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Abstract

To investigate potential mechanisms controlling protein gly-
cosylation we have studied the interrelationship between lym-
phocytic galactosyltransferase (GTase) activity and serum
agalactosylated immunoglobulin G levels (G(0)) in healthy indi-
viduals and patients with rheumatoid arthritis and non-autoim-
mune arthritis. In RA there was reduced GTase activity and
increased G(0). A positive linear correlation between B and T
cell GTase was found in all individuals. The relationship be-
tween GTase and G(0) was found to be positive and linear in the
control population and negative and linear in the RA popula-
tion. Sulphasalazine therapy maintained normal levels of
GTase and caused a reduction in G(0) in the RA population.
IgG anti-GTase antibodies (abs) were significantly increased in
the RA population, whereas IgM anti-GTase abs were signifi-
cantly decreased in both the RA and the non-autoimmune arthri-
tis groups. These data describe a defect in RA lymphocytic
GTase, with associated abnormal G(0) changes, which is
corrected by sulphasalazine. A possible regulatory mechanism
controlling galactosylation in normal cells is suggested, in
which there is parallel control of B and T cell GTase. IgM
anti-GTase abs may be integrated into this normal regulatory
process. This is disrupted in RA, where the positive feedback
between GTase and G(0) is lost and there is an associated in-
crease in IgG anti-GTase abs, which may result from isotype
switching as IgM anti-GTase abs are reduced. We suggest that
these mechanisms are of relevance to the pathogenesis of RA,
and that their manipulation may form part of a novel therapeu-
tic approach. (J. Clin. Invest. 1992. 89:1021-1031.) Key
words: rheumatoid arthritis « salicylazosulphapyridine o
agalactosylated immunoglobulin « galactosyltransferase ¢ anti-
galactosyltransferase

Introduction

Glycoproteins are ubiquitous in nature (1) and come in a vari-
ety of shapes and forms (2). The majority of molecules in-
volved in the immune system are glycosylated, for example, the
HLA class II molecules and the T cell receptor (3, 4), and tend
to exhibit normal variation in the extent of glycosylation (5).
Glycosylation changes can have profound effects on glycopro-
tein function (6), and the relevance of IgG glycosylation
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changes to the pathogenesis of RA has been the subject of much
speculation (7).

The glycoprotein UDPS, 1-4 galactosyltransferase (GTase)'
is an intracellular membrane-bound enzyme that can be local-
ized to the Golgi apparatus (8), but may also be found on the
cell surface (9) and in a soluble form in milk, amniotic fluid,
cerebrospinal fluid, saliva, urine, and serum (10).

The molecular role of GTase is to catalyze the transfer of
galactose from UDP-galactose to an N-acetylglucosamine ac-
ceptor during oligosaccharide elongation, for example, in IgG
and IgA glycosylation (11). The gene encoding human GTase is
thought to be located on chromosome 9 (12), and it may spec-
ify more than one mRNA transcript (13).

GTase seems to play a multifunctional role in normal cell
physiology and has been associated with sperm—egg binding
(14), cell-cell recognition (15), embryonic maturation (16),
and cell development (17). GTase activity has been shown to
be reduced in B lymphocytes of patients with rheumatoid ar-
thritis (18), but this does not appear to be due to gross struc-
tural changes in either the GTase activator gene (19), the
GTase gene itself, or to the presence of a soluble intracellular
inhibitor (20).

Immunoglobulin G is a glycoprotein carrying N-linked oli-
gosaccharides (21) (Fig. 1) which, in the human, are predomi-
nantly located at asparagine 297 in the Cy2 domain of the Fc
region. There is a parabolic relationship between the extent of
galactosylation of the biantennary oligosaccharides and age
(22), with a high percentage of agalactosylated IgG (IgG G(0))
being present at birth and in old age. Oligosaccharide side
chains may play an important role in the integrity of IgG as
their absence alters not only the conformation of the molecule
(23), but also its functional properties. For example, binding to
monocyte and macrophage Fc receptors (24, 25), complement
component C1q (26), and ability to induce cellular cytotoxicity
(24), all rely on a normal degree of glycosylation. Immune
complexes containing aglycosylated immunoglobulin fail to be
eliminated rapidly from circulation (25), and feedback immu-
nosuppression is lost (27).

Abnormalities of IgG glycosylation are recognized in indi-
viduals with rheumatoid arthritis (21), where a shift in the popu-
lation of IgG glycoforms towards those with a higher content of
G(0)-oligosaccharides is observed in both serum and synovial
fluid, when compared to age-matched controls. In some of
these individuals G(0) levels correlate with clinical score and
disease activity (28). After extensive investigation of other dis-
orders (29), reduced IgG-Fc galactosylation has been shown to
be limited mainly to patients with juvenile chronic arthritis,
tuberculosis, Crohn’s disease, systemic lupus erythematosus
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1. Abbreviations used in this paper: ESR, erythrocyte sedimentation
rate; GTase, galactosyltransferase; G(0), agalactosylated IgG; NSAID,
nonsteroidal antiinflammatory drug; PBS-T, PBS, 0.05% Tween;
SASP, sulphasalazine.
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with Sjégren’s syndrome, erythema nodosum leprosum (30),
and Lyme disease-associated arthritis (31).

We now present data to show the interrelationship between
lymphocytic GTase and serum IgG G(0) in normal and disease
conditions, the effects of drug therapy on these parameters, and
the association of isotype-specific serum antigalactosyltransfer-
ase antibodies, by investigating populations of healthy individ-
uals, patients with non-autoimmune arthritis, and those with
rheumatoid arthritis.

Methods

Patients and healthy individuals

THE CONTROL POPULATION
Peripheral blood lymphocyte investigations. The control population
consisted of 14 patients attending the Bloomsbury Rheumatology Unit
and 18 healthy individuals. None of them had an autoimmune rheu-
matic disease (32). Their mean age was 54.5 yr (range 32-78 yr) and
there were 22 females. 11 members of the patient population were
receiving treatment for osteoarthritis, and one individual was taking a
nonsteroidal antiinflammatory drug (NSAID). The remaining three
patients had ankylosing spondylitis, and two were taking NSAIDs. The
healthy individuals had no complaints of arthritis and were taking no
drugs.

Tonsil lymphocyte investigations. Lymphocytes were taken from
tonsil tissue from nine individuals (mean age 11 yr, range 3-26 yr) who
had undergone routine tonsillectomy for benign tonsillar hypertrophy.
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Figure 1. The Fc portion of
immunoglobulin G. A
computer generated model
demonstrating the three-di-
mensional configuration of
the amino acid backbone
(light spheres) and the op-
posing biantennary oligo-
saccharide structures. The
blue spheres represent
mannose, the yellow
spheres N-acetylglucos-
amine, the red spheres ga-
lactose, the gray/blue
spheres fucose, and the
green sphere proline 238.
The terminal galactose is
absent from one of the arms
of the left hand oligosac-
charide moiety exposing
amino acid residues that
become potentially avail-
able for immune interac-
tion.

Serum antigalactosyltransferase investigations. The healthy control
population consisted of 21 individuals, which included those whose
peripheral blood lymphocytes were investigated. Their mean age was
52.2 yr (range 28-77 yr) and there were 19 females. The healthy individ-
uals had no complaints of arthritis and were taking no drugs.

The disease control population consisted of eight individuals with
ankylosing spondylitis (non-autoimmune arthritis group), as defined
by the presence of arthritis, raised erythrocyte sedimentation rate, ab-
sence of autoantibodies, and characteristic axial radiographic changes.
Their mean age was 55.1 yr (range 42-69 yr), they were all male, and
five were taking nonsteroidal anti-inflammatory drugs, two together
with sulphasalazine (SASP).

The rheumatoid arthritis patient population

PERIPHERAL BLOOD LYMPHOCYTE INVESTIGATIONS
Population description. 32 patients (27 females), satisfying the revised
American Rheumatism Association criteria for the diagnosis of rheu-
matoid arthritis (33), were selected at random from those attending the
Bloomsbury Rheumatology Unit. Their mean age was 59.9 yr (range
28-88 yr) and they were age matched with the controls to within 10 yr.
Patient treatment. Patients were divided into three groups, accord-
ing to treatment. Group 1 (n = 9): who were taking either no medica-
tion (n = 5) or a NSAID (n = 4) only. Group 2 (n = 11): who were
taking SASP either alone (n = 3), in combination with a NSAID (n
= 5), or another drug (n = 3, two on prednisolone, one on azathio-
prine). Group 3 (n = 12): who were taking second/third line drugs,
other than SASP (n = 7), together with a NSAID (n = 5). Of these
patients, five were taking D-penicillamine, four azathioprine, two pred-
nisolone, and one sodium aurothiomalate, in conventional doses. All



patients had been established on treatment for a minimum of two
months.

Disease activity. Disease activity was determined (34), and graded
one to three corresponding to “inactive/mild,” “moderate,” and “se-
vere” activity.

Disease activity was not equally represented in the three treatment
groups, and there were proportionately more individuals with inactive/
mild and moderate disease activity in drug groups 1 and 3 (67% and
83%, respectively) and with moderate and severe disease activity in
drug group 2 (91%).

SERUM ANTIGALACTOSYLTRANSFERASE INVESTIGATIONS

25 patients from the peripheral blood lymphocyte investigation group
were studied. Their mean age was 61.1 yr (range 34-87 yr), and there
were 20 females. They were receiving the following treatment: no drugs
(n=5); NSAID alone (n = 1); SASP alone (n = 3); SASP and NSAID (n
= 1); SASP and second/third line drugs (» = 4: azathioprine 1, predni-
solone 2, sodium aurothiomalate 1); second/third line drugs, other
than SASP, alone, (n = 9: D-penicillamine 4, sodium aurothiomalate 2,
azathioprine 2, prednisolone 1); second/third line drugs and NSAID (n
= 2: D-penicillamine and chloroquine phosphate).

CONSECUTIVE INVESTIGATIONS OF RA PATIENTS
Galactosyltransferase activity analysis. Consecutive investigations
were carried out on 13 patients from the RA group, described above.
Seven of these patients were treated with SASP and two were also tak-
ing D-penicillamine and sodium aurothiomalate respectively. These
patients were investigated on an average of 3.4 occasions (range 2-5)
and followed up for an average of 8.3 mo (range 1-12 mo). Over this
period, 15 (42%) samples were taken from patients with inactive/mild
disease activity, 18 (50%) from patients with moderate disease activity,
and 3 (8%) when there was severe disease activity. Of the remaining six
patients, two were taking prednisolone and four were taking D-penicil-
lamine, cyclophosphamide, azathioprine, and chloroquine (“other
drug group”). These patients were investigated on an average of 3.2
occasions (range 2-4) and followed up for an average of 6.7 mo (range
1-13 mo). Over this period 14 (74%) samples were taken from patients
with inactive/mild disease activity, 2 (10%) from patients with moder-
ate disease activity, and 3 (16%) when there was severe disease activity.
Serum IgG G(0) analysis. Consecutive investigations were carried
out on a second group of 12 patients with RA (6 female, mean age 50
yr, range 23-69), before they received medication (n = 12) and after
they were established on SASP treatment, at a conventional dose (1
= 8). A mean period of 10 mo (range 1-32) separated the investigations
while no treatment was being given and a mean period of 20 mo (range
13-34) separated the investigations conducted just before the start of
SASP and that carried out once the patients were established on SASP.

Experimental procedures

Isolation of B and T cell-enriched populations from human peripheral
blood. Isolation of enriched populations of B and T lymphocytes has
previously been described (18). Briefly, peripheral blood was obtained
by venesection and depleted of monocytes by incubation with carbonyl
iron, followed by separation with a magnet. Peripheral blood lympho-
cytes were then separated by means of Ficoll-Hypaque (35). Cell purity
was assessed by May-Grunwald-Giemsa staining, the lymphocytes ac-
counting for at least 95% of the total population. The B and T cells were
further separated by rosetting with neuraminidase-treated sheep red
blood cells. Assessment of cell purity by rerosetting showed at least 95%
rosettes in the T cell population and no more than 10% rosettes in the B
cell population.

The lymphocytes were suspended in 100 mmol/liter Tris-HCl
buffer (pH 6.8) containing 0.1% Triton X-100 (Sigma Chemical Co.,
St. Louis, MO) and 0.1% 2-mercaptoethanol (BDH Chemicals Ltd.,
Dagenham, Essex, UK), frozen and thawed twice, and homogenized in
a glass homogenizer. The homogenate was centrifuged at 10,000 rpm
for 10 min, and the supernatant assayed for enzyme activity.
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Isolation of a B cell enriched-population from human tonsils.
GTase was obtained for assay in an identical way to that for mixed
peripheral lymphocytes. FACS® analysis verified that the tonsillar lym-
phocytes obtained were composed of > 65% B cells (data not shown).

Determination of lymphocytic galactosyltransferase activity. The
standard incubation medium for the assay contained: 0.5 mmol/liter
ATP (Sigma), 20 mmol/liter manganous chloride (BDH), 0.1 mmol/
liter UDP-galactose (Sigma), | uCi UDP-[*H] galactose (Amersham
International, Amersham, Bucks., UK), | mg ovalbumin (Sigma) in
100 mmol/liter Tris-HCl buffer (pH 6.8), to a total volume of 100 pl,
after addition of 20 pl enzyme extract. The mixture was incubated, in
duplicate, for 2 h in a shaking water bath at 37°C. The reaction was
stopped by the addition of 2 ml 1% phosphotungstic acid in 0.5 mmol/
liter hydrochloric acid. The precipitate was filtered onto glass micro-
fiber filters (GF/A; Whatman Inc., Clifton, NJ) washed, dried, and
counted. Protein concentration was estimated (Bio-Rad Laboratories,
Richmond, CA) and the enzyme activity expressed as cpm/mg pro-
tein + 10°. In those patients investigated on more than one occasion, the
individual patient activities were averaged and their means determined
for comparison of the two treatment groups. The coefficient of variabil-
ity of the assay was 4.4%. Results for each group studied are presented
as mean+SEM. The catalytic reaction was characterized by performing
dilution experiments with the enzyme extract and inhibiting the reac-
tion by omitting manganous chloride or by the addition of uridine
diphosphate (100 mmol/liter) (data not shown).

Measurement of immunoglobulin G galactosylation. A novel lectin-
binding method (36) was employed to determine the G(0) value in the
patients studied. Essentially, this involved dot blotting IgG samples
onto nitrocellulose and boiling to expose the carbohydrate moieties.
The blots were then treated with biotinylated Bandeiraea simplicifolia
lectin and Ricinus communis agglutinin, which bind to N-acetylgluco-
samine and galactose, respectively (Fig. 2). Binding was detected using
streptavidin-horseradish peroxidase conjugate and developing with
chloronaphthol. Optical density ratios were determined with a video
densitometer (Bio-Rad) and the G(0) content determined by compari-
son with a standard curve constructed with IgG of known G(0) values,
determined by sequence analysis (21). G(0) values are expressed both
as the proportion (%) of total serum IgG molecules lacking galactose
and as the number of standard deviations from the mean of a normal
population of comparable age (36). Results are given as mean+SEM.

Measurement of serum antigalactosyltransferase antibodies. A di-
rect binding ELISA technique was used. Immuno plates (Nunc, Ros-
kilde, Denmark) were coated with bovine GTase (Sigma) at 1 ug/ml in
borate buffer. The plates were washed 3X with PBS, 0.05% Tween
(PBS-T), and blocked with PBS, 3% BSA for 2 h at room temperature.

o (1-6)

Figure 2. The bianten-
nary complex oligosac-
charide structure found
at the Fc region of hu-

man serum IgG. There
is a common pentasac-

charide core containing

a(1-3)

GlcrAc GlcllVAc two a-mannosyl resi-
GlcNAc dues attached to a 8-
Ma | Man mannosyl-di-N-acetyl-
\ Man / chitobiose unit. Termi-
I nal sialic acid (Neu5Ac)
is usually found in the
GleNAc Fab region of IgG,
whereas terminal galac-
GIcNAc == FUCOSE  (ose (Gal) and N-ace-
tylglucosamine
ASN (297) (GIcNACc) are more

common in the Fc re-
gion. Fucose and the GIcNAc bisect are relatively uncommon in the
Fc sugars. G(0) refers to oligosaccharides completely lacking galactose.
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The serum samples, diluted in PBS-T, 1% BSA, 3% goat serum at
1/400, were added in duplicate and incubated for 2 h at room tempera-
ture. The plates were washed 3X with PBS-T, followed by the addition
of goat anti-human IgG/M alkaline phosphatase conjugate at 1/1,000,
incubated overnight at 4°C, washed 3X with PBS-T, and developed
using phosphatase substrate tablets (104; Sigma). The OD was read at
410 nm, corrected for background nonspecific binding, and the results
expressed as OD ratio of a positive sample.

Statistics. Statistics used in analyzing the data are the Student’s ¢
test, simple and polynomial regression analysis, and standard error of
the mean, and were calculated using Statworks version 1.2 (Cricket
Software Inc., Philadelphia, PA). The standard normal deviant test was
used to compare regression analyses.

Results

Glycosylation differences within the control population

Lymphocytic GTase activity. No difference in GTase activity
was observed within the control population (Table I), when
divided by sex or the presence or absence of non-autoimmune
arthritis. Regression analysis of the total data (Fig. 3) revealed a
fairly strong positive linear relationship between B and T cell
GTase activities. Regression analysis of the relationship be-
tween GTase activity and age in the total control population
revealed no association. No difference in GTase activity
was observed between tonsil lymphocytic GTase activity
(mean+SEM: 31+6 cpm/mg protein - 10°) and the peripheral
B cell GTase activity of the total control population (35+4
cpm/mg protein - 10°).

Immunoglobulin G galactosylation. The mean serum G(0)
(+SEM) of the total control population was 31.3+1.5%;
0.36+0.2 SD above the age-related population mean previ-
ously established. There was no difference in serum G(0) values
between the normal and the non-autoimmune arthritis control
individuals (normal: G(0) 31.5+2.3%; 0.46+0.3 SD above the
age-related population mean. Non-autoimmune arthritis: G(0)
31.1£2.0%; 0.24+0.3 SD above the age-related population
mean). Regression analysis (Fig. 4) revealed weak linear posi-
tive relationships between B/T cell GTase and G(0) (r = 0.263
and 0.211 for B and T cell GTase, respectively; P < 0.05).

Glycosylation differences within the RA population

OVERALL LYMPHOCYTIC GTase ACTIVITY
B and T cell populations. Both B and T cell GTase activities
(Table II, Figs. 5 and 6) were significantly reduced by 40% (P
< 0.01) and 29% (P < 0.05), respectively, when patients were
compared to the age-matched control population. There was
no difference in GTase activity when the female (» = 27) and
the male (n = S) patients were compared: female, 22+4 and
24+4 cpm/mg protein - 10%; male, 19+7 and 9+4 cpm/mg pro-
tein- 10° for B and T cells, respectively.

Regression analysis (Fig. 3) revealed a strong positive linear
relationship between the total B and T cell GTase activities.

THE RELATIONSHIP OF LYMPHOCYTIC GTase ACTIVITY WITH
DRUG THERAPY AND DISEASE ACTIVITY

The B cell population. In drug groups 1 and 3 (Fig. 5), GTase
activity was significantly reduced by 60% (P < 0.02) and 40%
(P < 0.05), respectively, when compared to the total control
population. In contrast, there was no difference when the
GTase activity of drug group 2 taking sulphasalazine was com-
pared to the total control population. Furthermore, GTase ac-
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tivities in drug groups 1 and 3 individuals were significantly less
than those in drug group 2 (n = 8) who were taking SASP, in the
absence of second/third line drugs, (359 cpm/mg pro-
tein - 10%, P < 0.05).

B cell GTase activity did not vary significantly with disease
activity (inactive/mild [n = 9], 14+3 cpm/mg protein - 10
moderate [# = 8], 25+7 cpm/mg protein - 10% severe [n = 15],
24+6 cpm/mg protein - 10%). Also, there was no correlation be-
tween B cell GTase activity and erythrocyte sedimentation
rate (ESR).

“The T cell population. In drug groups | and 3 (Fig. 6) GTase
activity was significantly reduced (P < 0.05) by 42% and 32%,
respectively, when compared to the total control population.
As was the case with B cells, there was no significant difference
when GTase activity of drug group 2 was compared to the total
control population, and again a agmﬁcant reduction in GTase
activities was observed in patients in drug groups 1 and 3 when
compared to those in. drug group 2 (n = 8) who were taking
SASP, in the absence of second/third line drugs, (35+12 cpm/
mg protein - 10%, P < 0.05). T cell GTase activity did not vary
significantly with disease activity. (Inactive/mild [n = 9], 18+4
cpm/mg protein - 10°; moderate (n = 8), 22+5 cpm/mg pro-
tein - 10%; severe (n = 15), 27+10 cpm/mg protein - 10%); and,
similarly, there was no correlation between T cell GTdse activ-
ity and ESR.

Regression analysis revealed a strong positive linear rela-
tionship between B and T cell GTase activity in both drug
group 1 and 2 patients (r = 0.824 and 0.772 for groups 1 and 2,
respectively, P < 0.01), but a similar relationship was not found
with drug group 3 patients (» = 0.240).

IMMUNOGLOBULIN G GALACTOSYLATION

In accordance with previous studies (21, 36), the G(0) values of
the RA population (38.1£1.9%; 1.1+£0.2 SD above the age-re-
lated population mean) were significantly greater than those of
the corresponding age-matched control population (P < 0.01).
There was no significant difference between G(0) values ana-
lyzed according to sex, drug group, and disease activity, and
there was no correlation between G(0) and age in this popula-
tion. Regression analysis (Fig. 7) revealed a negative linear rela-
tionship between G(0) and B cell GTase, but not T cell GTase
activity (r = —0.16, P = 0.1). Comparison of regression values
for GTase and G(0) between the control and RA populations
revealed a significant difference for both B cells (P < 0.01) and
T cells (P < 0.05).

Table I. Lymphocytic Galactosyltransferase Activity of the Control
Population, Analyzed According to Sex and the Presence or
Absence of Non-autoimmune Arthritis

. Mean enzyme activity+SEM
Control
population Number B Cell T Cell
cpm/mg protein - 10°

All 32 35+4 3144
Male 10 38+8 33+7
Female 22 3245 30+4
No arthritis 18 3616 3145
Arthritis 14 31+7 30+6
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Table I1. B and T Lymphocytic Galactosyltransferase Activity of
the Rheumatoid Arthritis Population

’

Mean enzyme activity+SEM
Population Number B cell T cell
cpm/mg protein- 10°
Control 32 35+4 3144
RA 32 21+3* 22+4

*P<0.01;*P<0.05.

SERUM ANTIGALACTOSYLTRANSFERASE INVESTIGATIONS

In the RA patients (Fig. 8), IgG anti-GTase antibodies were
significantly increased when compared to the healthy control
population: RA, 0.274+0.043; healthy, 0.149+0.014, P
= 0.006; and 9/25 patients had values greater than the healthy
mean control value plus 2 SD. No increase in IgG anti-GTase
antibodies was found in the non-autoimmune arthritis group
(0.125+0.018) when compared to the healthy control popula-
tion, but there was a significant increase (P = 0.03) in IgG
anti-GTase antibodies in the RA population whén compared
to the non-autoimmune arthritis group.

In both the RA and the non-autoimmune arthritis groups,
IgM anti-GTase antibodies were significantly decreased when
compared to the healthy control population. RA, 0.524+0.032
(P < 0.015); non-autoimmune arthritis, 0.301+0.033, 3/8 less
than the healthy mean -2 SD (P < 0.001); healthy,
0.640+0.042, and, furthermore, the level of IgM anti-GTase
abs was significantly less in the non-autoimmune arthritis
group in comparison to the RA group (P < 0.001).
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Figure 5. B lymphocytic galactosyltransferase activity (mean cpm/mg
protein - 10°+SEM) in the total RA population and divided according
to drug therapy. Control: 35+4. All RA: 21+3. Gpl (NSAID or no
drugs): 14+5. Gp2 (SASP): 28+8. Gp.3 (other second/third line ther-
apy): 21+4. Bars define the mean+SEM. (Significance of difference
from controls: * P < 0.01; ** P < 0.02; *** P < 0.05).
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Figure 6. T lymphocytic galactosyltransferase activity (mean cpm/mg
protein - 10°+SEM) in the total RA population and divided according
to drug therapy. Control: 31+4. All RA: 22+4. Gp1 (NSAID or no
drugs): 18+4. Gp2 (SASP): 26+10. Gp.3 (other second/third line
therapy): 21+3. Bars define the mean+SEM. (Significance of differ-
ence from controls: * P < 0.05). '

No association was found between the presence of anti-
GTase antibodies and disease activity, ESR, presence/titer of
IgM rheumatoid factor, and drug treatment.

CONSECUTIVE PATIENT INVESTIGATION
Galactosyltransferase activity. In the group treated with drugs
other than SASP (n = 6, 19 investigations), there was a signifi-
cant decrease in the B cell GTase activity (13+2 cpm/mg pro-
tein - 10%) when compared to both the total control population
(P < 0.05) and the consecutive patient group taking SASP (Fig.
9, P < 0.05). The T cell GTase activity (18+4 cpm/mg pro-
tein - 10°) was not different from the total control population,
but was significantly reduced when compared to the consecu-
tive patient group taking SASP (P < 0.05).

Immunoglobulin G galactosylation. In those patients (RA
second group) observed on two occasions before sulphasala-
zine treatment was commenced, there was no significant differ-
ence between the paired serum IgG G(0) values (33.8+2.5%;
0.9+0.3 SD and.28.0+2.3%; 0.02+0.03 SD above the age-re-
lated population mean). However, there was a significant dif-
ference in paired serum G(0) values (Fig. 10) taken before and
after sulphasalazine treatment was begun (35.4+4.0%; 1.0+0.5
SD and 23.5%=1.6; —0.7+0.2 SD from the age-related popula-
tion mean, respectively, P < 0.01).

Discussion

In the normal population, no difference in lymphocytic GTase
activity was observed with age or sex, and G(0) values fell
within the previously established range (21, 36). The age associ-

ation with lgG-galactosylatlon relates to agalactosylated chains
only, and not those that are partially or completely galactosyl-
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Figure 7. Regression analysis of paired B lymphocytic
galactosyltransferase activity and serum agalacto-im-
munoglobulin G values (percent serum IgG G(0)) in
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ated. Subtle age-related changes may therefore not relate to
total GTase activity, but they could become apparent if isoen-
zyme activities were analyzed. GTase activity in normal periph-
eral and tonsil B cells was found to be equivalent, and it may be
assumed, therefore, that values obtained from peripheral lym-
phocytes are likely to be representative of the overall normal B
and T cell population.

Significantly, no changes were noted in G(0) values and
GTase activity in the presence of non-autoimmune arthritis.

60

T the rheumatoid arthritis population (r = —0.338, P
70 < 0.004). There is a significant difference (P < 0.01)
when this value is compared with the control regres-
sion value (r = 0.263).

This would confirm the suitability of these patients as controls
and would imply that mediators of inflammation within the
joint, for example, reactive oxygen species (37), have no appre-
ciable effect on these parameters. An association between lym-
phocytic GTase and G(0) values would be expected, and a posi-
tive linear relation was apparent in the control group, which
may indicate a positive feedback mechanism controlling IgG
galactosylation. Changes in glycosylation pattern may be part
of normal cell physiology and a controlling mechanism me-
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i B :[ 4 I of IgG anti-GTase abs in patients with RA when
6 ' compared to the healthy control population (84%, P
1 8 T = 0.006) and the non-autoimmune arthritis (AS)
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were reduced in both the RA (18%, P = 0.015) and
0.0 . T r . . . —  non-autoimmune arthritis (53%, P = 0.0001) popula-
AS Control RA AS Control RA tions, when compared to the healthy control popula-
G tion and also when the RA and non-autoimmune ar-
Ig IgM thritis populations were compared (42%, P = 0.001).
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Figure 9. A comparison of lymphocytic GTase activ-
ity in RA patients (n = 13) taking second/third line
drugs other than SASP (Other Drugs, n = 6, 19 inves-
tigations) and those taking SASP (n = 7, 24 investiga-
tions), showing a significant reduction (P < 0.05) in

100 7 p<0.05 p<0.05
80 T
2
2 °
2.
$S 60 - ¢ 2
E 'QE; o 4 *
§ g- ¢ 8
FE 40 - s A
it . : I
= ° 1 i
& s I
20 - A
3: 4
. 3 §
0 1 L * 5
Other Drugs SASP  Other Drugs SASP
B Lymphocytes T Lymphocytes

diating these changes may operate. An association between
paired B and T cell GTase activities was detected, and this may
suggest parallel regulatory control.

In RA, previous data indicating a reduced B cell GTase
activity (18) have been confirmed when the sample population
was increased, and these findings have since been verified (38).
A positive correlation between B and T cell GTase activity was
again found, although the use of certain second and third line
drugs (group 3) obscured this relationship, which may indicate
that these drugs interfere with B and T cell control. G(0) and B
cell GTase values were weakly associated, but in contrast to the
normal population, a negative rather than a positive relation-
ship was observed. This may indicate a breakdown in the nor-
mal regulatory mechanisms. No significant association was

lymphocytic GTase activity within the RA group tak-
ing other drugs. There was no difference in lympho-
cytic GTase activity between the SASP group and the
total control population.

found between T cell GTase and G(0), which may also indicate
an interruption in normal T cell GTase control.

No relationship between clinical disease activity and GTase
activity or G(0) values was apparent in the RA patients studied,
which contrasts with previously reported G(0) observations in
individual patients (28). This may suggest that drug suppres-
sion of inflammation obscures ongoing disease activity. Per-
haps the development of joint erosions or the presence of in-
flammatory mediators within the joint would be a more appro-
priate, although impractical, measure of disease activity in this
study. However, the lack of association with clinical disease
activity and correlation between GTase and G(0) points to the
abnormality being primarily a synthetic defect rather than be-
ing due to inflammation (37). In this respect, additional evi-

Figure 10. A comparison of the serum agalacto-im-
munoglobulin G (percent serum IgG G[0]) values for
paired samples before and after SASP treatment,
showing a significant decrease in mean value with

60
50 -
S ]
&}
go 40 A
£
£
3 30 A
R 1 .
20 - f\\’
10 i 1
Before After
1028  Axford, Sumar, Alavi, Isenberg, Young, Bodman, and Roitt

treatment (* P < 0.01). The bars define the
mean+SEM values.



dence is available to add weight to the suggestion that a syn-
thetic lymphocyte defect is the primary cause. Firstly, RA B
cells synthesize agalactosylated-IgG when stimulated in vitro
(39), whereas normal B cells do not. Secondly, inflammation in
early Lyme disease is not associated with defective glycosyla-
tion, whereas the development of arthritis in the same patients
is (31). Finally, early synovitis is only associated with increased
G(0) in those patients that subsequently go on to develop RA
(40). One must also consider that G(0) changes have been ob-
served to occur as part of normal physiological processes,
which are unlikely to be due to inflammatory events. For exam-
ple, G(0) age changes have already been discussed (22) and,
interestingly, serum IgG from pregnant women with RA is
found to contain more galactose and sialic acid than normal
IgG (41). This may suggest that clinical improvement of RA in
pregnancy (42) may be associated with a temporal compensa-
tion of the undergalactosylation of IgG. The clinical score and
G(0), however, subsequently reverse during the postpartum pe-
riod (43).

A wide range of GTase and G(0) values is observed in both
the normal and RA populations, which may imply that these
changes are one of a number of RA susceptibility factors; how-
ever, to date, G(0) associations with RA susceptibility/protec-
tive factors, for example, sex and HLA haplotype, have not
been reported. In this respect, glycosylation defects may occur
in other molecules of the immunoglobulin supergene family,
either simultaneously or asynchronously. It may be more perti-
nent, therefore, to evaluate specific GTase isoenzyme changes
rather than total enzyme activities, and more meaningful to
examine individual patient fluctuations in glycosylation val-
ues, as these changes may be highly patient specific. Other dis-
eases are associated with glycosylation changes and, perhaps,
the mechanism of these changes may have some relevance to
the pathogenesis of autoimmunity. Reduced activity of a gly-
cosaminoglycan glycosyltransferase (44) has been reported in
hereditary collagen disease and depressed levels of serum
GTase are found in patients with cystic fibrosis (45). Elevation
of serum GTase activity has been reported in the presence of
tumor tissue (46), and serial determinations are thought to cor-
relate with clinical status (47). Furthermore, cancer-associated
isoenzyme changes have also been observed (48).

When the RA population was divided according to drug
therapy, there was little difference in GTase activity between
those taking no medication or NSAIDs (group 1) and those
taking second or third line drugs (group 3), which were both
significantly reduced in comparison to the control population.
These data would indicate that drug therapy itself does not
reduce GTase activity. However, no reduction was noted in B
or T cell GTase activity in those taking SASP, when compared
to the control population. Furthermore, when those taking
SASP were compared to those in drug groups 1 and 3, there was
a significant reduction in activity in the other drug groups
when compared to the SASP group. This finding has since been
observed in six other patients taking SASP (data not shown).
When seven of the patients from group 2 of the RA cohort were
investigated on a number of occasions once they had been es-
tablished on SASP, the effect of SASP on GTase activity was
maintained, in contrast to those taking other drugs. A longitu-
dinal study of a different group of RA patients produced en-
tirely comparable results in that a significant decrease in G(0)
value was seen when SASP was established. It is possible that
SASP has a direct pharmacological effect on B cell GTase activ-
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ity and G(0) value, and what makes this a potentially useful
observation is that SASP is now an established second line
antirheumatic agent for the treatment of RA (49, 50). Interest-
ingly, serum concentrations of SASP in patients with RA are
low, unrelated to clinical effects (51), and do not reach levels
required to inhibit mitogen stimulation of lymphocytes (52),
although in vitro inhibition of immunoglobulin synthesis and
rheumatoid factor production is seen (53). Conceivably, SASP
has an antibiotic effect on gut flora, thus altering the variety of
antigens crossing the gut wall, or it may be that the intact SASP
molecule exerts its effects by local suppression of lymphoid
tissue in the small intestine (52), which in turn affects the lym-
phocyte traffic pathways of cells emerging from the gut-asso-
ciated lymphoid tissue (54). In this respect, it may be more than
coincident that RA intestinal mucin is abnormally glycosylated
(55), and it remains to be seen whether there is an associated
concomitant intestinal GTase defect. Preliminary in vitro in-
vestigations (data not shown) have been carried out to study
the biochemical relationship between SASP, its metabolites
sulphapyridine and 5-aminosalicylic acid (52), and GTase ac-
tivity. In concentrations corresponding to those detected in the
serum of SASP-treated patients (0-10 ug/ml), SASP has a di-
rect dose-dependent inhibitory effect on human milk GTase
and lymphocytic GTase from healthy and RA individuals,
which is also observed indirectly when SASP is incubated with
cultured lymphocytes. Similar effects are not observed when
sulphapyridine and 5-aminosalicylic acid are used. These ini-
tial data would indicate that SASP and its metabolites do not
have a direct synergistic effect on GTase activity. Perhaps
SASP causes a GTase isoenzyme shift that proportionately in-
creases IgG-galactosylation, or maybe SASP and/or its metabo-
lites exhibit GTase synergism only in certain individuals who
have RA.

Although IgG function may significantly alter as a result of
oligosaccharide changes (24-27), evidence is lacking to link
these changes with autoimmunity. The role played by oligosac-
charides in causing IgG autosensitization and immune com-
plex formation has been much debated (56), especially as the
immunogenic site on IgG is thought to be localized to the Fc
moiety (57, 58). There is, however, no evidence for amino acid
changes in IgG-Fc, but immune complex formation in rheu-
matoid arthritis may occur either as a result of self-associating
abnormally glycosylated immunoglobulins, or through the in-
teraction with antibodies induced against N-acetylglucos-
amine, the peptide, or peptide-oligosaccharide epitopes, that
are normally unavailable for interaction. An analogous situa-
tion to this is found with recombinant human granulocyte mac-
rophage colony stimulating factor, where antibodies are
formed in patients against the recombinant protein only when
the aglycosylated form is used (59). However, it has been ob-
served that the in vitro binding of IgM rheumatoid factor to
solid phase IgG-Fc fragments is influenced by the Fc-isotype
rather than by the degree of Fc-glycosylation (60), but it has
also been suggested that the Fc-oligosaccharides are unavail-
able for interaction, being hidden within the molecule, and it is
the change in Ig conformation that results in functional abnor-
malities (23).

To investigate whether there is a humoral component asso-
ciated with these glycosylation changes, the presence of anti-
GTase antibodies (abs) was sought in the serum of RA, non-au-
toimmune arthritis, and healthy individuals, and the presence
of isotype-specific serum anti-GTase abs was detected. In RA,
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IgG anti-GTase antibody levels were significantly increased
when compared to both the non-autoimmune arthritis (119%)
and healthy control populations (84%), and 36% of the RA
population had levels greater than healthy control mean + 2
SD. In contrast, IgM anti-GTase levels were significantly de-
creased in both the RA (—18%) and the non-autoimmune ar-
thritis populations (—53%) when compared to the healthy con-
trol population. No association was found between anti-GTase
antibody levels and disease activity parameters or drug
treatment. These data suggest that naturally occurring IgM
anti-GTase antibodies are part of a normal immune regula-
tory mechanism associated with physiological glycosylation
changes, whereas IgG anti-GTase antibodies result from iso-
type switching in RA that is associated with aberrant regulation
of glycosylation. A further significant aspect of these data is
that the presence of IgG anti-GTase antibodies is only asso-
ciated with RA and not with non-autoimmune arthritis,
whereas both these disease groups have less than normal levels
of IgM. This raises the possibility that other immune-regulated
glycosylation changes, as yet undetected, may be associated
with other forms of rheumatic disease. It is also pertinent that
these changes are unrelated to clinical disease activity, ESR,
and IgM rheumatoid factor, which would suggest that they are
not inflammation-related epiphenomena. These data now
need to be further substantiated by investigating other diseases
that are known to be associated with glycosylation changes (for
example, systemic lupus erythematosus and Crohn’s disease)
or other rheumatic conditions (for example, osteoarthritis and
reactive arthritis), by examining their temporal interrelation-
ships and fully characterizing the binding and functional prop-
erties of anti-GTase antibodies.

This discussion has focused on IgG, and hence the B lym-
phocyte, but it is known that other immunologically pertinent
molecules are glycosylated (3, 4) and previous data (18) sug-
gesting a reduction in T cell GTase activity has also been veri-
fied in this paper. T cell membrane proteins (i.e., T cell recep-
tor, major histocompatability complex molecules, and lym-
phocyte functional antigens) and secreted lymphokines may be
abnormally glycosylated and also contribute to dysregulate the
immune function. '

In conclusion, correlation between B and T cell GTase ac-
tivities has been observed in both normal and RA individuals,
which would imply a mechanism of galactosylation control
encompassing regulation of both lymphocytic populations.
This regulatory mechanism may ensure certain levels of IgG
glycosylation, and perhaps of other glycoproteins, in the nor-
mal population, which could become defective in RA. Serum
anti-GTase abs may form part of this process, and there may be
isotype switching of the naturally occurring IgM abs, found in
healthy individuals, to RA-related IgG abs. Changes in these
parameters may play a direct role in the pathogenesis of RA by
forming part of the mosaic of susceptibility factors to RA, and
manipulation of these changes, either by correcting the abnor-
mal oligosaccharide or increasing the activity of GTase, may
form the basis of a novel therapeutic approach to the treatment
of RA. The fact that SASP has a marked and sustained effect on
lymphocytic GTase and disease activity (51, 52) merits further
investigation and the role played by the gut-associated lym-
phoid tissue in RA may provide a useful area in which to look.
Perhaps glycosylation changes and carbohydrate transferase ab-
normalities are more widespread in autoimmune rheumatic
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disease, with each change resulting in a subtly different clinical
variation.
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