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Immune responses in tuberculosis: antibodies and CD4-CDS8 lymphocytes
with vascular adhesion molecules and cytokines (chemokines) cause a rapid
antigen-specific cell infiltration at sites of bacillus Calmette—Guérin reinfection
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SUMMARY

Rabbit primary dermal bacillus Calmette-Guérin (BCG) lesions were compared with reinfection
BCG lesions in order to gain insight into how immune responses protect against clinical
tuberculosis. As early as 3 hr, a marked infiltration of macrophages and lymphocytes occurred in
the reinfection group, while very little cell infiltration occurred in the primary group. It seems that
only an antigen—antibody reaction could produce such an immediate pronounced antigen-specific
chemotactic effect, because very few lymphocytes are normally present in the skin. Therefore,
antibodies hasten the accumulation of an expanded antigen-specific T-lymphocyte population
(memory cells) at sites of bacillary lodgement. By 1-2 days, the primary and reinfection BCG
lesions differed 400- to 500-fold in size. By 4-5 days, the size of the reinfection lesions had declined,
while the size of the primary lesions had increased, so that, grossly, both types of lesion were similar.
At 8 days in reinfection lesions and at 12 days in primary lesions, small secondary peaks in size
occurred, which were probably caused by cell-mediated immune responses. In rabbits with primary
BCG lesions, skin tests with Old Tuberculin were positive at 9 days, accompanied by a rise in the
levels of antibodies to the secreted antigen, phosphate-specific transport protein 1, but the levels
of antibodies to the constitutive antigens, purified protein derivative and heat-shock protein 65, did
not increase appreciably until some time after 23 days. In tissue sections of reinfection BCG lesions,
the percentage of mononuclear cells labelled, by in situ hybridization techniques, for the mRNA
of monocyte chemoattractant protein 1 (MCP-1), a chemokine, peaked at 3 hr and then was
down-regulated, whereas in primary lesions, this percentage was down-regulated only after 2 days.
[The percentage in the tissue sections for the mRNAs of interleukins 1 and 8, as well as the proteins
of MCP-1 and tumor necrosis factor alpha (TNF-a), followed a somewhat similar time-course to
that of MCP-1 mRNA.] A high percentage of mononuclear cells containing the MCP-1 mRNA
‘factory’ would favour enlargement of the lesions and a low percentage would favour their
regression. At 5 days, the percentage of CD4 and CDS8 lymphocytes, stained by immunohisto-
chemical techniques, and the amount of microvasculature stained similarly for vascular cell
adhesion molecule 1 were higher in the reinfection group, indicating that prior immunization caused
a more rapid (antigen-dependent) up-regulation of these factors. Tuberculin reactions resembled
early reinfection BCG lesions in almost every factor evaluated herein. In brief, the production of
chemokines began soon after BCG reinfection, peaked within a few hours and was markedly down-
regulated by 24 hr, a time at which the lesions of reinfection were of maximal size. Therefore, the
amount of cell infiltration was tightly controlled, probably by the variety of mechanisms listed
herein.
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interferon-y; IL-1B, interleukin-1p; IL-8, interleukin-8 (same as
NAP-1) — a C-X-C chemokine; MCP-1, monocyte chemoattractant
(activating) protein 1 — a C-C chemokine; MN, mononuclear cells,
mostly macrophages and lymphocytes; PMN, polymorphonuclears
(granulocytes); PPD, purified protein derivative of tuberculin; PstS-1,
phosphate-specific transport protein 1; TNF-o, tumour necrosis
factor-o; VCAM-1, vascular cell adhesion molecule 1, a member of
the immunoglobulin supergene family.
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INTRODUCTION

Tuberculosis (TB) kills more people in the world today than
any other infectious disease,' and the occurrence of multidrug-
resistant strains of tubercle bacilli is increasing. More effective
vaccines are urgently needed. Pulmonary TB in rabbits®’
resembles the disease in humans* more closely than TB in any
other common laboratory animal in that cavitary lesions with
bronchial spread are readily produced and caseous necrosis is
common.”® TB lesions in guinea-pigs also show caseous
necrosis, but only rarely cavitate (Dannenberg & Collins,
submitted for publication).” TB lesions in mice do not show
true caseous necrosis, and never cavitate (Dannenberg &
Collins, submitted for publication).5

To understand better the immune mechanisms responsible
for vaccine efficacy in the rabbit model, we compared primary
BCG lesions with reinfection BCG lesions with respect to (a)
antibody titres; (b) interleukin-1p (IL-1p), tumour necrosis
factor-oo (TNF-o), monocyte chemoattractant (activating)
protein 1 (MCP-1) and IL-8; (c) CD4 and CDS8 lymphocytes;
and (d) intercellular adhesion molecule (ICAM-1), vascular cell
adhesion molecule (VCAM-1) and endothelial-leucocyte adhe-
sion molecule (ELAM-1). To our knowledge, this study is
the first to make such comparisons in this model, because
histochemical procedures for lymphocyte subgroups, cytokines
and vascular adhesion molecules have only been available
in recent years.

We also compared tuberculin reactions with primary and
reinfection bacillus Calmette—Guérin (BCG) lesions. Tubercu-
lin reactions are produced by a small percentage of the antigens
present in intact bacilli. We had hoped therefore to identify
components of BCG tissue reactions that were not present in
tuberculin reactions.

MATERIALS AND METHODS

Immunization of rabbits with BCG and tuberculin tests

Specific pathogen-free female New Zealand White rabbits
(2-:5-2-7 kg) were purchased from Covance Research Products,
Inc., Denver, PA. The rabbits were immunized by the intra-
dermal injection of about 5 x 10° viable log phase Tice BCG
bacilli on both the right and left flanks.®” Twenty-four days
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later, they were reinfected with 5x10° Tice BCG also at
two sites. At that time, non-immunized rabbits were similarly
injected to produce primary BCG lesions.

For the tuberculin tests, a 1:30 dilution of 4x OId
Tuberculin from Lederle Laboratories, American Cyanamid
Co., Pearl River, NY, was injected intradermally, usually 0-1 ml
in each of two sites. Old Tuberculin (OT) contains more
tuberculin-like antigens than purified protein derivative (PPD),
the tuberculin used for skin-testing people. OT was preferred
for testing the tuberculin sensitivity of rabbits, by Professor
Max B. Lurie of the University of Pennsylvania.’

At the times listed in Fig. 1, the induration of the resulting
BCG lesions and tuberculin reactions was measured with
callipers, as described previously.® Briefly, the product of
length and width and ‘pinched’ double thickness (in mm),
multiplied by a factor of 0-52, provided the volume of the lesion
in mm>. At the end of the experiments, the rabbits were killed
by intravenous sodium pentobarbital (2:5-3-0 ml, 65 mg/ml).
A necropsy was carried out on each rabbit, and they were all
found to be free of disease.

Measurement of antibodies

Antibody responses were measured by enzyme-linked immuno-
sorbent assay (ELISA) as previously described’ with 1 ug
antigen per well, 1/125-1/500 dilutions of rabbit sera, swine
anti-rabbit antibody conjugated to horseradish peroxidase
(DAKO afs, Glostrup, Denmark), and 3,3’,5,5'-tetramethyl-
benzidine solution (ICN Pharmaceuticals, Basingstoke,
Hampshire, UK). Mycobacterium leprae heat-shock protein
65 (hsp 65) antigen was purified from recombinant Escherichia
coli;'® a 38 000 MW antigen (phosphate-specific transport
protein 1; PstS-1) from the WHO Mycobacterial Protein
Bank was provided by Dr M. Singh, Genexpression, GBF,
Braunschweig, Germany; PPD was obtained from Evans
Medical Ltd, Langhurst, Horsham, UK.

Immunohistochemical procedures, and in situ hybridization
procedures on tissue sections of the lesions (prepared in a
cryostat)

These procedures were performed exactly as previously
described,®”!! and photomicrographs were published in these
references. *>S-radiolabelled anti-sense RNAs were used to
visualize cytokine mRNAs in the mononuclear cells (with
cytokine *°S-sense RNAs as controls).®!!

The dilutions of the primary antibodies used herein for
immunohistochemistry6’7’11 were 1:500 for MCP-1, 1:200 for
TNF-a, 1:50 for CD4 and CDS, 1:150 for ICAM-I1, 1:8
for VCAM-1, 1:300 for ELAM-1 and 1:10 000 for von
Willebrand factor. In addition, we evaluated the percentage of
CD4 and CDS8 cells using mouse monoclonal anti-rabbit CD4
and CD8 immunoglobulin G (IgG; both, 0-5 mg/ml, Spring
Valley Laboratories, Woodbine, MD) diluted 1:50 as the
primary antibody. These CD4 and CD8 monoclonal antibodies
seemed to recognize each cell type in tissue sections with equal
efficacy.

Quantification of mononuclear cells (MN) and microvascular
endothelium in tissue sections

In each tissue section, the MN (mainly macrophages and
lymphocytes) were counted microscopically in five non-
necrotic sites that were densely infiltrated with cells.® The



468 T. Shigenaga et al.

results are presented as the percentage of the cell population
that was labelled for the factor under study. Changes in the
percentage of labelled cells over the 5-day period indicated
whether the factor was increasing or decreasing. For example,
an increase in the percentage of cells labelled for chemokine
MCP-1 mRNA suggests that more MCP-1 protein would be

produced and that more mononuclear cells would infiltrate the
lesion. Conversely, a decrease in the percentage of cells labelled
for MCP-1 mRNA suggests that mononuclear cell infiltration
was being down-regulated.

Changes in the total number of cells in each type of lesion
can be approximated by multiplying the lesion size shown in

@

1300 - x5 BCGs
PR 10004 —®— Reinfect. BCG lesions
E —(Q— Prim. BCG lesions
o
c
o
0
[0}
- *
8
@ 500 Unsensitized
5 Ed
[0}
N
(7] ¥
* BCG sensitized
0
T T 1 1 T T T L T 1
0 5 10 15 20 25 30 35 40 45
(b) ) )
Tuberculin reactions

_ 1000
€
E
%]
c
o
Z -
g Unsensitized
c 5004
=]
o
[}
fe)
2
S BCG sensitized
&
n

0 a T T T T T T T T !

0 5 10 15 20 25 30 35 40 45

Age of BCG lesions (days)

©

Kk
2000 A
—@— Reinfect. BCG
=+={J-=- Tuberculin
;g 1500 A O-+«:+ Prim. BCG
E
[%2]
S
21000 A
K]
S
(]
N
%) 500
0 -
ST
EONIR 3 &

Age of lesions

© 2001 Blackwell Science Ltd, Immunology, 102, 466-479



Immune responses in tuberculosis 469

Fig. 1(c) by the number of MN [and polymorphonuclear cells
(PMN)] per mm? in the tissue sections (shown in Fig. 3).

The functional microvascular endothelium (detected by
staining for von Willebrand factor) was also measured in the
lesions. A computerized image analyser was used and the
microvascular area per mm? of tissue section was calculated, as
described previously.”

Acid-fast stain for tubercle bacilli

The tubercle bacilli in the fixed—frozen sections of both primary
BCG lesions and those of reinfection were stained using the
Ziehl-Neelsen method.'? Specifically, the sections were incu-
bated in carbol fuchsin for 4-16 hr at room temperature,
decolorized for 2 min in acid-alcohol,'? rinsed, counterstained
with methylene blue, rinsed, dehydrated through alcohols and
then acetone, and mounted in Flotexx (Lerner Laboratories,
Pittsburgh, PA).

Statistical analyses

Both the analysis of variance and a modified two-tailed
Student’s z-test were used. The means and their standard errors
are shown in the table and the figures.

RESULTS
Local cell infiltration

Figure 1(a,c) shows the size of primary and reinfection BCG
lesions over a period of 42 days. Within the first 3 hr, the
lesions of reinfection had increased in size, mainly due to cell
infiltration. Peak size occurred at 1 or 2 days, when the primary
lesions were still very small. At that time, a 400- to 500-fold
difference in size was present, also due to cell infiltration. This
cell infiltration was antigen-specific, and it could only have
been initiated by an antigen—antibody reaction, because there
are few, if any, memory T cells in skin.

By 4 and 5 days, the size of the reinfection BCG lesions had
markedly decreased and the size of the primary lesions had
moderately increased, so that the two types of lesion became
almost the same size (Fig. la,c). From 5 days on, the size of the
primary and reinfection BCG lesions followed the same
pattern. However, the reinfection lesions showed a smaller
second peak in size at 8 days, whereas the primary lesions
showed this peak at 12 days. The second peak occurred earlier
in the reinfection group, probably because of the booster effect
of the second BCG injection on already existing cell-mediated
immunity (CMI) and delayed type hypersensitivity (DTH). In

both groups, after the second peaks, there was a steady decline
in lesion size.

Lesion size, ulceration and healing

No apparent difference was found in the times that primary
and reinfection BCG lesions ulcerated and healed. The
ulceration, followed by discharge of the necrotic contents of
the lesions, was a major contributor to the decrease in lesion
size associated with healing. Sometimes, however, an incom-
plete discharge of necrotic material slowed the healing process.
At 42 days, the sites of the BCG injections could still be readily
discerned, but at 3 months grossly visible remnants of the
lesions often could not be found, either on the skin surface
or, at necropsy, on the underside of the skin (unpublished
experiments).

Tuberculin reactions

Figure 1(b) shows the size of 2-day tuberculin reactions in
Experiment I. In the reinfection group, there was rather strong
tuberculin sensitivity initially, which declined thereafter. In the
primary BCG group, tuberculin sensitivity was not present
initially, was strong between day 9 and day 23 and then
declined. The tuberculin sensitivity did not remain at peak
levels in rabbits with either primary or reinfection BCG lesions
(Fig. 1b). Once established, such sensitivity slowly declined and
reinfection with BCG had no apparent booster effect.

In Experiment II, tuberculin was injected at the same time
as primary and reinfection BCG and the skin lesions produced
were measured for only the first 5 days (Fig. 1c¢). Both the BCG
lesions and the tuberculin reactions increased and decreased in
parallel (Fig. 1¢). By 5 days, however, the local concentration
of tuberculin had probably decreased substantially and no
longer provided the stimulus that it had earlier.

Antibody titres

We measured the amount of antibody to three of the numerous
antigens of tubercle bacilli.'*™'> The first antibody was to the
38 000 MW PstS-1, which is a secreted antigen.“”17 The other
two antibodies were to hsp 65 and PPD, which are constitutive,
not secreted, antigens that are probably released only upon the
destruction of the bacillus.'®

At 2 days, antibodies against all three antigens were
significantly higher (P<0-05) in reinfected rabbits than in

Figure 1. (a) Size of primary BCG lesions and reinfection BCG lesions from 3 hr to 42 days in rabbits of Expt I. The reinfected rabbits
had been sensitized intradermally by BCG 24 days previously. The reinfection BCG lesions were many times larger than the primary
BCG lesions at 3, 12, 24 and 48 hr, a fact that was apparently initiated by an antigen—antibody reaction (see text). Also, the size of the
reinfection BCG lesions reached a second peak at 8 days, whereas the primary lesions reached a similar peak at 12 days. These second
peaks were apparently caused by an antigen-specific CMI/DTH reaction (see text). After the second peaks, the lesions slowly
regressed. Each point represents the mean of lesions from five rabbits and its standard error. (b) Size of 2-day tuberculin reactions in
rabbits of Expt I. In the reinfected host, tuberculin sensitivity was highest before challenge. This sensitivity declined thereafter, and no
booster effect from the second BCG injection was apparent. In contrast, in hosts with primary BCG infections, tuberculin sensitivity
was strong by 9 days and tended to remain higher than that present in the reinfected hosts, possibly because the infecting bacilli were
not destroyed as readily. Each point represents the mean of five rabbits and its standard error. (c) Size of primary and reinfection BCG
lesions and size of tuberculin reactions 3 hr to 5 days old in Expt II, from which tissue sections were obtained and evaluated. As in
Expt I, the reinfected rabbits were sensitized intradermally by BCG 24 days previously. During these first 5 days, the size of the
reinfection BCG lesions and of the tuberculin reactions followed the same pattern. Each point represents the mean of at least four
lesions with its standard error. In (a) and (c), reinfection BCG lesions versus primary BCG lesions: *P <0-05 and **P<0-01.
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Figure 2. Antibody levels to the secreated mycobacterial 38 000 MW antigen PstS-1 and to the constitutive antigens hsp 65 and PPD
in rabbits with primary and reinfection BCG lesions. In the reinfected hosts, the second injection of BCG enhanced all existing
antibody levels. In hosts with primary BCG infection, the antibody titre to the secreted 38 000 MW antigen PstS-1 became substantial
by day 9, but the titres to the constitutive antigens hsp 65 and PPD rose more slowly. Each point represents the mean with its standard

error from five rabbits: *P <0-05 and **P <0-01.

rabbits with primary infection (Fig. 2). With reinfection, in
contrast to the tuberculin reactions, the antibody titres of all
three antigens rose rapidly (Fig. 2).

With primary infection, only the antibodies against the
secreted 38 000 MW antigen PstS-1 rose rapidly, and reached
the level found in the reinfected rabbits at 23 days (Fig. 2).
Antibody levels to PPD reached such a level at 42 days, but at

that time the antibody levels to hsp 65 were still far below those
of the reinfected animals (Fig. 2).

These findings clearly demonstrate that, in animals
previously vaccinated with BCG, circulating antibodies against
both constitutive and secreted antigens were immediately
available, and that these antibody levels rapidly increased upon
challenge. They also demonstrate that in primary infection the
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initial immune response was, as expected, to the secreted
antigens of the bacillus.

Amount of necrosis in the skin lesions

On day 1, in all three types of lesion the tissue damage was
rather diffuse, but it was more extensive in the sensitized host.
On day 5, the reinfection BCG lesions had well circumscribed
caseous necrotic centres (13-24+2-4 mm?), and the primary
BCG lesions had smaller more diffuse necrotic centres
(4-8+1-4 mm?). This difference, however, was not statisti-
cally significant. The areas of necrosis were measured with
a computerized image analyser.” The tuberculin reactions
showed no necrosis.

Number of bacilli in central areas of tissue sections from
primary and reinfection BCG lesions

In order to estimate differences in the number of bacilli within
these two types of lesion, we counted the number of acid-fast
staining particles in central areas of the lesions. Most of the
bacilli were in necrotic sites, but some could also be found
within intact cells. Few, if any, bacilli could be found in the
surrounding tuberculous granulation tissue from which we
obtained all the other histological data presented in this report.
On days 1 and 2, fewer bacilli per mm? seemed present in
reinfection lesions than in primary lesions, but more lesions
would have to be analysed to attain statistical significance. This
apparent difference in bacillary concentration was most likely
due to the marked difference in lesion size: the greater the lesion
size, the smaller would be the number of bacilli per mm?>. At
5 days, the primary lesions and those of reinfection were
approximately the same size and appeared to contain an
identical number of bacilli (about 10 bacilli per mm?).

MN and PMN

MN (macrophages, lymphocytes and activated fibroblasts) per
mm? and the PMN per mm?> were counted in the lesions’
tuberculous granulation tissue that was densely infiltrated with
MN and was not near sites of necrosis (where the most PMN
accumulated). In these densely infiltrated areas, the number of
PMN was always much less than the number of MN per mm?
(compare the y-axes in Fig. 3a,b).

Many more MN per mm? were present in the reinfection
BCG lesions than in primary BCG lesions until day 5, at which
time both types of lesion contained the same number per mm?®
(Fig. 3a). In the densely infiltrated areas, the number of PMN
per mm? was similar in primary and reinfection BCG lesions
during the first 12 hr and then seemed to differ as shown in
Fig. 3(b). PMN are thought to play little or no role in the
development and healing of tuberculous lesions.” The early
PMN response depicted in Fig. 3(b) was probably due to the
non-specific irritants in the vaccine, because primary and
reinfection BCG lesions contained similar numbers of PMN
per mm?.

Tuberculin reactions and reinfection BCG lesions showed
similar numbers of MN and PMN per mm?’ in the densely
infiltrated areas (Fig. 3a,b). The number of PMN per mm?
seemed to peak earlier than the number of MN (Fig. 3b), which
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Figure 3. Number of MN (a) and PMN (b) per mm? of tissue section at
various times in reinfection BCG lesions, in tuberculin reactions, and in
primary BCG lesions. The reinfection BCG lesions and tuberculin
reactions show no differences in the density of either cell type, but the
primary lesions contain fewer MN per mm? than the others at 12 hr
and at 1 and 2 days. The total number of MN and PMN in each type of
lesion can be estimated by combining the data depicted here with that
depicted in Figure 1 (see Discussion). Each point represents the mean
of four lesions with its standard error: for reinfection BCG lesions
versus primary BCG lesions: *P<0-05; and for tuberculin reactions
versus primary BCG lesions: 1P <0-05 and 1P <0-01.

is consistent with the known early PMN infiltration in most
inflammatory lesions.'®

The total number of MN and PMN in each type of lesion
can be estimated by combining the data in Figs 1 and 3. On day
1, the size of the reinfection BCG lesions was about 550 times
that of the primary BCG lesions, and the size of the tuberculin
reactions was about 140 times that of the primary BCG lesions.
Thus on day 1, the number of MN and PMN in reinfection
BCG lesions and in tuberculin reactions far exceeded the
number of MN and PMN in primary BCG lesions. Areas near
the central necroses (which contain larger numbers of PMN)
were not analysed in this report.
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Figure 4. Percentage of MN immunostained for (a) CD4 and (b) CDS8
in the three types of lesion. At 2 days, the reinfection BCG lesions and
tuberculin reactions contained a higher percentage of CDS cells per
mm? than did the primary lesions (P <0-05), suggesting that tuberculin
sensitivity favours the production of cytotoxic T lymphocytes. Note
that CD4 cells are much more numerous than CD8 cells (compare the
scales on the y-axes). Each point represents the mean of four lesions
with its standard error: for reinfection BCG lesions versus primary
BCG lesions: *P<0-05 and **P <0-01; for tuberculin reactions versus
primary BCG lesions: TP <0-05; and for reinfection BCG lesions versus
tuberculin reactions: $P <0-05 and 3P <0-01.

CD4 and CDS8 lymphocytes

During the first 2 days, the percentage of mononuclear cells
stained for CD4 lymphocytes was about the same in the densely
infiltrated areas of both primary and reinfection lesions;
whereas at 5 days, this percentage was substantially higher in
the reinfected group (Fig. 4a). At both 2 and 5 days, the mean
percentages of mononuclear cells stained for CD8 lymphocytes
was greater in the reinfection BCG lesions than in the primary
lesions (Fig. 4b). At 5 days, the tuberculin reactions contained
a lower percentage of CD4 and CDS8 cells than did the

Table 1. CD4 and CDS cells in mononuclear cell populations within
primary BCG lesions during their development and healing®

Age of Percentage Percentage Ratio

BCG lesion of CD4 cells of CDS cells CD4/CD8
9 days 13-24+1-2% 87+2:1% 1-74+0-5%
23 days 17-84+1-1% 5:4+0:9% 3:9+0-5%
37 days 15:742-4% 6:34+1-6% 2:94+0-6%

*These results are from the primary BCG lesions in the experiment
described in ref. 6.

reinfection BCG lesions, because the tuberculin had probably
been destroyed or had diffused away by this time.

In the reinfection BCG lesions at 5 days, the ratio of
CD4:CDS8 cells was about 8, and in the primary lesions and
tuberculin reactions, this ratio was about 4 (compare the y-axes
in Fig. 4a,b). Therefore, in early lesions produced by tubercle
bacilli (and their tuberculin-like products), there are more CD4
cells than CD8 cells.

In another experiment, the percentage of CD4 and CDS§
cells in the mononuclear cell population of the primary lesions
was determined at 9, 23 and 37 days (Table 1). On those days,
the percentage of CD4 cells in the primary lesions was the same
as that found in 5-day reinfection lesions, but the percentage of
CD8 cells was several times higher than that found in 5-day
reinfection lesions (compare Table 1 with Fig. 4). By 9 days,
the host with primary lesions had developed CMI and DTH,
and the percentages of both CD4 and CD8 cells had increased
substantially. Reinfection lesions were not evaluated beyond
5 days, so no comparisons with the primary lesions could be
made at these later times.

Vascular adhesion molecules: ICAM-1, VCAM-1 and
ELAM-1 (E-selectin)

ICAM-1, VCAM-1 and ELAM-1 are major vascular endothe-
lial adhesion molecules which react with receptors on
circulating leucocytes and cause them to migrate into
inflammatory sites.”!>?** ICAM-1 aids the infiltration of
PMN, monocytes and lymphocytes;®® VCAM-1 aids the
infiltration of monocytes, lymphocytes and eosinophils;** and
ELAM-1 aids infiltration of PMN, monocytes and some types
of lymphocyte.® von Willebrand (vW) factor is present in
almost all functional vascular endothelial cells,”?' and
immunostaining for vW factor enables us to estimate the total
microvasculature in a tissue section.”!

After 12 hr, the lesions of reinfection showed more vW-
staining microvasculature per mm? than did the primary lesions
(Fig. 5a). The amount of vasculature in the tuberculin
reactions resembled that in the lesions of reinfection, but was
less pronounced. Therefore, the host’s immune response not
only increased the early cell infiltration but also increased the
blood supply.

ICAM-1, VCAM-1 and ELAM-1 were up-regulated more
quickly in reinfection BCG lesions (and in lesions produced by
tuberculin) than in primary BCG lesions (Fig. 5), which is
consistent with the rapid cell infiltration that occurred in the
former two groups and the slow cell infiltration in the latter. In
the primary BCG lesions, ICAM-1 and ELAM-1 (and possibly
VCAM-1) continued to increase for 5 days (Fig. 5), but in the
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Figure 5. The microvascular area labelled immunohistochemically for (a) von Willebrand (vW) factor, (b) ICAM-1, (¢) VCAM-1 and
(d) ELAM-1 in the three types of lesion. The functional microvasculature (in mm? in 1 mm? of tissue section), that was recognized by
vW staining, seems to increase more rapidly in the reinfection lesions (and in the tuberculin reactions) than in the primary lesions (a).
ICAM-1 stains most of the functional microvasculature, whereas VCAM-1 and ELAM-1 stain roughly half as much (compare the
scales on the y-axes). ELAM-1 shows a very early (3 hr) peak response in the lesions of the tuberculin-positive hosts. ELAM-1 is also
increased at 5 days in the primary lesions. Each point represents the mean of four lesions with its standard error: for reinfection BCG
lesions versus primary BCG: *P <0-05 and ** P <0-01; for tuberculin reactions versus primary BCG lesions: TP <0-05 and 11P <0-01;
and for reinfection BCG lesions versus tuberculin reactions: £P <0-05 and 3P <0-01.

reinfection BCG lesions, only VCAM-1 seemed to continue to
increase during this time (Fig. 5). ELAM-1-staining vascula-
ture was greatest in the lesions of reinfection at 3 hr and
greatest in the primary lesions at 5 days (Fig. 5).

In the tuberculin reactions, the amount of vasculature
stained for these adhesion molecules in general resembled that
found in the BCG lesions of reinfection, except at 5 days when
the local concentration of tuberculin had probably decreased.
In 1-day tuberculin reactions, the vessels staining for VCAM-1
were most numerous, suggesting that VCAM-1 was rapidly
up-regulated in sensitized hosts by the tuberculin-like products
of the bacilli.

When the vasculature areas stained for the three adhesion
molecules were plotted as a percentage of the areas stained for
vW factor, the graphs resembled those in Fig. 5(b—d) (data not
presented). This finding suggests that the microvasculature
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stained for each of these three adhesion molecules also stained
for vW factor, which is a marker for all functional vascular
endothelial cells.

Cytokine mRNAs

IL-1B is a primary cytokine that up-regulates other cyto-
kines;?>>* MCP-1 is a major chemokine that attracts and
activates macrophages and lymphocytes;** and IL-8 chemoat-
tracts PMN and lymphocytes.**

At 3 hr, the percentage of MN labelled for IL-13 mRNA,
MCP-1 mRNA and IL-8 mRNA showed peak levels in all
three types of lesion: primary BCG lesions, reinfection BCG
lesions and tuberculin reactions (Fig. 6). Since the rabbits with
primary lesions were not immunized, this 3-hr reaction was
non-specific.® The percentage of MN containing these cytokine



474 T. Shigenaga et al.

CY

IL-1p mRNA MN
Prim. BCG

Reinfect. BCG

* Tuberculin

.....

% MN labelled for IL-13 mMRNA

MN

Prim. BCG
Reinfect. BCG

* Tuberculin

% MN labelled for MCP-1 mRNA

15 ~
MN

10 A «saO=e- Prim. BCG
—&— Reinfect. BCG

* Tuberculin

% MN labelled for IL-8 mRNA

-----
......
......

Age of lesions

Figure 6. Percentage of MN labelled for (a) IL-18 mRNA, (b) MCP-
1 mRNA and (c) IL-8 mRNA in the three types of lesion. The
percentage of MN containing the three cytokine mRNAs shows early
peak levels at 3 hr. Then, this percentage of MN rapidly declines in
BCG lesions of reinfection and in tuberculin reactions, but remains
relatively high in primary BCG lesions at 2 days, especially the
percentage containing MCP-1 mRNA. At 2 days, the primary lesions
are growing in size, whereas the reinfection lesions and tuberculin
reactions are regressing (see Figure lc). Each point represents the
mean of four lesions with its standard error: for reinfection BCG
lesions versus primary BCG: *P <0-05, **P<0-01 and ***P<0-001;
for tuberculin reactions versus primary BCG lesions: TP <0-05,
1P <001 and 1P <0-001.

mRNAs then rapidly declined, with the exception of MCP-1 in
the primary lesions.

At 2 days, the percentages of IL-1B, MCP-1 and IL-
8 mRNAs in primary lesions were higher than those in lesions
of reinfection, with the RNA of MCP-1 (the chemokine for
MN) showing the most difference (Fig. 6). Of course, this result
does not mean that the primary BCG lesions contained more
MN labelled for IL-1B, MCP-1 and IL-8 mRNAs than did the
reinfection BCG lesions and tuberculin reactions because the
primary lesions were so much smaller in size (see Fig. 1). The
percentage of chemokine-labelled cells in the lesions, however,
is a good indicator of whether the lesions are expanding or
contracting in size, because chemokines are major factors
causing the cell infiltration.

Cytokine proteins

Only antibodies to rabbit MCP-1 and TNF-o proteins were
available at the time of our experiments. As stated above,
MCP-1 is a major chemoattractant for monocytes and
lymphocytes.”* TNF-o is a primary cytokine in that it and
IL-1P help initiate the inflammatory responses.®>*2°

Among the three types of lesion, the percentage of MN
stained for MCP-1 and TNF-a proteins followed the same
pattern as the percentage of MN stained for MCP-1 mRNA
(compare Figs 6 and 7). This finding indicates that the cells
containing MCP-1 mRNA were actively producing MCP-1
protein. At 3 and 12 hr and 1 and 2 days, the percentages of
MN stained for MCP-1 and TNF-a proteins were much higher
in the primary BCG lesions than in those of reinfection. At
5 days, however, these percentages were much closer (Fig. 7).

IL-1p and IL-8 mRNAs in PMN

IL-1pB is a primary cytokine that tends to up-regulate other
cytokines.?>?* IL-8 is a chemokine that attracts PMN into the
local site and activates them.>* We did not find MCP-1 mRNA
in rabbit PMN.%!! In the Giemsa-stained frozen tissue sections
(cut in a cryostat), the PMN were identified by their lobed
nucleus. Young PMN without such a nucleus were often
missed, unless their orange granules were prominent. Rabbit
PMN are eosinophilic.

In the densely infiltrated areas of BCG lesions that were not
adjacent to areas of necrosis, the percentage of PMN labelled
for IL-1B and IL-8 mRNAs showed a peak at 3 hr and then
regressed (except for IL-8 mRNA in the primary lesions)
(Fig. 8). The 3-hr peaks were higher in reinfection BCG lesions
than in primary BCG lesions, but at 2 and 5 days the
percentage of PMN stained for IL-13 and IL-8 appeared to
be higher in the primary lesions. In tuberculin reactions, PMN
IL-1PB and IL-8 mRNAs peaked at 3 hr and were low at 1, 2
and 5 days (Fig. 8).

In 3-hr lesions, the intensity of the PMN staining for IL-1§
and IL-8 mRNA was strongest. Thereafter, fewer PMN
stained and those that did stained more faintly.

A comparison of the percentages of PMN and the
percentages of MN labelled for these cytokine mRNAs are
of interest. In reinfection BCG lesions, at the 3-hr peak, IL-1f
mRNA averaged 37% for PMN and 5% for MN, and IL-
8 mRNA averaged 48% for PMN and 7% for MN (Figs 6 and
8). Therefore, in contrast to PMN, only a relatively small
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Figure 7. Percentage of MN labelled for (a) MCP-1 protein and (b)
TNF-a protein in the three types of lesion. The percentage of MN
containing these two cytokine proteins shows the same pattern as the
percentage of MN containing MCP-1 mRNA in Figure 6, but the early
peak at 3 hr in the tuberculin-sensitive hosts is much less pronounced.
(The TNF-oo mRNA was not labelled in these lesions.) Each point
represents the mean of four lesions with its standard error: for
reinfection BCG lesions versus primary BCG: *P <0-05, **P <0-01 and
***P<0-001; for tuberculin reactions versus primary BCG lesions:
TP <0-05, +1P<0-01 and +11P<0-001.

proportion of MN was engaged in IL-1f and IL-8 production,
and the majority was presumably engaged in other activities.
The reason for these differences may be the heterogeneity of the
MN population.?®

DISCUSSION
Role of antibodies

In a cell-mediated disease, such as tuberculosis, antibodies have
frequently been thought to play only a minor role in the host’s
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Figure 8. Percentage of PMN labelled for (a) IL-1f mRNA and (b) IL-
8 mRNA in the three types of lesion. Similar to the MN in Figure 6, the
percentage of PMN containing these cytokine mRNAs shows a 3-hr
peak. Then, the percentage of labelled PMN declines in the reinfection
BCG lesions and tuberculin reactions, but remains somewhat elevated
in the primary BCG lesions, again similar to the MN in Figure 6. Each
point represents the mean of four lesions with its standard error: for
reinfection BCG lesions versus primary BCG: *P <0-05, **P <0-01 and
**EP <0-001.

defence.?”?® Yet antibodies circulate®'*!° and plasma cells are

common in the lesions.?® The studies presented here suggest a
role for antibodies that has not been previously considered. We
asked the question: what immune mechanism caused large
numbers of cells to infiltrate at 3 hr into reinfection BCG
lesions, but not into primary BCG lesions? Since very few
lymphocytes are present in normal skin, this rapid antigen-
specific reaction must be mediated by antibodies. Lymphocytes
and antibodies are the only antigen-specific immunological
host defences known to exist.

Antibodies are carried by the blood circulation and some
are cytophilic (by binding to cell FC receptors). Antibodies can
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rapidly combine with the infecting bacilli and their antigens,
causing an Arthus-type reaction and activating comple-
to produce CSa and the membrane-attack complex
(MAC). C5a is a potent chemoattractant for granulocytes and
monocytes,*> and C3a and C5a activate connective-tissue-type
mast cells.>® Mast cells produce IL-16 that attracts CD4
lymphocytes.** C5a also increases leukotriene By (LTBy)
production in various cell types,”> and LTB, is a major
chemoattractant and cell activator.>® In addition, the activa-
tion of complement causes vascular endothelial cells to secrete
chemokines®” and increase their adhesion molecules for
leucocytes.®” Activated complement also has an adjuvant effect
through its C3d fragment.*®

Cytophilic antibodies, including IgE, are able to sensitize
mast cells (and possibly other resident cells, such as fibro-
blasts* and macrophages***'). Specific antigens then cause
these cells to produce and/or release permeability factors,*
the chemotaxin LTB,** and cytokines.****** Thus, antigen—
antibody reactions could play a major role in the initial infiltra-
tion of macrophages, PMN and lymphocytes into reinfection
BCG lesions.

References 27 and 31 provide extensive discussions on the
role of antibodies in tuberculosis. These publications fail,
however, to mention the role herein presented, namely, that
antigen—antibody reactions accelerate CMI responses by
rapidly bringing the expanded antigen-specific T-cell popula-
tion to sites of bacillary lodgement.

Early lesion size and percentage of MN labelled with
each specific marker

When comparing primary BCG lesions with reinfection lesions,
we reported the percentages of MN labelled for each marker in
many of the figures. Reporting the total number of labelled
MN in the entire lesion would be meaningless because of the
tremendous difference in size between the primary and
reinfected BCG groups. At 1 and 2 days, the size of the
reinfection lesions was 400-500 times that of the primary
lesions (Fig. 1c). At 5 days, however, the sizes of the primary
and reinfection lesions were approximately the same, so that
the percentages of cells labelled for each marker would reflect
the total number of cells labelled for that marker when lesion
size was considered.

Vascular adhesion molecules: ICAM-1, VCAM-1 and
ELAM-1 (E-selectin)

All three microvasculature adhesion molecules increased more
rapidly in BCG lesions of reinfection (and tuberculin reactions)
than in primary BCG lesions (Fig. 5). This finding is consistent
with the rapid increase in cell-infiltration in the former group.
Excellent overviews of the various roles of vascular adhesion

molecules in inflammatory processes have been pub-
lished 7-19-20:44-47

Cytokines

At 3 hr, in reinfection BCG lesions, the percentage of MN
containing cytokine mRNA was at its peak (Fig. 6). Then, the
size of lesions of reinfection continued to increase, reaching its
peak at 1 day (Fig. 1c) when the percentage of MN with

cytokine mRNA had decreased (Fig. 6). These findings
indicate that the production of MN cytokines, especially
MCP-1 (reflected by their mRNAs), contributes substantially
to the cell infiltration that caused the 1-day peak in size in the
reinfected group. The decrease of the cytokine mRNA at 1 day
(Fig. 6) followed by a decrease in lesion size at 2 days (Fig. 1c)
also supports the premise that cytokines, especially MCP-1,
are important players in determining the amount of cell
infiltration.

In contrast to the reinfection lesions, the primary BCG
lesions grew slowly in size during the 5-day period of study
(Fig. la,c), and the percentage of MN containing MCP-
1 mRNA remained at peak levels for at least 2 days (Fig. 6).

What is the cause of the rapid down-regulation of cytokine
production in the reinfected host? From the literature, many
factors seem to be involved because all inflammatory and
immune responses are carefully regulated. Specifically, high
local concentrations of both antigens and certain cytokines
no longer stimulate and even induce apoptosis of nearby cells
(called ‘active’ apoptosis).*® FasL and TNF are involved.*
Very low concentrations of antigens (caused by the destruction
of bacilli and their products) stop the production of certain
cytokines and result in apoptosis of nearby cells (called
‘passive’ apoptosis).*® The withdrawal of IL-2 induces this
type of apoptosis.*® Regulatory T cells,* including T suppres-
sor cells,”” play a distinct role. Decreases in the number and
type of chemokine receptors also play a role,’'™? as do soluble
cytokine receptors™® and inhibitors such as IL-1 receptor
antagonist.>® Finally, numerous in vivo down-regulating sub-
stances exist: transforming growth factor-,*->¢ IL-10,%
IL-4,% 1L-6," prostaglandin E2,56 lipoxygenase-derived eico-
sanoids (e.g. 15-HpETE),*®>* inducible NO,°*¢! platelet-
activating factor,’® adenosine,®® catecholamines,®> immune
complexes® and annexin I (lipocortin 1).%°

The role of each of these factors in the rapid down-
regulation of MCP-1 mRNA in reinfection BCG lesions is not
known. Evidently, by 1 day, sufficient numbers of MN are
present in the reinfected group (see Fig. la,c), so that factors
causing further mononuclear infiltration are turned off.

Tuberculin reactions

During the 5-day period of study presented in Figs. 1(c) to 7,
each of the evaluated factors increased and decreased in a
rather similar manner in both reinfection BCG lesions and
tuberculin reactions. Therefore, during this early period of
study, none of the factors that we evaluated in the reinfection
BCG lesions showed a different pattern from those present in
the tuberculin reactions. CMI and DTH in tuberculosis seem,
however, to be responses to different mycobacterial antigens.®®

Cytokine networks

Our studies demonstrate the rise and fall of various cytokines
within primary and reinfection rabbit BCG lesions during the
first 5 days. Multiple mechanisms are probably involved
because cytokines are enhanced and suppressed by genetically
controlled host factors, as well as by factors from micro-
organisms themselves.” We may never fully understand the
in vivo cytokine network in tuberculosis, or, in fact, of any
inflammatory disease. We can, however, visualize, as we have
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done herein, the overall cytokine pattern and thereby gain
insight into how cytokines participate.

Chemokine production is influenced in vivo by cell-cell,
cell-adhesion molecule, cell-extracellular matrix interactions,
and other cytokines.*® For example, co-cultures of monocytes
with endothelial cells produced more IL-8, MCP-1 and MIP-
lo. (macrophage inflammatory protein lo) than did either
cell-type alone.*® Similarly, monocyte—fibroblast co-cultures
produce more MCP-1 and MIP-1a than with either cell-type
alone.*® Such cellcell interactions can also down-regulate
certain chemokines,*® probably depending on the type and
stage of the inflammatory lesion involved.

The initial exposure to one cytokine evidently determines
the type of macrophage activation and renders the macrophage
temporarily unresponsive to another type of activation by
another cytokine.®® Such studies may explain the heterogeneity
of macrophage functions within lesions caused by tubercle
bacilli.?® Of interest is that IL-12, IFN-y and IL-2 bind to
heparin and heparan sulphate which keeps these cytokines
localized near the cells that produce them (reviewed in ref. 69).

A 70-week immunohistochemical analysis of cytokines
and cell phenotypes in the lungs of mice infected intra-
peritoneally with human-type tubercle bacilli (H37Rv) was
recently published.”! These investigators found a predomi-
nance of CD4 T cells over CD8 T cells, as we did. However,
the animal species, type of bacilli and times evaluated were so
different from those that we used that no other comparisons
could be made.

Conclusions

In BCG lesions of reinfection, the initial cell infiltration began
too soon to be mediated by T cells. Antigens combining with
circulating and cytophilic antibodies must have caused
the infiltration.

This initial antigen-specific response brought large numbers
of macrophages and lymphocytes (and also some PMN) into
the sites where the bacilli were located. The infiltrating cells
produced chemokines that were autocatalytic in that the
accumulating leucocytes produced chemokines that attracted
more leucocytes into the site.

In reinfection BCG lesions, chemokine production of
MCP-1 mRNA was soon down-regulated, perhaps because
the initial large infiltration of chemokine-producing cells
was sufficient. In primary BCG lesions, MCP-1 mRNA
down-regulation began much later (Fig. 5).

Pulmonary tuberculosis usually begins following the
inhalation of a relatively few tubercle bacilli into the alveolar
spaces, but in the studies described herein numerous bacilli
were injected intradermally. Therefore, under natural condi-
tions, the host would show a slower response than we observed.
Nevertheless, a naturally developing pulmonary lesion would
have an accelerated accumulation and activation of antigen-
specific defence cells in effectively immunized hosts.

Our studies suggest that BCG immunization protects
against clinical tuberculosis in the following manner. After
the host inhales virulent tubercle bacilli, chemotaxins would
initially be produced when bacillary antigens combine with
circulating and cytophilic antibodies. These chemotaxins
would cause a rapid accumulation of macrophages and
antigen-specific (memory) T lymphocytes at the site of bacillary
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lodgement. The infiltrating cells would then produce cytokines,
such as MCP-1, IL-1, TNF and IFN-y, which increase the cell
infiltration and activate the accumulating macrophages. After
activation, the macrophages would kill or inhibit the tubercle
bacillus and, in many cases, arrest the developing tubercle while
it is still microscopic.”
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