 (@) and Daudi (H). Cytotoxicity was determined after 4 hr.
Each data point represents the mean percentage kill of duplicate
experiments.

lyse U937 targets (P>0-2), but showed cytolytic activity
against autologous M¢ targets.

Lysis by the HLA class I-matched CTL populations was
found to be restricted to M. tuberculosis H37Rv- and BCG-
infected U937 targets; no significantly enhanced lysis was
found in cells pulsed with the soluble mycobacterial extract,
PPD (Fig. 3b). The same M. tuberculosis-primed CTLs were
capable of lysing autologous M ¢ targets pulsed with PPD (data
not shown). The inability of PPD-pulsed U937 target cells to be
recognized in this context is consistent with the absence of a
functional HLA class II-processing pathway in the U937 cell
line.

T-cell subset purification

To directly determine the contribution of the different T-cell
subsets to mycobacterial antigen-specific cytolysis generated
against U937 cells, CD8*, CD4™" and y8™" T cells were isolated
from M. tuberculosis-primed PBMC. As shown in Fig. 4(a)

© 2001 Blackwell Science Ltd, Immunology, 102, 146-156
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Figure 3. (A) Mycobacterium tuberculosis-specific cytolysis generated by the (a) human leucocyte antigen (HLA)-A3-matched (n=4;
TS, PB, ES and EC), (b) HLA-B51-matched (2=2; RG and BR), and (c) HLA-mismatched (n=6; MH, NP, SG, SJ, MF and WM)
donor cytotoxic T lymphocytes (CTL) against U937 (top panel) and autologous macrophage (M¢) targets (bottom panel). (B)
Mycobacterial antigen-specific cytolysis generated by HLA-BS51-matched donor CTLs (n=1; RG) against U937 targets infected with
(a) M. tuberculosis H3TRv (5 colony-forming units [CFU]/cell) (b) bacillus Calmette-Guérin (BCG) (5 CFU/cell), or (c¢) pulsed with
the soluble mycobacterial extract purified-protein derivative (PPD) (3 ug/ml). Target cells were infected with M. tuberculosis (5 CFU/
cell) (M) or pulsed with an irrelevant antigen, streptokinase-streptodornase (SK-SD) (O). Cytotoxicity against U937 and autologous
M¢ targets was measured after 4 hr. Each data point represents the mean percentage cytolysis (+SEM) of at least three independent

experiments.

(top panel), both unseparated effectors and M. tuberculosis-
activated, purified CD8% T cells (from HLA-B51-matched
donors RG and BR) were cytolytic towards HLA class I-
matched M. tuberculosis-infected U937 but not cells pulsed
with the irrelevant streptococcal antigen, SK-SD (15-745:0%
mycobacterial-specific cytolysis, P<0-05). The CD8* CTL
activity was HLA class I-restricted, as CD8 " cells from HLA
class I-mismatched donors (MF and WM) showed no
significant ability to lyse M. tuberculosis-infected U937 targets
(P>0-1). No cytolysis was obtained with purified CD4 " T cells
from the HLA class I-matched and HLA-mismatched donors.
The v&*-enriched CTL population showed the most sig-
nificant ability to lyse M. tuberculosis-infected U937 target
cells (17-949-3% mycobacterial-specific cytolysis, P<0-02).
Although clearly mycobacterial antigen specific, these cells
were found not to be restricted to the classical HLA class I or
class II molecules because y8* CTLs from both HLA class
I-matched and the HLA-mismatched donors showed strong
cytolytic activity against infected U937 targets.

© 2001 Blackwell Science Ltd, Immunology, 102, 146-156

U937 and autologous M¢ as antigen-presenting cells (APCs)

Differentiated U937 cells were more rapidly and strongly lysed
by CDS8' cells than autologous M¢ targets (Fig. 4b,
P=0-004). Although all target cells were infected with M.
tuberculosis for the same period of time and under identical
culture conditions, M¢ required an extended 18-hr culture
period to be efficiently lysed by CD8 " CTL.

CD8* T-cell activation

Phenotypic characterization of the CD8* T-cell population
showed that under conventional priming conditions (M.
tuberculosis priming of bulk PBMC in the absence of additional
growth factors) only 24:3% (+18:2%) of the CDS8 cells
expressed CD25 (IL-2R) and 15-3% (+8-4%) expressed
HLA-DR. Although CD8 " CTL were not selectively expanded
following exposure to mycobacterial antigens (relative expan-
sion ratio of 1:0-9 [day O:day 7]), there was no significant
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Figure 4. (A) Characterization of cytolytic T-cell subsets generating mycobacterial-specific cytolysis against U937 target cells.
Mycobacterium tuberculosis-primed human leucocyte antigen (HLA)-B51-matched cytotoxic T lymphocytes (CTL) (RG and BR; top
panel) and the HLA-mismatched CTL (MF and WM; bottom panel) populations were either (a) not separated, or fractionated into (b)
CD8™" (c) CD4" or (d) y8" T-cell subsets, and assessed for their respective cytolytic abilities against U937 target cells. U937 target
cells were either infected with M. tuberculosis (5 colony-forming units [CFU]J/cell) (M) or pulsed with an irrelevant antigen,
streptokinase-streptodornase (SK-SD) (O). Each data point represents the mean percentage cytolysis (+SEM) of at least three
independent experiments. (B) Comparison of CD8* CTL cytolytic activity generated by HLA-B51-matched donors (n=2; RG and
BR) against U937 versus macrophage (Mo) targets. Mycobacterial-specific cytolysis was calculated according to the following
equation:

Mycobacterial-specific cytolysis=[(% cytolysis against M. tuberculosis-infected targets)
— (% cytolysis against SK-SD-pulsed targets)]

Cytotoxicity was measured after 4 hr for U937 targets, and after 4 and 18 hr for M¢ targets (as indicated). Each box-and-whisker plot
shows the distribution, median (solid line), mean (dotted line), 10th and 90th percentile of six independent experiments. M.th,
Mycobacterium tuberculosis.

reduction in the proportion of CD8 T cells following
activation.

Because it has been well established that conventional
mycobacterial priming preferentially activates and expands
CD4™" and, possibly, y8" T cells, it has been proposed that
more specific culture conditions may be necessary for optimal
activation of M. muberculosis-specific CD8" CTLs ex vivo.”!?
In order to define the optimal conditions necessary for CD8*
CTL priming in mycobacterial infections, the effect of
alternative strategies on CDS8 activation marker expression
and cytolytic ability were investigated (Fig. 5). The results

showed that priming of bulk PBMC with the virulent M.
tuberculosis H37Rv did not result in any significant enhance-
ment in CD8 " CTL activation or cytolytic function compared
with stimulation by attenuated BCG (P =0-465). In contrast,
PBMC:s cultured together with a combination of M. tubercu-
losis and low doses of rhIL-2 (10 IU/ml) showed significantly
increased expression of CD25 (IL-2 receptor [IL-2R]) on
CD8" CTLs (P=0-005) but no concomitant enhancement of
mycobacterial-specific CD8 T-cell cytolytic activity. Short-term
bulk stimulation of PBMCs with M. tuberculosis (24 hr)
followed by CD8*" CTL-subset isolation and rIL-2
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Figure 5. The effect of priming conditions on mycobacterial-specific CD8* cytotoxic T lymphocyte (CTL) cytolytic function. (a)
CD25 (interleukin-2 receptor [IL-2R]) expression and (b) mycobacterial-specific cytolytic activity against monocyte-derived
macrophages (M¢) was assessed following different CTL priming procedures. Mycobacterial-specific CTLs were generated from
peripheral blood mononuclear cells (PBMC) stimulated with: (i) bacillus Calmette-Guérin (BCG) (1 colony-forming unit [CFU]/ml)
(i1), Mycobacterium tuberculosis (M.tb) H37Rv (1 CFU/ml) or (iii) M. tuberculosis H37Rv (1 CFU/ml) in the presence of additional
recombinant human IL-2 (M.7b/IL-2) (10 TU/ml) and CD8™ cells isolated after 6 days. Alternatively, CTLs were generated by (iv)
stimulating PBMC with M. tuberculosis for 24 hr, isolating the CD8* CTLs and then culturing these in the presence of rhIL-2 (50 1U/
ml) for the remaining 5 days [M.b (24 hr)/IL-2]; or (v) primed with M. tuberculosis-infected, osmotically lysed M¢ and then isolating
the CD8™" T cells after 6 days. Mycobacterial-specific cytolysis was calculated according to the following equation:

Mycobacterial-specific cytolysis =[(% cytolysis against M. tuberculosis—infected targets)
— (% cytolysis against SK-SD-pulsed targets)]

Cytotoxicity was measured after 18 hr. Each box-and-whisker plot shows the distribution, median (solid line), mean (dotted line), 10th

and 90th percentile of six independent experiments.

(50-100 TU/ml) activation was used to investigate whether
early exclusion of CD4" T cells enhanced mycobacterial-
specific CD8* CTL activity. We found significantly reduced
CD8™" CTL activation (P=0-031) and no significant difference
in cytolytic activity compared with conventional M. tubercu-
losis priming used throughout this study. We also investigated
the use of ‘osmotic shock’ to facilitate the release of exogenous
antigens into the HLA class I processing pathway.? Although
marginally increased expression of CD25 (IL-2R) on CD8™
T cells was observed (P =0-246), these CD8 cells demonstrated
reduced cytolytic ability compared with conventional priming
(P=0-005).

It is probable that the low cytolytic capacity demonstrated
by CD8" CTLs in mycobacterial infections may be the result
of the combined effects of inadequate initial priming of this T-
cell subset, a phenomenon recently described in the context of
viral infections,?® together with the relative inefficiency of the
pathway allowing HLA class I presentation of exogenously
derived bacterial antigens.?’

T-cell clones

T-cell clones were generated from M. tuberculosis-primed
HLA-BS51-matched PBMC (RG; Table 2) and selected on the
basis of their cytolytic activity against M. tuberculosis-infected
U937 target cells (Fig. 6a). Although the T-cell clones that
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demonstrated cytolytic activity against infected U937 targets
were found to be predominantly CD8* (48/56), all the CDS T-
cell clones tested demonstrated only moderate-to-weak cyto-
lytic activity against M. tuberculosis-infected U937 targets
(13-2+8-1% mycobacterial antigen-specific). By comparison,
these CD8™ clones showed poor cytolytic activity towards M.
tuberculosis-infected autologous M¢ targets (5-4 +3-3%). All of
the CD8™" T-cell clones tested proliferated strongly to live M.
tuberculosis but much less so to soluble PPD (Fig. 6b). On the
other hand, the T-cell clones from the HLA-B51-matched
donor (RG, Table 2), from whom the CDS clones were
generated, demonstrated strong proliferative responses to PPD
(SI=58-8) using bulk PBMCs. A small proportion (eight of 56)
of cytolytic clones expressed the v+ T-cell receptor (CDS8).
Despite being present in lower numbers compared with the
CD8 CTL clones, these y8* T-cell clones generated strong
cytolytic activity against infected U937 target cells.

DISCUSSION

The U937 cell line has been used extensively as an in vitro model
for human M¢ differentiation”®? and effector function in
various infectious diseases, including Legionella,’® Leishma-
nia®" and Salmonella spp.**> U937 cells have been shown to be
capable of Mo-like differentiation without concomitant
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Figure 6. Cytotoxic and proliferative responses of mycobacterial
antigen-specific cytotoxic T-lymphocyte (CTL) clones generated from
a human leucocyte antigen (HLA)-B51-matched donor (RG). (A) Both
CD8™" (a) and y8* (b) CTL clones mediate mycobacterial-specific
cytolytic activity against U937 target cells. U937 target cells were either
infected with Mycobacterium tuberculosis (5 colony-forming units
[CFU]/cell) (filled bars) or pulsed with an irrelevant antigen,
streptokinase-streptodornase (SK-SD) (open bars). Cytotoxicity was
measured after 4 hr. Each data point represents the mean percentage
cytolysis (+SD) of at least four independent experiments. (B)
Proliferative responses of CD8* T-cell clones to (a) soluble purified-
protein derivative (PPD) or (b) M. tuberculosis. CD8" T-cell clones
were unstimulated, or stimulated with PPD (3 pg/ml) or M. tuberculosis
(5 CFU/cell) in triplicate wells in the presence of autologous irradiated
peripheral blood mononuclear cells (PBMCs). After 40 hr, cultures
were pulsed with [*H]thymidine (1 uCi/well) for 8 hr. Results are
expressed as stimulation indices (SI) (in counts per minute [c.p.m.]) and
were calculated as follows:

SI=[(mean c.p.m. of antigen-stimulated wells)
—+(mean c.p.m. of unstimulated wells)]

Each bar represents the mean SI (4 SD) of triplicate wells.

induction of HLA class I1'® and are able to efficiently process
antigens for presentation by HLA class I molecules.'®

In the present study, we have established the utility of the
U937 cell line as an in vitro model for mycobacterial antigen
presentation to non-CD4 " human cytolytic T cells (CD8* and
v8™) because of the following:

(1) the fact that differentiated U937 cells phagocytosed M.
tuberculosis efficiently without generating a respiratory

burst response, together with their ability to strongly
support the intracellular growth of attenuated (BCG) and
virulent (M. tuberculosis H37Rv) mycobacterial strains,
probably ensured high antigenic load and HLA class |
processing;33

(2) differentiation of U937 cells virtually abrogated their
susceptibility to both NK- and LAK-mediated anomalous
cytotoxicity;

(3) M. tuberculosis-infected U937 cells were efficiently lysed by
M. tuberculosis-specific HLA class I-matched, but not
HLA-mismatched, human CTLs, while lack of HLA class
1T expression by U937 target cells precluded killing by
CD4" CTLs."?

(4) CTL activity was shown to be restricted to live myco-
bacterial organisms (M. tuberculosis H37Rv and BCG)
that are capable of access to the HLA class I pathway>*?*
but was not detected against PPD-pulsed target cells that
are lysed by CD4* CTL;? and

(5) CTL activity was found to be mediated by purified CD8*
CTL lines and CD8™* T-cell clones only from HLA class I-
matched donors.

Given the absence of HLA class II (Table 1)'® and CD1?*
expression on U937 cells, the data presented here further
supports the conclusion that antigens derived from M.
tuberculosis can access the HLA class I processing path-
way.T+13:34.35

The mechanism by which mycobacterial antigens derived
from intracellular, but phagosomally situated, M. tuberculosis
might gain access to the HLA class I-presentation pathway, is
slowly emerging. The ability of exogenous bacterial and
particulate antigens to gain access to the HLA class I-
processing pathway has been described previously*®*’ and
there is now evidence to suggest that infection with M.
tuberculosis is able to facilitate such an exchange of antigens
between phagosomes and the cytoplasm.***> Furthermore, a
recent report by Canaday e al.'® has demonstrated that M.
tuberculosis-derived antigens are capable of accessing the HLA
class I pathway by an alternative route that does not require
proteosomal processing or trafficking through the endoplasmic
reticulum. The phagosome-to-cytosol HLA class I-processing
pathway for exogenous antigens does not, however, seem to be
a constitutive characteristic of all professional APCs.?’

Although U937 target cells shared only a single HLA class I
haplotype match (either HLA-A3 or -B51) with the CTL
donors investigated in this study, they were more rapidly and
strongly lysed than autologous M¢ targets. Several possibilities
could account for this interesting observation. One possible
explanation may be that a more efficient phagosome-to-cytosol
antigen delivery system in U937 cells could result in enhanced
surface antigen presentation to CTL effectors. Although
additional research is needed to confirm this, a recent report
by Harris and colleagues' lends supports to this interpretation.
These authors directly isolated and identified HLA class I-
associated peptides from human immunodeficiency virus (HIV)
nef-transfected U937 cells and found that, in addition to the
anticipated HIV nef- and endogenously derived peptides, a
significant proportion of peptides isolated from the HLA class I
pools were derived from identifiable exogenous proteins.
Although Harris er al.'® showed relatively good yields of
exogenously derived HLA class I-associated peptides, they
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calculated that HLA class I presentation of endogenously
derived peptides was still 200-fold more efficient than
presentation of peptides derived from exogenous proteins.

In addition to HLA class I-restricted CD8 CTL responses,
we also found that M. tuberculosis-infected U937 target cells
were sensitive to non-HLA-restricted, but mycobacterial-spe-
cific, CTL activity mediated by purified v " CTL lines and y8 "
T-cell clones. Previous reports have confirmed that antigen-
specific responses of yd T cells are not restricted by classical
HLA class I or II, or non-classical CDla, CDI1b or CDlc
antigen-presenting molecules and that antigens may be
presented directly on the surface of infected cells as no
apparent antigen processing appears to be necessary.’® The
present finding that differentiation of U937 cells abrogated
their susceptibility to both NK- and LAK-mediated anomalous
cytotoxicity, thereby permitting selective distinction of y87*
CTL from LAK activity, may indicate a useful role for this M¢
model in the study of y8* CTL responses in mycobacterial
infections.

In summary, this study has demonstrated that the human
monocytic cell line, U937, is a suitable in vitro model for HLA
class I-restricted presentation of mycobacterial antigens to
human cytolytic T cells. In addition, infected U937 cells
simultaneously provided a sensitive indicator for detection of
mycobacterial-specific, HLA-unrestricted y8* CTL activity.
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