Immune targeting of mycobacteria through cell surface glycan engineering
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Abstract

Mycobacteria and other organisms in the Mycobacteriales order cause a range of significant human
diseases, including tuberculosis, leprosy, diphtheria, Buruli ulcer, and non-tuberculous mycobacterial (NTM)
disease. However, the intrinsic drug tolerance engendered by the mycobacterial cell envelope undermines
conventional antibiotic treatment and contributes to acquired drug resistance. Motivated by the need to augment
antibiotics with novel therapeutic approaches, we developed a strategy to specifically decorate mycobacterial
cell surface glycans with antibody-recruiting molecules (ARMs), which flag bacteria for binding to human-
endogenous antibodies that enhance macrophage effector functions. Mycobacteria-specific ARMs consisting of
a trehalose targeting moiety and a dinitrophenyl hapten (Tre-DNPs) were synthesized and shown to specifically
incorporate into outer membrane glycolipids of Mycobacterium smegmatis via trehalose metabolism, enabling
recruitment of anti-DNP antibodies to the mycobacterial cell surface. Phagocytosis of Tre-DNP-modified M.
smegmatis by macrophages was significantly enhanced in the presence of anti-DNP antibodies, demonstrating
proof-of-concept that our strategy can augment the host immune response. Because the metabolic pathways
responsible for cell surface incorporation of Tre-DNPs are conserved in all Mycobacteriales organisms but
absent from other bacteria and humans, the reported tools may be enlisted to interrogate host-pathogen

interactions and develop immune-targeting strategies for diverse mycobacterial pathogens.



Introduction

Mycobacterial pathogens are characterized by a distinctive dual-membrane cell envelope that provides
extraordinary protection from antibiotics and is a major driver of acquired drug resistance. The most prominent
example of these organisms is Mycobacterium tuberculosis, which every year causes approximately 10 million
cases of active tuberculosis (TB) and 1.6 million deaths, making it the world’s leading cause of death by a
bacterial pathogen."? Due to intrinsic drug tolerance provided by the mycobacterial cell envelope, conventional
treatment of M. tuberculosis infections requires the administration of multiple drugs over the course of 6
months.®* The long duration, intensiveness, and side effects associated with this treatment regimen curb its
effectiveness and have ultimately contributed to the emergence of multi-drug resistant (MDR)-TB, which is
extremely challenging and expensive to treat.*> Other mycobacterial infections are similarly recalcitrant to
treatment with antibiotics. Non-tuberculous mycobacteria (NTM), such as M. avium and M. abscessus, are
ubiquitous and represent an increasingly common cause of severe pulmonary disease, particularly in
immunocompromised individuals (e.g., patients with cystic fibrosis or HIV).%” Treatment of NTM infection
involves a complicated 12-month combinatorial drug regimen that is often ineffective and can lead to the
acquisition of resistance mutations.®® Leprosy, diphtheria, and Buruli ulcer, which are also caused by
mycobacteria or closely related corynebacteria, also present challenges with respect to chemotherapy and drug
resistance.’® Given the inherent difficulty of treating mycobacterial infections with existing antibiotics, the rise
and spread of strains with accumulated antibiotic resistance mutations, and the paucity of new anti-mycobacterial
compounds in the drug pipeline, there is a need for novel therapeutic approaches that complement traditional
antibiotics.'"12

Host-directed immunotherapies represent an attractive target for novel anti-mycobacterial treatments.3-
'6 A robust cell-mediated immune response is needed to eliminate M. tuberculosis from their intracellular niche
within the macrophage, as well as to foster the development of interferon-y-producing T cells that maintain
granuloma structure during latent tuberculosis.!” Likewise, protective immune response to pulmonary NTM
include macrophage killing and T cell-dependent cytokine production.' Given the well-established role of cellular
effector functions, but despite evidence showing that antibodies are protective in most cases,® the potential role
of antibodies in mycobacterial infections has been underappreciated until recently. To address whether

antibodies played a protective role in mycobacterial infections, Watson and colleagues recently showed that a
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monoclonal antibody directed against M. tuberculosis phosphate transporter subunit PstS1 increased
mycobacterial uptake by a macrophage cell line, decreased bacterial numbers, and improved survival in mice.?°
Antibody ligation of Fc-receptors and subsequent Fc-receptor signaling is a likely driver of this protective
response because antibody-targeting of M. bovis, as well as other intracellular bacteria, to Fc-receptors
increases lysosome fusion and restricts intracellular growth in phagocytes.?>-?° Together, these data support the
notion that antibodies, which target mycobacterial surface molecules and enhance phagocytosis, might be a
successful immunotherapy.

On the basis that Fc-mediated phagocytosis enhances phagocytosis and killing of other intracellular
pathogens,?>? we hypothesized that specific cell surface engineering of mycobacterial glycans with antibody-
recruiting small molecules (ARMs) would enhance antibody-dependent phagocytosis by macrophages. ARMs
are rationally designed to contain a pathogen-targeting motif and an antibody recruitment motif, the latter of
which is recognized by naturally occurring antibodies to trigger macrophage effector functions.?¢=%° In order to
overcome developing drug resistance, as well as immune evasion caused by natural variation in surface
antigens, the selection of the pathogen-targeting motif can also be tailored to select essential surface molecules
where mutations would be lethal. The ARM concept has previously been applied to create immunotherapy
strategies for cancer,3'-%* viruses, % fungi,*® and various types of bacteria, including Escherichia coli, Helicobacter
pylori, Enterococcus faecium and Staphylococcus aureus.®*? Here, we report proof-of-concept for the first
mycobacteria-targeting ARM immunotherapy strategy. We demonstrate that novel ARMs consisting of trehalose
as the mycobacteria-targeting motif and dinitrophenyl (DNP) as the antibody-recruiting motif specifically modify
cell surface glycans of the model organism M. smegmatis, enabling bacterium-targeted anti-DNP antibody
binding and enhancement of phagocytosis by macrophages. This work provides a platform for investigating
antibody-mediated immune responses to mycobacterial infections and sets the stage for the development of

immunotherapy strategies directed against diverse mycobacterial pathogens.

Results and Discussion
Design and synthesis of Tre-DNP analogues as mycobacteria-targeting ARMs. As first-generation
ARMs, we envisioned trehalose-DNP conjugates whose trehalose and DNP components serve as the

mycobacteria-targeting and antibody-recruiting elements, respectively (Figure 1). DNP is attractive in ARM
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development because approximately 1% of antibodies in humans bind to nitroarene epitopes such as DNP, and
72% of the general population has endogenous anti-DNP antibodies.***# In addition, DNP is relatively small and
synthetically tractable, which we anticipated would aide in cell surface incorporation and structural optimization
efforts. To achieve specific delivery of DNP to the mycobacterial surface, potentially even within complex host
settings, we chose to exploit trehalose metabolic pathways that are present and conserved in mycobacteria but
absent from other bacteria and humans.*® All mycobacteria have a complex cell envelope consisting of several
layers, including plasma membrane, peptidoglycan, arabinogalactan, and the mycobacterial outer membrane
(Figure 1A).¢ An essential and abundant component of the outer membrane is the non-mammalian disaccharide
trehalose, which exists in lipidated forms referred to as trehalose mono- and dimycolate (TMM and TDM). We
and others have shown that trehalose and TMM analogues containing various functional groups (e.g.,
bioorthogonal tags, fluorophores) on the sugar or lipid portions can be efficiently metabolically incorporated into
outer membrane glycans, including TMM and TDM, via mycoloyltransferase activity (for incorporation
mechanism, see Scheme S1, Supporting Information).#”-°¢ Furthermore, we have demonstrated that trehalose
and TMM analogues do not modify canonical Gram-positive and Gram-negative bacteria, supporting their

specificity for mycobacteria.*%-%°
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Figure 1. (A) Trehalose mycolates are exposed at the surface of the mycobacterial cell envelope. (B) Tre-DNP
analogues are mycobacteria-specific ARMs developed in this study. (C) Tre-DNP-based ARM immune-targeting
strategy for mycobacteria.

Based on the above considerations, we designed DNP-modified trehalose (Tre-DNP) analogues 1-3 as LN



ARMs with ester-connected linkers of variable length (Figure 1B). The synthesis of the target Tre-DNP analogues
was accomplished by adapting Kulkarni’'s approach to the preparation of trehalose monoesters (Scheme 1).%
First, the N-hydroxysuccinimide ester of 2,4-dinitrobenzoic acid®” (DNP-OSu, 4) was conjugated to amino acids
of differing length, providing the appropriate DNP-modified carboxylic acids in 60-95% vyield (5-7). Compounds
5-7 were also utilized in metabolic incorporation experiments as control compounds lacking the trehalose
targeting group. Subsequently, intermediates 5-7 were used in the 6-O-monoesterification of trimethylsilyl
(TMS)-protected trehalose diol 8 in the presence of N,N'-dicyclohexylcarbodiimide (DCC) and 4-
dimethylaminopyridine (DMAP). Following desilylation with Dowex H* resin in methanol, the target compounds
(1-3) were obtained in 17-32% vyield over two steps, which is in line with previously reported syntheses of
trehalose monoesters.%%"%° We also developed an alternative synthesis of Tre-DNP analogues involving late-
stage installation of the DNP group onto a trehalose intermediate with an amine-functionalized linker, which
should provide improved versatility for accessing related ARMs in the future (Scheme S2, Supporting

Information).
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Scheme 1. Chemical synthesis of Tre-DNP analogues 1-3 and DNP-carboxylic acids 5-7.

Tre-DNP analogues specifically incorporate into the cell surface of mycobacteria. With the target
Tre-DNP analogues in hand, we evaluated their incorporation into mycobacterial cells. For this proof-of-concept
study, we utilized the fast-growing, non-pathogenic mycobacterial species M. smegmatis as a model organism.
To determine which linker length promoted the most efficient incorporation of DNP into the cell surface, wild-type
M. smegmatis mc?155 was incubated in compounds 1-3 at varying concentrations or left untreated, stained with

a commercial anti-DNP-keyhole limpet hemocyanin (KLH) antibody conjugated to Alexa Fluor 488, and analyzed



by flow cytometry. DNP-carboxylic acids 5—7 were tested in parallel as control compounds lacking the trehalose
targeting component. Each Tre-DNP analogue incorporated into M. smegmatis in a dose-dependent manner,
whereas no incorporation of the corresponding DNP-carboxylic acids was observed, suggesting that the
incorporation of Tre-DNPs 1-3 was specific and driven by trehalose metabolism (Figure 2A). Of the three Tre-
DNP compounds, Tre-DNP-C8 (3), with the longest linker, was incorporated and detected with the highest
efficiency. This could be a result of more efficient metabolic incorporation, improved accessibility of the surface-
displayed DNP to the anti-DNP antibody, or a combination thereof. The results were consistent with our previous
study on alkyne-containing trehalose analogues, which showed that an analogue containing a 7-carbon chain
was metabolically incorporated and detected by click chemistry more efficiently than compounds with 5- and 11-
carbon chains.*® An isotype control antibody did not bind to Tre-DNP-C8-labeled M. smegmatis, confirming the
specificity of the anti-DNP antibody fluorescence signal for surface-accessible DNP groups (Figure 2B). Imaging
of Tre-DNP-C8-labeled cells showed that fluorescence signal was localized to the bacterial surface and poles
(Figure 2C), which is consistent with the polar growth mode of mycobacteria and with published imaging

experiments employing trehalose-based probes.*%5°
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Figure 2. Tre-DNP analogues incorporate into the cell surface of M. smegmatis. Bacteria were incubated in Tre-
DNP or DNP-carboxylic acid at the indicated concentration (or left untreated) for 16 h, washed, stained with
fluorescent anti-DNP-KLH antibody (or isotype control for panel B), fixed, washed, and analyzed by (A and B)
flow cytometry and (C) fluorescence microscopy. Error bars in panels A and B denote the standard deviation of
three replicate experiments. Y-axes on plots in panels A and B are fold change in mean fluorescence intensity
versus control cells that were not treated with compound but were subjected to the antibody staining step. Scale
bars in panel C, 10 ym.



Given the initial results from the evaluation of compounds 1-3, Tre-DNP-C8 (3) was selected for further
evaluation. Tre-DNP-C8 did not impact the growth of M. smegmatis in 7H9 culture medium at concentrations up
to 1 mM, suggesting that efficient DNP incorporation could be achieved without impairment of normal
physiological functions (Figure S1, Supporting Information). Incorporation of Tre-DNP-C8 into M. smegmatis was
found to be time-dependent, with maximum signal observed following incubation of bacteria with compound for
4-16 h (one doubling time is approximately 4 h for M. smegmatis grown in a 96-well plate) (Figure 3A). Additional
experiments were performed to determine whether the incorporation of Tre-DNP-C8 was metabolically driven
and dependent on trehalose metabolism. Although live M. smegmaitis cells efficiently incorporated Tre-DNP-C8
into their cell surface, bacteria that were heat- or paraformaldehyde-killed did not incorporate the compound,
demonstrating that metabolic activity was required for incorporation (Figure 3B). Competition experiments
showed that Tre-DNP-C8 incorporation was diminished by the addition of exogenous native trehalose in a dose-
dependent manner (Figure 3C), which, along with lack of incorporation observed for the trehalose-deficient DNP-
carboxylic acids (Figure 2A), confirmed dependency of Tre-DNP-C8 incorporation on trehalose metabolism. Tre-
DNP-C8 incorporation into M. smegmatis was also diminished by treatment with the mycoloyltransferase inhibitor
ebselen (Figure 3D) and by partial knock-out of mycoloyltransferase activity (Figure 3E). These data are
consistent with the proposed route of extracellular mycoloyltransferase-mediated incorporation into cell-surface
glycolipids (Scheme S1, Supporting Information), but do not fully rule out other possible avenues of binding. It
was also found that Tre-DNP-C8 incorporated efficiently into mycomembrane-containing M. smegmatis and
Corynebacterium glutamicum but did not incorporate appreciably into Gram-negative Escherichia coli or Gram-
positive Bacillus subtilis (Figure 3F). Finally, it was confirmed that Tre-DNP-C8 did not incorporate directly into
mammalian THP-1 cells, supporting the notion that the trehalose targeting strategy would avoid modification of
host cells (Figure S2, Supporting Information). Together, our data demonstrate that Tre-DNP-C8 efficiently and
specifically installs DNP groups into cell surface glycolipids in M. smegmatis and other mycomembrane-

containing bacteria.
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Figure 3. Tre-DNP-C8 specifically incorporates into M. smegmatis via trehalose metabolism. (A) M.
smegmatis was incubated for 1-16 h with Tre-DNP-C8 at varying concentrations and times, or left untreated,
then cells were washed, stained with fluorescent anti-DNP-KLH antibody, washed, fixed, and analyzed by flow
cytometry. (B) Live, heat-killed, or paraformaldehyde-killed M. smegmatis were treated with Tre-DNP-C8 (250
MM), then processed and analyzed as in (A). (C) M. smegmatis was treated with Tre-DNP-C8 (250 uM) in varying
concentrations of competing exogenous native trehalose, then processed and analyzed as in (A). (D) M.
smegmatis was treated with Tre-DNP (250 pM) in the presence or absence of Ag85 inhibitor ebselen (100
pug/mL), then processed and analyzed as in (A). (E) M. smegmatis wild type or Ag85-deficient mutant
AMSMEG_6396-6399 were incubated with Tre-DNP-C8 (250 uM) or permeability control compound ethidium
bromide (EtBr, 5 ug/mL), then processed and analyzed as in (A). (F) M. smegmatis, C. glutamicum, B. subtilis,
or E. coli were treated with Tre-DNP-C8 (250 pM), then processed and analyzed as in (A). MFIl, mean
fluorescence intensity in arbitrary units (a.u.). Error bars denote the standard deviation of three replicate
experiments.

Tre-DNP-C8 enhances phagocytosis of mycobacteria. Based on the findings that Tre-DNP-C8

specifically incorporates into mycobacteria and recruits anti-DNP antibodies to the mycobacterial surface, we



next investigated whether opsonization by anti-DNP antibodies enhanced phagocytosis of GFP-expressing M.
smegmatis. For these experiments, we used unlabeled anti-DNP IgG as a source of opsonin, and we tested
whether the percentage of THP-1 cells that engulfed Tre-DNP-C8-modified M. smegmatis increased relative to
unmodified M. smegmatis. First, we confirmed that non-conjugated anti-DNP antibody bound to M. smegmatis
displaying Tre-DNP-C8 by using a fluorescent secondary antibody (anti-mouse IgG PE, Figure 4A). Next, using
adapted literature procedures,®-%" phorbol 12-myristate 13-acetate (PMA)-differentiated THP-1 cells were co-
cultured with Tre-DNP-C8-labeled, anti-DNP antibody-opsonized M. smegmatis, then harvested and fixed.
Antibody opsonization was performed before co-culture to minimize non-specific binding to THP-1 cells and flow
cytometry was used to measure the percentage of THP-1 cells that engulfed M. smegmatis (Figures 4B-C). On
average, 13.4% of THP-1 cells engulfed unmodified M. smegmatis, establishing a baseline level of phagocytosis.
Pre-incubation of anti-DNP antibodies with unmodified M. smegmatis did not increase engulfment whatsoever,
but Tre-DNP-C8 labeling without anti-DNP opsonization increased phagocytosis modestly to 17.8%. In contrast
to this modest increase resulting from Tre-DNP-C8 labeling, 30.0% of THP-1 cells engulfed opsonized, Tre-
DNP-C8-modified M. smegmatis. Given that there was little to no increase in the percentage of THP-1 cells that
engulfed non-opsonized or unmodified M. smegmatis, these data suggest that DNP modification and anti-DNP
antibody opsonization are necessary for enhanced uptake by THP-1 cells. These data demonstrate for the first
time that the ARM immune-targeting strategy can be extended to mycobacteria by leveraging mycobacteria-

specific trehalose—DNP conjugates.
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Figure 4. Tre-DNP-C8 enhances phagocytosis of M. smegmatis by THP-1 cells. (A) Anti-DNP antibody
binding to Tre-DNP-C8-labeled M. smegmatis. GFP-expressing M. smegmatis was cultured in the presence or
absence of Tre-DNP-C8 (250 uM), washed, stained with primary mouse anti-DNP IgG antibodies (1°) followed
by secondary PE-conjugated anti-mouse IgG antibodies (2°), and analyzed by flow cytometry. The Y-axis shows
the mean fluorescence intensity and error bars denote the standard deviation of three replicate experiments. (B-
C) Tre-DNP-C8-modified and -unmodified GFP-expressing M. smegmatis were treated with or without anti-DNP
antibody, then bacteria (1 x 108 CFU/mL) were co-cultured with PMA-differentiated THP-1 cells (1 x 10° cells/mL).
Phagocytosis was analyzed by flow cytometry (B) and calculated as: CD14*GFP* cells/total CD14"cells x 100%
(C). Error bars in (C) denote standard deviation of 4 independent experiments. Statistical analysis was conducted
using two-way ANOVA Sidak’s multiple comparison test (*** p < 0.001).

Conclusion

Given the enormous global health burden presented by mycobacterial diseases and the challenge in
treating these diseases with traditional chemotherapies, there is an urgent need to develop alternative treatment
strategies, such as immunotherapies. In this study, we developed a strategy to specifically engineer

mycobacterial surface glycans with the hapten DNP using trehalose as the targeting moiety, which was

demonstrated to augment the immune response to mycobacteria, specifically enhancement of phagocytosis.
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Our work extends prior studies that exploited trehalose conjugation to deliver therapeutic cargo to mycobacteria,
including drug-loaded nanoparticles and photosensitizers,**¢? thus further validating this approach to targeting
mycobacteria. Having now established proof-of-concept for the first ARM-based immune targeting strategy for
mycobacteria, we envision several future directions. As the current work focused on the avirulent model organism
M. smegmatis, we aim to evaluate Tre-DNP ARMSs for their ability to enhance phagocytosis and killing of
pathogenic mycobacteria, including NTM species and M. tuberculosis. Antibody-mediated signaling can restrict
the growth of intracellular pathogens,?*?° but outcomes associated with antibody-mediated phagocytosis of
mycobacteria have been variable.'® Using DNP as the surface antigen may help to overcome issues related to
antigenic determinants and immune evasion, and, furthermore, will enable us to quantify how antibodies affect
macrophage intracellular killing, cytokine production, and their polarization state.?® With respect to improving the
ARM strategy, we plan to optimize the efficiency of DNP surface display for different mycobacterial organisms
by tuning the trehalose conjugate linker type and length (including linkers designed for improved metabolic
stability), which we have previously shown can impact incorporation efficiency and mechanism.*®* Furthermore,
we will explore ARM delivery to mycobacteria using two-step bioorthogonal approaches, such as strain-promoted
azide—alkyne cycloaddition® or tetrazine ligation® employing our reported azide- and trans-cyclooctene-modified
trehalose derivatives, respectively.*>** Another area of future investigation is to consider the potential effect of
surface modification on native glycolipid-dependent immunoactivity, although it is noted that only a fraction of
the native surface glycolipids are replaced with DNP-modified forms in this strategy. In addition to the continued
development and investigation of our mycobacteria-specific ARM strategy and evaluating its future potential as
an immunotherapy against pathogens, we envision that it will be useful as a tool for investigating host—pathogen
interactions, namely helping to elucidate the roles of antibodies in the immune response to mycobacterial

infections.

Methods

Bacterial strains and growth conditions. The bacterial strains used in this work included M. smegmatis
mc?155 wild type, M. smegmatis AMSMEG_6396-6399,% C. glutamicum 534, Escherichia coli K12 MG1655,
and Bacillus subtilis 168. M. smegmatis strains were cultured in Middlebrook 7H9 liquid medium supplemented

with ADC (albumin, dextrose, and catalase), 0.5% glycerol, and 0.05% Tween-80. C. glutamicum, E. coli, and
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B. subtilis were cultured in LB liquid medium. All bacteria were cultured at 37 °C, except C. glutamicum, which
was cultured at 30 °C.

Tre-DNP incorporation experiments. Bacterial starter culture was generated by inoculating a single
colony from a freshly streaked LB or 7H10 agar plate into 3 mL liquid 7H9 medium in a culture tube. The starter
culture was incubated at 37 °C (or 30 °C for C. glutamicum) with shaking until reaching mid-logarithmic phase
and then diluted with liquid medium to the desired density for initiating experiments. Evaluation of Tre-DNP
incorporation and growth effects was performed in triplicate in sterile flat-bottom 96-well plates. First, starter
culture was diluted with 7H9 liquid medium to a final optical density at 600 nm (ODsgo) of 0.2. Cells were mixed
with DNP-carboxylic acid or Tre-DNP stock solutions (both prepared in H,O), or 7H9 medium for untreated
controls, to achieve the desired compound concentration (0—1 mM) and a final volume of 200 pL. The plate was
incubated at 37 °C with shaking in a microplate reader (Tecan Infinite F200 or M200 PRO operated by Tecan
iControl software) for 1-16 h. In growth evaluation experiments, absorbance at 600 nm (ODsoo) was measured
periodically to construct growth curves. Following the Tre-DNP incubation step, well contents were transferred
to a v-bottom 96-well plate and the cells were centrifuged (3,200 xg, 5 min, room temperature) and washed with
1x phosphate-buffered saline containing 0.5% BSA (PBS-B) three times. To each well, 1 uL of 2 mg/mL anti-
dinitrophenyl-KLH Alexa Flour 488 conjugate (or 1 pyL of 100 ug/mL IgG isotype control, Alexa Fluor 488
conjugate) was added, and the plate was left for 60 min in the dark without being disturbed. Cells were then fixed
in 4% paraformaldehyde in PBS (180 uL) for 20 min at room temperature. Fixed cells were centrifuged and
washed with PBS-B three times as described above, re-suspended in 100 pyL of PBS, then analyzed by flow
cytometry and/or fluorescence microscopy as described in the supplementary methods.

The same general procedure described above was used for all Tre-DNP incorporation experiments with
the following modifications. For the heat-kill control experiment, M. smegmatis cells were heat-killed by heating
at 95 °C for 30 min prior to the Tre-DNP incorporation procedure. For the paraformaldehyde fixation control
experiment, M. smegmatis cells were fixed by treatment with 4% paraformaldehyde in PBS (180 pL) for 20 min
at room temperature prior to the Tre-DNP incorporation procedure. For the trehalose competition experiment,
M. smegmatis cells were co-treated with Tre-DNP analogue and varying concentrations of trehalose (0-250 mM)
during the incubation step, followed by processing as described above. For the ebselen inhibition experiment,

M. smegmatis cells were incubated for 3 h with and without ebselen (100 pg/mL), followed by treatment with Tre-
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DNP-C8 Treatment and processing as described above. For the mycoloyltransferase mutant experiment, M.
smegmatis wild type (WT) and M. smegmatis mutant, AMSMEG_6396-6399 were treated with Tre-DNP-8C,
ethidium bromide (EtBr, permeability control compound, 5 ug/mL), or left untreated and processed as described
above. Cells were analyzed by flow cytometry and/or fluorescence microscopy as described in the Supporting
Information.

Opsonization with unlabeled anti-DNP antibodies. To opsonize unmodified and Tre-DNP-C8-labeled
M. smegmatis, 2 x 106 CFU/mL of bacteria were incubated with 1 ug/100 pL of monoclonal mouse anti-DNP IgG
(Millipore) for 1 h at 37 °C. To confirm opsonization, bacteria were washed three times with PBS-B and stained
with 0.2 ug/100 pL anti-mouse IgG-PE for 30 min at 37 °C in the dark. Cells were washed three times with PBS-
B, fixed, and analyzed by flow cytometry.

Phagocytosis of M. smegmatis. THP-1 cells were purchased from ATCC. Cells were maintained
between 2 x 10° and 10 x 10° cells/ml in RPMI 1640 (Gibco) supplemented with 10% heat-inactivated fetal bovine
serum, 0.05 mM 2-mercaptoethanol, 1% penicillin/streptomycin and incubated at 37 °C and in 5% CO.. Cells
were used between passage numbers 5 and 20. THP-1 cells were seeded in complete media at 1x108 cells/mL
into 12-well treated tissue culture plates and differentiated with 100 nM phorbol 12-myristate 13-acetate (PMA)
in complete media for 16 h in 5% CO, at 37 °C. Media was replaced, and cells were allowed to rest for 48 h.
GFP-expressing M. smegmatis were either left alone or modified with Tre-DNP-C8, and then subjected to mock
treatment or antibody opsonization with anti-DNP IgG, as described above. Bacteria were washed, resuspended
in phagocytosis buffer (5 mM CacCl, in RPMI), and co-cultured with THP-1 cells at a multiplicity of infection of
infection of 1:1. To synchronize phagocytosis, cells were centrifuged at 1,600 rpm for 5 min at 4 °C, and allowed
to incubate for 1 h. Subsequently, cells were washed three times with 1 mL RPMI and harvested by trypsinization.
Cells were washed in FACS buffer (1% BSA in PBS), stained with 5 uL of anti-human CD14-APC (BioLegend)
per million cells for 20 mins and washed. After the third wash, cells were treated with 45 pg/mL of bromophenol
blue in FACS to quench fluorescence of extracellular bacteria. Cells were again washed three times,
resuspended in 200 uL of PBS and flow cytometry was conducted immediately to determine percentage

phagocytosis.

The Supporting Information contains supplementary figures, methods, and NMR spectra. This material is
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available free of charge via the internet at http://pubs.acs.org.
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