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A better understanding of all immune components involved in protecting against Mycobacterium tuberculosis infection
is urgently needed to inform strategies for novel immunotherapy and tuberculosis (TB) vaccine development. Although

antibody-mediated immunity against TB.

Introduction
Active tuberculosis (TB), the clinical manifestation of uncontrolled
Mycobacterium tuberculosis (Mtb) infection, is now the leading
cause of death from a single pathogen worldwide. A better under-
standing of all immune components involved in protection against
TB is urgently needed to inform the development of novel immu-
notherapies and effective vaccines against TB (1). Currently, an
estimated 10 million new TB cases occur annually, with 1.6 mil-
lion associated deaths (2). As numbers of multiple-drug-resistant
TB cases are rising, improving global control of this transmissible
respiratory disease becomes even more critical (2). With around
1.7 billion people, about 25% of the world’s population, infected
with Mtb, the reservoir of individuals at risk for developing TB is
enormous (3). Although the lifetime risk for disease development is
around 5%-10%, most ostensibly immunocompetent Mtb-infected
individuals can control their infection in the form of asymptomatic
latent Mtb infection (LTBI) (2, 3). However, the immune compo-
nents involved in controlling or protecting against Mtb infection
remain incompletely understood (reviewed in refs. 4, 5).

Although cell-mediated immunity plays a pivotal role, the
humoral immune response and other arms of the immune sys-
tem also contribute to the protection against TB (reviewed
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cell-mediated immunity is critical, increasing evidence supports that antibodies also have a protective role against

TB. Yet knowledge of protective antigens is limited. Analyzing sera from 97 US immigrants at various stages of M.
tuberculosis infection, we showed protective in vitro and in vivo efficacy of polyclonal IgG against the M. tuberculosis
capsular polysaccharide arabinomannan (AM). Using recently developed glycan arrays, we established that anti-AM
1gG induced in natural infection is highly heterogeneous in its binding specificity and differs in both its reactivity

to oligosaccharide motifs within AM and its functions in bacillus Calmette-Guérin vaccination and/or in controlled
(latent) versus uncontrolled (TB) M. tuberculosis infection. We showed that anti-AM IgG from asymptomatic but

not from diseased individuals was protective and provided data suggesting a potential role of 1gG2 and specific AM
oligosaccharides. Filling a gap in the current knowledge of protective antigens in humans, our data support the key role
of the M. tuberculosis surface glycan AM and suggest the importance of targeting specific glycan epitopes within AM in

in refs. 4-8). The only currently available vaccine against
TB, based on the attenuated Mpycobacterium bovis bacillus
Calmette-Guérin (BCG) strain, as well as newly developed vac-
cines, targets cell-mediated immunity. However, their efficacy
in humans, despite recent improvements with novel vaccines
and BCG revaccination, is not optimal (4, 9, 10). Vaccines elic-
iting responses from both arms of adaptive immunity, cell-me-
diated and antibody-mediated (Ab-mediated), may work
synergistically given their many interactions with the other
immune arms. Evidence for this comes from our recent murine
immunization studies showing that the induction of both is
superior to either alone (11). Because of the long-standing con-
viction that Mtb, a predominantly intracellular pathogen, is
outside the reach of extracellularly located Abs, Ab functions
against Mtb have been insufficiently studied. However, Abs
can protect against intracellular pathogens, including Mtb,
through mechanisms such as interactions with innate immune
cells (reviewed in refs. 5, 12-14). Recent studies provide com-
pelling evidence for human Ab functions against Mtb (15-19).
Both in vitro (17) and in vivo (19) studies show that serum Abs
from asymptomatic Mtb-exposed and/or -infected individ-
uals, but not from TB patients, are protective. Because of the
use of either total IgG or polyclonal IgG against mycobacterial
multiantigen preparations, conclusions about specific protec-
tive antigens could not be made. These data highlight the need
for investigations of human Abs specific to a single antigen.
Abs against capsular and other surface polysaccharides (PSs;
also referred to as glycans) of extra- and intracellular pathogens
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tective efficacy in humans. Both BCG vaccination and
Mtb infection in humans elicit serum Abs against AM
and LAM (15, 16, 30, 35). We recently showed that vac-

Table 1. Demographics and clinical variables of study groups

:

‘[’l::mjglzasphlcs and clinical (nTSEB) T(SJ =I62|:‘)\ T(SJ lﬁ%\ (n 1323) P cination of Mtb-uninfected young adults (living in the
Male, no. (%) 14 (39) 13(54) 7(50) uE) 0388 United Kingdom) with the same BCG strain (Danish)
Age, yr, mean (SD) 34(9) 37 (11) 39(12) ag(17) opop  elicits not only greatly variable anti-AM IgG titers, but
Non-US born.¢ no. (%) 16 (44) 21(88) 13(93) 19(83) 0000t alsoIgG highly heterogeneous in its binding specificity
Race,no.  White 20 7 2 0 <0000 to AM OS motifs within the PS (16). Although we and
Black 0 4 0 7 others have shown that serum IgG titers against AM
Asian 8 8 7 6 and LAM are significantly associated with intracellular
Hispanic 7 5 5 8 in vitro functions of innate immune cells against Mtb
Other 1 0 0 2 when coincubated with sera (15, 16), our prior stud-
History of BCG vaccination, no. (%)~ 16.(44) ~ 21(88) ~ 13(33)  19(83) <0.00" jes also suggest a role of specific AM OS motifs (16).
Smear* positive, no. (%) NA NA NA 9(39) However, the data were based on associating functions
Disseminated TB," no. (%) NA NA NA 11(48)

Ay? test. BOne-way ANOVA. ‘Subjects emigrated from various TB-endemic regions,
including Asia, South America, and Africa. °Fisher’s exact test. FAt least 1 of the
initial 3 sputum smears was positive for acid-fast bacilli. "Disseminated TB was

defined as evidence for extrapulmonary TB and/or miliary TB on radiographic

imaging. TST-, tuberculin skin test-negative asymptomatic subjects; TST*IGRA" or
TST*IGRA", tuberculin skin test-positive, IFN-y release assay-negative or -positive
asymptomatic subjects; TB, patients with culture-confirmed active tuberculosis.

against BCG with anti-AM IgG titer in BCG immune
sera. To assess our hypothesized key role of AM and its
epitopes in human Mtb infection, the main objectives
of the current study were (a) to characterize the IgG
responses to native Mtb capsular AM and synthetic AM
OS motifs in a large cohort of HIV-negative individuals
at various stages of Mtb infection; and (b) to determine
the protective functions and efficacy of human anti-AM

are known to be protective and are the immune correlates of
some of our most successful vaccines (reviewed in refs. 20-22).
The capsule of Mtb is an important virulence factor and consists
largely of proteins and PSs (23-26). The major Mtb capsular PSs
are a-glucan (70%-80%) and arabinomannan (AM; 10%-20%).
Our work is focused on capsular AM, which, when lipidated, is
also a component of the outer membrane/cell wall as part of
immunomodulatory lipoarabinomannan (LAM) (23-26). The
arabinan domains of both AM and LAM are composed solely of
D-arabinose residues in the 5-membered (furanose) ring form
(Araf; ref. 26). Humans do not produce oligosaccharides (OSs)
with furanose residues. Hence OSs containing Araf are highly
immunogenic, and Abs that recognize AM and LAM typically
do so through recognition of Araf residues (16, 27-29). By con-
trast, a-glucan, the main mycobacterial capsular PS, is very sim-
ilar in structure to glycogen and starch, both components of the
human diet. This similarity might explain the low Ab respons-
es to a-glucan found in our prior studies with Mtb-infected
humans (30). In contrast to murine mAbs recognizing a-glucan,
passive murine transfer studies with some (but not all) mAbs
against AM/LAM have shown moderate protective efficacy (31,
32), and murine immunization studies with AM-containing gly-
coconjugates by us and others have shown moderate protection
in Mtb-infected mice (11, 33, 34). However, despite being a valid
model, mice differ from humans in TB pathogenesis and their
immune response to Mtb. Therefore, detailed explorations of
the heterogeneous humoral immune response to Mtb in humans
are warranted.

PSs are complex molecules that can include determinants
eliciting protective, nonprotective, or even disease-enhancing
Abs (reviewed in ref. 20). Thus, elucidating the diversity of
humoral immune responses to Mtb surface glycans is critical
to determine the key glycan epitopes that could render pro-

polyclonal IgG against Mtb in vitro and in vivo.

Results

IgG responses to AM at various stages of human Mtb infection vary
widely. Subject groups included mostly US immigrants from
diverse TB-endemic regions who were HIV uninfected and either
were asymptomatic or had symptomatic culture-confirmed active
TB (Table 1). Asymptomatic subjects were categorized by tuber-
culin skin test (TST) results into TST" (n = 36) and TST* (n = 38).
A second diagnostic test, the whole-blood IFN-y release assay
(IGRA), was performed when the initial test (TST) was positive,
and a subject was considered Mtb infected if both tests were posi-
tive (36). Nevertheless, a TST'IGRA™ subject could have still been
infected if the risk of remote Mtb exposure was high, such as in
immigrants from TB-endemic regions (36). Therefore, rather than
categorizing subjects into LTBI and non-LTBI, we classified TST*
subjects as TST*IGRA™ (n = 24) and TST*IGRA" (n = 14). Patients
with TB (n = 23) had either localized pulmonary or disseminated
culture-confirmed TB (Table 1).

Regardless of the stage of Mtb infection, serum IgG reactivity
to native AM varied broadly in all groups (Figure 1). Patients with
TB had significantly higher IgG reactivity to AM compared with
asymptomatic subjects who were either TST or TST*IGRA" (Fig-
ure 1A). For IgG subclass responses, focusing on comparing the 2
groups TB versus TST*IGRA?, this included significantly higher
anti-AM IgG1 and IgG3 titers but only a trend (P = 0.08) for higher
IgG2titers in the TB group (Figure 1, B-D). Anti-AM IgG1 and IgG2
were the 2 major subclasses elevated in all groups, whereas IgG3
levels were lower and IgG4 was rarely detected (Supplemental
Figure 1; supplemental material available online with this article;
https://doi.org/10.1172/JCI128459DS1). Interestingly, the anti-
AM IgG2/IgG1 subclass ratio was significantly higher in TST*IG-
RA* subjects (median 1.3, IQR 0.8-2.1) compared with TB (median
0.6, IQR 0.3-1.2; P = 0.01). Among TB patients, those with local-
ized pulmonary disease had a trend for higher anti-AM IgG titers
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compared with those with disseminated disease (P = 0.07; Figure
2A). Although the IgGl titers between these 2 forms of disease
were not significantly different (Figure 2B), anti-AM IgG2 titers
were significantly higher in localized pulmonary compared with
disseminated TB (Figure 2C).

Human polyclonal IgG has a high level of cross-reactivity to cap-
sular AM from strains of the Mtb complex group. To further assess
whether human polyclonal IgG reactivity to AM cross-reacted
between Mtb strains or BCG, we isolated capsular AM from 3
Mtb laboratory strains (H37Rv, the avirulent H37Ra, and Erd-
man), a clinical strain (CDC1551), and a BCG vaccine strain (Pas-
teur). We observed high and significant correlations between
reactivity to capsular AM isolated from H37Rv and reactivity to
that isolated from the other strains, regardless of subject group
with or without evidence of Mtb infection (r = 0.74-0.98, P <
0.01-0.0001; Supplemental Figure 2). These findings were con-
sistent with equally strong correlations seen in our prior study
comparing anti-AM IgG, derived from newly BCG-vaccinated
adults, with capsular AM isolated from BCG (Pasteur) versus
Mtb (H37Rv and H37Ra) (16).

Anti-AM IgG has opsonophagocytic activity in controlled but
not in uncontrolled Mtb infection. As previously shown by us
and others, the increase in serum anti-AM IgG titer after BCG
vaccination correlated significantly with enhanced BCG phago-
cytosis in human macrophages coincubated with the corre-
sponding sera (15, 16). To validate this association for Mtb with

jci.org

biologically independent samples from humans with or without
Mtb infection, and then to show the key role of targeting AM
in Ab-mediated immunity against TB, we first tested whether
coincubation of heat-inactivated sera with moderate to high
anti-AM IgG titers (OD > 0.4) enhanced Mtb phagocytosis by
human macrophages. We focused on assessing macrophage
functions in the presence and absence of antigen-specific IgG
because these innate immune cells are the main host site for
Mtb infection, persistence, and growth (37, 38). In both Mtb
infection groups (TST*IGRA* and TB), anti-AM IgG titers cor-
related significantly with Mtb phagocytosis by THP-1-derived
human macrophages (P = 0.015 for TST'IGRA* and P = 0.001
for TB; Figure 3, A and D). When analyzing subclass responses,
we found that in the TB group both anti-AM IgG1 and IgG2 cor-
related significantly with Mtb phagocytosis; in the TST*IGRA*
group this correlation was only seen for IgG2 (Figure 3, B, C,
E, and F). However, no association was observed with anti-AM
IgG in the Mtb-uninfected groups (r = 0.09, P = 0.77, among
14 TST  subjects; and r = 0.37, P = 0.16, among 16 TST*IGRA"
subjects). We therefore focused our functional evaluations on
the 2 Mtb infection groups TST*IGRA* and TB. However, a few
BCG-vaccinated TST  subjects (2/36) and BCG-vaccinated
TST*IGRA" subjects (2/24) had exceptionally high anti-AM IgG
titer (OD > 2; Figure 1). One of the 2 TST" subjects had suffi-
cient serum quantity available and was therefore included in
our mycobacterial growth inhibition assay. Because both of the
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Figure 2. Patients with disseminated TB have significantly lower IgG2 reactivity to Mtb capsular AM. Comparison of IgG (A) and IgG subclass (B and C)
responses to capsular AM (H37Rv) between TB patients with localized pulmonary (n = 12) and those with disseminated disease (n = 11). Sera were tested at
1:50 dilutions. Mann-Whitney U test. Lines and error bars represent medians with IQRs.

high-titer TST*'IGRA" subjects were immigrants from India and
had a history of potential Mtb exposure and sufficient serum
available, they were included in all of our functional studies.
To show the causal role of anti-AM IgG in the enhancement
of Mtb phagocytosis and other functions, we next depleted sera
for anti-AM Abs and reevaluated their effects on human mac-
rophages. Using initially the sera with the highest anti-AM IgG
titers from 4 asymptomatic subjects (2 TST'IGRA*and 2 TST*IG-
RA"), we first demonstrated that depletion of antigen-specific
Abs via AM-coupled Dynabeads substantially reduced the IgG
reactivity to Mtb capsular AM, measured by ELISA (Figure 4A).

We further show IgG binding of all 4 high-titer sera to the sur-
face of Mtb (grown without detergent to preserve the capsule)
with remarkable reduction of such binding after anti-AM Ab
depletion, thereby demonstrating that Mtb surface-binding
serum IgG reacted strongly with capsular AM of whole bacteria
(Figure 4B). Consistent with this finding is the observation that
Mtb phagocytosis by human macrophages (derived from THP-1
cells) was proportionally reduced when the cells were coincubat-
ed with anti-AM Ab-depleted compared with nondepleted sera
(Figure 4C). These data demonstrate that the opsonophagocytic
activity was due to Abs against AM.
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Figure 3. Significant correlation between Mtb phagocytosis and anti-AM IgG and subclass responses in subjects with Mtb infection. Correlations of anti-
AM IgG and subclass reactivity and Mtb (H37Ra; MOI 20) phagocytosis by THP-1-derived human macrophages incubated with heat-inactivated sera (10%)
from asymptomatic TST*IGRA* subjects, n = 10 (A-C), and TB patients, n = 19 (D-F). Tested sera (1:50) had moderate to high anti-AM IgG titers (OD > 0.4
for TST*IGRA* subjects, and OD > 0.5 for TB patients). Representative data from 2 experiments. Spearman’s rank correlation.
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Figure 4. Mtb phagocytosis is anti-AM Ab mediated in TST'IGRA- and TST*IGRA"* subjects but not those with TB. (A) Effects of anti-AM IgG
titers from 2 TST*IGRA* (L) and 2 TST*IGRA" (T) high-titer subjects before (+) and after (-) anti-AM Ab depletion. Columns represent mean of
duplicates (circles). Notably, the depletion of the highest-titer serum (T2, a TST*IGRA" subject) remained incomplete despite several depletion
rounds. Sera were tested at 1:100 dilution. (B) IF microscopy of Mtb (H37Rv) with intact capsule showing reduced IgG binding with anti-AM Ab-
depleted sera compared with nondepleted sera. The brightness and contrast of the images were adjusted with the same settings using Image)
(NIH). (C) Decreases in THP-1 phagocytosis of Mtb opsonized with nondepleted versus anti-AM Ab-depleted heat-inactivated sera (10%). Columns
and error bars represent mean and SD of triplicates (circles). (D and E) Reduction of Mtb phagocytosis in relation to anti-AM IgG titer depletion
for TST*IGRA* and TB sera. Sera were selected based on moderate to high anti-AM IgG titers (OD > 0.4 for TST*IGRA* subjects, and OD > 0.5

for TB patients) and sufficient serum volume available to be able to assess the effects of reducing anti-AM Abs (TST*IGRA* n =10, TB n = 13).
Spearman’s rank correlation. Duplicate or triplicate values are shown as circles. Results of assays repeated on separate days correlated highly and

significantly (r > 0.8, P < 0.0001).

We then performed antigen-specific Ab depletion studies on
all sera with moderate to high anti-AM IgG titers from Mtb-in-
fected subjects from whom we had sufficient sample available (10
TST*IGRA*and 13 TB sera). We assured a selective reduction of IgG
reactivity to AM by demonstrating preservation of IgG reactivity to
other Mtb surface or culture filtrate antigens such as the proteins
GroEL2 and CFP10, respectively (Supplemental Figure 3). We then
correlated the reduction of anti-AM IgG titer with functional chang-
es in Mtb phagocytosis for the 2 phenotypically distinct groups with
either controlled (TST*IGRA*) or uncontrolled Mtb infection (TB).
Reduction in the anti-AM IgG titer correlated significantly with
reduction in Mtb phagocytosis only for sera from TST*IGRA* sub-
jects (P=0.003; Figure 4D), not for sera from TB subjects (P = 0.29;
Figure 4E), thereby demonstrating distinct functions of anti-AM
IgG derived from TST*IGRA* compared with TB subjects.

Although slightly less effective than using AM-coupled beads,
we achieved a similar anti-AM IgG reduction by incubating sera
with Mtb bacteria with an intact capsule (H37Rv grown without
detergent; Figure 5A). The corresponding reduction in Mtb phago-

jci.org

cytosis by THP-1 cells coincubated with sera depleted for Abs by
this method was, although considerable in comparison with non-
depleted sera, not quite as pronounced in all of the samples in
comparison with sera depleted with AM-coupled Dynabeads (Fig-
ure 5B). It is conceivable that the observed differences in phago-
cytosis between depletion with whole bacteria and depletion with
AM-coupled beads could be due to either incomplete depletion of
anti-AM IgG, or reduction of other anti-Mtb surface Abs that influ-
ence interactions between the Mtb surface and host cell surface
receptors when depleting with whole bacteria. These hypotheses
warrant further investigation with various anti-Mtb surface mAbs
— experiments that were beyond the scope of the current studies.
To assure that our observed effects were not restricted to THP-1
cells, we validated the reduction in phagocytosis after depleting
sera for Mtb surface-specific IgG with human PBMC-derived
macrophages (Figure 5C).

Although exploration of the involvement of specific Fcy recep-
tors (FcyRs) was not a primary objective of this study, we further
assessed the reduction in Mtb phagocytosis when THP-1 cells were
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Figure 5. Coincubation of sera with Mtb with an intact capsule or AM-coupled beads reduces anti-AM IgG titers and Ab-mediated phagocytosis

in THP-1 and human monocyte-derived macrophages. (A) Anti-AM IgG titers in heat-inactivated sera (1:100) before (Non) and after depletion of

Abs against the Mtb surface (H37Rv, grown without detergent) or Mtb capsular AM (coupled to beads). Sera tested were from 2 TST*IGRA* (L) and 2
TST*IGRA- (T) subjects with high anti-AM IgG titers. No significant difference in anti-AM IgG titer reduction was observed between the 2 depletion
methods (P = 0.23, paired t test). (B) Comparison of Ab effects between nondepleted (Non) and anti-Mtb surface or anti-AM Ab-depleted sera (10%)
on Mtb phagocytosis by THP-1 cells. (C) Reduction of Mtb phagocytosis by human monocyte-derived macrophages (MDMs) coincubated with sera (10%)
depleted of Ab against the Mtb surface (H37Rv). Columns represent mean of duplicates (circles). Because of the limited availability of cells and the
focus on comparing nondepleted with antigen-specific Ab-depleted sera, FBS was not tested in duplicates.

blocked with mAbs against FcyRs before and during coincubation
with Mtb and sera from the 4 asymptomatic subjects with high
anti-AM IgG titers (2 TST'IGRA" and 2 TST*IGRA"). We observed
asignificant reduction when blocking FcyRI, which was even more
pronounced when we blocked FcyRII (Figure 6). These data are
consistent with other studies indicating that enhanced Mtb phago-
cytosis by human anti-Mtb Abs is FcyR mediated (17, 19).

Mtb phagocytosis is associated with IgG reactivity to 5 AM OS
motifs in TST*IGRA" subjects. The anti-AM IgG titers among
subject groups were not only greatly variable, they were also
tremendously heterogeneous in their binding specificity to AM
OS motifs within the PS (Figure 7A). Interestingly, while the
overall anti-AM IgG titers were significantly higher in the TB

compared with the TST*IGRA* group (Figure 1), TSTIGRA*
subjects recognized many AM OS motifs with the same intensi-
ty as TB subjects. Whereas there was no significant correlation
for any of the 29 AM OSs in the TB group, Mtb phagocytosis
was significantly associated with reactivity to 5 OSs (3, 7, 8, 9,
and 49) in TST*IGRA" (Figure 7B and Supplemental Table 1). In
contrast to many other AM OS motifs included in our microar-
ray (ref. 39 and Supplemental Table 1), these 5 AM OSs share
a common motif of 4 Araf residues (Figure 7C, green stars)
attached in the same configuration, f-(1—2), a-(1—5), a-(1—5),
and further functionalized with additional mannose (green cir-
cles), inositol phosphate, or 5-thiomethyl-xylose (orange stars)
residues. Notably, AM OS motifs 3, 6, and 12, whose IgG rec-
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Figure 6. Reduction of Ab effects on Mtb phagocytosis when FcyRs were blocked. Anti-human FcyR murine mAbs or isotype-matched control murine
mADb (Ctrl IgG1) were added to THP-1-derived macrophages before Mtb infection (H37Ra; MOI 20) and coincubation with 10% heat-inactivated sera from
4 asymptomatic TST*IGRA* (L) (A and B) or asymptomatic TST*IGRA" (T) subjects (C and D) with high anti-AM IgG titers. The blocking murine mAbs were

anti-human CD64 (clone 10.1) against FcyRI, anti-human CD32 (clone AT10) against FcyRIl, and anti-human CD16 (clone 3G8) against FcyRIIl. The phagocy-
tosis was assessed at 3 hours after infection. Columns and error bars represent mean and SD of triplicates (circles). Representative data from 2 experiments.
Unpaired t test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; NS, not significant (P > 0.05).
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Figure 7. Significant correlations between IgG reactivity to specific AM 0S
(A) Heterogeneous serum IgG reactivity to AM 0OS in both TST*IGRA* and TB

BCG vaccination

motifs and Ab-mediated Mtb phagocytosis with TST*IGRA* but not TB sera.
groups. Color features represent the mean fluorescence intensity (MFI) to

each of the OS motifs. TST*IGRA* subjects recognized many AM 0S motifs with the same intensity as TB subjects (10% of color features in the TST*IGRA*
group and 9% of color features in the TB group exceeded the upper scale limit). Sera lined from left to right had IgG reactivity to native AM from high to

low (minimum OD > 0.4). Compound S#46 is an 0S motif of the mycobacte
between IgG reactivity to AM 0S and Mtb phagocytosis were seen for 5 0Ss

rial capsular PS a-glucan, which served as a control. (B) Significant correlations
with TST*IGRA* (n = 10) but none of the 30 0Ss with TB sera (n = 13; see also

Supplemental Table 1). Spearman’s rank correlation. Red circles, TST- control serum. (C) The 5 AM 0Ss recognized by TST*IGRA* sera and significantly asso-

ciated with Mtb phagocytosis share a common motif of 4 Araf residues (gre

en stars) attached in the same configuration, B-(1—2), a-(1—5), a-(1—5), and

further functionalized with additional mannose (green circles), inositol phosphate, or xylose (orange stars) residues. IgG reactivity to AM 0Ss 3, 6, and 12
also correlated with BCG phagocytosis in our prior studies with BCG immune sera (16). OS 3 recognition is significantly associated with phagocytosis with

both TST*IGRA* and BCG sera, while significant association with the other 2

ognition correlated significantly with Ab functions in our prior
studies with BCG immune sera, all have a similar core motif
(ref. 16 and Figure 7C).

Anti-AM IgG from high-titer asymptomatic BCG-vaccinated
and/or Mtb-exposed/infected subjects, but not TB patients, reduces
Mtb intracellular growth. To study the effects of anti-AM Ab on
mycobacterial intracellular growth, THP-1-derived macrophages
were coincubated with high-titer sera in nondepleted and anti-
AM Ab-depleted states. Because TST*IGRA* subjects had signifi-
cantly lower anti-AM IgG responses than TB patients, we selected
only those samples that had an anti-AM IgG titer reduction above
0.5 OD when depleted with AM-coupled beads. Of the 5 samples
meeting this criterion (Figure 4D), we had sufficient remaining
volume available for 4. We further included the few high-titer
sera from the TST*IGRA™ group and the TST group that met this
criterion and for which we also had sufficient volume available
for depletion and growth reduction experiments (1 = 3). Because
we observed substantial Mtb killing, irrespective of anti-AM Ab
depletion, with sera obtained from TB patients already started

jci.org

motifs (6 and 12) was only seen with BCG immune sera.

for a few days on antituberculous treatment, we included only TB
samples that were obtained before the treatment initiation (avail-
able for 5 pulmonary TB patients). Consistent with our observa-
tion of differences in anti-AM IgG-mediated Mtb phagocytosis
between TST*IGRA* and TB, we found that intracellular Mtb
growth rates were significantly lower in macrophages coincubat-
ed with nondepleted compared with anti-AM Ab-depleted sera
from TST*IGRA*, TST*IGRA", or TST asymptomatic subjects
with high anti-AM IgG titers (Figure 8A). By contrast, high-titer
nondepleted compared with anti-AM Ab-depleted sera from TB
patients (before antituberculous therapy) enhanced Mtb intra-
cellular growth (Figure 8B). Sera depleted with control (BSA-cou-
pled) beads had no effect on Mtb intracellular growth compared
with nondepleted sera (Supplemental Figure 4). When testing the
nondepleted serum from the asymptomatic subject showing the
highest inhibitory effects on Mtb intracellular growth, we found
enhanced phagosome-lysosomal fusion in Mtb-infected macro-
phages (Figure 8C), consistent with results with BCG immune

sera with high anti-AM IgG titers (16).
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Figure 8. Protective in vitro efficacy seen with anti-AM Abs from asymptomatic individuals with BCG or Mtb exposure/infection but not with anti-AM
Abs from TB patients. Effects of nondepleted versus anti-AM Ab-depleted sera on intracellular Mtb growth (H37Rv; MOI 1) in human macrophages (THP-1),
indicating that anti-AM Abs from asymptomatic subjects reduce while those from TB patients enhance intracellular Mtb growth. Experiment repeated with
selected sera showed the same results. Sera depleted with control (BSA-coupled) beads had no effects on Mtb intracellular growth compared with nonde-
pleted sera (Supplemental Figure 4). (A) Differences in intracellular growth rates with sera from TST*IGRA* (L, n = 4) and TST*IGRA" (T, n = 2) or TST- (TN, n
=1) subjects with the highest anti-AM IgG titers. Wilcoxon matched-pairs signed-rank test. (B) Differences in intracellular growth rates with sera from TB
patients with high anti-AM IgG titers (n = 5; all pulmonary TB). Note that our power was limited because only 5 high-titer sera with sufficient volume were
available before the start of antituberculous therapy. (C) High-anti-AM IgG serum (T1) enhanced phagolysosomal fusion in Mtb-infected THP-1 cells (MOI 5)
significantly more than anti-AM Ab-depleted serum. Columns and error bars represent mean and SD of triplicates (open circles). Unpaired t test. *P < 0.05.

Passive transfer of human anti-AM-specific polyclonal IgG from
high-titer asymptomatic TST'IGRA™ and TST*IGRA* subjects shows
protective efficacy in Mtb-infected mice. Of the serum samples with
high anti-AM IgG titers for which we were able to show protective
in vitro effects against Mtb (Figure 4, A-C, and Figure 8A), we had
sufficient serum volume available from 4 asymptomatic subjects
(2 TST'IGRA" and 2 TST*IGRA) to isolate anti-AM polyclonal IgG.
Notably, the 4 subjects had different levels of IgG subclass reactivity
to AM. IgG1and IgG2 were the predominant subclasses in 3 subjects,
and 1 subject with TST*IGRA" (L2) had an almost exclusive anti-AM
IgG2 reactivity (Figure 9A). We first ensured that the purified anti-
AM-specific polyclonal IgG (a) had higher affinity to native AM com-
pared with the corresponding total serum IgG at the same concen-
tration (Supplemental Figure 5A), (b) recognized AM OS compounds
in a pattern similar to that seen with the anti-AM Ab-nondepleted
serum (Supplemental Figure 5B), and (c) bound to the surface of
Mtb with an intact capsule (Figure 9B). Whereas all donors had IgG
reactivity to a range of AM OS motifs, each donor reacted strongly
with at least 2 of the 5 AM OS motifs associated with IgG functions in
vitro. We then validated the in vitro function of the purified anti-AM
IgG, showing enhanced Mtb phagocytosis by THP-1-derived macro-
phages when coincubated with 10 pg/mL to as low as 1 ug/mL of the
subjects’ anti-AM polyclonal IgG (Figure 9C).

To evaluate protective in vivo efficacy, mice (C57BL/6) were
injected with 8 pug anti-AM IgG i.p. 1 day before and 4 pg i.p. 1 day
after low-dose Mtb aerosol infection (~10 CFU Erdman; Figure
9D). We used Mtb Erdman for in vivo experiments because this
strain is more virulent and grows faster than H37Rv (40). Because
the i.p. administration of Ab in mice equilibrates between intra-
vascular and other body compartments within 24 hours, and then
slowly declines (41), the Ab dose before and after infection was
chosen to simulate the approximate calculated amount of anti-AM
IgG in the high-titer human subjects. Human Abs are not detect-
able in mice after 7-10 days (19). Therefore, and because purified
polyclonal anti-AM IgG was only available in limited amounts,

animals were euthanized at 2 weeks after Mtb infection. Because
of the limited amount of anti-AM IgG, we could test only 5 mice
per treatment group. Unfortunately, in the normal saline (NS)
control group, 1 mouse died for unknown reasons, and the lung
of another mouse was contaminated with Proteus mirabilis, which
can occasionally happen (42). Despite this constraint in statistical
power and the very low dose of polyclonal anti-AM used, we could
show protective efficacy of anti-AM IgG. Compared with the con-
trol mice injected with NS, mice treated with anti-AM IgG from 2
TST*IGRA" subjects had lower lung CFU (P = 0.050 and 0.074),
and mice treated with anti-AM IgG from 1 TST*IGRA" subject with
an almost exclusive anti-AM IgG2 response had significantly lower
lung CFU at 2 weeks after infection (P = 0.036; Figure 9D). Pas-
sive transfer from 1 patient with pulmonary TB, for whom we had
sufficient serum volume for isolation of anti-AM-specific IgG avail-
able, did not show any protective efficacy in a separately performed
experiment (Supplemental Figure 6). These in vivo data provide
further evidence for the protective role of human anti-AM-specif-
ic IgG isolated from some BCG-vaccinated and/or Mtb-exposed/
infected asymptomatic subjects.

Discussion

Despite the increasing evidence for a role of Ab-mediated immu-
nity against TB in humans, knowledge of the most relevant myco-
bacterial antigens and epitopes remains limited. Prior human
and murine studies have supported targeting the mycobacterial
surface PS AM (11, 31-34). However, human data were based on
associations of anti-AM IgG titers with functions against BCG,
and murine studies were limited in capturing the heterogeneity of
Abs elicited with vaccination and during natural Mtb infection in
humans. Here we show that in natural Mtb infection human IgG
and subclass responses to Mtb capsular AM are not only highly
variable but also tremendously heterogeneous in their reactivity
to OS motifs within AM. In addition, we have compared the in
vitro effects of sera with moderate to high anti-AM IgG titers to the
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effects of anti-AM Ab-depleted sera on opsonophagocytosis and
intracellular Mtb growth. These studies reveal that the polyclonal
anti-AM IgG derived from asymptomatic subjects (BCG vaccinat-
ed, Mtb exposed, and LTBI), in contrast to TB, has protective effi-
cacy. In line with data from our work with human BCG immune
sera (16), we show that in controlled (but not uncontrolled) Mtb
infection the opsonophagocytic activity correlated significantly
with IgG reactivity to specific OS motifs within the PS. We further
demonstrate that passive transfer of very low doses of purified
polyclonal anti-AM IgG (12 pg), isolated from a few asymptomatic
high-titer subjects with protective anti-AM in vitro functions, has
protective in vivo efficacy against Mtb in the low-dose murine TB
model. Interestingly, although limited to correlative in vitro data
and protective in vivo data with passive transfer of anti-AM IgG
from 1 asymptomatic TST*IGRA* subject with an almost exclusive
anti-AM IgG2 response, our data also suggest a potential role of
anti-AM IgG2. Although further studies are needed to determine
both the relevance of specific anti-AM Ab features and other
potentially protective Mtb antigens, our data demonstrate a key
role of AM in Ab-meditated immunity against TB in humans and
suggest the importance of targeting specific glycan epitopes.

The capsule of Mtb is a critical virulence factor and consists
mainly of PS, of which AM is an important immunogenic compo-
nent (23-25, 33). We show that binding of human polyclonal IgG
to Mtb with an intact capsule is considerably reduced when it is
depleted of AM-specific Abs. Because we worked with Mtb labo-
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ratory strains and the capsule composition and its AM accessibility
could differ between Mtb strains (33), we ensured that the reac-
tivity of IgG from all groups correlated highly and significantly to
capsular AM isolated from laboratory versus clinical Mtb strains.
Several mechanisms could explain our observations. Capsular
PSs aid bacteria, including Mtb, in invading host cells by inhibit-
ing host defense mechanisms such as macrophage phagocytosis
and intracellular killing (24, 43). However, Mtb surface glycans,
by interacting with macrophage surface receptors, can also medi-
ate adhesion and internalization (23). For example, LAM promotes
adhesion to macrophages and uptake via interaction with man-
nose receptors (44). This cell entry mechanism allows intracellular
survival and replication of Mtb by limiting phagosome-lysosomal
fusion, a mechanism that can be blocked by a murine mAb against
LAM (44). Furthermore, a key mechanism for Ab-mediated effects
against intracellular pathogens, including BCG, is enhancement of
lysosomal degradation of pathogens via FcyR signaling, a mecha-
nism independent of FcyR-mediated phagocytosis (45). It is thus
conceivable that the protective effects of anti-AM IgG seen in our
studies are based on both preventing host cell adhesion and Mtb
macrophage uptake through mannose or other host receptors, and
simultaneously promoting FcyR-mediated phagocytosis and intra-
cellular growth inhibition via FcyR signaling.

Remarkably, depletion of anti-AM IgG from high-titer TB sera
did not correlate with the reduction of Mtb phagocytosis. More-
over, Mtb intracellular growth in vitro was enhanced in the pres-
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ence of anti-AM IgG from TB patients. Because of the high serum
volume required, we were able to isolate sufficient anti-AM IgG
from only 1 high-titer pulmonary TB patient for evaluation in vivo,
limiting both our ability to assess whether the macrophage growth
data were a good in vitro correlate of in vivo effects and our ability
to test the protective in vivo efficacy of TB patient-derived anti-
AM IgG. Mice receiving, before and after Mtb infection, anti-AM
IgG isolated from this TB patient had no significant difference
in Mtb lung burden compared with control mice. Our findings of
protective Abs in asymptomatic Mtb-exposed or -infected indi-
viduals are in line with results from 2 other recent studies (17, 19).
Although these studies did not investigate antigen-specific Abs,
Lu et al. found human serum IgG against purified protein deriv-
ative (PPD) from LTBI but not TB patients to have protective Ab
functions against Mtb in vitro (17), and Li et al. showed that pas-
sive transfer of total IgG from some asymptomatic Mtb-exposed
or -infected health care workers (but not TB patients) has protec-
tive in vivo efficacy in Mtb-infected mice (19). In contrast, inves-
tigating mycobacterial growth in an ex vivo mycobacterial growth
inhibition assay (MGIA), O’Shea et al. found that whole blood from
individuals with TB controlled BCG (Pasteur) growth better than
that from individuals with LTBI. However, they did not observe a
difference in control of growth of Mtb (H37Rv) (46). Although Lu
et al. found an association of the protective IgG in vitro functions
with distinct glycosylation profiles in the IgG Fc region (17), Li et
al. found a reversal of protective ex vivo effects in a whole-blood
assay when preabsorbing IgG from protective donors against heat-
killed Mtb but not soluble Mtb antigens (19). Direct comparisons
with our study results are limited because of the different exper-
imental methods and the use of whole blood, total IgG, or IgG
against PPD (which contains 100-200 varying denatured Mtb
proteins and moderate amounts of LAM; ref. 47). Nevertheless,
these findings in aggregate suggest that multiple components of
the humoral immune response at different stages of Mtb infection
play a role in the defense against Mtb.

Because of their important role in adhering to and invading
host cells, pathogen surface glycans are targeted by various vac-
cines (reviewed in refs. 20-22). However, PSs are complex mol-
ecules that include determinants that can elicit a functionally
diverse spectrum of Abs, including protective, nonprotective, or
even disease-enhancing Abs (20-22). Using recently developed
glycan arrays with synthetically generated fragments of AM OS
motifs (39), we found that the anti-AM IgG response elicited in
Mtb infection is highly heterogeneous in its reactivity to AM OS
motifs within the PS. Congruent with our prior studies with BCG
immune sera (16), our current results suggest that the protective
functions seen with BCG immune and TST*IGRA" sera are associ-
ated with IgG reactivity to certain AM glycan epitopes. These frag-
ments all share a common motif of 4 Arafresidues attached in the
same configuration, and further functionalized with additional
residues — mannose, inositol phosphate, or 5-thiomethyl-xylose.
We further note that these motifs are all found at the terminal end
of AM, and their structures differ considerably from inner motifs
(26). Although these data are correlative, they provide import-
ant information for the generation of OS-specific mAbs. Such
mAbs would have defined binding specificities that would allow
the detailed delineation of functions and mechanisms against
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OS-specific AM epitopes. The significance of the structural simi-
larities of AM motifs associated with IgG functions in humans is
unknown at present. Our data indicate that Abs targeting the ter-
minal motifs of AM could interfere differently in host-pathogen
interactions compared with Abs targeting the inner motifs of cap-
sular AM. These data could have important potential implications
because the field of glycoconjugate vaccine development is mov-
ing to the use of OS-conjugate vaccines that have the advantage of
both greater product consistency and induction of Abs against the
most relevant glycan epitopes (20-22).

In addition to the antigen-binding variable region, Ab effec-
tor functions are influenced by the subclass and the glycosylation
pattern in the IgG Fc region (reviewed in refs. 13, 14, 48). Although
some functions of human Ab isotypes against Mtb (e.g., IgA
against heparin-binding hemagglutinin [HBHA]) have recently
been established (18), less is known about antigen-specific IgG
subclass functions. In their whole-blood MGIA results, O’Shea et
al. found a weak but significant correlation between IgG1 respons-
es to ESAT-6/CFP10 and growth reduction of Mtb (46). Lu et al.
did not find differences in IgG subclass responses to PPD between
LTBI and TB patients (17), whereas Li et al. found, despite no over-
all IgG3 differences, higher human IgG3 levels in mice after the
first days of passive transfer with protective versus nonprotective
IgG (19). During natural bacterial infection in humans, PSs typi-
cally induce IgG2 responses, while IgG1 is readily induced by gly-
coconjugate vaccines (48). Consistent with our prior data (16, 30),
we found high IgG1 and IgG2 but little IgG3 or IgG4 reactivity to
AM in both BCG-vaccinated and Mtb-infected subjects regardless
of Mtb infection stage. Interestingly, when we compared anti-AM
IgG2/IgG1 subclass ratios, individuals with LTBI had a significant-
ly higher ratio than TB patients. In a subgroup analysis comparing
IgG and subclass responses to AM in patients with localized pul-
monary versus disseminated TB, we further found that patients
with disseminated TB had lower anti-AM IgG titers and that this
difference was driven by significantly lower anti-AM IgG2 com-
pared with IgG1. The lack of difference in anti-AM IgG1 respons-
es between localized and disseminated TB suggests that the dif-
ference in anti-AM subclass reactivity is unlikely to be driven by
immune complex formation. OQur data are further in line with a
study by Costello et al., who, although not investigating subclass-
es, found significantly lower anti-LAM IgG responses, indepen-
dent of immune complex formation, in young children with dis-
seminated compared with those with localized TB (49). Findings
from a recent study by Logan et al. support a potential role of IgG2
in Mtb infection (50). Although not investigating antigen-specif-
ic responses, the authors found that BCG-vaccinated infants who
remained Mtb uninfected in a highly TB-endemic region had sig-
nificantly higher IgG2 responses to BCG than those who, over a
2-year follow-up, became Mtb infected. Although human IgG1has
favorable properties in Ab-mediated immunity, as it binds com-
plement and all FcyRs (reviewed in refs. 13, 14, 48), human IgG2
is generally believed to have decreased ability to activate comple-
ment and engages predominantly FcyRII (13, 14, 48). However,
IgG2 can be highly active in the presence of complement and at
high epitope concentrations on target cells, such as PS antigens
on encapsulated bacteria (51). It is thus not surprising that chil-
dren and adults with recurrent infections with encapsulated bac-
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teria are frequently found to have IgG2 deficiency (52, 53). Con-
sistently, passive transfer of human IgG subclass mAbs with the
same variable region against glucuronoxylomannan, a capsular
PS of the facultative intracellular fungus Cryptococcus neoformans,
showed that IgG2 but not IgG1 protected mice against infection
(54). We observed a strong correlation between anti-AM IgG2, but
not IgGl, responses and Mtb phagocytosis in the asymptomatic
TST*IGRA* group and the most pronounced reduction of phago-
cytosis when blocking FeyRIIL. Furthermore, although limited to
one TST*IGRA" subject, we show protective in vitro and in vivo
efficacy with an almost exclusive polyclonal anti-AM IgG2 sample.
Although these data are limited and require further investigation,
they nevertheless, collectively with data from other human stud-
ies, indicate that both isotype and IgG subclass could play distinct
roles in TB, depending on the antigens/epitopes targeted. Further
studies, ideally with mAbs consisting of the same variable but dif-
ferent Fcregions, are needed to better understand the functions of
IgG subclasses in TB pathogenesis.

Although the involvement of specific FcyRs was not a primary
focus of this study, we show that the enhanced Mtb phagocytosis
seen with our high-anti-AM-titer asymptomatic subjects was FcyR
mediated. In contrast to Lu et al., who found that the increased
functionality of polyclonal LTBI IgG against PPD was associated
with certain Fc glycosylation patterns and enhanced binding to
FcyRIII (17), we observed the strongest reduction in Mtb phago-
cytosis when blocking FeyRII. Determining the anti-AM IgG Fc
glycosylation, an important feature that can influence FcyR-me-
diated effects (13, 14, 48), was not feasible in our study because
of the limited quantity of anti-AM IgG. Furthermore, in order to
not introduce another component of heterogeneity such as poly-
morphism of FcyR and other factors when working with PBMCs
(reviewed in refs. 14, 38), we performed experiments predomi-
nantly with THP-1 cell line-derived human macrophages. These
express all FcyRs and are a valuable tool to determine phagocytic
activity of clinical Ab samples (55). However, they do not express
all FcyRs in the same proportions as PBMC-derived macrophages
(56). Therefore, it was not feasible to determine whether the pre-
dominance of FeyRII-mediated phagocytosis was influenced by
the higher expression of FcyRII and lower expression of FcyRIII on
THP-1 compared with PBMC-derived macrophages (55, 56), due
to Fc glycosylation features or due to the high titers of anti-AM
IgG2, which engages FcyRII. However, we are confident that our
results are not restricted to THP-1 cells, because, consistent with
our prior studies (16), we show similar Ab-mediated Mtb phagocy-
tosis enhancement as well as reduction with anti-AM Ab-depleted
sera between THP-1 and human PBMC-derived macrophages.

Systemic administration of a very low dose of AM-specific
IgG, equivalent to levels found in our protective donors, to mice
before low-dose aerosolized Mtb infection provided evidence for
the protective in vivo efficacy of anti-AM IgG. We aimed to mimic
the human natural infection dose as closely as possible (using ~10
CFU) while assuring that all mice were infected. The limited quan-
tity in anti-AM IgG restricted our statistical power. Nevertheless,
we were able to show that, compared with controls, mice treated
with anti-AM IgG from 3 of 4 asymptomatic high-titer subjects had
lower lung CFU. Whereas all donors had IgG reactivity to a range
of AM OS motifs, each donor reacted strongly with at least 2 of the
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5 AM OS motifs associated with IgG functions in vitro. These in
vivo data support the protective role of human IgG targeting the
Mtb capsular PS AM.

Although it is critically important to identify immune cor-
relates against Mtb in humans, the polyclonal nature and hetero-
geneity of Ab responses to Mtb antigens in humans also led to sev-
eral limitations in our study. Based on prior data by us and others,
we focused on IgG against capsular AM. The exploration of other
potentially protective Mtb antigens, which might even work syner-
gistically with the targeting of AM glycan epitopes, was beyond the
scope of this study. Furthermore, restricted IgG quantities limited
analysis of specific Ab features and mechanisms. We further note
that although macrophages are the main site for infection and sur-
vival (37), Mtb is known to infect several mononuclear phagocytes
in vitro and in vivo (57). However, exploring Ab functions with
other phagocytes, as well as assessing the potential interactions of
human Abs with other immune cells such as T cells, was beyond the
scope of the current study. Nevertheless, we note that cell-medi-
ated and Ab-mediated immunity likely work synergistically given
their many interactions, including those with innate immunity. Evi-
dence for this comes from our recent murine immunization studies
showing that the induction of both is superior to either alone in the
protection against TB, as well as from other human studies indicat-
ing important interactions between both arms of adaptive immuni-
ty (11,19, 46, 58).

In conclusion, we demonstrate a key role of capsular AM in
human Ab-mediated efficacy against Mtb. We show that anti-AM
IgG derived from asymptomatic subjects (BCG vaccinated, Mtb
exposed, and LTBI), in contrast to TB patients, has protective effi-
cacy and is associated with reactivity to specific OS motifs within
AM. Our data further suggest arole for anti-AM IgG2. We observed
considerable heterogeneity in human anti-AM IgG titers, subclass
responses, and reactivity to AM glycan epitopes at various stages
of Mtb infection, suggesting the contribution of human anti-AM
IgG to susceptibility versus protection against infection and TB
development in humans. A better understanding of the relevance
of subclass and AM glycan epitopes will now require larger vali-
dation studies and investigations with anti-AM mAb variants in
various in vitro and animal models, including FcyR-humanized
mice and nonhuman primates. Overall, our findings are of poten-
tial high significance because they suggest that, in addition to cell-
mediated responses, eliciting Abs against specific Mtb capsular
glycan epitopes may increase vaccine efficacy against TB.

Methods

Subjects. Already collected samples from subjects enrolled in a
cross-sectional TB immunodiagnostic study from in- and outpatient
settings of 4 public hospitals in New York City from 2012 to 2016 were
analyzed. Asymptomatic healthy volunteers without known risk fac-
tors for HIV infection were categorized by TST and whole-blood IGRA
(QuantiFERON-TB Gold, Qiagen). In our institutions, TST is routinely
performed, and, consistent with the American Thoracic Society/Infec-
tious Diseases Society of America recommendations, in the absence
of recent Mtb exposure history, a second diagnostic test (IGRA) was
performed when the initial test (TST) was positive (36). Although an
asymptomatic subject was considered latently Mtb infected if both
tests were positive, a TST*IGRA™ subject could have still been infect-
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ed if the risk of remote Mtb exposure was high, such as in immigrants
from TB-endemic regions (36). We therefore categorized asymptom-
atic subjects into 3 groups: TST, TST*IGRA", and TST*IGRA*. Patients
with TB were HIV uninfected, Mtb culture confirmed, and enrolled
within 7 days of TB diagnosis. Based on symptoms and results from
physical exams, radiographic imaging, and diagnostic work-up, TB
patients were further categorized as having localized pulmonary or
disseminated TB (defined as evidence for extrapulmonary TB and/or
miliary TB on radiographic imaging).

Mtb strains. Mtb H37Ra, H37Rv, Erdman, CDC1551, and BCG
(Pasteur) were grown in Middlebrook 7H9 medium supplemented
with 10% (vol/vol) oleic albumin dextrose catalase (OADC) enrich-
ment, 0.5% (vol/vol) glycerol, and with or without 0.05% tyloxapol or
Tween-80. To generate AM, bacteria were subcultured into minimal
media (11). Since we found no differences between phagocytosis rates
using the avirulent H37Ra or the virulent H37Rv Mtb strain, H37Ra,
allowing for biosafety level 2 (BSL-2) conditions, was used for phago-
cytosis experiments. Because of differences between H37Ra and
H37Rv in intracellular growth (59), we used H37Rv under BSL-3 con-
ditions for growth inhibition assays and Erdman for murine infection.

Mycobacterial antigen. Capsular AM wasisolated and purified from
the Mtb strains as previously described (11). Briefly, to preserve the
capsule formation, mycobacteria were incubated in minimal media
in the absence of the detergents (tyloxapol or Tween-80), and grown
stationary at 37°C for 21 days in horizontally placed roller bottles. The
cells were then harvested, treated with glass beads, resuspended, and
centrifuged. The collected supernatants were filtered through 0.22
um, and the capsular antigen extracts isolated and purified by column
chromatography and then lyophilized. Regarding our control antigens,
we expressed the mycobacterial surface protein GroEL2 as recombi-
nant histidine-tagged protein in Mycobacterium smegmatis, and puri-
fied it using Ni-NTA agarose (Qiagen). The recombinant culture
filtrate protein CFP10, expressed in E. coli, was purchased from the
Biodefense and Emerging Infections Research Resources Repository
(BEI Resources; NR-14869).

ELISAs. ELISAs were performed as previously described (30).
Briefly, wells of 96-well microtiter plates (Maxisorp for AM, Immu-
lon 2HB for proteins, Fisher Scientific) were coated with AM at 10 pg/
mL or Mtb proteins at 4 ug/mL (50 pL/well). Serum samples (1:50 or
1:100 dilution) were added in duplicates to the antigen-coated wells,
and the bound Abs detected with protein G-alkaline phosphatase (AP)
(1:2500; EMD Millipore) or goat anti-human IgG-AP for IgG detection
(1:4000; SouthernBiotech), followed by p-nitrophenyl phosphate sub-
strate. Secondary Abs for IgG subclass detection were 1:1000 diluted
mouse anti-human IgG1-AP (clone 4E3), IgG2-AP (clone HP6002),
IgG3-AP (clone HP6050), and IgG4-AP (clone HP6025; SouthernBio-
tech). The optical densities (ODs) were measured at 405 nm. Negative
controls were processed in duplicates as described above, except for
the addition of serum. The murine anti-AM mAb CS35 (BEI Resourc-
es; NR-13811), anti-GroEL2 mAb IT13 (BEI Resources; NR-13825), and
rabbit polyclonal anti-CFP10 (BEI Resources; NR-13801) were used as
positive controls and detected with AP-conjugated goat anti-mouse
IgG or goat anti-rabbit IgG (SouthernBiotech), respectively.

AM microarrays. A panel of 29 AM fragments (corresponding to
motifs at the nonreducing terminus of the molecule) that have previ-
ously been shown to be recognized by anti-AM/LAM Abs and 1 frag-
ment of a-glucan (as control) were synthesized, and coupled to BSA via

The Journal of Clinical Investigation

a squarate linker (27, 28, 39). AM microarrays were processed as pre-
viously described (16). Briefly, after blocking with 3% BSA/PBS, the
arrays were incubated with diluted sera, a low-anti-AM-titer serum
from a TST", non-BCG-vaccinated US-born volunteer (negative con-
trol), the purified anti-AM IgG (5 pg/mL), and the murine mAb CS35
(5 pg/mL; positive control). Abs were detected by goat anti-human
biotin-labeled IgG (Jackson ImmunoResearch Laboratories Inc.) or
goat anti-mouse biotin-labeled IgG (SouthernBiotech), followed by a
streptavidin probe tagged with SureLightP3 Cy5 (Cayman Chemical).
The slides were scanned using the GenePix 4000 Microarray scanner
system (Molecular Devices), and images analyzed by the image-pro-
cessing software The Institute for Genomics Research Spotfinder
(16, 60). The MFI, representing AM epitope-specific Ab responses,
was the measured median pixel intensity minus the background pixel
intensity. Glycan array data were deposited in the NCBI Gene Expres-
sion Omnibus (GEO) database with accession number GSE141679.

Phagocytosis assay. A phagocytosis assay was performed essen-
tially as previously described (16). Briefly, human THP-1 monocytic
leukemia cells (ATCC) were cultured as recommended, differentiated
into macrophages by phorbol 12-myristate 13-acetate, infected with
FITC-conjugated Mtb H37Ra at an MOI of 20, and coincubated with
10% heat-inactivated sera for 3 hours. Note that we coincubated mac-
rophages, sera, and Mtb to allow for the processing of multiple sam-
ples under the same conditions and have previously shown that this
approach is comparable to preopsonizing mycobacteria before infec-
tion (16). After washing of the cells and quenching of the fluorescence
from the noninternalized membrane-bound FITC-labeled H37Ra
with trypan blue, the Mtb phagocytosis was evaluated by flow cytom-
etry. To validate our results, we further investigated phagocytosis rates
in human monocyte-derived macrophages (MDMs) from a healthy
BCG-vaccinated but TST" volunteer. Plated into 48 wells at 1 x 10° per
well, PBMCs were differentiated into MDMs by being cultured in 10
ng/mL macrophage colony-stimulating factor for 7 days, followed by
infections with Mtb at MOI 10. For FcyR blocking experiments, 10 pug/
mL mouse anti-human CD64 (clone 10.1, BD Pharmingen), mouse
anti-human CD32 (clone AT10, AbD Serotec), mouse anti-human
CD16 (clone 3G8, BD Pharmingen), or a control mouse mAb IgG1l
(clone MOPC-21, Thermo Fisher Scientific) was added to the cells
before infection for 1 hour and during coincubation with heat-inacti-
vated sera.

Mtb intracellular growth inhibition assay. THP-1 cells were plated
and differentiated into macrophages (16). The cells were infected
with Mtb H37Rv (MOI 1) and coincubated with 10% heat-inactivated
sera for 2 hours, followed by washing. To calculate the Mtb intracellu-
lar growth in relation to amount phagocytosed, cells were lysed first
after 2 hours on day 1, and then on day 3. Bacteria were numerated by
plating of serial dilutions in duplicates on agar plates. Colony-forming
units (CFU) were counted after incubation at 37°C for 4-6 weeks, and
the average CFU from triplicate wells calculated.

Assessment of phagosome-lysosomal fusion. Differentiated THP-1 cells
were infected with Alexa Fluor 488-conjugated H37Rv at an MOI of 5
and coincubated with 10% heat-inactivated serum for 3 hours. To assess
the amount of phagosome-lysosomal fusion, the cells were washed and
probed with 100 nM LysoTracker Red DND-99 (Life Technologies) for
1 hour (16). A range of 150-400 H37Rv phagosomes, on images taken
by a Leica SP8 confocal microscope, were counted to quantify the per-
centage of phagosomes colocalizing with the LysoTracker.
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Conjugation of AM to streptavidin Dynabeads. To be able to con-
jugate AM to magnetic Dynabeads, it was first activated by 1-cya-
no-4-dimethylaminopyridinium tetrafluoroborate (CDAP) and then
conjugated to biotin (61). Briefly, AM dissolved in H,0 at 1 mg/mL was
added to CDAP (freshly prepared in Acetonitrile) to a final ratio of 1
mg of AM per 0.36 mg of CDAP, followed by biotinylation to a final
ratio of 1 mg of AM per 0.57 mg of EZ-Link Amine-PEG3-Biotin (Ther-
mo Fisher Scientific). After termination of the reaction by addition of
25 mM of glycine, the excess biotin was removed by dialysis against
PBS, and the biotin-conjugated AM coupled to magnetic Dynabeads
M-270 Streptavidin (Thermo Fisher Scientific) according to the man-
ufacturer’s instructions.

Selective serum depletion of Abs against AM or the Mtb surface.
Diluted sera (1:5 in RPMI medium for heat-inactivated sera or in
PBS for non-heat-inactivated sera, depending on downstream
applications) were incubated with AM-coupled or control (BSA-cou-
pled) Dynabeads at 4°C overnight, followed by magnetic separation
from Dynabeads. Both anti-AM Ab-depleted and nondepleted sera
were passed through a 0.22-pum Spin-X filter (Corning Costar) for
sterilization. To deplete Abs against the Mtb surface, H37Rv bacte-
ria grown without detergent were pelleted and washed, incubated
with the diluted sera at 37°C for 45 minutes, and pelleted down.
The supernatants, representing the sera depleted by Abs against
the Mtb surface, were then collected. This depletion process was
performed twice or, if needed, 3 times before the depleted sera
were passed through a 0.22-um Spin-X filter and taken out of the
BSL-3 laboratory.

Purification of total IgG and anti-AM IgG. Total IgG, isolated
from serum or plasma via protein G agarose (Thermo Fisher Sci-
entific), was incubated with CDAP-activated AM (61) conjugat-
ed to CarboxyLink Coupling Resins (Thermo Fisher Scientific).
To generate AM-conjugated resin, the CDAP-activated AM was
added into 0.5 mL resin in 0.15 M HEPES buffer and incubated
at 4°C overnight on a rotator. The reaction was quenched with 0.5
M ethanolamine for 1 hour. Afterward, the AM-conjugated resin
was packed into a 2-mL disposal column and washed with PBS.
The flow-through was collected, and the column was sequen-
tially washed with PBS/0.05% Tween-20 and PBS. The anti-AM
IgG was eluted in elution buffer (Thermo Fisher Scientific) and
neutralized with 1 M Tris, pH 8. Isolated anti-AM IgG was buffer-
exchanged into PBS or NS, and the concentration was quantified
by an in-house human IgG ELISA.

Immunofluorescence. Mtb H37Rv bacteria, grown without
detergent, were fixed with 2% formaldehyde, placed on poly-L-
lysine slides (MilliporeSigma), and blocked with 1% BSA/PBS (16).
Human sera, nondepleted or anti-AM Ab depleted (1:100), or 5
pg/mL purified anti-AM IgG diluted in blocking buffer were add-
ed and slides incubated at 4°C overnight. After washing, TRITC-
labeled goat anti-human IgG (4 pg/mL; SouthernBiotech) was
added for 1.5 hours at room temperature in the dark. After wash-
ing, the slides were mounted with 90% glycerol, and viewed with a
Zeiss observer microscope.

Murine infection. C57BL/6 female mice (7-8 weeks old; Charles
River) were injected i.p. with 8 pg anti-AM IgG in 100 pL NS 1 day
before and 4 pg 1 day after Mtb infection. The dose was based on
approximately 0.3% of human IgG in our high-titer subjects being
anti-AM IgG, and the human anti-AM IgG was administered twice
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to result in a comparable serum level in the mice after tissue distri-
bution. Control mice received an irrelevant human mAb IgG1 (to a
flavivirus) or NS at the same dose and/or volume. For the passive
transfer experiment with anti-AM IgG from a TB patient, an addi-
tional injection of 4 ug Abi.p. was given 1 week after infection. Using
a whole-body exposure aerosol chamber (Mechanical Engineering
Workshop) custom-fitted to a class III biosafety cabinet (Baker),
mice were infected aerogenically with approximately 10-20 CFU
of Mtb (Erdman). During necropsy, the lungs were aseptically
removed, homogenized in PBS, serially diluted, and plated on Mid-
dlebrook 7H10 agar. The CFUs were counted after 4 and 6 weeks of
incubation at 37°C.

Statistics. Statistical analysis was performed using Prism
software version 7 (GraphPad) and Stata software version 15/IC
(StataCorp). For ordinal data, we used Pearson y? or, when indicated,
the Fisher exact test. Depending on data distribution, we used non-
parametric tests (Kruskal-Wallis for unpaired and Friedman test for
paired overall group comparison, Mann-Whitney U test for 2-group
comparison, and Wilcoxon matched-pairs signed-rank test for data
comparison within the same group) or parametric tests (1-way ANO-
VA for overall group differences and ¢ tests for 2-group comparison,
with Welch’s correction if variances were unequal). Given the very
limited number of a priori hypotheses being tested and the explor-
atory nature of this study, our main goal was to present the data,
along with summaries and P values for prespecified contrasts of
interest, with no adjustment for multiple comparisons. Associations
were assessed by Spearman’s rank correlation. A 2-tailed a less than
0.05 was considered statistically significant.

Study approval. The study was approved by the institutional review
board of the Albert Einstein College of Medicine. All human subjects
gave written informed consent before enrollment. The animal studies
were approved by the Institutional Animal Care and Use Committee at
the Albert Einstein College of Medicine.
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