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SUMMARY

We report on a new approach toward protection against tuberculosis, based on passive
inoculation with immunoglobulin A (IgA) antibodies. In a mouse model of tuberculous lung
infection, intranasal inoculations of mice with an IgA monoclonal antibody (mAb) against the
a-crystallin antigen of Mycobacterium tuberculosis reduced up to 10-fold the lung bacterial
counts at nine days after either aerosol- or intranasal challenge. This effect involved
synergism between mAb inoculations shortly before and 3 days after infection. Monomeric
IgA reduced the colony-forming unit counts to the same extent as the polymeric IgA,
suggesting antibody targeting to Fca, rather than poly-immunoglobulin receptors on infected
lung macrophages. The protective effect was of short duration, presumably due to the rapid
degradation of the intranasally applied IgA. Our results provide evidence of an alternative
approach which could be further developed toward immunoprophylaxis against tuberculosis

in immunocompromised subjects.

INTRODUCTION

According to currently established concept, immune resistance
against tuberculosis (TB) is mediated exclusively by T cells,
involving cytokine (mainly interferon-y)-mediated activation or
cytotoxicity of infected macrophages, and this view determines
all current strategies of TB vaccine research. However, active
tuberculosis develops in the majority of patients despite the
presence of abundant T helper 1 immunity' and T-cell targeted
vaccination does not always induce optimal protection either in
humans or in experimental animals. Therefore, it is desirable to
investigate alternative immune mechanisms of protection.
Recently, the potential protective role of antibodies against
tuberculosis was re-appraised® and data demonstrating a pro-
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tective effect were reported using an immunoglobulin G3
(IgG3) monoclonal antibody (mAb) against lipoarabinomannan
(LAM)? and with antibodies against the heparin-binding hae-
magglutinin.* Passive antibody-mediated protection has
recently been demonstrated also in respect of a number of
non-tuberculous intracellular bacterial infections.” Further
indirect supportive data in humans associated serum IgG anti-
body levels to LAM with milder manifestation of child tuber-
culosis® and salivary IgA antibody levels with protection against
leprosy.” Most recently, protection of mice and guinea pigs
against TB challenge by vaccination with mycobacterial arabi-
nomannan—protein conjugates, was attributed at least partly to
IgG antibodies interfering with the deleterious effects of
LAM."

We focused attention in this study to mAbs of the IgA
isotype, in view of a capacity of the poly-IgR-mediated trans-
cytosis of polymeric IgA antibodies to interact with intracellular
pathogens'! and of the potent Fca mediated activation of
mononuclear cells for bacterial clearance.'? Interest in the
IgA isotype was stimulated also by the finding, that protection
against pulmonary tuberculous infection in protein antigen
vaccinated mice was associated with elevated IgA antibody
forming cells in the lungs.'> Therefore, we recently gene-
rated IgA mAbs against surface expressed antigens of
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Mycobacterium tuberculosis™ and in this paper, we report on
the evaluation of their passive protective role in M. tuberculosis-
challenged mice.

MATERIALS AND METHODS

Production and fractionation of mAbs

The mouse mAbs against surface expressed antigens of
M. tuberculosis were TBA61 (IgA anti-acr; hspl6.3;
16 000 MW homologue of a-crystallin), TB68 (IgG1 of the
same epitope specificity as TBA61) and TBA84 (IgA anti PstS-
1; 38 000 MW secreted glycolipoprotein).'*'> Ascitic fluids
of the above mAbs and the globulin fraction of TB68'> had
1/300 000 antigen-binding titres (dilution giving 30% of pla-
teau OD). Culture supernatants produced in the Integra CL1000
flask (Integra Biosciences, Letchworth, UK) using the protein-
free hybridoma medium (Life Technologies, Paisley, UK) were
purified by passing through antigen (acr or PstS1)-coupled
Affigel-15 columns (Bio-Rad, Hemel Hempstead, UK) and
concentrated using Amicon ultrafiltration units (Millipore,
Watford, UK). Monomer and polymers of IgA were fractionated
by gel-filtration on Superdex-200 columns (Amersham Bio-
sciences, Little Chalfont, UK) and analysed by sodium dodecyl
sulphate—polyacrylamide gel electrophoresis (SDS-PAGE) fol-
lowed by silver staining or immunoblotting, using isotype-
specific secondary antibodies (Sigma, Poole, UK). Purified
MOPC315 IgA myeloma protein (cat.no. M2046, Sigma)
was used as a negative control antibody of unrelated (nitrophe-
nylated proteins) binding specificity.

Passive protection studies

mAbs (affinity purified at 4 mg per ml or ascitic fluids) were
applied nasally to BALB/c mice (female, aged 8-10 weeks)
under light anaesthesia using a halothane/oxygen mixture. 30 pl
mAb volumes were inoculated onto the external nares at various
dosing times pre- and post-challenge with M. tuberculosis (see
below for details). Mice were challenged with suspensions of
M. tuberculosis H37Rv bacilli (grown on Middlebrook 7H11
medium) by either the nasal route (6 log,( colony-forming units
(CFU) per mouse, applied as above) or by exposure to aerosols
using a Henderson apparatus and a Collison 3-jet nebulizer.'®
Particles of mean diameter of 2 pm were generated from a water
suspension of M. tuberculosis H37Rv containing either log
7-0 or 7-69 CFU/ml. The aerosol was delivered for 5 min
directly to the snouts of animals at 55 I/min air flow rate,
resulting in an estimated inhaled dose at time O of 100 or
500 CFU/lung. Lungs were harvested 24 hr and 9 days after
infection, and 1-ml homogenates in 10-fold serial dilutions
were plated on Middlebrook 7H11 agar plates. Visible colo-
nies were counted 2-3 weeks later. In one experiment, viable
counts were performed 28 days postchallenge.

Experiments were conducted to evaluate the protective
effect of: (i) Ascitic fluids of mAbs delivered intranasally
3 hr before and again 3 and 6 days after aerosol or intranasal
challenge with M. tuberculosis; (ii) Affinity-purified TBA61
IgA mAb, delivered either 3 hr prechallenge, or 3 days post-
challenge, or both doses combined; and (iii) two doses of either
monomeric or polymeric fractions of purified TBA61, delivered
3 hr pre- and 3 days postchallenge. Mice representing the
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negative control groups were inoculated with phosphate-
buffered saline (PBS) or with the MOPC315 IgA which did
not result in significantly different lung CFU counts (results not
shown). The size of groups ranged from 8 to 17 mice and
independent experiments (e.g. in Fig. 2) were conducted to
confirm the particular findings.

Modulation of infection of macrophages in vitro
Macrophages from peritoneal exudates of BALB/c mice were
allowed to adhere to plastic culture flasks overnight, released by
trypsin treatment, re-adhered for 3 hr in 12-well culture plates
and then infected with luciferase-tagged M. muberculosis'’
kindly provided by Prof. Douglas Young, Department of Micro-
biology, Imperial College, London. Purified IgA mAbs or
MOPC 315 (an IgA negative control) were added for 4 hr
and following washing and killing of extracellular bacilli with
amikacin (200 pg/ml for 2 hr), the infected cells were incubated
with the same IgAs for 7 days. Cells were lysed in 0-1% Triton-
X-100 prior to luminescence assay (Berthold Junior lumino-
meter). The RLU readings have been shown to correlate with the
CFU counts."’

Statistical analysis

The effects of antibody treatments were analysed by Student’s 7-
test and by ANOVA test with multiple comparison of means using
Fisher’s method.

RESULTS

Protection with TBA61 against both intranasal and
aerosol challenge

Following delivery of ascitic fluids, mean CFU in the lungs at
9 days post infection showed a statistically significant differ-
ence (by Student’s z-test) between the mice treated with PBS
and the group given TBAG61. This was demonstrated in mice
challenged with M. tuberculosis by both the aerosol (P < 0-01)
and the intransal (P < 0-01) routes (Fig. 1). However, when
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Figure 1. Reduction of M. tuberculosis CFU in the lungs by intrana-
sally applied IgA mAbs. BALB/c mice were inoculated 3 h before
infection and again 3 and 6 days after either intranasal (black columns)
or aerosol (white columns) infection with M. tuberculosis H37Rv.
Columns represent mean values (PBS and TBA61: n = 15-17;
TB68: n = 8) and bars are standard errors of CFU counts in the lungs
9 days after infection. The reduction in lung CFU compared with the
PBS control was statistically significant with TBA61 (IgA, anti-acr)
following intranasal (P < 0-01) and aerosol (P < 0-01) challenge, and
with TB68 (IgGl, antiacr) following aerosol challenge only (P < 0-01).
The differences between both intranasal and aerosol infected TBA61
and TB68 groups were significant (P < 0-01).
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IgG1 mADb (TB68) targeted against the same epitope of the acr
antigen as the mAb TBA61 was delivered by the same inocula-
tion regimen, a much smaller reduction of lung CFU (Fig. 1)
was observed. This difference was not statistically different
from the PBS control in mice that had been challenged intra-
nasally but in the aerosol-challenged mice the CFUs were
significantly lower than the PBS control (P < 0-01). However,
the differences between both intranasal and aerosol infected
TBAG61 and TB68 groups were significant (P < 0-01). Another
tested IgA mAb, TBAR84, directed against PstS-1 antigen of M.
tuberculosis was found to be less effective than TBA61 (result
not shown) and therefore omitted from further in vivo analysis.
Similar findings, consistent with those demonstrated in Fig. 1
were obtained in other separate experiments (data not shown).
TBAG61 inoculation 3 hr prior to aerosol challenge had no
significant influence on the lung CFU counts 24 hr later. The
mean log;y CFU counts in the groups of TBA61 inoculated/
control mice were 1-37/1-45 or 1-54/1-49 in aerosol or intra-
nasally infected mice, respectively. This lack of reduction of
CFU 1 day after infection suggests that the action of mAbs was
either not caused by ‘exclusion of infection’ or that the opso-
nized mycobacteria had not been cleared by that time. We noted
greater individual variations of CFU in mAb-inoculated mice
compared to control groups and have attributed this to not
achieving a sufficient concentration of mAbs in some sites
because of the large surface area of the lung. Furthermore,
the protective efficacy of IgA appeared to be evanescent, since
the significant protection imparted at 9 days after challenge was
not sustained at 28 days postchallenge (results not shown).

Synergism between pre- and postinfection inoculation
of IgA

The initial schedules of passive IgA treatment involved one
application 3 hr prior to infection followed by one or two
applications postinfection. As the notion that antibodies might
be acting after tuberculous infection seemed contentious, we
compared the effect of the combined schedule with that of only
single inoculations of affinity-purified TBA61 IgA mAb either
before or after M. tuberculosis H37Rv infection in three inde-
pendent experiments (Fig. 2). These results showed, that a
significant reduction of 9-day CFU counts compared with the
control groups of an unrelated [gA mAb MOPC315 (in experi-
ment 1) or PBS (in experiments 2 and 3) was achieved in each
experiment by a combined pre- and postchallenge treatment
with the purified TBA61 antibody (P < 0-01, ANOVA test). In
contrast, when only a single dose of TBA61 was given either
3 hr before or 3 days after infection, only a smaller decrease of
lung CFU counts was observed which was statistically signifi-
cant in only one of the three experiments (Fig. 2; Exp. 1).

Protective capacity of purified monomeric and polymeric
IgA

The Superdex-200 column elution profile of purified TBA61
mAb revealed two protein peaks, the smaller (150 000 MW,
containing about one third of the total protein) representing the
monomeric IgA and the larger fraction containing the dimeric
(300 000 MW) and polymeric IgA (Figs 3a, b). The reduced
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Figure 2. Synergism between pre- and postinfection inoculated IgA.
BALB/c mice were intranasally inoculated with affinity purified TBA61
IgA (4 mg/ml; anti-acr) 3 hr before and 3 days after H37Rv aerosol
infection. Columns represent mean values (n = 8) and bars are standard
errors of CFU counts 9 days after infection. TBA61 inoculation regime
in relation to M. tuberculosis H37Rv challenge: open: MOPC315 IgA
myeloma (exp.1) or PBS (exp. 2 and 3) controls; grey, —3 hr; hatched,
+3 days; black, —3 hr and +3 days. The data for three independent
experiments are shown. The reduction in lung CFU following two doses
of TBAG61 was significantly different from the control MOPC315 or PBS
groups, respectively, in all three experiments (P < 0-01, ANOVA test
with multiple comparison of means using Fisher’s method).

SDS-PAGE pattern of the starting IgA preparation consisted
only of heavy and light immunoglobulin chain bands, suggest-
ing that it was of at least 90% purity (Fig. 3b sample R). The
IgA preparations, standardized at 1 mg protein/ml had antigen
binding titres of 1/50 000 (monomer) and 1/40 000 (polymer).

Passive protection using these preparations was tested
by two intranasal inoculations 3 hr before and 3 days after
H37Rv challenge. This schedule was chosen, because previous
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Figure 3. Fractionation of purified TBA61: (a) Protein elution profile
from Superdex-200 gel column. Eluates were pooled to fractions I and IT
(excluding the overlapping region) corresponding to polymers and
monomer of IgA. (b) Analysis by 4-12% gradient SDS-PAGE and
silver staining; 1. Unfractionated IgA, 2. monomer (fraction II), 3.
Polymers (fraction I). R. reduced unfractionated TBA61. Heavy and
light immunoglobulin chains are indicated.
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Figure 4. Protective capacity of monomeric and polymeric TBA61
mAb. BALB/c mice were inoculated intranasally 3 h before and 3 days
after H37Rv aerosol infection with PBS, or MOPC315 IgA, or mono-
meric (M) or polymeric (P) fractions of affinity purified TBA61 IgA
(4 mg/ml). Columns represent CFU values from individual mice
(n = 8) at 9 days after infection. Lung CFU compared to the PBS
control were reduced significantly by both the monomeric
(P = 0-00063) and polymeric (P = 0-021) fractions.

experiments had proved it to be equally protective as the earlier
used three inoculations of ascites. The results shown in Fig. 4
represent the lung CFU counts in the individual mice. Mean
log;o CFU £ SE values for the tested groups showed that the
monomeric IgA reduced the lung CFU counts slightly more
(3:06 & 0-16) than the polymeric fraction (3-33 £ 0-23),
whereas the MOPC 315 control IgA had no significant effect
(3-73 £ 0-18) when compared with the PBS control
(3:97 4+ 0-05). These results showed, that a reduction of at
least two SEs below the mean value of the PBS control was
imparted by the monomer in seven of eight mice and by the
polymer in five of eight mice. Statistical evaluation of the
differences of experimental groups with the PBS control by
t-test showed significant reduction of CFU means by treating the
mice with either the TBA61 monomer (P = 0-00063) or TBA61
polymers (P = 0-021), although the difference when comparing
these two groups with each other was not significant.

Effect of IgA mAbs on the infection of macrophages in vitro

We considered that if IgA antibodies could suppress the multi-
plication of tubercle bacilli in macrophages merely by a simple

Table 1. lack of inhibition of infection of macrophages with IgA mAbs

in vitro
IgA in culture Mean RLU Standard error
TBAG61 15 041 1478
TBAg84 11 455 1853
MOPC 315 6618 1147
PBS 7337 1865

BALB/c peritoneal macrophages (5 x 10° per plastic well) were incubated
with luciferase tagged M. tuberculosis at 1 : 10 ratio with 50 pg/ml purified IgA
preparations for 4 hr, washed, treated with amikacin and incubated with the same
IgAs for another 7 days. MOPC315: IgA myeloma negative control. RLU of
lysed cells from triplicate cultures. Background:100 RLU. There were no
significant differences among the groups.
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mechanism, then it should be possible to demonstrate such
action in tissue culture. The results of a representative experi-
ment (Table 1) showed no inhibition of M. tuberculosis replica-
tion by IgA mAbs.

DISCUSSION

A significant reduction of CFU counts by TBA61 treatment has
been reproducible in several independent experiments when
harvesting the lungs 9 days after aerosol infection. The
described protection against early tuberculous infection pre-
sumably required a sufficiently high concentration of specific
IgA antibodies in the lungs. However, the protective effect did
not persist for a long period, probably due to the action of
powerful proteases against IgA within the respiratory tract
fluid."® Longer lasting effects could possibly be achieved in
the future by complexing the IgA molecules with protease
inhibitors.'® Ultimately, persisting IgA antibody levels in the
lungs induced by prophylactic intranasal vaccination could
impart much more stable protection. As intranasal immuniza-
tion with the mycobacterial PstS-1 antigen in adjuvants led to
high numbers of IgA producing cells in the lungs and high IgA
antibody levels in the bronchoalveolar lavage'*?° it would be
feasible to achieve similar results also for the acr antigen, as it is
known to be one of the most immunogenic constituents of
tubercle bacilli in man as well as animals.”’

The protective effect of IgA mAbs against tuberculous lung
infection in our experimental model involved the following two
important factors: (1) A role of the IgA isotype, suggested by the
finding that an IgG1 mAb of the same specificity was much less
effective. The IgA action could have involved a number of
mechanisms: e.g. (i) superior homing to the lungs following
intranasal (but not intravenous) delivery;'* (ii) antibody-depen-
dent cellular cytotoxicity;*? and (iii) stimulation of antigen
presenting cells, required for T-cell activation.”® (2) Binding
specificity against the acr antigen, which is present on the
surface of tubercle bacilli** and has enhanced expression in
organisms grown within infected macrophages.”> The latter
attribute of this antigen could be important, because IgA mAbs
against another surface expressed antigen Pst-S1 were much
less effective.

In the light of our observations, a number of possible
mechanisms of protection have been identified, while others
can possibly be discounted. It may be argued, that IgA anti-
bodies are not acting by ‘exclusion of infection’ on the grounds
of: (1) failure of their 24-hr prechallenge inoculation to reduce
consistently the 9-day lung infection; (2) failure to inhibit the
infection of macrophages in vitro; and (3) lack of any reduction
of lung CFUs 1 day following aerosol infection of mice,
although the latter result could also be interpreted, that clear-
ance of opsonized mycobacteria may take longer than 24 hr.
Antibody-mediated agglutination of tubercle bacilli seems
unlikely to play a role, given the low infective inocula that
would make it practically impossible for two bacteria to come
into contact with one another, considering the volume/surface
area of the lungs. The finding that the monomeric form of
TBAG61 was protective suggests targeting of IgA to an Fca
receptor on infected murine lung macrophages.”® The slightly
lesser protection with polymeric TBA61 could have been
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because of its attachment to the secretory component within the
bronchoalveolar lavage'® leading to its sequestration by epithe-
lial cells en route to the infected lung alveoli. This outcome
following intranasal application of IgAs is the opposite to the
superior antiviral protection by polymeric versus monomeric
IgA in experiments involving immunoglobulin transcytosis
from blood into mucosal secretions.?’

The observed synergistic action between pre- and post-
challenge inoculated IgA antibody could also suggest the
possible role of Fca receptor mediated killing of organisms
inside infected cells'? involving activation-dependent apop-
tosis of macrophages. Organisms released from apoptotic
macrophages could be newly opsonized and re-targeted via
the same Fca receptor phagocytic pathway as uninfected
cells, thus resulting in additional killing of the bacteria. Such
possibility offers an explanation for the beneficial effect of
IgA inoculation postinfection. Alternatively, IgA mAbs could
act on bacilli released from macrophages by the early cyto-
toxic action of yd T cells.?®

In conclusion, our results support the recent increased interest
in the role of antibodies in controlling intracellular microbial
infections,”” and particularly for exploiting the IgA isotype for
protection.'? At present, our results provide evidence for a novel
mode of defence against tuberculosis. This has potential for
application, particularly for immunoprophylaxis in immuno-
compromised hosts at risk of tuberculous infection, when vac-
cination is not possible. The protective mechanisms operating in
vivo, but not in vitro, which need further study are: changes in the
localization of the infected macrophages or in lung histopathol-
ogy and analysis of lymphocyte subsets as well as other cells of
the lung inflammatory infiltrate. Our data suggest, that further
analysis of mechanisms of antibody action on intracellular
infections is emerging as a fertile field for future research.

NOTE ADDED IN PROOF

The IgA mediated protection against Mtb infection may involve
mechanisms described in the following paper: Reljic R, Craw-
ford C, Challacombe S, Ivanyi J. Mouse IgA inhibits cell growth
by stimulating TNFa and apoptosis of macrophage cell lines.
International Immunology, in press.
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