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Abstract

Nuclear Factor kappa B (NFxB) is an ubiquitous primary transcription factor that plays
a central regulating role in many immune and inflammatory responses.

Using immunohistochemistry, significantly increased numbers of cells positive for
activated NFxB were demonstrated in all layers of inflamed Crohn’s disease bowel,
compared to non-inflamed bowel from controls. A significant increase in the number of
positive cells was also demonstrated in the submucosa of non-inflamed areas of
Crohn’s disease bowel, which may therefore be the site of the first changes of Crohn’s
disease. Cells positive for activated NFxB were identified by morphological criteria as

mostly macrophages, with some lymphocytes.

While developing a method to study activation of NFxB using in situ hybridisation
(ISH), non-specific binding of oligonucleotide probes to eosinophils in sections of
bowel was demonstrated. Binding was sequence-dependent, and was prevented by
blocking agents followed by high stringency post-hybridisation washes. Hybridisation
of poly-d(T) probe to mRNA was demonstrated with low stringency washes, but
binding to eosinophils returned under these conditions despite blocking measures.

In vitro binding of oligonucleotide probes to eosinophilic cationic protein (ECP),
isolated from eosinophil granules, was demonstrated, and this effect was shown not to
be due to the unusually high pI of ECP.

Finally, a relationship between probe hydrophobicity, measured by reverse phase ion-
pair high performance liquid chromatography, and in situ binding of individual probes
to eosinophils was demonstrated. Effective tissue penetration by hydrophobic probes

and subsequent strong probe-ECP interactions therefore make ISH, at least with



oligonucleotide probes, impractical in eosinophil-containing tissues, such as bowel.
Previous work using oligonucleotide ISH on bowel has not recognised this difficulty
and so apparently positive results are likely to have been compromised by this binding

of probes to eosinophils.

In conclusion, activation of NFxB, a key event in the inflammatory response, is
increased in all layers of inflamed Crohn’s disease bowel and in the submucosa of non-
inflamed areas, which may therefore be the site of the first changes of Crohn’s disease.
ECP differentially binds oligonucleotide probes during ISH and the magnitude of this

binding is determined by probe hydrophobicity.
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LIST OF FIGURES

Chapter 1

Figure 1. Generalised scheme of activation of NFxB.

Figure 2, Early lesions of CD.

Chapter 2

Figure 1. Photomicrographs (above x 100, below x 400) of a frozen section of normal
large bowel from a patient with carcinoma, with ISH using an oligonucleotide probe
cocktail for mRNA for IkBo, showing positive cells within the lamina propria

(appearances similar with probe cocktail for mRNA for TNFa).

Figure 2. Photomicrographs (above x 100, below x 400) of a frozen section of
inflamed large bowel from a patient with inflammatory bowel disease (ulcerative

colitis), with ISH using an oligonucleotide antisense probe cocktail for mRNA for
IxBa, showing a greater number of positive cells than seen in normal bowel (Figure 1)

within the lamina propria (appearances similar with probe cocktails for mRNA for
TNFa, IL-4 and IL-10).

Figure 3. Photomicrographs (above x 100, below X 400) of a frozen section of
inflamed large bowel from a patient with inflammatory bowel disease (ulcerative
colitis) with ISH using poly-d(T) probe showing a pattern within the lamina propria
similar to that seen with probes for cytokine mRNAs (Figure 2), and not positivity of

all cells, as is expected if poly-d(T) probe remains hybridised to the poly-riboadenosine
tail present on all mRNA.
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Figure 4. Photomicrographs (above X 100, below x 400) of a frozen section of
inflamed large bowel from a patient with inflammatory bowel disease (ulcerative
colitis), pre-treated with RNase, with ISH using an oligonucleotide antisense probe
cocktail for mRNA for IkBa, showing a similar pattern of positive cells, at reduced

levels to that seen without pre-treatment with RNase (Figure 2) (appearances similar

with probe cocktails for mRNA for TNFa and poly-d(T) probe).

Figure 5. Photomicrographs (above x 100, below x 400) of a frozen section of
inflamed large bowel from a patient with inflammatory bowel disease (ulcerative
colitis), with ISH using an oligonucleotide antisense probe cocktail for mRNA for
insulin, showing a pattern of positive cells similar to that seen with all other probes;
insulin mRNA should not be present in bowel, and therefore the pattern suggests

binding of probes to another element.

Figure 6. Photomicrographs (above x 100, below x 400) of a frozen section of
inflamed large bowel from a patient with inflammatory bowel disease (ulcerative
colitis), with ISH using an oligonucleotide sense probe for mRNA for IxBa, showing a
pattern of positive cells within the lamina propria similar to that seen with the antisense
cocktail (Figure 2), but with fewer positive cells and each positive cell with fewer

overlying granules. The concentrations of probe in the sense and antisense

hybridisation solutions were equal.

Figure 7. Photomicrograph (x 1000) of a frozen section of inflamed large bowel from
a patient with inflammatory bowel disease (ulcerative colitis) with ISH using an
oligonucleotide antisense probe cocktail for mRNA for IxkBa. The cell with overlying

positive granules has a bilobed nucleus and granular cytoplasm, suggesting it to be an
eosinophil. Many similar cells had denser overlying positive granules, but this cell was

chosen for photography as the underlying cell morphology was easily seen.
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Figure 8. Photomicrograph (x 400) of a frozen section of inflamed large bowel from a
patient with inflammatory bowel disease (ulcerative colitis) pre-stained with eosin, with
subsequent ISH using an oligonucleotide antisense probe cocktail for mRNA for IxBo;
all cells with overlying positive granules, indicating binding of probes during ISH, also
stained with eosin, suggesting them to be eosinophils (appearances similar with probe

cocktails for mRNA for TNFa, IL-4, IL-10 and insulin, and with poly-d(T) probe).

Figure 9. Photomicrograph (x 1000) of a frozen section of inflamed large bowel from
a patient with inflammatory bowel disease (ulcerative colitis) stained with 15 % carbol

chromotrope for 30 minutes; only the granular cytoplasm of eosinophils stains red.

Figure 10. Photomicrograph (x 400) of a frozen section of nasal polyp from a patient
with allergic rhinitis, with ISH using an oligonucleotide probe cocktail for mRNA for
IkBa, showing numerous positive cells within the lamina propria (appearances similar

with probe cocktail for mRNA for TNFo and insulin, and with poly-d(T) probe).

Figure 11. Photomicrograph (x 400) of a frozen section of rat cerebral cortex, with
ISH using an oligonucleotide antisense probe cocktail for mRNA for IkBa, showing no

positive cells (appearances similar with probe cocktails for mRNA for TNFo and

insulin, and with poly-d(T) probe).

Figure 12. Photomicrograph (x 400) of a section of paraffin-embedded, inflamed large

bowel from a patient with inflammatory bowel disease (Crohn’s disease), with ISH
using an oligonucleotide antisense probe cocktail for mRNA for IkBa, showing a
pattern of positive cells within the lamina propria similar to that seen in frozen sections

(appearances similar with probe cocktails for mRNA for TNFa and insulin, and with
poly-d(T) probe).
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Figure 13. Photomicrographs (above X 100, below X 400) of a frozen section of
inflamed large bowel from a patient with inflammatory bowel disease (ulcerative
colitis) pre-treated with dithiothreitol and iodoacetamide, with ISH using poly-d(T)
probe, showing no positive cells, indicating successful blocking of non-specific binding
of probe to eosinophils (appearances similar with probe cocktails for mRNA for TNFa
and 1nsulin, and with poly-d(T) probe).

Figure 14. Photomicrographs (above x 100, below x 400) of a frozen section of
inflamed large bowel from a patient with inflammatory bowel disease (ulcerative
colitis) pre-treated with dithiothreitol and iodoacetamide, with ISH using poly-d(T)
probe, followed by reduced stringency washes (5 x SSC), showing positive signal
overlying all cells, indicating retention of poly-d(T) probe hybridised to the poly-
riboadenosine tail on all mRNA.

Figure 15. Photomicrographs (above x 100, below X 400) of a frozen section of
inflamed large bowel from a patient with inflammatory bowel disease (ulcerative
colitis) pre-treated with RNase, thus removing all mRNA, and then pre-treated with
dithiothreitol and iodoacetamide, with ISH using poly-d(T) probe, followed by reduced

stringency washes (5 x SSC), showing recurrence of non-specific binding of probe to
eosinophils.

Chapter 3

Figure 1. Principle of total internal reflection. Total internal reflection at the interface
between two media of different refractive indices causes an evanescent wave in the
medium of lower refractive index on the non-illuminated side (adapted from BIA

technology handbook (Pharmacia Biosensor, Uppsala, Sweden)).
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Figure 2. Principles of biomolecular interaction analysis using a BiacoreX™ instrument.

1. SPR at the sensor chip surface results in a sharp reduction in the intensity of reflected light
at a specific angle of reflection (A).

2. The angle (B) changes when analyte binds to ligand on the sensor chip surface.

3. The angles A and B are recorded as changes in ‘resonance signal’ in RU and plotted against

time as a ‘sensorgram’ (adapted from BIA technology handbook (Pharmacia Biosensor)).

Figure 3. A representative example of one of five injections of antisense 1 probe over
ECP and myoglobin in chip A, displayed as overlaid sensorgrams. Similar sensorgrams
were plotted for the three other oligonucleotide probes. The large negative deflection
of both sensorgrams that occurs at the start of injection represents a combination of the
bulk refractive effect and any binding of oligonucleotide probe to ECP or the control
protein, myoglobin. A smaller negative deflection of the ECP sensorgram than the
control protein sensorgram is observed, due to the expected binding of oligonucleotide
probe to ECP, but not to the control protein. The sensorgrams are precisely

superimposed but a slower, as well as smaller, negative deflection of the ECP

sensorgram is observed (see section 3.6.2 for explanation).

Figure 4. Subtracted sensorgrams (ECP—myoglobin) representing net binding to ECP
in chip A for all four oligonucleotide probes. The sensorgrams are representative
examples of one of five cycles of injections of probes. They were created by
subtraction of the sensorgrams for injection over myoglobin from the sensorgrams for
simultaneous injection over ECP for each probe, and represent on-off curves for the
interaction between ECP and oligonucleotide probes. The association and dissociation rate
constants were calculated using the data contained in the areas of the graphs marked ‘A’ and
‘B’ respectively, while the magnitude of binding was measured at an arbitrary point, 80
seconds after the start of injection, marked ‘C’. The genesis of the initial large peak at the start

of injection and the subsequent large trough at the end of injection is explained in the legend to

Figure 3, ar'ld their meaning discussed in section 3.6.
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Figure 5. Reproducibility of subtracted sensorgrams (ECP—myoglobin) representing
five successive bindings of antisense 1 to ECP in chip A. Sensorgrams were created by
subtraction of the sensorgrams for injection of probes over the control protein,
myoglobin, from the sensorgrams for simultaneous injections over ECP. The graphs
demonstrate that the data were highly reproducible, and that the initial large peak at the

start of injection and large trough at the end of injection were conserved between

injections.

Figure 6. A representative example of one of four injections of antisense 1 probe over

ECP and lysozyme in chip B, displayed as overlaid sensorgrams. In contrast to Figure 5,

there is no delay in the deflection of the two sensorgrams at the start and end of injection, and in

this chip, the bulk refractive effect of the injection solution is negligible.

Figure 7. Subtracted sensorgrams (ECP-lysozyme) representing net bindings to ECP
in chip B of all four oligonucleotide probes to ECP. Sensorgrams were created by
subtraction of the sensorgrams for injection over the control protein, lysozyme, from
the sensorgrams for simultaneous injections over ECP, for each probe. The curves
represent smooth on-off curves for the interaction between ECP and the four tested

oligonucleotide probes, and are the only complete cycle of injections of all four probes
in chip B.

Figure 8. Graph displaying means and standard deviations of magnitudes of bindings of

ditferent oligonucleotide probes to ECP (x) and to myoglobin () in chip A in RU (data
displayed in tabulated form in Table 2).
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Chapter S
Figure 1. Photomicrographs (magnification X 1000) of unstimulated (above) and

stimulated (below) HeLa Ohio cells grown onto cover slips and immunostained for
activated NFxB. Cells were stimulated with TNFo and PMA and fixed 1n
ethanol/formaldehyde. The stimulated cell shows dense nuclear staining (brown,
peroxidase-based detection system). The results show, together with results displayed

in Figures 2 and 3, that the antibody binds to the nuclei of stimulated cells, which is

consistent with its proposed specificity for activated NFxB.

Figure 2. Photomicrographs (magnification x 1000) of negative controls of
unstimulated (above) and stimulated (below) HeLa Ohio cells grown onto cover slips
and immunostained with substitution of PBS for the primary (anti-p65 NFxB) antibody
(brown, peroxidase-based detection system). Cells were stimulated with TNFo and
PMA and fixed in ethanol/formaldehyde. The absence of staining confirms that the
staining in Figure 1, with use of the primary antibody, is not due to non-specific
binding of secondary or tertiary layers of immunostaining, or due to endogenous
peroxidase activity.

Figure 3. Photomicrographs (magnification x 400) of a frozen section of mouse
cerebral cortex immunostained for activated NFxB (above) showing nuclear staining,
and negative control (below) immunostained in the same manner with PBS substituted
for the . pimary antibody (brown, peroxidase-balsed detection systém) and

counterstained with Mayer’s haematoxylin. Neurones in mouse cerebral cortex are
known to constitutively express activated NFxB, and so the results are consistent with

the proposed specificity of the primary antibody.

Figure 4. Photomicrographs of the mucosa of a frozen section (above, magnification x
100; below, magnification X 400) of inflamed CD bowel (patient 10) immunostained
for activated NFxB and counterstained with Mayer’s haematoxylin, showing scattered

cells positive for activated NFxB (red, alkaline phosphatase-based detection system).
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Figure 5. Photomicrographs of the submucosa of a frozen section (above,
magnification X 100; below, magnification X 400) of inflamed bowel from a patient
with CD (patient 10) immunostained for activated NFxB and counterstained with
Mayer’s haematoxylin, showing scattered cells positive for activated NFxB (red,

alkaline phosphatase-based detection system).

Figure 6. Photomicrographs of the muscle layer of a frozen section (above,
magnification x 100; below, magnification x 400) of inflamed bowel from a patient
with CD (patient 10) immunostained for activated NFxB and counterstained with

Mayer’s haematoxylin, showing scattered cells positive for activated NFxB (red,

alkaline phosphatase-based detection system).

Figure 7. Photomicrographs (magnification x 200) of a frozen section (above, mucosa;
middle, submucosa; below, muscle) of inflamed bowel from a patient with CD (patient
10) immunostained for activated NFxB with PBS substituted for the primary antibody
as a negative control. The sections were not counterstained with Mayer’s haematoxylin
to ensure background staining was not obscured. No positive cells and minimal
background staining is observed (red, alkaline phosphatase-based detection system).
The results demonstrate that the positive cells in Figures 4, 5 and 6 were not due to

non-specific binding of the secondary or tertiary layers of immunostaining, or due to

endogenous alkaline phosphatase activity.

Figure 8. Photomicrograph of a frozen section (magnification X 100) of normal bowel

from a control patient (control 6) immunostained for activated NFxB and
counterstained with Mayer’s haematoxylin, showing few cells positive for activated

NFkB (red, alkaline phosphatase-based detection system).
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Figure 9. Number of cells positive for activated NFxB per mm? in the three layers of
normal bowel from control patients, non-inflamed CD bowel and inflamed CD bowel.
The levels of significance of comparisons between groups using the Mann-Whitney test
are displayed. Horizontal bars indicate median values. Red data points represent
patients receiving corticosteroid therapy. The data on which these graphs are based are
displayed in Appendix III. The results demonstrate significantly increased tissue-
densities of positive cells in all layers of inflamed CD bowel in comparison to normal
bowel from controls. In only the submucosa of non-inflamed CD bowel was there a
significantly increased tissue-density of positive cells in comparison to normal bowel

from controls.

Figure 10. Graph of number of cells positive for NFxB per mm® in the mucosa of CD

patients against the inflammatory score of sections taken from the same biopsy
specimen. Specimens taken simultaneously from non-inflamed areas of five patients
were included (allocated an inflammatory score of 0) and hence in five patients there

are two specimens within this graph. A regression line is fitted and the Spearman’s rank

correlation coefficient displayed.

Figure 11. Graph of number of cells positive for NFkB per mm* in the submucosa of
CD patients against the inflammatory score of sections taken from the same biopsy
specimen. Specimens taken simultaneously from non-inflamed areas of five patients
were included (allocated an inflammatory score of 0) and hence in five patients there
are two specimens within this graph. A regression line is fitted and the Spearman’s rank

correlation coefficient displayed.

Figure 12. Graph of number of cells positive for NFxB per mm® in the muscle layer of
CD patients against the inflammatory score of sections taken from the same biopsy
specimen. Specimens taken simultaneously from non-inflamed areas of four patients
were included (allocated an inflammatory score of 0) and hence in four patients there
are two specimens within this graph. A regression line is fitted and the Spearman’s rank

correlation coefficient displayed.
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Figure 13. Photomicrographs of formaldehyde-fixed, paratfin-embedded sections of
mouse cercbral cortex pre-treated by microwaving, and then immunostained for
activated NFxB (above and middle), showing cytoplasmic staining of neurones within
an area of the section (above, magnification X 400), and nuclear staining in another
area of the section (middle, magnification x 200), (brown, peroxidase-based detection
system). Negative control section (below, magnification X 200) immunostained in the

same manner with PBS substituted for the primary antibody showing no positive cells.

Sections were counterstained with Mayer’s haematoxylin. Results are difficult to

interpret, but suggest that when used in microwave pre-treated, paraffin-embedded
tissue, the primary antibody is not specific for activated NFxB. Alternatively, the

microwave pre-treatment may have altered cytoplasmic stores of NFxB, such that the

antibody then binds to them.

Figure 14. Photomicrographs (magnification x 400) of formaldehyde-fixed, paraffin-

embedded sections of HeLa S3 cells pre-treated by microwaving, and then
immunostained for activated NFxB (brown, peroxidase-based detection system). Cells
treated with PMA to activate NFxB (above) show nuclear staining most likely to
represent artefact, as suggested by the irregular contour of the nuclear staining and
difficulty in reproducing these appearances. Unstimulated cells (middle) show
cytoplasmic staining, but no nuclear staining. Negative control section (below) of
stimulated cells immunostained in the same manner, but with PBS substituted for the
primary antibody, showing no staining. Sections were counterstained with Mayer’s

haematoxylin.
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Figure 15. Photomicrographs (magnification X 400) of formaldehyde-fixed, paraffin-
embedded sections of inflamed small bowel from a patient with CD, pre-treated by
microwaving and then immunostained for activated NFxB (above), showing
cytoplasmic staining of large mononuclear cells, but no nuclear staining (brown,
peroxidase-based detection system). Exclusive cytoplasmic staining suggests that in
sections of bowel prepared in this way, staining of cells containing nuclear-
translocated, activated NFxB did not occur. Negative control section (below)
immunostained in the same manner with PBS substituted for the primary antibody

showing no positive cells. Sections were counterstained with Mayer’s haematoxylin.
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Chapter 6

Figure 1. An example of a dotplot of forward scatter versus side scatter characteristics
of HeLa cells, showing a gated area, R1, that is designated as representing whole cells.

Similar dotplots were obtained for Jurkat T cells.

Figure 2. An example of a DNA histogram. A plot of number of nuclei versus PI
fluorescence for a suspension of HeLa cell nuclei. A region, M1, is gated and used for

subsequent analysis. Similar histograms were obtained for Jurkat T cell nuclei.

Figure 3. An example of a histogram of number of HeLa cells versus log FITC-
fluorescence. Population A is stained with anti-p65 NFkB antibody (Boehringer
Mannheim) and population B with isotype control antibody. The region M1 represents

fluorescence intensity above the 95th centile of fluorescence intensity of the isotype

control antibody-stained population. Similar histograms were obtained for whole Jurkat

T cells and suspensions of nuclei of both cell types.

Figure 4. Overlaid histograms of number of cells versus FITC-fluorescence intensity
for Boehringer Mannheim anti-p65 NFxB antibody staining of stimulated and
unstimulated suspensions of nuclei from HeLa cells prepared and fixed by fixation

method A and stained by immunostaining method 1.

Figure 5. Graph displaying integrated percentage of the total analysed population of
stimulated and unstimulated suspensions of nuclei from Hel.a cells, prepared and fixed
by fixation method A, and stained by immunostaining method 1, versus the FITC-
fluorescence intensity of anti-p65 NFxB antibody staining. Subtraction of these curves

results in the graph displayed in Figure 6.
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Figure 6. Graph displaying the result of subtraction of the curve for unstimulated
nuclei from the curve for stimulated nuclei in Figure 5. Thus, difference in cumulative
percentage of nuclei is plotted against FITC-fluorescence intensity of anti-p65 NFkB

antibody staining. The curve may represent measurement of activation of NFxB (see

section 4.2).

Chapter 7

Figure. Measured hydrophobicity (retention time in RP-IP HPLC columns in minutes)
versus calculated hydrophobicity score of the four oligonucleotide probes for IxBo.

Correlation coefficient (r) calculated by Pearson’s method.

Appendix I

Figure. Establishing regeneration conditions. Effect of different volumes of
regeneration solutions A to C (regeneration injections 1-20, see Table) on the
magnitude of binding (displayed in black in RU) of oligonucleotide 1 to ECP (above)
and myoglobin (below), and on regeneration of the dextran-ligand surface, as assessed
by change in the sensorgram from before injection of probe to after regeneration
(displayed in red in RU). The data plotted in these graphs are also displayed in the
Table: the graphs allow easy identification of trends, particularly the approximately
exponential decay in magnitude of binding of probe to ECP with successive bindings,
at least until regeneraﬁon solution C is used (starting at regenefation injection 9), while
the numerical data in the Table explain conclusions drawn below. Regeneration
injections 12-20 are repeated injections of the same volume of the same regeneration

solution to verify its properties.
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Table 2. Results of experiment where whole Jurkat T cells were fixed in 100 %
methanol (fixation method C) and then immunostained with anti-p65 NFxB antibody
(Boehringer Mannheim) and isotype control antibody (immunostaining method 3, two-
layer technique). MFIs are displayed. None of the different types of analysis of the data
(far left column) resulted in the expected order of ranking of magnitude for different

cell treatments, and it was therefore concluded that the protocol had not resulted in

successful staining of activated NFxB.

Table 3. Results of experiment where whole HeLa cells were fixed in 100 % methanol
(fixation method C) and then immunostained with anti-p65 NFxB antibody (Boehringer
Mannheim) and isotype control antibody (immunostaining method 3, two-layer
technique). MFIs are displayed. None of the different types of analysis of the data (far
left column) resulted in the expected order of ranking of magnitude for different cell

treatments, and it was therefore concluded that the protocol had not resulted in

successful staining of activated NFkB.

Table 4. Results of experiment where whole HeLa cells were fixed in PFA/Triton-X
(fixation method D) and then immunostained with anti-p65 NFxB antibody
(Boehringer Mannheim) and isotype control antibody (immunostaining method 2).
MFIs are displayed. None of the different types of analysis of the data (far left column)
resulted in the expected order of ranking of magnitude for different cell treatments, and

it was therefore concluded that the protocol had not resulted in successful staining of

activated NFxB.

Table 5. Results of experiment where whole Jurkat T cells were fixed in Triton-X/PFA
(fixation method E) and then immunostained with anti-p65 NFxB antibody (Boehringer
Mannheim) and isotype control antibody (immunostaining method 3, two-layer
technique). MFIs are displayed. None of the different types of analysis of the data (far
left column) resulted in the expected order of ranking of magnitude for different cell

treatments, and it was therefore concluded that the protocol had not resulted in

successtul staining of activated NFxB.
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Table 6. Results of experiment where whole HeLa cells were fixed in Ortho Permeafix

(fixation method F) and then immunostained with anti-p65 NFxB antibody (Boehringer
Mannheim) and isotype control antibody (immunostaining method 3, two-layer technique).
MFIs are displayed. None of the different types of analysis of the data (far left column)
resulted in the expected order of ranking of magnitude for different cell treatments, and it

was therefore concluded that the protocol had not resulted in successful staining of activated

NFxB.

Table 7. Results of experiment where whole Jurkat T cells were fixed in Ortho Permeafix

(fixation method F) and then immunostained with anti-p65 NFxB antibody (Boehringer
Mannheim) and isotype control antibody (immunostaining method 3, two-layer technique).
MFIs are displayed. None of the different types of analysis of the data (far left column)
resulted in the expected order of ranking of magnitude for different cell treatments, and it

was therefore concluded that the protocol had not resulted in successful staining of activated

NFkB.

Table 8. Results of experiments where HeLa cells were fixed and enucleated in 100 %

methanol (fixation method A) and then immunostained with anti-p65 NFxB antibody
(Boehringer Mannheim) and isotype control antibody (immunostaining method 1, three-
layer technique). MFIs are displayed. All the analyses (far left column) of the data from
experiment A, except the ‘% positive cells’ analysis, are consistent with the expected order
of ranking of magnitude for different cell treatments. However, when the experiment was

repeated in B, the order was no longer as expected, with the largest MFI being the

‘inhibited’ cell population (see section 3.2).

Table 9. Results of experiments where Jurkat T cells were fixed and enucleated in 100 %

methanol (fixation method A) and then immunostained with anti-p65 NFxB antibody
(Boehringer Mannheim) and isotype control antibody (immunostaining method 1, three-
layer technique). MFIs are displayed. The experiment was repeated four times (A, B, C and
D), but none of the different types of analysis of the data (far left column) consistently
resulted in the expected order of magnitude for different cell treatments, and it was
therefore concluded that the protocol had not resulted in successful staining of activated
NFkB.
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Table 10. Results of experiment where HeLa cells were fixed and enucleated in 100 %
methanol (fixation method A) and then immunostained with anti-p65 NFxB antibody
(Santa Cruz) and isotype control antibody (immunostaining method 1, three-layer
technique). MFIs are displayed. None of the different types of analysis of the data (far
left column) resulted in the expected order of ranking of magnitude for different cell

treatments, and it was therefore concluded that the protocol had not resulted in

successful staining of activated NFxB.

Appendix I

Table. Establishing regeneration conditions. Effect of injection of different volumes of
regeneration solutions A to C on the magnitude of binding, in RU, of oligonucleotide 1
to ECP and myoglobin in chip A, and on regeneration of the dextran-ligand surface in
each cell of the chip. Magnitude of binding is calculated as the change in the level of
the sensorgram from before injection of probe to 80 seconds after injection.
Regeneration is assessed by change 1n the baseline sensorgram from before injection to
after regeneration. The results represent a step-wise evolution of the constitution of the
regeneration injection, where the constitution of the next regeneration injection (see
section 3.5, Chapter 3 for constitution of solutions A, B and C) to be tested was
chosen after assessing the results obtained from the previous regeneration injection.
Injections 12-20 are repeated injections of the same volume of the same regeneration
solution to verify its effects. Conclusions drawn from these data are discussed below,

and the same data are displayed in graphs in the Figure, to allow easy identification of

trends.

Appendix I

Table I. Number of hits counted per mm* using a Lennox graticule on sections of
inflamed bowel immunostained for activated NFxB (+ve) and the negative control with
PBS substituted for the primary antibody (-ve). In patients with CD, the differences

between these counts (A) are displayed in a scattergram in Figure 9, Chapter 5.
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Table II. Number of hits counted per mm® using a Lennox graticule on sections of
non-inflamed bowel immunostained for activated NFxB (+ve) and the negative control

with PBS substituted for the primary antibody (-ve). The differences between these

counts (A) are displayed in a scattergram in Figure 9, Chapter 5.

Table IIL. Number of hits counted per mm® using a Lennox graticule on sections of
bowel from control patients immunostained for activated NFxB (+ve) and the negative

control with PBS substituted for the primary antibody (-ve). The differences between

these counts (A) are displayed in a scattergram 1n Figure 9, Chapter 5.

Appendix 1V

Table. Assessment of reproducibility of counts of cells immunostaining positive for

activated NFxB.

Appendix V

Table. Hydrophobicity scores calculated from sequences for oligonucleotide antisense

and sense probes used in previous publications.

Appendix VI

Table. Mean percentage nucleotide base content of human liver, sperm and thymus.
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Abbreviations and common names

A adenine

AIDS acquired immunodeficiency syndrome
BSA bovine serum albumin

C cytosine

CD Crohn’s disease

CD cluster differentiation factor

DEPC diethylpyrocarbonate

DNA deoxyribonucleic acid

DNase deoxyribonuclease

DTT dithiothreitol

ECP eosinophil cationic protein

EDTA ethylenediaminetetraacetic acid
FITC fluoroscein isothiocyanate

g gram

G guanine

HBS HEPES-buffered saline

HEPES N-2-hydroxyethylpiperazine-N-2-ethanesulphonic acid
HIV human immunodeficiency virus
IBD inflammatory bowel disease

ICAM intercellular cell adhesion molecule
IEL intracpithelial lymphocyte

IL interleukin

IL-2R interleukin-2 receptor
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IFN

Ig
1INOS

IP-RP HPLC

ISH

KCl

kDa

KOH

LPS

LPMNC

MFI

MHC

mRNA

NaCl

NaOH

NFxB

interferon
immunoglobulin

inducible nitric oxide synthase

ion-pair reverse-phase high performance liquid chromatography

in situ hybridisation

potassium chloride

kiloDaltons

potassium hydroxide

litre

lipopolysaccharide

lamina propria mononuclear cell
micCro-

metre

molar

mean fluorescent intensity
major histocompatibility complex
minute

messenger ribonucleic acid
molecular weight

nano-

sodium chloride

sodium hydroxide

nuclear factor x of B cells
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NHS/EDC

PBS

PC

PCR

PDTC

Pl

PMN

PMA

RNA

RNase

ROI

Pl

RPMI

RU

SD

SPR

TCM

TGF

TNFo

IL

SSC

hydroxysuccinimide and N-ethyl-N’-
(dimethylaminopropyl)carbodiimide
phosphate butfered saline
personal computer

polymerase chain reaction
pyrrolidine dithiocarbamate
isoelectric point

propidium iodide
polymorphonuclear leucocyte
phorbol 12-myristate 13-acetate
ribonucleic acid

ribonuclease

reactive oxygen species
revolutions per minute

Roswell Park Memorial Institute
resonance units

standard deviation

surface plasmon resonance
thymidine

tissue culture medium
transforming growth factor
tumour necrosis factor o
interleukin

standard saline citrate
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UC ulcerative colitis
UK United Kingdom

VCAMyvascular cell adhesion molecule

ZnCl, zinc chlornide
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Aims of the thesis

The initial aim of this thesis was to develop a method of detecting in situ activation of
the transcription factor NFxB within cells in sections of tissue, and to use this method
to study the activation of NFxB in normal and diseased bowel. No such method existed
at the start of the work, and it would be used to determine whether activated NFxB is
expressed within cells in normal bowel, and whether activation of NFxB is increased in
inflammatory bowel disease. In addition, the site of activation within the bowel wall,
for instance, surrounding the vasculature or within Peyer’s patches, would be
investigated, and the cell type containing activated NFkB determined.

Study would be particularly focused on apparently normal, non-inflamed areas of

bowel taken from patients with Crohn’s disease, to use the properties of NFxB, which
is a factor that plays a central, early role in co-ordinating gene expression of numerous
inflammatory mediators in response to many pathological stimuli, to determine the site
and nature of the first inflammatory events in Crohn’s disease. This should improve
understanrding of the pathophysiology of the disease, and perhaps provide clues to its

cause. Furthermore, a potential potent target for new treatments of Crohn’s disease

would be identified.
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Summary of main findings

The main findings of this thesis are:

1. Oligonucleotide probes non-specifically bind to eosinophils within sections of bowel
during in situ hybridisation (ISH).

2. Non-specific binding of oligonucleotide probes to eosinophils is blocked by pre-
treating sections with dithiothreitol and iodoacetamide in ISH experiments using high
stringency post-hybridisation washes that remove probe hybridised to target mRNA.

3. Non-specific binding of oligonucleotide probes to eosinophils is not blocked by pre-
treatment with dithiothreitol and iodoacetamide when the stringency of post-
hybridisation washes is reduced to a level that allows retention of oligonucleotide
probe bound to target mRNA. This strongly suggests that the successful blocking of
non-specific binding to eosinophils using dithiothreitol and iodoacetamide in ISH
experiments with high stringency washes was in part due to the effect of high
stringency washes removing probe bound to eosinophils.

4. The magnitude of oligonucleotide probe binding to eosinophils varied with probes of
differing sequences.

5. Oligonucleotide probes bind in vitro to eosinophilic cationic protein (ECP), but not
to control proteins. The property of ECP that is responsible for this effect is not its
unusually high isoelectric point (pI), as probes did not bind to a control protein with a

similar pl.
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6. The dissociation constant at equilibrium, indicating affinity, of the interaction
between oligonucleotide probes and ECP is of the order 10° M, indicating moderate
affinity, although the interaction is likely to be of high capacity because of the

abundance of ECP.

7. Measured parameters of the in vitro interaction between individual oligonucleotide
probes and ECP, namely magnitudes of binding, association rate constants, dissociation
rate constants and dissociation constants at equilibrium, did not explain differential

magnitudes of in situ binding of the same probes to eosinophils.

8. Hydrophobicities of individual probes, measured by ion-pair reverse-phase high
performance liquid chromatography, correlated with ditferential magnitudes of in situ
binding of the same probes to eosinophils. Hydrophobicity of oligonucleotide probes
limits tissue penetration and so limits the amount of probe available to bind to ECP in

eosinophils in sections of bowel during ISH.

9. Cells containing activated NFxB were demonstrated by immunohistochemistry in the

lamina propria of normal bowel from control patients.

10. The tissue-density of cells containing activated NFxB was significantly increased in
all layers of inflamed bowel from patients with Crohn’s disease (CD) compared to

normal bowel from controls.
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11. The tissue-density of cells containing activated NFxB was significantly increased in
only the submucosa of macroscopically and microscopically non-inflamed bowel from
patients with CD compared to normal bowel from controls, which suggests that the
apparently non-inflamed bowel in CD may be more immunologically active than
completely normal bowel from controls, and that the first molecular inflammatory
events of CD may occur in the submucosa.

12. Activation of NFxB was restricted mainly to large mononuclear cells,
morphologically suggestive of macrophages, suggesting these to be a major cell-type
involved in propagating inflammation in CD.

13. Activation of NFxkB may be measured in large populations of cells using flow
cytometry with a protocol using fixation in 100 % methanol followed by

immunostaining with a triple layer technique.
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Chapter 1. General introduction

Part A: The NFxB and IkB proteins

1. Discovery of NFxB

In 1986, Sen and Baltimore (1) described a B cell nuclear factor that bound to a site in
the immunoglobulin ¥ enhancer, and this later became known as NFkB. NFxB was

soon demonstrated in other cell types (2) and is now known to be ubiquitous (3).
Binding sites were found in the promoters and enhancers of many genes, most of which
were not B-cell specific, but were generally involved in immunological processes,

inflammatory reactions and cell growth and death. In addition, multiple factors were
demonstrated to activate NFxB, and so NFxB was identified as a transcription factor
that played a central, orchestrating role in many inflammatory and immunologically-
mediated events. Activation of NFxB does not require protein synthesis (2), because
ﬁFKB exists in a pre-formed state bound to an inhibitory molecule, IxB, within the
cytoplasm and is hence described as a ‘primary’ transcription factor. Several subtypes

of NFxB are now recognised that, together with many levels of control of activation

and interaction with other transcription factors, allow it to play multiple, diverse roles.

2. Molecular Biology of NFxB

The active forms of human NFkB are dimers, most commonly of a protein of 50 kDa,

termed p30, and a protein of 65 kDa, termed p65 or Rel A, which both bind to DNA.
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Both subunits contain the same DNA-binding domain of 300 amino acids that are
called the NRD domain (4) (NFxB/Rel/dorsal, as it 1s also found in the related Rel

oncoproteins and Drosophila factor, dorsal) or Rel homology domain (5). p50 contains
little additional sequence, but p65 contains three independent transcription activating
domains that bind with high affinity to decameric consensus sequences in the target

genes (commonly 5’-GGGACTTTCC-3’, although multiple other similar sequences

with reduced affinity are described (6)), usually leading to transcription of the gene.

Both subunits can be independently transported into the nucleus and contain a cluster

of positively charged amino acid residues within the NRD that serve as nuclear location

signals (NLS).

pS0 exists also as a precursor molecule, pl05 (also termed NFxB-1), which is
essentially a pSO molecule joined to an IkB molecule (7). In addition, three other
subunits of NFxB have been described: NFxB-2 (p100), which consists of a p52
subunit, with similar properties to p50, joined to an IxB-like molecule (8); Rel B,
which appears to be an alternative to p65 (Rel A) (9), énd c-Rel which appears also to

be an alternative to p65, but with reduced transcription activating potential (10).

Various hetero- and homo-dimers of these subunits have been described, but the most

common and most important is the pS0-p635 heterodimer (3).
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I
deg radation
IKB/NF-xB
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kBo
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activation of gene expression

Figure 1. Generalised scheme of activation of NFxB. Following exposure of a cell
to an inducer of activation of NFxB, IkB (IkBa, IxB[3 or one of the precursor proteins
with IkB-like activity, such as p105) is phosphorylated (step 1) by an IxB kinase. IxB
is then ubiquitinated (step 2), and finally degraded by the proteasome (step 3). In the
case of p105, the degradation is partial, yielding p50. NFxB then translocates to the
nucleus (step 4), where it activates a variety of genes (Table 1) including IxBa and

pS>0/p105 (with permission from the Annual Review of Immunology (5). Copyright
1996 by Annual Reviews).
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3. Regulation of activation of NFxB

The mechanism of activation of NFxB, and its regulation, are described below and

summarised in Figure 1.

3.1 Regulation of activation of NFxB by accessory proteins

Cytoplasmic NFxB is bound to an inhibitory protein, IkB, that prevents its nuclear

translocation (11) and transcription activating capacity (12) by direct protein-protein

interactions that sterically inhibit interaction of the NLS and NRD domains with their
receptors. Furthermore, IxB can dissociate nuclear NFxB-DNA complexes (13) b).r an
allosteric, rather than competitive, mechanism, and removes NFkB from the nucleus.
An amino acid sequence that is responsible for its export from the nucleus, termed the
‘nuclear export sequence’, has been discovered in IxkBo (14). Although the
predominant form of NFxB, p50-p65 (RelA), 1s exclusively cytoplasmic until activated,
there is evidence that other forms of NFxB may be found constitutively within the
nucleus: NFxB-1 (p105) homodimers are found at low levels within the nucleus of

many cell types in the unstimulated state (although there is conflicting evidence about

the transcription activating potential of this homodimer), and nuclear p50-c-rel

heterodimers are found in mature B-cell lines (15).

3.2 Subtypes of IkB

Two main, similar forms of IkB have been described in humans: IxkBo (16), a 37 kD
protein previously known as MAD-3, and IkBB, a 46 kD protein (17) that is

immunologically distinct. However, both contain the distinctive motif of IxB proteins

of multiple, closely adjacent, homologous 33 amino acid sequences called ‘ankyrin
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repeats’. As described below in more detail, as soon as NFxB is activated, there is a
rapid response in transcription of the IxB genes, and newly-synthesised IxkB enters the
nucleus, removes activated NFxB from DNA and transports the complex back into the
cytoplasm. IxBa is produced when cells are stimulated with TNFa and phorbol 12-
myristate 13-acetate (PMA), but IxBf3 is produced when cells are stimulated with 1L.-1

or lipopolysaccharide (LPS) (5).
A third IxB protein, IxkBy (18), appears to be limited to mouse B-cells.

Finally, as described above, pl0S (NFxB-1) and pl00 (NFxB-2), the precursor
molecules for pS0 and pS52 respectively, contain IxkB-like sequences that appear to be
functionally active in cytoplasmic retention and prevention of activation of

transcription.

3.3 Post-transcriptional regulation of activation

Activation of NFxB, described below, is primarily post-transcriptional and, indeed,

post-translational.

NFxB is activated when IkB dissociates from NFxB in the cytosol, allowing nuclear
translocation of the activated form. The first evidence for this came from a study that
demonstrated in vitro activation of cytosolic NFxB by treatment with a dissociating
agent, the detergent desoxycholate (19) and, from another study, when deactivation of
NF«xB occurred when purified IkB was added to a preparation of activated NFxB.

Dissociation of IxB occurs by proteolytic degradation, suggested by the rapid
disappearance of IxB on stimulation of cells with agents known to activate NFxB, with
a half-life for IxB, in these circumstances, of 1.5 minutes. In contrast, in cells in which

IkB is experimentally over-expressed, and are not stimulated with agents known to
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activate NFxB, the half-life of IxkB is over two hours (20). Thus, IxB disappears from
cells in which NFxB is activated at a greatly increased rate, which can only be due to
proteolytic degradation. Furthermore, a proteolytic enzyme for IxkBo has now been

identified and found to be a non-lysosymal, ATP-dependent 26S proteolytic complex

composed of a 700 kDa proteasome (21-23).

3.4 Proteolvtic deeradation of IkB is preceded by its phosphorvlation

and then ubiquitination
The event that initiates eventual activation of NFxB appears to be phosphorylation of
IxBa (and probably IxkBB) (24), and in particular, phosphorylation of two serine

residues at the N-terminus of IxkBa, ser32 and ser36 (25). Phosphorylation of these
residues is followed by ubiquitination (addition of a short polypeptide termed
‘ubiquitin’) of two nearby lysine residues, presumably because phosphorylation results

in a change in secondary or tertiary structure that exposes the lysine residues to

ubiquitination (26). Ubiquitination of IxBa 1s followed by its proteolytic degradation

(20).

3.5 Control of phosphorylation of IxBo

The events that connect signals at the cell surface to phosphorylation of IxB are the
subject of intense investigation. Several protein kinases that control phosphorylation of

IxBa in response to different stimuli have been identified, but more may exist:
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e Double-stranded RNA activated kinase phosphorylates IxBo in vitro (27), and in
vivo inactivation of this kinase inhibits the ability of double-stranded RNA to
activate NFxB (28), but does not block activation of NFxB by TNFo;

e Casein kinase II has also been demonstrated to phosphorylate the C-terminus of
IkBa (29,30), and

e mammalian mitogen activated protein 3 kinase-related kinase (MAP3K-related
kinase) has recently been shown to participate in the phosphorylation of IxBo. in
response to stimulation of some TNFa receptors (CD120a and b, also known as

p55 and p75 respectively) and type 1 IL-1 receptor (31).

Thus, in response to different stimuli, different kinase cascades may participate mn
phosphorylation of IkBa, which explains how, perhaps together with other
mechanisms as yet unknown, a single transcription factor can play multiple, diverse

roles in mammalian cells.

3.6 Role of reactive oxvgen intermediates in the activation of NFxB

Initially, reactive oxygen intermediates (ROIs) were thought to be one of the ‘final
common pathways’ by which different NFkB-activating stimuli activated NFxB,
perhaps by causing an intracellular rise in hydrogen peroxide, which in some way led to
activation of protein kinases. Evidence to support this hypothesis came from the ability
of micromolar quantities of hydrogen peroxide to activate NFxB (32), and from
inhibition of NFxB activation by certain antioxidants, such as N-acetyl-L-cysteine (33)
and pyrrolidine dithiocarbamate (34). This property of antioxidants was conserved

despite use of different activators of NFxB.
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However, there is evidence that casts doubt on this theory of ROIs as a final common

pathway, as in tumour cell lines, experimental over-expression of catalase, which

degrades hydrogen peroxide, does not block PMA- and TNFa-induced activation of

NEFxB (35,36). In addition, the discovery of IkB kinases sensitive to differing NFxB-

activating stimuli argues against the existence of a ‘final common pathway’ preceding

the phosphorylation of IxB.

3.7 Transcriptional regulation of activation of NFxB

3.7.1 Transcription of the IxBo gene

Although activation of NFxB is primarily by a post-translational mechanism,
deactivation of activated NFxB occurs by re-synthesis of IkB protein, which then
displaces activated NFxB from its binding sites to DNA, and transports it back into the
cytoplasm. Surprisingly, the transcription of the IxkBa gene is primarily controlled by
activated NFxB itself, and when IxBa is subsequently translated, a negative feedback

loop is completed. Evidence for control of IkBo transcription by activated NFxB

comes from four sources:

e IxkBo mRNA is constitutively expressed at only very low levels in human T-cells and
monocytes, and levels are strongly enhanced by stimuli that activate NFxB (37);

o genetically-coded over-expression of p65 (which is the major transcription
activating subunit of NFxB), but not p50 (which has little transcription activating
potential), increases levels of IkBo mRNA (37,38);

o inhibitors of activation of NFkB, such as pyrrolidine dithiocarbamate (PDTC),

prevent an increase in IkBo mRNA (38), and
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e activation of the promoter of the porcine IxBo gene is dependent on the presence

and integrity of two kB sites to which activated NFxB can bind (39).

3.7.2 Transcription of the genes encoding the subunits of NFxB

As stated above, transcriptional regulation of IxBa by activated NFxB controls

deactivation of NFkB. However, there is also evidence that maintenance of NFxB
activation is dependent on transcription, in this case of the subunits of NFxB itself. In a
study in T-cells (40), continued activation of NFxB required new protein synthesis,

suggesting that proteolysis of NFxB subunits is a further way in which activated NFxB

is deactivated. It is therefore of interest to review how transcription of the genes

encoding the various subunits of NFxB are regulated.

105 (p50) and p100 (pS2
The genes for p105 (p50) and p100 (pS2) are constitutively expressed, but levels of

their mRINAS rise in response to agents that activate NFxB (41); as with the gene for
IxB, there are two kB binding motifs in the promoter of the gene for p105 (42), and
similar findings are expected for the promoter of the gene for pl00 (3), and so
activated NFxB appears to play a major role in regulating production of its subunits.
Furthermore, transcription of the subunits of other types of NFxB, such as c-rel and

Rel B, are also controlled by activated NFxB (9,43).
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p6S (Rel A)

In contrast, the gene for p65 (Rel A) is not under transcriptional regulation by
activated NFxB, as agents that activate NFxB do not cause a rise in the level of its
mRNA (44), and there is simply a low-level constitutive expression of its mRNA, and
hence protein. As stated previously, p65 is the most potent transcription-activating
subunit of NFxB, and this continuous, constitutive, low-level expression of its mRNA
renders its transcription-activating potential easily controlled by the rapidly-induced

IxB, and, to a lesser extent, by p105 and p100, which have IxB-like activity (3).

3.8 Summary of regulation of activation of NFxB

In summary, NFxB is kept in an inactive, dormant state in the cytosol as a pre-formed
complex bound to an inhibitory protein, IxB, and control of its activation occurs at
both the transcriptional and post-translational levels, which is unique amongst

transcriptional activators (3).

4. Genes activated by NFxB

The target genes of NFxB are numerous (Table 1) and most share the common feature

of being quickly induced in response to extracellular stimuli. Furthermore, NFxB is
activated in response to many different agents (see section 5), and so a rise in activated
NFxB is not necessarily informative about a program of gene expression in response to
a particular inducing agent. Most of the target genes are involved in immunological
activity, and the roles of NFxB in particular contexts have been extensively studied,

and are discussed below.
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Table 1. Genes activated by NF-xB (6)

CLASS TARGET GENES
Viruses Human immunodeficiency virus 1 (HIV-1) (45)
Cytomegalovirus (46)
Adenovirus (47)
Simian virus 40 (48)
Immunoreceptors Immunoglobulin x light chains (2)

T cell receptor B chain (49)

Major histocompatibility complex class 1 (50)
Major histocompatibility complex class II (51)
Tissue factor (52)

Cell adhesion molecules Endothelial leucocyte adhesion molecule-1 (53)
Vascular cell adhesion molecule-1 (54)

Intercellular cell adhesion molecule-1 (55)

Cytokines and haematopoetic B-Interferon (56)

erowth factors Granulocyte/macrophage colony-stimulating factor (57)
Granulocyte colony-stimulating factor (58)
Macrophage colony-stimulating factor (59)
Interleukin-2 (60)
Interleukin-6 (61)
Interleukin-8 (62)
TNFa (63)
Lymphotoxin (64)

Transcription factors and subunits | IxBa (37,38)
pl105 (pS0) (41)
p100 (p52) (41)
c-rel (9)
Rel B (43)

Others NO-synthase (65)
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4.1 Genes transcribed in response to activation of NFxB during T-cell

activation

Over one hundred genes are transcribed in T-cells after stimulation by antigen in the
context of the appropriate major histocompatibility complex molecule, or by agents
that mimic this interaction (66). NFxB, in combination with other transcriptional
regulators, is involved in the expression of many of these genes, especially in the early
phase of the response to T-cell receptor stimulation (67).

One of the most important of these genes is that encoding IL-2, which requires NFxB
activation for its transcription in response to antigen stimulation of T-cells, but not in
response to other T-cell activators such as anti-CD3 (68). However, NFxB plays only

one part in an ensemble of regulatory factors involved in initiation of its transcription,

and the promoter for IL-2 contains binding sites for multiple transcription activating
factors, including NFxB (60), nuclear factor of activated T-cells (NF-AT) (69),
activated protein-1 (AP-1) (70), octamer factors (71), purine-rich binding factors (72)
and a CD-28 responsive complex (73), and many of these sites must be simultaneously
occupied to allow full IL-2 promoter activity (69).

The gene encoding IL-2 receptor (IL-2R) a chain is another important example of a

gene whose transcription during T-cell activation i1s often dependent on NFxB

activation. As seen with the gene for IL-2, NFxB participates in IL-2R o chain gene
transcription only when T-cells are activated by some mechanisms (by antigen (74-76)

and by TNFa (77)), but not by others (phorbol ester (76)).
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4.2 Genes in B cells transcribed in response to activation of NFxB

NFxB was first described as a factor that activated the immunoglobulin (Ig) x light
chain gene in B cells (1), and so acquired its name ‘nuclear factor x of B cells’. It was
noted that NFxB was constitutively active in mature B cells and plasma cells, but not in
pre-B cells, unless stimulated with cytokines or LPS. The constitutively active, nuclear
form of NFxB in mature B cells has been shown to be largely the pS50-c-Rel
heterodimer (15,78), and the p50-p65 form has been found at low levels oniy in the
cytoplasm. The mechanism of this increased activity of the p50-c-Rel form is not clear,
but may relate to reduced stability of IkBa and increased transcription of the c-Rel

gene (78,79). The function of constitutively active p50-c-Rel and the absence of
constitutively active p50-p65 is unproven, but is thought to be maintenance of the
mature B cell state with capacity to produce immunoglobulin (3).

NFxB has also been implicated in the transcriptional regulation of a variety of other

genes in B cells including those encoding major histocompatibility complex (MHC)

class I and I molecules (50,51) and B2 microglobulin (80).

4.3 Function of NFxB in neurones

NFxB has been shown by immunohistochemistry to be constitutively activated in

neurones of mouse cerebral cortex and hippocampus, and in primary neuronal cultures
derived from rat cerebral cortex by gel shift assay (81). The physiological significance

of this finding is unknown, but it may relate to the expression of vascular cell adhesion
molecule-1 (VCAM-1), which is involved in neural differentiation and is an NFxB-

controlled gene, as a correlation between expression of VCAM-1 and activation of
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NFxB has been demonstrated in P19 embryonic carcinoma cell cultures, which act as a

model of neural differentiation (82).

S. Agents activating NFxB

Unlike other transcription factors, such as heat shock factor or steroid receptors, which

are specifically activated by only one agent, NFxB is activated by numerous agents

(Table 2). Such agents can originate from different sites within the cell:

e from the cell surface, such as receptors for cytokines (e.g. IL-1 (83), IL-2 (84),
TNFa (83) and lymphotoxin (85));

e from elements of second messenger pathways that are associated with events at the
cell membrane, such as phorbol esters and calcium ionophores (2,86);

e from cytoplasmic events such as kinase induction by dsRNA (56) and the inhibition

of protein synthesis (2), and finally

e by intranuclear proteins such as the rax transactivator of the human T-cell

lymphotropic virus 1 (HTLV1) (87).

As discussed above in section 3, the mechanisms by which such diverse stimuli can all
activate NFxB is only partially understood, but relates to the complex control of its
activation. Furthermore, activation of NFxB by these stimuli does not produce a

uniform response, as different types of NFxB can be activated and the eventual gene

transcription often depends on interaction with other transcriptional regulators.
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Table 2. Conditions activating NF-xB.

CLASS INDUCING CONDITIONS
Bacterial products Lipopolysaccharide (2)
Viruses HIV-1 (88)
Adenovirus (89)
Viral products Double-stranded RNA (56)

X protein of hepatitis B virus (90)

Latent membrane protein-1 of Epstein-Barr virus (91)

Human T-cell lymphotrophic virus tax protein (87)
Inflammatory cytokines | TNF o (83)

Lymphotoxin (85)

Interleukin-1 (83)

Interleukin-2 (84)

T-cell mitogens Antigen (84)

Lectins (phytohaemagglutinin (2), concanavalin A (92))

Calcium ionophores (86)
Anti-CD2 (93)

Others UV light (94)
Hydrogen peroxide (95)

Drugs Phorbolesters (2)
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6. The relationship between NFxB and TNFx

TNFa 1s a potent and rapid activator of NFxB (40,83). Binding of TNFa to cell

surface réceptors activates a phoshatidylcholine-specific phospholipase C to produce
1,2-diacylglycerol, which then induces an acidic sphingomyelinase to release ceramide
from sphingomyelin (96,97). Ceramide is thought to control the activity of specific

protein kinases and phosphatases, which then act on mitochondrial membrane proteins
and alter mitochondrial production of ROISs resulting in activation of NFxB, perhaps by
induction of IxBa kinases (see section 3.5).

Conversely, activated NFxB controls transcription of TNFa (63), but its exact role is
unresolved. Three sites homologous to NFxB consensus sequences can be identified in
the human TNFa promoter, but are involved in TNFa transcription by only some
stimulators of TNFa production. For instance, none are involved in PMA-induced
TNFo transcription in human T and B cells (98) and monocytic cells (99), but all are
involved in LPS- and virus-induced TNFo transcription in a B cell line (100), and LPS-
induced TNFa transcription in monocytic cell lines (101).

Thus, TNFa activates NFxB, and activated NFxB controls transcription of TNFa,

forming a positive feedback loop that may augment immune responses.

7. NFxB and disease

Because of its direct role in regulating responses to inflammatory cytokines and
endotoxin, the activation of NFxB plays a role in the development of chronic diseases

such as atherosclerosis, rheumatoid arthritis, Alzheimer’s disease, HIV infection and

inflammatory bowel disease (IBD), or in acute situations such as septic shock (studies
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relating to rheumatoid arthritis, atherosclerosis and IBD are discussed in greater detail
in Chapter 5, section 4.2). Activation of NFxB also plays a role in oncogenesis and
apoptosis.

Atherosclerosis

Initiation and progression of atherosclerosis is related to the oxidation of lipids in low

density lipoproteins that become trapped in the extracellular matrix of the
subendothelial space and apparently activate NFxB, leading to transcriptional
activation of genes involved in the inflammatory process (102). Interestingly, mice

that are susceptible to atherosclerosis exhibit activation of NFxB when fed an

atherogenic diet (103). Thrombin, a serine protease that serves several important roles

in inflammatory cells, as well as in cells within vessel walls, stimulates the
proliferation of vascular smooth muscle cells through the activation of NFxB (104),

and hence may contribute to atherosclerosis. Furthermore, activated NFxB has been

demonstrated by immunohistochemical methods in macrophages, endothelium and

smooth muscle cells of human atherosclerotic lesions (105). Overall, these data
provide substantial evidence that NFxB activation is an important contributor to

events leading to atherosclerosis.

Rheumatoid arthritis

Activation of NFxB has been demonstrated by immunohistochemistry in the
endothelium and cells of macrophage lincage (type A synoviocytes) in the synovial

lining of patients with rheumatoid arthritis (106).
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Alzheimer’s disease

Alzheimer’s disease may also involve chronic activation of NFkB, since the amyloid B

peptide causes production of ROIs and activates gene expression through B sites

(107).

HIV infection

As described previously, NFxB plays an important role in the activation of HIV gene
expression. Both HIV-1 and HIV-2 have NFkB binding sites close to their
transcription start sites within the long terminal repeat (LTR) (108-110) and several
studies have documented activation of HIV LTR by activation of NFxB (45,111,112).
NFxB may therefore play a roie, in concert with other transcriptional activators, in the

induction of active viral replication that characterises progression of HIV infection

from the early, latent stage to acquired immunodeficiency syndrome (AIDS).

Inflammatory bowel disease

At the start of the investigations described in this thesis, there were no published data

concerning the activation of NFkB in IBD. Some studies have been published since

then, and are discussed, together with the findings of this thesis, in Chapter 5, section

4.2
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Septic shock

The systemic inflammatory response associated with septic shock is initiated by LPS

and other microbial products that stimulate expression of various inflammatory
cytokines. It has recently been proposed that the production of nitric oxide in response
to LPS regulates important aspects of septic shock (113). These experiments showed

that iNOS-deficient mice were protected from septic shock. Since NFxB activates
transcription of the iNOS gene (Table 1), activation of NFxB by LPS may play a role

in the development of septic shock. Other activators of NFxB, such as TNFa, may also

mediate septic shock and augment the inflammatory response through activation of

NFxB (114).

Oncogenesis and apoptosis

Evidence for involvement of NFxB or IKB members in oncogenesis is based on several

observations (3,115):

e NFxB proteins are members of a proto-oncogene family, and one of its members, v-
rel is an altered transcription factor coded for by an avian retrovirus that is forcefully
and consistently oncogenic (116);

o the NFxB gene and the Bcl-3 gene, which encodes a protein with IkB-like
properties, are translocated in certain lymphomas (117);

e NFxB is activated by several viral transforming proteins (Table 2) and this effect is
thought to be related to the oncogenic properties of these proteins, for instance:

1. HTLV-1 tax that is involved in induction of leukaemia in HTLV-1 infection (87);
2. latent membrane protein-1 of Epstein-Barr virus which is implicated in the

pathogenesis of Burkitt’s lymphoma and nasopharyngeal carcinoma (91), and
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3. the X protein of hepatitis B virus which is implicated in the development of
hepatocellular carcinoma in chronic hepatitis B infection (90);
e exposure of cells to IKBa antisense results in oncogenic transformation (118), and
e antisense to RelA blocked development in vivo of tumours induced by HTLV-1 tax
(119).
There is also evidence that activation of NFxB may protect against apoptosis, which
may explain the oncogenic effect of some members of the NRD family. Of particular
interest are recent reports that indicate that inhibiting activation of NFxB renders cell
lines, which were previously insensitive, acutely sensitive to the apoptotic effects of
TNFo (120,121). Furthermore, knockout mice, deficient of p65, die of massive

apoptosis of hepatocytes during embryonic development (122).

8. NFkB as a target for anti-inflammator and

Immunosuppressive agents

NFxB has multiple functions in immunological and inflammatory processes and is
therefore an attractive target for anti-inflammatory and immunomodulatory therapy.
Early experimental evidence suggests agents that prevent activation of NFkB may be
effective in inflammatory disorders. A study in mice of p65 antisense oligonucleotide,
administered as either a single intravenous bolus or locally via a catheter, improved
2,4,6-trinitrobenzene sulphonic acid-induced colitis as assessed by clinical signs,
histological inflammation and cytokine production by isolated lamina propria
macrophages (123). In another study, chronic granulomatous colitis induced by

intramural injection of peptidoglycan polysaccharide was ameliorated, as judged by
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macroscopic inflammatory scores, by intravenous administration of a selective inhibitor
of the IxB proteasome (124).
Furthermore, agents already established in the treatment of inflammatory disorders

have been found to inhibit activation of NFxB (see below).

Corticosteroids

|

Corticosteroids bind in vitro to cytoplasmic glucocorticoid receptors which
directly interact with, and inhibit, activated NFxB (125,126). In addition,
corticosteroids increase production of IxkBa (127,128) and hence reduce activation of
NFkB. These in vitro effects may explain their diverse anti-inflammatory effects in

Vivo.

Cyclosporin A

The immunosuppressants, cyclosporin A and tacrolimus (FK506), are
known to suppress T-cell activation by inhibiting calcineurin, a calcium-
dependent phosphatase, which is involved in the activation of the
transcription factor, nuclear factor of activated T-cells (NF-AT). Although
this is thought to be their predominant mode of action, they also block
activation of NFxB (129,130), which, as described in section 4.1, is also
critically involved in the activation of T-cells. This suggests that calcium-
dependent mechanisms may be involved in activation of NFxB, which is

consistent with the finding of activation of NFxB by calcium ionophores

(Table 2).
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Salicylates, aminosalicylates and gold

Salicylates inhibit the activation of NFkB at concentrations used to treat arthritis (131)
and also inhibit activation of NFxB in stimulated endothelial cell cultures (132). 5-

aminosalicylic acid (5-ASA) inhibits activation of NF«xB in cultured CaCo-2 cells

(133), an action probably mediated by the known anti-oxidant effects of 5-ASA.

Furthermore, gold, used in the treatment of rheumatoid arthritis, inhibits activation of

NFxB (134).

9. Methods of detecting activation of NFkB

NFxB is a primary transcription factor that is ubiquitously present in an inactive state
in the cytosol, and so methods to study the functional importance of NFxB must detect

only the activated, nuclear-translocated, IxB-dissociated form.

9.1 Electrophoretic mobility shift assay (EMSA) (135)

Transcription factors interact and bind to specific sequences of DNA and activate
transcription of a gene. Only activated NFxB, and not 1nactive, cytosolic NFkB, binds
to DNA, and this property is utilised in EMSAs to detect only the activat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>