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CD4* helper T cells mediate resistance to tuberculosis, presumably by enhancing the
antimicrobial activity of macrophages within which the Mycobacterium tuberculosis orga-
nism grows. A first step in resistance should be the presentation of mycobacterial antigens
by macrophages to CD4* T cells. However, when the antigenic stimulus is limited to
organisms growing in human monocytes, the organisms become sequestered from im-
mune CD4* T cells. This block in presentation is selective for growing mycobacteria and
not for other stimuli. Sequestration would allow replicating organisms to persist in infected

individuals and may contribute to virulence.

Resistance to tuberculosis is dependent on
the function of CD4* helper lymphocytes
because individuals with human immuno-
deficiency virus (HIV) infection (I, 2) and
mice that lack CD4* T cells (3-5) are
highly susceptible to infection with M.
tuberculosis and to an attenuated bovine
tuberculosis strain, strain Bacille Calmette-
Guerin (Mycobacterium bovis BCG). Immu-
nocompetent individuals, on the other
hand, develop strong CD4* T cell reactiv-
ity to many of the protein components of
mycobacteria (6, 7). Mycobacteria are
among the strongest stimuli of the CD4* T
cell compartment. We find here that when
BCG is grown in human monocytes, the
organism becomes sequestered from im-
mune CD4" T cells. The defect in presen-
tation appears to be selective for antigens
expressed by growing bacilli.

We used cultured human blood mono-
cytes or macrophages to study antigen pre-
sentation by cells infected with growing
mycobacteria. Monocytes were exposed to
an inoculum containing live M. bovis BCG
and then were cultured for a total of 2 or 7
days [acutely or chronically infected, respec-
tively (8)]. BCG does not grow in standard
tissue culture medium but does replicate in
monocytes, as we monitored by staining for
acid-fast bacilli and by colony counts (Fig.
1). At least 60% of the monocytes contained
acid-fast bacilli. Between days 2 and 7 of
culture, the number of acid-fast bacilli in-
creased (Fig. 1, A and B), and the number of
colony-forming units (CFUs) expanded two
to five times (Fig. 1C).

We then determined the capacity of in-
fected macrophages to present mycobacterial
antigens to T cells from individuals infected
with tuberculosis or those vaccinated with
BCG (9). These individuals have an ex-
panded repertoire of mycobacterial-specific
CD4* T cells that proliferate when chal-
lenged with BCG and antigen-presenting
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cells in vitro. Acutely infected, day 2 mac-
rophages effectively presented antigens to
bulk T cells (Fig. 2A). The average amount
of DNA synthesis in eight experiments was
31,907 + 6,797 cpm for infected cells, as
compared with 1,192 * 303 cpm for unin-
fected cells. The response to acutely infected
macrophages was comparable to that ob-
served with uninfected cells presenting a
standard purified protein derivative (PPD)
preparation of mycobacterial proteins
(36,093 = 8,729 cpm). In contrast, chron-
ically infected macrophages stimulated T

Fig. 1. Progressive
growth of BCG in human
monocytes. (A) Acutely
infected day 2 mono-
cytes. Rod shaped,
brightly stained acid-fast
bacilli (fluorescence au-
ramine-rhodamine) were
seen in 70 to 80% of the
monocytes. The mono-
cytes (infected and unin-
fected) can be identified
by a faint background
stain. (B) Chronically in-
fected day 7 macro-
phages. (C) Viable BCG

cells poorly (4,299 = 2,089 cpm, as com-
pared with 803 + 191 cpm for uninfected
monocytes) in 11 experiments (Fig. 2B).

This defect in presentation by chronical-
ly infected macrophages was restricted to
the parasitized M. bovis BCG. Infected day
7 macrophages presented PPD comparably
(33,342 = 10,641 cpm) to uninfected day 2
or day 7 macrophages or to infected day 2
macrophages (Fig. 2). Chronically infected
macrophages could also present freshly add-
ed M. bovis BCG or an acetone extract of
mycobacteria to bulk-primed T cells (10).
Acutely and chronically infected macro-
phages could also stimulate T cells to a
similar extent when presenting a monoclo-
nal antibody (mAb) to CD3 or the super-
antigen staphylococcal enterotoxin A
(SEA) (Table 1). In these assays, where
DNA synthesis was measured relatively ear-
ly (after 3 days of culture), acutely infected
macrophages were already stimulating a T
cell response, whereas chronically infected
macrophages were less effective.

We studied a group of mycobacterial-
reactive, CD4* T cell clones to provide a
more sensitive test of the sequestration
phenomenon. CD4* T cell clones were
generated from an individual with tubercu-
losis and an individual vaccinated with

c Infected macrophages
108
<
105
@ A
T
g S
104 g
8
103
Day2 Day7

as assessed by the amount of CFUs in acutely and chronically infected monocytes. Each symbol
represents a different experiment showing an expansion of CFUs between day 2 and day 7.

Fig. 2. T cell stimulation
by acutely and chronical-
ly infected macrophages.
Data shown are means +
SE of (A) 8 day 2 and (B)
11 day 7 experiments. Im-
mune T cells (10° cells
from five individuals vac-
cinated with BCG and two
infected with tuberculo-
sis) were cocultured with 0
25 x 10* autologous
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macrophages. The latter )
were not infected or were

+PPD ) +PPD

infected with live BCG (open and closed symbols, respectively) and either were not supplemented (—)
or were supplemented with PPD at 10 wg/ml, as indicated. T cell responses were assessed by
[®H]thymidine uptake (1 wCi for 12 to 14 hours on the fifth or sixth day of culture). T cells from both
individuals with tuberculosis and those vaccinated with BCG behaved similarly in our tests.
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BCG, as described (11). All of the clones
were major histocompatibility complex
(MHC) class II-restricted and proliferated
in response to monocytes infected with M.

bovis BCG (Fig. 3A, day 2 macrophages).
Chronically infected day 7 macrophages
[whether autologous or human leukocyte
antigen (HLA)-DR matched] presented

Table 1. T cell responses to BCG-infected macrophages. We used acutely and chronically
BCG-infected macrophages to stimulate 10° autologous T cells from individuals with tuberculosis or
those vaccinated with BCG. Infected and uninfected cells were supplemented with no stimulus, with
mAb to CD3 (OKT3; 25 ng/ml), or with SEA (15 ng/ml; Toxin Tech, Sarasota, Florida). Values shown
(%103 cpm) = SE are the mean for DNA synthesis in the cultures of five consecutive experiments
in which 1 wCi of 3H-labeled thymidine was added for 12 hours at the start of the fourth day of the
response.

Day 2 macrophages Day 7 macrophages

Stimulus
Uninfected Infected Uninfected Infected
None 1.0+ 02 133+ 54 09+ 03 29+ 11
OKT3 348+ 95 416+ 9.0 459 + 10.7 559+ 93
SEA 1446 = 105 166.4 = 19.8 137.3 = 841 151.8 + 13.6
Fig. 3. Stimulation of T i 6 .
cell clones by acutely E 1°7A 018
and chronically infected & D2 07 L_
macrophages. The ex- 8
periments were setupin & 10°3 n 10°;
the same way as in Fig. = . 8 ﬁ
2, except that the T cells 8 R o o
were clonal populations % 4q¢ | ? o n
(71) and were added at a ] n 0
concentration of 2 x 10* § A
per well. The antigens & —
recognized by our panel - 10%; 10°§ ﬁ
of clones were evaluated +PPD +PPD +PPD

with M. tuberculosis Erd-

man fractions. Some clones respond to the culture filtrate fraction (secreted protein) and others to
the cell wall (70). (A) Each symbol is the response of a different clone to an MHC-matched donor.
(B) The symbuols are different clones responding to autologous macrophages from an individual with
tuberculosis. Background stimulation of individual clones in the presence of uninfected MHC-
matched macrophages was in the range of 100 to 500 cpm. D2, day 2; D7, day 7.

Fig. 4. Efficient presen-
tation of PPD by macro-
phages chronically in-
fected with BCG. Myco-
bacterial-reactive T cell
clones or nonreactive
clones used as a con-
trol were added for 3
days to HLA-matched
monocytes on chamber
slides (Lab Tek; Nunc)
(8). Some of the mono-
cytes had been chroni-
cally infected with
BCG. We added exog-
enous PPD and as-
sessed if mycobacte-
rial-specific T cell
clones could bind and
respond to infected
cells. We monitored T
cell responsiveness by
labeling the monolayers with mAb Ki-67 (Amac; Westbrook, Maine) to an S phase nuclear antigen.
The antibody was visualized with an antibody to immunoglobulin conjugated to peroxidase, and
then the specimens were stained with the auramine-rhodamine reagent for acid-fast bacilli. In two
representative fields (from five experiments), the acid-fast bacilli are the bright or fluorescent rods
(A and C). The Ki-67 mAb—stained nuclei (B and D) are the dark spots in the otherwise colorless
macrophages (marked by asterisks).
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growing organisms poorly but exogenous
PPD effectively (Fig. 3).

To verify that exogenous PPD was being
presented by infected macrophages, rather
than by the minority of uninfected cells in
the monolayer, we used double-labeling
assays in which the T cell clones could be
directly shown to be responding to infected
monocytes. After 3 days of macrophage-T
cell coculture, the monolayers were fixed,
stained with the Ki-67 mAb to antigens
expressed in the DNA replication period (S
phase) of the cell cycle (to identify prolif-
erating T cells), and then stained with an
immunoperoxidase stain and an acid-fast
stain. Most of the acutely infected mono-
cytes were associated with cloned T cells.
However, binding of mycobacterial-reac-
tive T cells to chronically infected macro-
phages was seen only in the presence of
exogenous PPD. Many of these T cells were
in S phase of cell cycle (Fig. 4). The T cell
clones that were not mycobacterial-specific
did not bind to infected or uninfected
macrophage monolayers, with or without
PPD (10). Therefore, the block in antigen
presentation by chronically infected macro-
phages applies selectively to the BCG orga-
nisms and not to exogenous PPD. With the
use of a similar approach, it was also evi-
dent that chronically infected macrophages
could present superantigen and stimulate
DNA synthesis in bound T cells (10).

Mononuclear phagocytes have conflict-
ing roles in tuberculosis. Phagocytes are
critical for containing the infection in cell
collections called granulomas (12), and yet
they are hosts that permit mycobacterial
growth and most likely persistence. Myco-
bacteria can persist in infected individuals
for years until an insult, such as steroid
treatment or HIV-1 infection, results in
active tuberculosis. These contrasting roles
of macrophages may at least in part be
mediated by differences in antigen presen-
tation. We hypothesize that acute infection
of blood-derived monocytes allows CD4* T
cells to be engaged but that chronic infec-
tion can lead to sequestration of the infect-
ed cell from immune T cells, even though
mycobacteria have often been used as an
effective model for studying antigen presen-
tation (7, 13). Our rationale for studying
chronically infected macrophages was to
restrict the antigenic load to mycobacteria
growing within the cell, as opposed to more
short-lived antigens (dead organisms, pro-
teins, or peptides) that are likely part of the
standard inocula of “live” BCG.

The mycobacterial sequestration ob-
served differs from the phenomena of an-
ergy and immune suppression described in
mycobacterial infections (14). Such find-
ings have been attributed to the compart-
mentalization or trapping of sensitized lym-
phocytes (15), the production of immuno-
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suppressive products by both monocytes
and mycobacteria (16), and the generation
of suppressor T cells (17). In the system we
describe, the chronically infected macro-
phages are not suppressive and express nor-
mal amounts of class II HLA-DR,DP,DQ
(10) but do not present viable growing
organisms. One mechanism could be that
mycobacteria in the cell stop secreting pro-
teins that act as strong antigens for T cells.
This seems unlikely because our T cell
clones respond to antigens in both the cell
wall and culture filtrate (legend to Fig. 3).
Alternatively, the presentation of antigens
from the vacuoles containing growing my-
cobacteria could selectively be blocked.
Acidification of vacuoles containing living
virulent mycobacteria can be impaired
(18), and this could block presentation on
MHC class II products (19). Presentation
defects could apply to other organisms that
grow intracellularly and that alter phago-
some-lysosome fusion and acidification (20,
21). The persistence of mycobacteria in
macrophages has often been correlated with
pathogenesis (22). Our findings point to
another mechanism of persistence, the ca-
pacity of a growing organism to block the
presentation of its own antigens.
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CD19 of B Cells as a Surrogate Kinase Insert
Region to Bind Phosphatidylinositol 3-Kinase

David A. Tuveson, Robert H. Carter, Stephen P. Soltoff,
Douglas T. Fearon

Antigen receptors on B and T lymphocytes transduce signals by activating nonreceptor
protein tyrosine kinases (PTKSs). A family of receptor PTKs contains kinase insert regions
with the sequence tyrosine-X-X-methionine (where X is any amino acid) that when phos-
phorylated mediate the binding and activation of phosphatidylinositol 3-kinase (Pl 3-
kinase). The CD19 membrane protein of B cells enhances activation through membrane
immunoglobulin M (migM) and was found to contain a functional analog of the kinase insert
region. Ligation of migM induced phosphorylation of CD19 and association with Pl 3-
kinase. Thus, CD19 serves as a surrogate kinase insert region for migM by providing the
means for Pl 3-kinase activation by nonreceptor PTKs.

The response of B lymphocytes to antigens
is mediated by receptors that induce the
proliferation and differentiation of these
cells. The paradigm of signal transduction
through antigen receptors is that of certain
receptor PTKs (1), such as the platelet-
derived growth factor (PDGF) receptor,
that have two regions essential for inducing
cell growth: the PTK domains that mediate
intra- and intermolecular phosphorylation
of tyrosines and the kinase insert regions in
which autophosphorylated tyrosines that
have the motif Tyr-X-X-Met (where X is
any amino acid) mediate the binding and
activation of PI 3-kinase (2, 3), an enzyme
that phosphorylates phosphatidylinositol (PI)
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in the position of the inositol ring. One of the
subunits of PI 3-kinase, p85, contains two Src
homology-2 domains specific for phospho-
tyrosines in the Tyr-X-X-Met motif (3, 4).
Mutation of the tyrosines in the two Tyr-X-
X-Met motifs in the kinase insert region of the
PDGEF receptor eliminates the binding and
activation of PI 3-kinase and the growth-
inducing activity of the receptor (3).

Antigen receptors lack these functional
cytoplasmic domains of the receptor PTKs
but are coupled indirectly to nonreceptor
PTKs (5) through association with other
membrane proteins that share conserved
cytoplasmic motifs (6). Nonreceptor PTKs
have been suggested to interact with PI
3-kinase (7, 8), but members of the Src
family lack phosphotyrosines with a Tyr-X-
X-Met motif, and the interaction may in-
volve other proteins (9).

CD19 is a B cell-specific membrane pro-
tein that is 95 kD (10) and that when
coligated with mIgM reduces the number of
antigen receptors that must be ligated to
activate B cells by two orders of magnitude
(11) and that also associates with comple-
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