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Distribution of IFN-y, IL-4 and TNF-a protein and CD8 T cells producing
IL-12p40 mRNA in human lung tuberculous granulomas
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SUMMARY

In order to examine the immune response at the site of pathology in tuberculosis, we analysed
cytokines present in lung granulomas, their associations with each other and with caseous
necrosis as well as the phenotype of the cellular infiltrate. Paraffin-embedded tissue from the
lungs of seven patients with pulmonary tuberculosis was analysed by immunohistochemistry
and in situ hybridization to detect interferon-y (IFN-y), tumour necrosis factor-o. (TNF-a)
and interleukin-4 (IL-4) proteins and IL-12p40 mRNA. All seven patients had granulomas
staining positive for IFN-y, TNF-a and IL-12p40, but only four stained positive for IL-4.
Cells with the morphology of lymphocytes, macrophages and giant cells expressed TNF-o.,
IFN-y and IL-4 protein. Furthermore, CD68-positive myeloid cells expressed IL-12p40
mRNA, as expected, but a subset of CD3-positive lymphocytes also expressed this mRNA.
These lymphocytes producing IL-12p40 also stained positive for CD8 but not CD4. A total
of 141 granulomas were scored for the presence or absence of cytokine or necrosis and
two major associations were identified. The first association was between IFN-y and 1L-12,
with 76% of granulomas staining positive for both cytokines. Unexpectedly, those
granulomas positive for IL-4 were always positive for IFN-y. The second association was
between TNF-o and caseous necrosis, where all necrotic granulomas were TNF-o positive.
This association was modulated by IL-4. Therefore, heterogeneity of cellular infiltrate and

cytokine expression is observed between adjacent granulomas in the same patient.

INTRODUCTION

Mycobacterium tuberculosis, the causative agent of human
tuberculosis, is spread by inhalation of aerosolized bacilli
generated during coughing by an infected individual. The
bacillus is phagocytosed by an alveolar macrophage and
can survive and replicate within this cell type.' Mono-
nuclear leucocytes are recruited to form a granuloma at
the site of infection.* ® Acid-fast bacilli may be visible
within the macrophages of this lesion when stained by the
Ziehl-Neelsen method.” The granuloma becomes larger as

Received 18 July 2001; revised 16 October 2001; accepted 29
November 2001.

Correspondence: Pauline T. Lukey, GlaxoSmithKline Research
and Development, Respiratory Pathogens, Medicines Research
Centre, Gunnels Wood Road, Stevenage, Hertfordshire, SG1 2NY,
UK. E-mail: ptl46978@gsk.com

© 2002 Blackwell Science Ltd

more cells are recruited and various zones become
apparent. The central area becomes necrotic (termed
caseous necrosis) as the infected macrophages die and
activated T cells undergo apoptosis.”® The area of caseous
necrosis is surrounded by myeloid cells, multinucleated
giant cells and lymphocytes. As the area of necrosis solidifies
visible bacilli disappear” and the lesion can either resolve
by calcification and resorption or it can go on to liquefy.
Mycobacterium tuberculosis is able to replicate exponen-
tially within these liquefied necrotic areas. If the lesion
ruptures into an airway, then the replicating bacteria can
reseed other areas of the same lung or they may be expelled
into the environment and infect another host.’

Only 10% of individuals who are infected actually
develop clinical disease, the remainder may have a latent
infection which can progress to tuberculosis if immuno-
suppression occurs [e.g. due to human immunodeficiency
virus (HIV) co-infection]. It is therefore hypothesized that
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the host immune system plays a role in the outcome
of the interaction between the host and the pathogen.'®!!
A T helper type 1 immune response (Thl), consisting of
T helper cells making interferon-y (IFN-y), is considered
to be protective in tuberculosis. However, a T helper type 2
immune response (Th2) consisting of T cells making
interleukin-4 (IL-4), is thought to be detrimental.!*™'#

In situ hybridization on paraffin-embedded lung
sections from five patients with pulmonary tuberculosis
revealed that granulomas within an individual can display
different patterns of cytokine production. In fact, a
granuloma producing mRNA for IFN-y and IL-4
may be adjacent to another granuloma of similar mor-
phology which produces IFN-y but not IL-4.'> All of the
five patients studied had granulomas positive for IFN-v,
TNF-a and caseous necrosis. However, only three of the
patients had any granulomas positive for IL-4. Therefore,
each granuloma appears to be a microenvironment with
its own pattern of cytokine production and the immune
response measured in the periphery does not reflect the
complexity of the immune responses occurring at the site of
pathology. It also becomes difficult to stratify the immune
response of a patient into Thl or Th2, as each granuloma
within an individual patient may exhibit a different pattern
of cytokine production.

We decided to extend the above findings on cytokine
mRNA by using immunohistochemistry to detect IFN-v,
IL-4 and TNF-a protein in another set of patients with
pulmonary tuberculosis. As IL-12 is considered essential
for the development of a strong cell-mediated immune
response,'® we chose to study the expression of
IL-12p40 mRNA. In situ hybridization indicates that a
cell is transcribing a particular gene, whilst immunohisto-
chemistry can be somewhat ambiguous, as a positive
cell may be producing the protein or it may have taken
it up from the environment. Therefore, detection of
IL-12p40 mRNA provides evidence that a cell is producing
this subunit, rather than passively acquiring it from the
extracellular environment. We found that CD68-positive
myeloid cells produced IL-12p40 mRNA and that a
CD8-positive subset of CD3-positive T cells also produced
mRNA for this subunit. Analysis of the cytokine data
using contingency tables allowed us to identify cor-
relations between cytokines which may play a role in the
immunopathogenesis of tuberculosis.

MATERIALS AND METHODS

Patients

Adult lung tissue was obtained from seven patients under-
going surgery for haemoptysis at Tygerberg Hospital,
Republic of South Africa (Table 1). Diagnosis was
confirmed by Ziehl-Neelsen staining and all patients were
culture positive for drug-sensitive M. tuberculosis. Patients
were HIV negative and they all received a blood transfusion
prior to the surgery. Directly after surgery, tissue was
selectively dissected for formaldehyde fixation. All patients
successfully completed their anti-tuberculosis therapy.

Table 1. Clinical details of the patients
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Ethical approval was obtained for the study from the Ethics
Committee of the University of Stellenbosch.

Immunohistochemistry

Consecutive sections were dewaxed, rehydrated through
graded alcohols and washed in distilled water. Endogenous
peroxidases were blocked and antigen retrieval was
performed by microwaving the sections in 0-01 M citrate
buffer pH 6:0 for 20 min. Microwaving as a form of
antigen retrieval is a common technique for the detection
of numerous proteins and has been successfully used in
paraffin-embedded tissues.'>!'”'® After 5 min the citrate
buffer was topped up to prevent evaporation. Thereafter
sections were left in the microwave for 15 min and
subsequently placed into phosphate-buffered saline (PBS)
for 5 min. Non-specific proteins were blocked with 5%
rabbit serum for 10 min. Affinity-purified goat anti-human
IFN-vy, IL-4 and TNF-a antibodies (R & D Systems, Oxford,
UK) were diluted 1 :400 in rabbit serum (final concentration
250 ng/ml) and left on the sections overnight at 4°. The
sections were then washed for 15 min in PBS. The
secondary antibody, biotinylated rabbit anti-goat immuno-
globulin G (IgG; R & D Systems) was diluted 1:100 and
incubated on the sections for 1 hr at 4°. The sections were
washed for 15 min in PBS and then incubated with
streptavidin—horse radish peroxidase (Dako, Cambridge,
UK) for 30 min. The 3'3-diaminobenzedine substrate
(Dako) was then added to the slides (according to the manu-
facturer’s instructions) after which they were counterstained
with haematoxylin (Dako), washed in running tap water
and mounted with Faramount (Dako). In these immuno-
histochemistry applications, a control antibody (protein
G-purified goat IgG, Santa Cruz, CA) was included, which
was diluted to give a final concentration of 250 ng/ml. As
a further control, the primary antibody was also excluded
from the overnight incubation step and the sections were
only incubated with the secondary antibody.

The specificity of the polyclonal antibodies was tested
by preincubation of the primary antibody with the relevant
recombinant cytokine. The antibodies (250 ng/ml) and
antigens (IFN-y, TNF-o and IL-4 all at 50 pg/ml, all from
R & D Systems) were incubated together in pairs for 30 min
at room temperature. In parallel the antibodies were
incubated without their respective recombinant cytokine.
Staining was carried out as outlined above on sections from
one representative IL-4-positive patient.

Preparation of the IL-12 riboprobe

This was performed essentially as described previously.'
The cDNA and polymerase chain reaction (PCR) product
for IL-12p40 was prepared from 2 pg of total RNA isolated
from human peripheral blood mononuclear cells using the
Titan One Step RT-PCR System (Roche, Mannheim,
Germany). PCR conditions and primer sequences were
used as published.'®!” The IL-12 PCR product was cloned
into the vector P GEMTeasy (Promega, Southampton, UK)
which was sequenced. A 600-base pair fragment containing
the IL-12 cDNA was released from PGEMTeasy with Pvull
(Amersham, Buckinghamshire, UK) and isolated from a
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1% low-melting agarose gel according to the manufacturer’s
instructions (Roche Biochemicals, Germany). T7 or SP6
RNA polymerases were then added to synthesize antisense
and sense biotinylated, labelled riboprobes according
to the manufacturers’ instructions (Gibco BRL, Basel,
Switzerland). Labelling of the probes was confirmed by
Northern blot analysis using streptavidin-conjugated
alkaline-phosphatase (Gibco BRL) and the substrate
nitroblue tetrazolium chloride/5-bromo-4-chloro-3 indolyl-
phosphate p-toluidine salt (NBT/BCIP) (Gibco BRL).

RNA : RNA in situ hybridization

Proteinase K treatment, prehybridization and hybridization
protocols were as previously described.!® Immediately after
hybridization at 50°, the slides were washed twice in
2x saline sodium citrate for 15 min at room temperature.
Then, 100 pl blocking reagent (Gibco BRL) was placed
onto each section for 15 min at room temperature, followed
by 100 ul streptavidin-conjugated alkaline phosphatase
diluted 1:10 in conjugate buffer for 30 min at room
temperature. The slides were then washed twice in 100 mm
Tris-HCI (pH 7-5), 150 mm NaCl for 15 min at room
temperature and the signal was detected using NBT/BCIP.
After the blue/purple colour had appeared the sections were
counterstained with methyl green (Dako) for 10 seconds,
rinsed in distilled water and mounted with Dako fara-
mount, after which the slides were viewed under a light
microscope. B-Actin was used as a positive control for
the presence of mRNA within the tissue sections. The
specificity of the hybridization signal was also confirmed by
pretreating the sections with ribonuclease (RNase) before
hybridization.

Dual labelling

Consecutive sections were dewaxed, rehydrated through
graded alcohols and washed in water. The slides were then
blocked with 3% hydrogen peroxide for 15 min and
then placed in water. Antigen retrieval was performed with
1 mg/ml trypsin (Sigma, Poole, Dorset, UK) for 5 min at
room temperature. Non-specific proteins were blocked
with 2% goat serum (for CD68) or 2% sheep serum (for
CD3, CD4, or CDS) in PBS. Anti-CD68 antibody (Dako,
diluted 1:200 in PBS), anti-CD3, -CD4 and -CDS8 anti-
bodies (Dako, diluted 1:100) were incubated with the slides
overnight at 4°. The slides were washed for 15 min in PBS
after which goat anti-mouse (for anti-CD68, Dako) or sheep
anti-mouse (for anti-CD3, -CD4, or -CDS8, Dako) each
diluted 1:100 was added. The slides were washed in PBS,
streptavidin—alkaline phosphatase was added and the slides
were washed again. The signal was detected using Fuchsin
Red (Dako) as per the manufacturer’s instructions. The
slides were then placed into water followed by PBS after
which 500 pl 0-4% paraformaldehyde was placed onto each
section for 5 min. The slides were then washed with water
for 2 min. The sections were acetylated in a 400:1 (v/v)
solution of triethanolamine: acetic anhydride for 10 min
and then placed into PBS. Biotin (0-1 pg/ml) was added to
the slides for 3 min at room temperature after which they
were rinsed in PBS, dehydrated in graded ethanols and
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air-dried before hybridization. In situ hybridization with
the IL-12 riboprobe, and the detection were performed as
described above. The sections were not counterstained after
detection with NBT/BCIP.

Photography

The images were captured using a Zeiss microscope
(Axioskop 2) fitted with a Sony 3CCV video camera. In
order to maintain comparability between slides, the light
parameters were optimized for the actin-stained slide and
then kept constant for all subsequent slides. The images
were saved using Axiovision from Zeiss (Hallbergmoos,
Germany).

Assessment of slides

All the slides were analysed in duplicate by a consultant
pathologist (J.B.). The immunohistochemistry and in situ
hybridization techniques used in this study are empirical
staining methods and cannot be accurately quantified. The
results were therefore analysed according to the presence
or absence of the relevant colour reaction. The slides for
each cytokine and phenotypic marker were assessed for
the presence or absence of signal by three independent
observers and analysed for each patient in triplicate.
Individual granulomas from all of the patients were scored
positive or negative for each cytokine, phenotypic marker
and caseous Nnecrosis.

Statistical analysis

A two-tailed Fisher’s exact test was used to test for asso-
ciation between pairs of cytokines and necrosis. Com-
parisons in association patterns between IL-4-positive and
IL-4-negative patients were made using a Mantel Haenszel
%> test. Comparisons between those granulomas staining
similarly (concordant staining) with those staining differ-
ently (discordant staining) for two cytokines were compared
between IL-4-positive and IL-4-negative patients using
Fisher’s exact test.

RESULTS

Scoring of individual granulomas from the seven patients
for cytokine patterns and immunophenotype

Individual granulomas from the seven patients were scored
for the presence of cytokine, phenotypic marker, or caseous
necrosis and the data are summarized in Table 2. Each
patient contributed between 10 and 40 granulomas to this
analysis. All seven patients had some granulomas positive
for IFN-y, TNF-a, IL-12p40 and central necrosis (Table 2).
However, only four of the seven patients had any
granulomas staining positive for I1L-4 (Table 2; patients
B3, B4, B5 and B7). These patients tended to have the
highest percentage of necrotic granulomas and the lowest
percentage of TNF-a-positive granulomas (Table 2). All
seven patients also had granulomas positive for CD3, CD4,
CD8 and CD68 (Table 2). All granulomas scored were
positive for CD68 and CD3 and more than 85% were CD4
positive, whilst 50% were CD8 positive.

Immunohistochemistry of IFN-y, IL-4 and TNF-a

Consecutive sections through the lung tissue from patient
B3 are shown at low (x50) magnification (Fig. 1). A non-
necrotic granuloma is present (Gr; Fig. 1) and it stained
positive for TNF-a (Fig. 1b), IFN-y (Fig. 1c) and IL-4
protein (Fig. 1d). The IFN-y staining is most striking, with
TNF-a giving intermediate staining and 1L-4 the weakest
staining (Fig. 1). Staining intensity does not necessarily
correlate with protein levels, being dependent also on the
affinity of the primary antibody for the antigen. High-power
magnification (x400) within a granuloma reveals details of
cell morphology (Fig. 2) and this indicates that cells with
lymphocyte and macrophage morphology stain positive for
TNF-a (Fig. 2b), IFN-y (Fig. 2¢) and IL-4 protein (Fig. 2d).
Giant cells, associated with the granuloma, also stained
positive for IFN-y, IL-4 and TNF-a (Fig. 2b—d). In all cases,
goat IgG controls, which were used to detect non-specific
binding, were negative (Figs 1a and 2a). Various patterns of
cytokine expression by different granulomas were observed
(summarized in Table 2).

The specificity of the affinity-purified polyclonal
antibodies was confirmed as preincubation with relevant
recombinant cytokines (IFN-v, IL-4 and TNF-a) eliminated
the positive signal (data not shown).

In situ hybridization of 1L-12p40 mRNA

Consecutive sections through a typical IL-12p40 mRNA-
positive granuloma are shown at x100 magnification
(Fig. 3a-—c). This granuloma has a necrotic centre (CN)
surrounded by cells which are positive for B-actin (Fig. 3c)
and IL-12p40 mRNA (Fig. 3b). At higher power magni-
fication (x400) cells can be identified by their mor-
phology (Fig. 3d) and this revealed that cells with both
macrophage and lymphocyte morphology stained posi-
tive for IL-12p40 mRNA. However, a subset of cells with
lymphocyte morphology were negative for IL-12p40 mRNA
(Fig. 3d). The sense IL-12 riboprobe, which was used to
control for non-specific hybridization, did not result in any
staining (Fig. 3a).

Dual labelling

CD68-positive myeloid cells were producing IL-12p40
mRNA (Fig. 4a). Two giant cells (Gc) are shown sur-
rounded by smaller cells with the morphology of macro-
phages and lymphocytes (L). These giant cells were positive
for CD68 as well as IL-12p40 mRNA (Fig. 4a). A subset of
CD3-positive T cells found at the edge of a granuloma were
also producing IL-12p40 mRNA, though a subset was
negative for IL-12p40 mRNA (Fig. 4b). CDS8-positive cells
within the granuloma cellular infiltrate were shown to be
positive for IL-12p40 mRNA (Fig. 4c, d). Although 50% of
granulomas contain CDS8-positive cells, only a minority
of granulomas (~12%) contain CD8-positive cells capable
of producing IL-12p40 mRNA (Table 2). This is not
affected by the IL-4 status of the patient (Table 2).

© 2002 Blackwell Science Ltd, Immunology, 105, 325-335
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Table 2. Cytokine patterns and immunophenotyping of the individual granulomas for the seven patients

Total no. Caseous IFN-y TNF-a 1L-4 IL-12p40 CD8*
Patient granulomas necrosis protein protein protein mRNA CDS§* IL-12p40™ CD4*
BI 10* 2 20yt 9(90) 10 (100) 0(0) 9 (90) 5 (50) 1 (10) 10 (100)
B2 40 9 (23) 3793 30(75) 0 (0) 29 (73) 23 (58) 5(13) 37 (93)
B3 12 4(33) 11 (92) 4(33) 4(33) 9 (75) 6 (50) 1(8) 11 (92)
B4 15 8 (53) 10 (67) 8 (53) 6 (40) 11(73) 7 (48) 2 (13) 13 (87)
BS 23 9 (39) 17(74) 15 (65) 5(22) 17 (74) 11 (46) 3(13) 22 (96)
B6 29 7 (24) 26(90)  21(72) 0(0) 25 (86) 14 (49) 3 (10) 25 (86)
B7 12 4 (33) 9 (75) 4 (33) 5 (42) 8 (67) 6 (50) 2 (16) 11 (92)

All values are number with % of total in parenthesis.
*The absolute number of granulomas is given.

FThe percentage of granulomas giving a positive result for a particular parameter is given.

Figure 1. Immunohistochemistry on serial sections through lung tissue from patient B3 at low-power magnification. A central
distinct granuloma is visible in these sections (Gr) with alveolar spaces (AS) indicated. The granuloma in these sections has no
evidence of central necrosis. Cells with the morphology of lymphocytes, alveolar macrophages and red blood cells (arrows) are
present in the alveolar spaces (c). The presence of red blood cells is probably a result of the haemoptysis. The granuloma shows
staining (brown colour) for TNF-a (b), IFN-vy (c) and IL-4 (d). A negative IgG control showing only blue staining of nuclei is

shown (a). Magnification x50.

CD4-positive cells were not positive for IL-12p40 mRNA
(data not shown).

Association between IFN-y, IL-4, TNF-a proteins,
IL-12p40 mRNA and caseous necrosis in individual
granulomas by contingency tables

The data (Table 2) were further analysed for associations
between cytokines and necrosis and the results were
expressed in contingency tables using Fisher’s exact and
Mantel Haenszel y° tests (Tables 3—6). Fisher’s exact test
is designed to give robust estimates of significance when
frequencies in the contingency table are low, i.e. scores of

© 2002 Blackwell Science Ltd, Immunology, 105, 325-335

zero for some cytokines. However, in the case of IL-4, where
some patients have no positive granulomas, we felt that
further analysis was warranted. We therefore also divided
the patients into two groups, those expressing IL-4 in some
of their granulomas (patients B3, B4, B5 and B7) and those
not expressing IL-4 in any of their granulomas (patients B1,
B2 and B6) and considered dual-parameter associations
in the IL-4-positive and -negative patients separately.

IFN-y and IL-12p40 (Table 3)

The probability of a granuloma producing IFN-y was
significantly greater if the granuloma was also positive for
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LA,

Figure 2. Immunohistochemistry on consecutive sections through a granuloma from patient B3 at high-power magnification.
A giant cell (G) associated with the granuloma is shown. The giant cell was observed to be in a region consisting of cells with the
morphology of macrophages (M) and lymphocytes (L). These sections are positive for TNF-a (b), IFN-y (c) and IL-4 (d)
protein (brown colour). Cells with the morphology of macrophages, staining positive for TNF-a (b), IFN-y (¢) and IL-4 (d) are
indicated (M). No brown staining is seen for the IgG control which shows only blue nuclei (a). Final magnification x400.

Figure 3. In situ hybridization for IL-12p40 mRNA of consecutive sections through a granuloma from patient B3. This
granuloma has a central necrotic area (CN) surrounded by cells with the morphology of epithelioid macrophages and
lymphocytes. Nuclei stain green and cells staining positive for mRNA have a purple cytoplasm. The granuloma is positive for
B-actin (c) and IL-12p40 mRNA (b). A cell with lymphocyte morphology stains positive for IL-12p40 mRNA (pos) and
another cell with lymphocyte morphology is negative for IL-12p40 mRNA (neg) (d). No signal was obtained when the sense
IL-12p40 riboprobe was used (a). (a), (b) and (c) final magnification x100; (d) x400 final magnification.

© 2002 Blackwell Science Ltd, Immunology, 105, 325-335
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Figure 4. Dual labelling of IL-12p40 mRNA and immunophenotypic markers CD68, CD3 and CDS8. IL-12p40 mRNA stains
purple and the immunohistochemical phenotypic markers stain red. Two CD68-positive giant cells (Gc) producing IL-12p40
mRNA are shown (a). Giant cells are surrounded by a number of cells with the morphology of lymphocytes (L) (a).
CD3-positive T cells are indicated by arrows (b), a subpopulation is positive for IL-12p40 mRNA (pos) whilst another
subpopulation is negative (neg). CDS8-positive lymphocytes are expressing 1L-12p40 mRNA (c and d). Final magnification
x400 (a, b and ¢); a high-power (x1000) image of CD8 lymphocytes producing IL-12p40 mRNA is also shown (d).

Table 3. Contingency table of IFN-y and I1L-12p40 for all patients

Table 5. Patients separated into two groups on the basis of the
presence or absence of IL-4 and their granulomas scored for TNF-o
and caseous necrosis

IFN-y
IL-12p40 0 (negative) 1 (positive) Total
0 (negative) 21 12 33
1 (positive) 1 107 108
Total 22 119 141

*Individual granulomas were assigned to each quadrant according to
the presence (1) or absence (0) of the parameter measured and the total
number present in each quadrant is presented.

Table 4. Contingency table of IFN-y and IL-4 (IL-4-positive
patients only)

IFN-y
IL-4 0 (negative) 1 (positive) Total
0 (negative) 15 27 42
1 (positive) 0 20 20
Total 15 47 62

*Individual granulomas were assigned to each quadrant according to
the presence (1) or absence (0) of the parameter measured and the total
number present in each quadrant is presented.

© 2002 Blackwell Science Ltd, Immunology, 105, 325-335

Caseous necrosis

TNF-o 0 (negative) 1 (positive) Total
IL-4-negative patients

0 (negative) 18 0 18
1 (positive) 43 18 61
Total 61 18 79
IL-4-positive patients

0 (negative) 31 0 31

1 (positive) 8 25 31
Total 37 25 62

Individual granulomas were assigned to each quadrant according to
the presence (1) or absence (0) of the parameter measured and the total
number present in each quadrant is presented.

Significant difference between the two groups of patients.
Mantel Haenszel x> P<0-001.

IL-12p40 (P<0-001: Fisher’s exact test; Table 3), in fact
76% (107 out of 141) of all granulomas were positive for
both IFN-y and IL-12. Almost all granulomas staining
positive for IL-12p40 were also expressing IFN-y (107 out
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Table 6. Contingency table of TNF-o and IL-4 (IL-4-positive
patients only)

TNF-o
IL-4 0 (negative) 1 (positive) Total
0 (negative) 16 26 42
1 (positive) 15 25 20
Total 31 31 62

Individual granulomas were assigned to each quadrant according to
the presence (1) or absence (0) of the parameter measured and the total
number present in each quadrant is presented.

of 108 granulomas equals 99%), with only one granuloma
positive for IL-12p40 and negative for IFN-y (Table 3).
However, 12 granulomas were identified which were
negative for IL-12p40 but IFN-y positive. Discordant
granulomas were more likely to be IFN-y positive rather
than IL-12p40 positive (P=0-002 McNemar’s test). No
significant differences between IL-4-positive or -negative
patients were found with respect to these associations.

IFN-y and IL-4 (Table 4)

All granulomas which were IL-4 positive were also IFN-y
positive (P=0-001: Fisher’s exact test; Table 4). IL-4-
negative patients tended to have a higher percentage of
IFN-y-positive granulomas than the IL-4-positive group
(92% compared with 76%; P=0-018 Fisher’s exact test).

TNF-a and caseous necrosis (Table 5)

All granulomas with caseous necrosis were TNF-a positive,
whether from IL-4-positive or -negative patients (Table 5).
However, non-necrotic granulomas in the IL-4-negative
patients, were more likely to be TNF-a positive than
negative. The opposite was true for IL-4-positive patients
(P<0-001: Mantel Haenszel).

TNF-a and IL-4 (Table 6)

Fifty per cent of the granulomas of the IL-4-positive
patients (B3, B4, B5, and B7) were TNF-a positive.
However, these TNF-a-positive granulomas tended to
be negative for IL-4 (26 out of 31; Table 6). TNF-o-
negative granulomas were equally likely to be IL-4-positive
or -negative (Table 6).

DISCUSSION

Immunohistochemistry for cytokine and immunophenotype
as well as RNA:RNA in situ hybridization of 141 lung
granulomas from seven patients with pulmonary tuber-
culosis is presented. All seven of the patients stained positive
for IFN-y and TNF-a protein, IL-12p40 mRNA and had
granulomas with central necrosis. However, only four out
of the seven patients stained positive for IL-4 protein,

a similar proportion to that observed in our previous
analysis of five patients where three were positive for
IL-4 mRNA." Thus, of the patients studied so far, two-
thirds were positive for IL-4 and one-third was negative.
All the patients had granulomas containing CD3, CD4,
CDS8 lymphocytes and CD68-positive myeloid cells. Dual
labelling revealed that a subpopulation of T cells which were
CD8 positive was producing mRNA for IL-12p40. Within
a single patient, however, examination of individual granu-
lomas revealed differing patterns of immunophenotype
and cytokine production. As we have observed previously, '’
each granuloma appears to be a microenvironment distinct
from adjacent granulomas, possibly reflecting events in the
ontogeny of the granuloma.

Investigation of the individual cells within the granu-
loma supported our previous observation that both
lymphocytes and macrophages produce mRNA for IFN-vy,
IL-4 and TNF-o'° and extended this to demonstrate
protein expression by these cell types. Furthermore, the
present paper also shows IL-12p40 mRNA production in
CD68 myeloid cells as well as in CD3- and CDS8-positive
T cells. Bioactive IL-12 (IL-12p70) is a heterodimer of
the p35 and p40 subunits and its secretion is regulated at
the level of p40 transcription. IL-12p35 expression is
ubiquitous and constitutive, whilst IL-12p40 is highly
inducible and expressed only in IL-12p70-producing cells.?
Therefore, it is likely that cells positive for IL-12p40 mRNA
are producing active IL-12p70. Although IL-12p40 is
produced in excess and forms inactive homodimers, these
are unlikely to be effective antagonists of the IL-12p70
heterodimer in humans.?! It is also possible that IL-12p40-
producing cells are making IL-23, a newly characterized
cytokine with activities overlapping those of IL-12.%
This cytokine consists of IL-12p40 complexed with pl9
instead of IL-12p35 and binds to IL-12 receptor pl
(IL-12RPB1) but not B2.>* The traditional roles of macro-
phages and lymphocytes appear to break down within
the tuberculous granuloma, with macrophages producing
the T-cell-specific cytokines IL-4 and IFN-y*% and a
CD8-positive T-lymphocyte subset producing the myeloid-
specific cytokine IL-12p40. This may be a feature of the
immune response to this particular pathogen or it may
reflect the chronicity of the immunopathology.

Immunophenotyping of the granulomas revealed that
all granulomas were CD68 and CD3 positive and the
majority (>85%) were CD4 positive whilst approxi-
mately half (46-58%) were CDS8 positive. This indicates
a predominant CD4 cell infiltrate with a ratio of
CD4: CD8-positive granulomas ranging from 1:6 to 2-0.
This is not affected by the IL-4 status of the patients.
The majority of granulomas were also IL-12p40 positive
(73-90%), however, only a small percentage (10-16%) of
these granulomas contained a population of CD8-positive
cells producing IL-12p40 mRNA. Furthermore, not all
CD8-positive granulomas contained this subpopulation of
CD8 T cells, as only 17-33% of CDS8-positive granulomas
contained CD8-positive cells producing IL-12p40 mRNA.
Therefore, 1L-12p40 mRNA is largely produced by CD68-
positive myeloid cells but in a small number of CDS8-positive
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granulomas there is a population of CDS8-positive cells
which produce IL-12p40 mRNA.

Our finding that tuberculous granulomas produce large
amounts of a variety of cytokines is in contrast to the
observations of Aung et al.”® These investigators detected
only transforming growth factor-p in biopsy material from
four out of 12 patients with pulmonary tuberculosis.
No evidence of TNF-a, IFN-y, or IL-4 was found.?® It is
possible that too few granulomas were present in the biopsy
material analysed and that sampling error resulted in the
negative cytokine staining.?® In the present study cytokine
staining was only detected in and around the granulomas
themselves, there was little or no staining in the tissue
distal to granulomas. The patients included in the present
study were undergoing lobectomy for haemoptysis and
therefore large amounts of tissue were available in contrast
to the relatively small size of a biopsy specimen.’® Other
possible reasons for the discrepancy in results are that
different primary antibodies were used and there were some
differences in antigen retrieval techniques.

Multinucleated giant cells are a feature of the granulo-
matous response to M. tuberculosis.>” Their precise function
within tuberculous granulomas remains unclear, but they
have been shown to produce TNF-& mRNA? and to
restrict the growth of intracellular M. tuberculosis in vitro.’
The present study confirms their ability to produce TNF-o
and extends it to include IL-4, IFN-y and IL-12p40. All
multinucleated giant cells did not produce all of these
cytokines simultaneously. The range of cytokines produced
reflected the cytokine milieu of the granuloma with which
they were associated and supports an active role for
multinucleated giant cells in granulomas of patients with
tuberculosis.

All necrotic granulomas from all the patients stained
positive for TNF-a. Although we cannot extrapolate from
these findings to a causative relationship between TNF-o
and necrosis, it appears likely that TNF-a may be involved
in necrosis development.” The caseous necrosis appears to
be a consequence of apoptosis of infected macrophages
and activated T cells within the granuloma® and TNF-o
is a known inducer of apoptosis.’® IL-4-positive patients
tended to have more necrotic granulomas than IL-4-
negative patients and almost all non-necrotic granulomas
were TNF-a negative. This may imply that in IL-4-positive
patients it is more likely that TNF-a will induce necrosis
in the granuloma than in those patients who are IL-4
negative.

An essential role for IL-12 and IFN-y in protective
immunity to mycobacterial infection has been described.
Individuals who are susceptible to disseminated myco-
bacterial infection have been shown to have defects in their
receptors for IL-12 or IFN-y.3!32 Also, in patients with
tuberculosis, decreased IFN-y production by peripheral
blood mononuclear leucocytes has been shown to cor-
relate with decreased IL-12 receptor subunits pl and p2."°
However, there appears to be a feedback loop in that
optimal IL-12 expression by macrophages depends to some
extent on prepriming with IFN-y.>** The innate immune
system, specifically natural killer cells, may be playing a
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role in providing the initial source of IFN-y required for
maximal effects.®® Supporting evidence for these observa-
tions comes from animal models of mycobacterial infec-
tion.* In the tuberculous granulomas studied here, 91%
of the granulomas gave the same pattern of cytokine
expression for IL-12p40 and IFN-vy, being either positive or
negative for both cytokines, as expected from the literature.
It may be important to consider those granulomas
with discordant results for IL-12p40 and IFN-y. Twelve
granulomas were positive for IFN-y but negative for
IL-12p40, whilst only one was positive for 1L-12p40 and
negative for IFN-v, indicating that discordant granulomas
are more likely to be IFN-y positive. It is tempting to
hypothesize that even within a granuloma, IFN-y-priming
may be a prerequisite for maximal IL-12 production.
Leprosy is caused by Mycobacterium leprae and results
in granulomatous lesions of the skin. There are two polar
forms of leprosy: multibacillary lepromatous leprosy
characterized by a Th2 response (IL-4, IL-5 and IL-10
detected by PCR) and paucibacillary tuberculoid leprosy
with a marked Thl response (IFN-y, IL-2 and TNF-a
detected by PCR).**37 A spectrum of unstable borderline
forms of the disease exists between these two poles and
immunohistochemical analysis of skin biopsies during
reversal reactions has identified CD4 and CDS8 T-cell
infiltrate and increased expression of IFN-y, IL-12p40
and inducible nitric oxide synthase protein.*® Sarcoidosis
is a granulomatous pulmonary disease of unknown
aetiology and is characterized by a Thl immune response
with significant production of IL-12 and IFN-y mRNA
with no detectable IL-4.>° As has been observed in tuber-
culosis,'>**?° macrophages from patients with sarcoidosis
also produce IFN-y.** CD8 T cells from tuberculosis
patients express more IL-12 receptor than those from
sarcoid patients.*! As IL-12 induces its own receptor,*? this
increased receptor expression may be due to autocrine
effects of IL-12 produced by the subpopulation of CDS§
T cells identified in patients with tuberculosis (this paper).
The patients with tuberculosis described in this paper
can be divided into IL-4-positive and IL-4-negative groups
and could be described as having polar immune responses
similar to leprosy. This may be interpreted as separating
those patients with an effective cell-mediated (Th1) immune
response (IL-4 negative) from those with an ineffective
mixed or humoral (Th2) response (IL-4 positive). However,
this is not supported by the clinical outcome as all the
patients had equally severe disease and, where follow-up
information is available, appear to have been successfully
treated for tuberculosis. The cytokine patterns observed
may not have been entirely due to tuberculosis as one
IL-4-positive patient had a concurrent pulmonary ascaris
infection and another had chronic asthma diagnosed at
follow-up which may have been present at lobectomy.
These patients were retained in the study as this diversity
probably reflects the situation within most tuberculous
patient groups. The other two IL-4-positive patients had no
relevant documented underlying pathologies. All four of the
patients who were positive for IL-4 staining tended to have
a lower percentage of IFN-y-positive and TNF-a-positive
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granulomas than patients who were negative for IL-4
staining. This may indicate a reduced ability to mount an
effective Thl immune response within the granulomas
of those patients with IL-4 staining. However, where 1L-4
staining was present within a particular granuloma, it was
always associated with IFN-y and, in most cases, IL-12 too.
It is therefore difficult, if not impossible, to fit the cytokine
patterns observed in human tuberculous granulomas into
the classical Th1/Th2 dichotomy. This is further com-
plicated by the recent findings in IL-4 knockout mice which
were more susceptible to M. tuberculosis, suggesting that
IL-4 may play a protective role in tuberculosis.** Therefore,
the patients described here cannot be classified as Thl or
Th2 like the polar forms of leprosy, perhaps they are
more similar to the borderline leprosy cases where a mixed
immune response is observed.

In conclusion, we would like to propose that analysis of
cytokine-staining patterns in histological samples can yield
important insight into correlations between different
cytokines. Using this method we describe two main groups
of cytokines which interact within the microenvironment of
the human tuberculous granuloma. The first is the positive
association of IL-12 and IFN-y, with 76% of all granulomas
staining positive for both cytokines. Unexpectedly, IL-4,
when present, was invariably found in granulomas which
were positive for IFN-y. The second positive association is
between TNF-a and caseous necrosis, where TNF-o. may
induce necrosis most effectively in those patients who are
IL-4 positive. This may reflect the ambiguous role of TNF-o
in protection versus pathology depending on the cytokine
milieu of the granuloma. Furthermore, dual labelling to
identify the cells producing these cytokines has revealed
a subpopulation of CDS8-positive lymphocytes producing
the myeloid-specific subunit IL12-p40 mRNA. Therefore,
studying the spatial relationship between cytokines and
the cells producing them, even at one point in time during
the course of disease, can provide insight into the interplay
between groups of cytokines which contribute to protection
and pathology.
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