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SUMMARY

Mycobacterium abscessus (Mab) is an increasingly recognized pulmonary pathogen. How
Mab is internalized by macrophages and establishes infection remains unknown. Here, we
show that Mab uptake is significantly reduced in macrophages pre-incubated with neutralizing
anti-CD81 antibodies or in cells in which the large extracellular loop (LEL) of CD81 has been
deleted. Saturation of Mab with either soluble GST-CD81-LEL or CD81-LEL-derived
peptides also diminished internalization of the bacilli. The mycobacterial alkyl hydroperoxide
reductase C (AhpC) was unveiled as a major interactant of CD81-LEL. Pre-exposure of
macrophages with soluble AhpC inhibited mycobacterial uptake whereas overexpression of
AhpC in Mab enhanced its internalization. Importantly, pre-incubation of macrophages with
anti-CD81-LEL antibodies inhibited phagocytosis of AhpCcoated beads, indicating that AhpC
Is a direct interactant of CD81-LEL. Conditional depletion of AhpC in Mab correlated with
decreased internalization of Mab. These compelling data unravel a previously unexplored role
for CD81/ AhpC to promote uptake of pathogenic mycobacteria by host cells.

INTRODUCTION

Non-tuberculous mycobacteria (NTM) are widely distributed in water pipes and soil
environment.1 They are acquired through the environment and can also be transmitted by
aerosolization and subsequent inhalation from one person to another, particularly in
immunocompromised individuals or in cystic fibrosis patients. 2 NTM lung disease is
becoming more common and accounts for the majority of clinical cases of NTM infection.3
Despite that NTM infection can affect practically every organ, pulmonary infection remains
the most common clinical manifestation.4 NTM are split into two groups based on their
growth rate: fast growing and slow-growing.5 Among these, M. abscessus (Mab) represents
the most virulent fast-growing species, responsible for pulmonary and extra-pulmonary
infections, primarily skin infections, and is commonly associated with nosocomial
infections.6 Mab can infect, survive, and replicate in a variety of cell types.7 Endothelial
epithelial cells, fibroblasts, antigen-presenting cells such as macrophages, dendritic cells, and
neutrophils have been identified as potential Mab host cells.8-14 Mab is found in
macrophages where it manages to multiply, in contrast to other fast-growing NTM or non-
pathogenic species, which are naturally cleared by macrophages.15-17 The infection process
begins when bacterial products, known as pathogen-associated molecular patterns (PAMP),
engage with pattern recognition receptor (PRR), such as Toll-like receptors (TLR) or C-type
lectins present in the plasma membrane.18 PAMP binding activates either permissive or
restrictive signaling pathways, which is followed by phagocytosis.19 Phagocytosis of
mycobacteria usually results in the formation of phagosomes, which mature and eventually
fuse with lysosomes to form phagolysosomes, where microbial destruction occurs.20 Mab not
only survives, but also replicates within macrophages, limiting phagosome maturation and, as
a result, lysosome fusion.15,21 Thus, understanding the interactions between the host and the
pathogen is crucial for the development of host-directed treatments that can prevent bacterial



uptake. However, PRR that contribute to the early interaction between Mab and the
macrophage are poorly characterized.
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Figure 1. Internalization of Mab by macrophages requires tetraspanin CD81

(A and B) Uptake of Mab is reduced in THP-1 macrophages (A) and primary human macrophages (B) pre-
treated with neutralizing antibodies raised against CD43, MR, CR3 or CD81. Macrophages were lysed with 1%
Triton X-100 and then successive dilutions of the different suspensions were prepared and plated on LB agar
before CFU counting. Data are mean values GSD for six (A) or four (B) independent experiments, each time in
triplicate (A) or quadruplicate (B), n = 18 (A) or 16 (B). One-tailed Tukey’s test: ns, non-significant > 0.05,
****p < 0.0001. (C) Blocking CD43 or MR or CR3 or CD81 receptors with neutralizing antibodies significantly
reduces the percentage of Mab-infected THP-1 macrophages. Quantification of the percentage of host cells
containing bacilli was performed using an epifluorescence microscope. Images were acquired focusing on the
combined signals (CD43 in green and Mab in red) and scoring for the presence or absence of bacilli in
macrophages using ImageJ. Data are mean values GSD for four independent experiments (n = 80 fields). One-
tailed Tukey’s test: ns, non-significant > 0.05, ***p < 0.001. (D) Percentage of Mab-infected THP-1 macrophage
categories after pre-treatment with neutralizing antibodies raised against CD151 or CD81. The images illustrate a
macrophage < 5 bacilli, 5 to 10 bacilli or > 10 bacilli (upper right). The nuclei were stained with DAPI (blue)
and the surface of macrophages was stained with anti-CD43 antibodies (green). Values are means G SD for three
independent experiments performed each time in triplicate (n = 900 infected macrophages). One-tailed non-
paired t-test: ns, non-significant > 0.05, ***p < 0.001. (E) Five immunofluorescent fields were taken at 3 h post-
infection using a confocal microscope (403 magnification), showing the macrophages infected with the Mab (in
red) following pre-treatment with indicated antibodies. The nuclei are in blue and the CD43 protein associated
with the plasma membrane of macrophages is in green. White arrows indicate Mab inside the cells.



Tetraspanins belong to a superfamily of glycoproteins, which span the membrane four times
and possess a small (SEL) and a large extracellular loop (LEL).22 These proteins display a
wide panel of cellular functions (adhesion, motility, and fusion) and are related to infection by
a variety of human pathogens, including viruses, parasites and bacteria.22 Humans possess 33
tetraspanins, with most cells expressing simultaneously multiple members of this family of
proteins.23 The LEL domains show the largest sequence diversity and are involved in
member-specific functions.24 In addition, LEL domains can be recombinantly produced with
a conserved biological activity. Tetraspanin actions are based on their capacity to connect
with other molecules present in the membrane, generating functional assemblies known as
tetraspanin-enriched microdomains (TEM).25 There is mounting evidence that viruses,
parasites, and bacteria can bind to and infiltrate host cells using various tetraspanins.22 CD81
is a hepatitis C virus receptor26 that can also influence HIV-1 membrane fusion and viral
clustering at the viral synapse.27 It is also necessary for the infection of hepatocytes by
Plasmodium.28 Following infection of epithelial cells by Listeria, CD81 is attracted to the site
of bacterial entrance.29 However, a possible CD81-dependent mechanism underlying
mycobacterial entrance into macrophages or lung epithelial cells remains yet to be
established.

The goal of this study consisted to stimulate the discovery of a hitherto unknown ligand-
receptor interaction that mediates Mab infection in macrophages and lung epithelial cells. We
evaluated whether CD81 may represent a PRR that favors the internalization of Mab inside
human macrophages and lung epithelial cells. The combination of biochemical and mass
spectrometry techniques led to the identification of AhpC as a strong mycobacterial candidate
acting as a CD81-specific PAMP. Subsequent genetic studies and cellular biology approaches
were conducted to confirm and validate the importance of the CD81/AhpC interaction in
promoting the recognition and internalization of Mab by macrophages.

RESULTS

CD81 is required for invasion of macrophages by Mab

Tetraspanin CD81 is expressed on the host cell surface and is identified as a receptor for the
hepatitis C virus (HCV) E2 envelope glycoprotein.26 In addition, Plasmodium yoelii and
Plasmodium falciparum sporozoites utilize a specific CD81-dependent pathway to enter
hepatocytes.28 We, thus, addressed whether CD81 is involved in M. abscessus (Mab) uptake,
subsequently leading to macrophage infection. The requirement of CD81 for the
internalization of Mab by macrophages was suggested using neutralizing monoclonal
antibodies specifically directed against CD81-LEL (Figure 1A). Results show that pre-
treatment of human THP-1 cells with the antibodies before Mab infection effectively inhibited
bacilli invasion of macrophages and significantly reduced the intracellular bacterial burden.
As negative controls, 1gG1 isotype or monoclonal antibodies raised against tetraspanins CD82
and CD151, had no impact on Mab uptake by macrophages (Figure 1A). Unexpectedly,
neutralization of CD81 reduced Mab invasion to the same extent than neutralization of CD43,
mannose receptor (MR) and complement receptor 3 (CR3) (Figure 1A), known as major PRR
participating in the invasion of Mycobacterium tuberculosis.30-34 Similar results were
obtained when assaying primary human monocyte-derived macrophages (MDM) (Figure 1B).



In parallel, quantification of infected macrophages revealed a marked reduction in the
percentage of Mab-containing cells when pre-treated with anti-CD43, MR, CR3, and CD81
antibodies (Figures 1C, 1E, and S1). This was not observed in THP-1 cells either pre-
incubated with the IgG1 isotype control, anti-CD82 or anti-CD151 antibodies (Figures 1C and
1E). To further assess the consequences of this invasion defect, infected macrophages were
classified into three categories at 3 hours post-infection (hpi) based on their bacterial content:
weakly infected (<5 bacilli/cell), moderately infected (5-10 bacilli/cell), and heavily infected
(>10 bacilli/cell) (Figure 1D). The results indicate that blocking CD81, but not CD151,
profoundly increased the proportion of the weakly infected category while reducing the
percentage of heavily infected cells (Figures 1D and 1E). Together, this suggests that CD81 is
involved in Mab uptake by macrophages.

Peptide competition with CD81-LEL reduces mycobacterial entry into macrophages

To assess whether CD81 acts as a macrophage receptor for the bacilli through its LEL
domain, soluble GST-tagged CD81-LEL fusion protein (GST-CD81-LEL) produced in
Escherichia coli was used in competition assays with Mab in THP-1 cells. CD151-LEL was
also produced and included as a control. Bacteria were pre-incubated with the two GST-LEL
proteins (Figure S2A), separately for 3 h at 37°C before infection. In contrast to GST-CD151-
LEL, pre-incubation with GST-CD81-LEL significantly reduced both the intracellular
bacterial burden (Figure 2A) and the percentage of Mab-infected THP-1 cells (Figures 2B,
2D, and S2B), relative to the GST control. A marked increase in the proportion of the low-
infected macrophage category was also observed when bacilli were pre-incubated with GST-
CDB81-LEL, but not with GST-CD151-LEL or GST alone (Figures 2C and 2D). This
inhibitory effect on bacterial entry was also dose-dependent, supporting both a qualitative and
quantitative effect of the fusion protein-mediated competition (Figures 2A and 2B).

Next, two short peptides (810 and 910) exposed and located between the 3 cysteine residues
(Cys157, Cys175 and Cys190) found in CD81-LEL (Figures S3A and S3B) were synthesized
in their linear (SH) or cyclic (SS) forms and tested for their activity to influence Mab uptake
by THP-1 cells. A scrambled peptide (SCR), consisting of the same amino acids in random
order, was included as an internal control. Mab were pre-incubated with different
concentrations of peptides, ranging from 50 mM to 100 mM. Significant reductions in
bacterial uptake were observed with both the 810 and 910-derived peptides (Figures 2E, 2F,
and S3C). These results indicate that both the linear and cyclic forms of peptide 910 are
equally effective and act at lower concentrations than peptide 810 to block mycobacterial
internalization. As anticipated, bacteria pre-treated with the SCR peptide showed no reduction
in their ability to invade the macrophages (Figures 2E and S3C). Collectively, these data
establish the importance of the LEL short loops formed between the disulfide bridges in the
interaction with the bacterial ligand(s) and required for the internalization process.
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Figure 2. Recombinant GST-CD81-LEL or CD81-LEL derived peptides reduce Mab

internalization by macrophages
(A) Uptake of Mab is reduced in THP-1 macrophages pre-treated with recombinant GST-CD81-LEL at different
concentrations (2, 8 and 16 mg/mL). Macrophages were lysed with 1% Triton X-100 and serial dilutions were
plated before CFU counting. Data are mean values GSD for four independent experiments (each time in
triplicate) (n = 12). One-tailed Tukey’s test: ns, non-significant > 0.05, ***p < 0.001, ****p < 0.0001. (B) Pre-
incubation of Mab with different concentrations of recombinant GST-CD81-LEL (2, 8 and 16 mg/mL)
significantly reduces the bacterial uptake and percentage of infected macrophages. Quantification of the
percentage of cells containing bacilli was performed as in Figure 1C. Data are mean values GSD for six
independent experiments (n = 120 fields). One-tailed Tukey’s test: ns, non-significant > 0.05, **p < 0.01, ****p
< 0.0001. (C) Percentage of macrophage categories after pre-treatment with recombinant GST-CD81-LEL at 16
mg/mL. The number of bacilli/macrophage drops when bacilli were pre-incubated with CD81-LEL. Values are
means G SD for three independent experiments performed each time in triplicate (n = 900 infected
macrophages).One-tailed non-paired t test: ns, non-significant > 0.05, ***p < 0.001. (D) Two
immunofluorescent fields taken at 3 h post-infection using a confocal microscope (403 magnification), showing
the macrophages infected with Mab (in red) after pre-treatment with GST-CD81-LEL. The nuclei are shown in
blue, the CDA43 protein associated with the plasma membrane of macrophages is in green. White arrows indicate
Mab inside the macrophage. (E) Uptake of Mab is reduced in macrophages when bacilli were pre-treated with
CDB81-LEL-derived peptides (810 and 910) either in a linear form (reduced SH) or in a cyclic form (oxidized SS)
at 50 or 100 mM. A scrambled (SCR) peptide in its reduced and oxidized form is used as negative control. To
determine the number of internalized with 1% Triton X-100 and lysates were plated on LB agar before CFU



counting. Data are mean values GSD for four independent experiments performed each time in triplicate (n =
12). One-tailed Tukey’s test: ns, non-significant >0.05, *p < 0.1, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(F) Four immunofluorescent fields taken at 3 h post-infection using a confocal microscope (403 magnification),
showing the macrophages infected with Mab (in red) after pre-treatment with CD81-LEL-derived or SCR
peptides. The nuclei are shown in blue, the CD43 protein associated with the plasma membrane of macrophages
is in green. White arrows indicate Mab inside the cells.

Deletion of the CD81-LEL reduces bacterial internalization in lung epithelial cells

To confirm the role of CD81-LEL in Mab internalization, CRISPR/Cas9-mediated genome
editing was applied to A549 lung epithelial cells, yielding to A549-CD81-LEL-KO cells. A
guide RNA targeting the exon 4 of Cd81 gene just upstream of the LEL coding DNA region
was designed. Guide RNA (sgRNA) sequence targeting Cd81 was designed and cloned into
the LentiGuide-Puro (Figure S4A).35 Viral particles generated in HEK293T cells were used
to knock-out the LEL of Cd81 genes specifically in A549 cells by lentiviral transduction and
single-cell cloning (Figure S4A). A549-CD81-LEL-KO cells were further sorted by flow
cytometry and isolated into a single cell by limiting dilution. One single clone was expanded
and selected for further analysis. Specific introduction of indels at the sgRNA cut side in
A549 cells was validated by PCR and complete sequencing of Cd81 open reading frame
(Figure S4B). Cloning of the PCR products obtained from the cDNA prepared from clone
A549-CD81-LEL-KO cells into the TOPO vector, followed by sequencing, revealed the
existence of two different deletions, presumably representing two different genomic repairs
occurring at the 2 Cd81 alleles (Figure S4B). The first one exhibited a 5-bp deletion in the
translated region of Cd81 gene, which would generate a chimeric and short protein lacking
LEL (Figures S4B and S4C), whereas the second one revealed a 20-bp deletion that also
generated a chimeric and truncated protein lacking the LEL (Figures S4B, and S4C). Flow
cytometry and immunofluorescence analyses using anti-CD81-LEL antibodies confirmed the
absence of CD81-LEL expression at the cell surface as well as intracellularly, when compared
with the unedited controls (Figures 3A and 3B). No defect in the expression levels of
tetraspanins CD9 and CD63 were observed in A549-CD81-LEL-KO as compared to A549-
WT cells (Figures 3A and 3B). Expression of the truncated CD81 protein was confirmed by
sequencing analysis. Overall, this underscores the successful and specific deletion of CD81-
LEL in the A549-CD81-LELKO cells. Importantly, infection of A549-CD81-LEL-KO cells
showed a significant decrease in the number of internalized Mab as compared to WT A549
cells (Figures 3C and 3E). Quantitative analysis revealed also a marked reduction in the
percentage of Mab-containing cells in the absence of CD81-LEL (Figures 3D and 3E). These
results are fully consistent with those from the pre-treatment experiments using either
neutralizing anti-CD81 antibodies or recombinant GST-LEL fusion proteins (Figures 1 and
2). They demonstrate that surface-associated CD81 plays a crucial role in internalization of
Mab by macrophages and lung epithelial cells in a CD81-LEL-dependent manner.



A =3 Surface staining B
- | "‘I.\..
[l b
B 44 T, cpsi|[S
=2 ¢ r’ N " 4
< 21 TN cD9| IR
S ol CDE3| |-
d < .
o~ LUy
L e 4 uae R~ e T
10° 10* 107 10° 10°
Fluorescence intensity
gl — Intracellular staining
ol ‘,'w“. F
z=s o] " MK cosi||3
> ] N -y
< B M «.CD9||=
8 cbe3|[=
3 ¥ :
=
o~
[~} N S— -
10° 10¢ 10° . 10° 10
Fluorescence intensity
"ee
c g - 2. 100
6.2 S04 *
2 & . 2 80 »
w
P SR S < 70]
E 58 ~ —o T 60
<56 o 8 50]
et ! = 40
£ 54 LRl & < 304
- - ° ?
rd 2 20
O 52 )
104 Y
5 v r 0 v v
A549-WT  A549-CD81-LEL-KO AS549-WT  A549-CD81-LEL-KO
E

IMabiDAPI

Figure 3. Deletion of CD81-LEL in lung epithelial cells reduces internalization of bacilli
and intracellular bacterial loads

(A) A549-WT or A549-CD81-LEL-KO cells were harvested and fixed in 2% paraformaldehyde before washing
and incubated with indicated primary antibodies, followed by staining with Alexa Fluor 647-coupled secondary
antibodies in non-permeabilizing (surface staining) or permeabilizing (intracellular staining) buffer. Cells were
then washed and processed through a Novocyte ACEA cytometer. Surface staining (upper inset) and intracellular
staining (lower inset) are represented as histogram overlays for each tetraspanin expression in both cell types
(CD81 in blue; CD9 in red; CD63 in green). The staining control was done with incubation of secondary
antibodies alone (gray curves). (B) Localization of tetraspanins CD9 and CD81 (green staining) in A549 WT
cells and in A549-CD81-LEL-KO cells. Because these antibodies are directed against the LEL, no CD81 signal
is detected in A549-CD81-LEL-KO cells. (C) Impact of CD81-LEL disruption in A549 cells on the
internalization of Mab. CFUs were determined at 3 h post-infection, as described previously. Data are the means
GSD values for four independent experiments performed in quadruplicate (n = 16). One-tailed Tukey’s test: ns,
non-significant > 0.05; ****p < 0.0001. (D) Deletion of CD81-LEL significantly diminishes the uptake of Mab
and the percentage of infected A549 cells. Quantification of the percentage of host cells containing bacilli was



performed as in Figure 1C. Data are mean values GSD for eight independent experiments (n = 160 fields). One-
tailed Tukey’s test: ns, non-significant > 0.05, ****p < 0.0001. (E) Immunofluorescence confocal microscopy
fields showing A549 WT, or A549-CD81-LEL-KO cells infected with red fluorescent mycobacteria (white
arrows). The cell surface is stained using anti-CD81 antibodies (green) whereas the nuclei are stained with DAPI
(blue).

Identification of CD81 ligands in M. abscessus

The mycobacterial protein partners possibly interacting with CD81 are not known. To
uncover putative ligands in Mab, a GFP-Trap pull-down approach was developed using anti-
GFP nanobodies on lysates derived from mycobacteria expressing either GFP or CD81-LEL-
GFP (Figures S5A and S5B) followed by mass spectrometry analyses to identify the immuno-
precipitated proteins (Figure S5C). After several washes, one-fifth of each eluate was
subjected to SDS-PAGE and silver staining (Figure S5D). Although a few proteins were
bound to GFP- or to CD81-LEL-GFP-coated beads, the samples showed very different
profiles (Figure S5D). Mass spectrometry analysis on selected proteins which were not
present in the control eluate yielded at least five unique peptides (Figure S5E). Among these,
a heat shock protein (Hsp16.7), an antioxidant enzyme (AhpC), and two hypothetical proteins
(MAB_3498c and MAB_1957) (Figure S5E). This suggests that these potential
uncharacterized protein partners may participate in the interaction between Mab and CD8L1.
We then focused on AhpC (encoded by MAB_4408c), detected with the most unique peptides
by mass spectrometry (11 versus 5 for the other candidates) and whose orthologue in M.
tuberculosis is an alkyl hydroperoxide reductase playing a specific role in antioxidant
defenses.36 Subsequent validation was based on a reverse HA-Trap pull-down approach.
First, a Mab strain expressing AhpC-HA under the control of the hsp60 promoter was
generated and expression was checked by western blotting using anti-HA antibodies (Figure
4A). Second, bacterial lysates from the strain expressing AhpCHA were mixed with lysates
from Mab strains expressing either GFP or CD81-LEL-GFP to form two total bacterial
lysates, designated TBL-I and TBL-II, respectively, and incubated with beads coupled to anti
HA antibodies (Figure S6). HA-Trap pull-down and subsequent western blotting using anti-
GFP or anti-HA antibodies revealed the presence of CD81-LEL-GFP, GFP or AhpC-HA in
the eluted fractions (Figure 4B). Importantly, a single band with the appropriate size of CD81-
LEL-GFP was specifically pulled down with AhpC-HA but not with GFP alone or with Fmt-
HA (a fatty acid methyltransferase from Mab), both used as negative controls (Figures 4B and
4C). This confirms the specific interaction between AhpC and CD81-LEL-GFP.

To determine whether AhpC is located in the cell wall fraction where it could exert its role as
a surface adhesin to interact with CD81, sequential centrifugation/ultracentrifugation steps of
total lysates from the AhpC-HA-overexpressing strain led to several fractions enriched for
cell wall (CW), plasma membrane (PM) or cytosol (Cyt) proteins. SDS-PAGE followed by
immunoblotting using anti-HA antibodies revealed a strong signal at 25 kDa in all fractions,
in agreement with the predicted molecular weight of AhpC-HA (Figure 4D). To exclude the
possibility of contaminating cytosolic proteins in the CW and PM fractions, membranes were
probed with anti-His antibodies to detect the cytosolicGroEL1 protein (Figure 4D). These
results support the view that AhpC is a cell wall-associated protein, thus ideally exposed to
interact with CD81 (Figure 4D).
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Figure 4. AhpC interacts specifically with CD81-LEL

(A)Overexpression of AhpC-HA in Mab. The ahpC (MAB_4408c) gene was fused to HA and expressed under
the control of hsp60 promoter (see also Table S1). Upper panel: Western blotting of AhpC overexpression in
Mab using anti-HA antibodies. Lower panel: The KasA protein (probed with anti-KasA antibodies) was used as
a loading control. (B) Interaction of CD81-LEL-GFP with Mab AhpC. Co-immunoprecipitation of the complex
CDB81-LEL-GFP/AhpC-HA was carried out with anti-HA antibodies from Mab extracts. Immunoprecipitates
from control (Mab co-expressing GFP and AhpC-HA, lane 3) or from Mab co-producing CD81-LEL-GFP and
AhpC-HA (lane 4) were eluted and immunoblotted using either anti-HA (upper blot) or anti-GFP (lower blot)
antibodies. Lanes 1 and 2 allow to detect AhpC-HA or GFP or CD81- LEL-GFP proteins in the TBL | and TBL
Il bacterial soluble extracts before proceeding to the immunoprecipitation experiments using beads coated with
anti-HA antibodies. LC: immunoglobulin light chain; HC: immunoglobulin heavy chain.

(C) The Fatty acid methyltransferase (Fmt) from Mab does not interact with CD81-LEL-GFP. The experiments
were conducted as indicated in (B) by replacing AhpC-HA by Fmt-HA in the assay. (D) Immunoblotting
showing the localization of AhpC in different fractions: total lysate (TL), cell wall (CW), plasma membrane
(PM), and cytosol (Cyt). The cytosolic marker GroEL1 was included as a control.



AhpC promotes Mab uptake by macrophages via CD81

Mab AhpC and Hsp16.7, both identified by mass spectrometry (Figure S5E), were produced
and purified as recombinant AhpC-63His and Hsp16.7-63His proteins from E. coli (Figures
S7A and S7B). Fluorescent latex beads (1 mm diameter) were coated with either AhpC-
63His, Hspl6.7-63His or BSA. The efficacy of coating was confirmed by SDS-
PAGE/western blotting (Figures S7C and S7D) and by immunofluorescence using anti-His or
anti-BSA antibodies (Figures 5A, 5B, and S7E). The effect of protein coating on beads uptake
was next assessed by incubating THP-1 macrophages with the different fluorescein-labeled
latex beads. Quantification of the percentage of bead-containing cells clearly demonstrated
that macrophages internalized significantly more AhpC-coated beads (5- to 10-fold) than
Hspl16.7-, or BSA-coated beads (Figures 5C and 5E). Strikingly, the uptake of AhpC-beads
was inhibited by pre-treating macrophages with anti-CD81 antibodies but not in the presence
of the 1gG1 control isotype (Figures 5D and 5E). This validates the physical interaction
between AhpC and CD81 to favor the internalization of the beads by macrophages. High-
resolution confocal imaging also highlighted the intracellular localization of the counted
beads (Figure 5E). Collectively, these findings show that mycobacterial AhpC acts as a ligand
for the host CD81 and that internalization of whole bacteria by host cells is dependent on the
AhpC/CD81 pair.

Overexpression of ahpC enhances AhpC-mediated cell entry

Whether overproduction of AhpC interferes with bacterial invasion was tested by
overexpressing ahpC (as well as hsp16.7) in Mab. For this purpose, the episomal pMV261
carrying either hsp16.7 or ahpC fused to an HA-tag under the control of the hsp60 promoter
was introduced into Mab and the invasion rates of Mab WT, Mab_hspl6.7_ OV or
Mab_ahpC_OV were compared. As shown in Figure 6A, the internalization of Mab-S
ahpC_OV was 2-fold higher than internalization of Mab_WT or Mab_hspl6.7_OV,
suggesting that AhpC is acting as a mycobacterial adhesin. To further assess the impact of
AhpC on infection, THP-1 cells were pre-incubated with recombinant AhpC-His before
macrophage infection with whole bacteria. Pre-treatment with 2 mg AhpC-His partially
blocked internalization of the Mab_WT and reduced infectivity by 30% as compared to
untreated cells or to cells pre-incubated with recombinant Hsp16.7-His (Figures 6B and 6C).

To validate the role of CD8L1 in interacting with AhpC on whole bacteria, we investigated the
ability of Mab_WT and Mab_ahpC_OV strains to invade A549-WT and A549-CD81-LEL-
KO cells. CFU determination indicates that although overproduction of AhpC in ahpC-OV
enhances Mab internalization by A549 cells (confirming the results obtained in macrophages),
the uptake of Mab_ahpC-QOV is significantly reduced in A549-CD81-LEL-KO cells as
compared to the uptake of Mab_WT in these cells (Figure 6D). This emphasizes the
requirement of CD81 for optimal internalization of the AhpC-overproducing strain. Overall,
these results indicate that whereas overproduction of AhpC facilitates Mab internalization,
pre-incubation of cells with soluble AhpC inhibits the internalization process, thus indicating
that AhpC behaves like a canonical adhesin.
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Figure 5. AhpC interacts directly with CD81 and promotes internalization of
fluorescein-tagged latex beads

(A and B) Protein coating of fluorescein-tagged latex beads with recombinant Mab Hsp16.7-His or AhpC-His.
Labeling of Hsp16.7-His or AhpC-His proteins (red) at the surface of fluorescein tagged latex beads (green) was
detected using mouse anti-His antibodies and Alexa Fluor 594 conjugated goat anti-mouse secondary antibodies.
(C) Ingestion of beads by THP-1 macrophages for 4 h is optimal when coated with AhpC. Data are mean values
GSD for three independent experiments (each time in octuplicate) (n = 240 fields). One-tailed Tukey’s test: ns,
nonsignificant > 0.05, ****p < 0.0001. (D) Blocking CD81 with neutralizing antibodies drastically reduces the
uptake of AhpC-coated beads. Data are mean values GSD for four independent experiments (each time in
quadruplicate) (n = 160 fields). One-tailed Tukey’s test: ns, non-significant > 0.05, ****p < 0.0001. (E)
Representative fluorescent images showing either the efficiency of internalization and impact of neutralizing
anti-CD81 antibodies on the internalization of AhpC-coupled beads by macrophages. CD43 (red), DAPI (blue)
and fluorescent beads (green). White arrows indicate fluorescent beads inside macrophages.
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Figure 6. Overexpression of AhpC enhances colonization of macrophages by Mab

(A) Effect of overexpression of AhpC or Hsp16.7 on the ability of Mab to invade THP-1 macrophages (see also
Table S1). CFU were calculated as reported above. Data are mean values GSD for three independent
experiments, each time in sextuplicate (n = 18). One-tailed Tukey’s test: ns, non-significant > 0.05, ****p <
0.0001. (B) Pre-treatment of THP-1 cells with 2 mg of soluble recombinant Hsp16.7-His or AhpC-His on the
ability of Mab to colonize THP-1 human cells. CFU were determined as described above. Data are mean values
GSD for three independent experiments, each time in triplicate (n = 12). One-tailed Tukey’s test: ns, non-
significant > 0.05, ***p < 0.001. (C) Three immunofluorescent fields taken at 3 hpi using a confocal microscope
(403 magnification), showing the macrophages infected with Mab (in red) after pre-treatment of THP-1 cells
with Hsp16.7-His or AhpC-His recombinant proteins. Nuclei are in blue and the cell surface is in green. White
arrows indicate mycobacteria inside macrophages. (D) Overexpression of AhpC enhances entry of bacilli into
A549-WT in a CD81-LEL-dependent manner. CFU were assessed at 3 hpi as outlined earlier. Data are mean
values GSD for three independent experiments, each time in sextuplicate (n = 18). One-tailed Tukey’s test: ns,
non-significant > 0.05, **p < 0.01, ****p < 0.0001.



i L L
4
RS S

1008 bp\‘: /1013 bp
P -
LA RA o
PUX1-katG-3n0C | kanR S pMVa0e-anoC ) W[m!ﬂsd
veotor nt 1

8 3 Srm o E - AshpCelshpGiha (-ATc)

T3 20 ™ AshpCe/ahpCi-ha (+ATc)

@ & Mab WT (-ATc) ’
+ATo N S
Exprecclon Repreczion v o
g & o ~
'y % ! R =] ”
S T
E\:h — [ —- /
3 o8 p ;

(6_» anpC
s Knookdown of AhpC s
P
\ 1020 28 48, o8

ROt "‘ PSUN S F Without ATo With ATo

D A0 )-l‘ \ ;‘J‘
.DP I‘&d\P ,pl’rd\; 2 2 2 2
a
It L L MadbWT
b3 sahpCo/ahpCi-ha
&5
G 15000
a5 0
26+ - - ARpCLHA 2 12000 % -
O == @ =~ @ [ AnpC & 5 =
154 A £ 9000 o 3 oet 2
3 -
100 = 6000 Py e
701 i - e n
S5 e - e KacA e 3000
25 i
264 0 T T T T
Alc +ATc ATc +ATc

16-] Jiea Mab WT aahpCe/ahpCi-ha

Figure 7. Internalization of Mab by macrophages requires the AhpC adhesin

(A) Schematic illustration of the Mab ahpC conditional knock-out strategy (see also Table S1). Mab was
transformed with the regulatory, ha-tagged ahpCi plasmid (pMV306-ahpCi) to generate a merodiploid bacterial
strain. The pMV306-ahpCi vector was integrated into the attB site by single homologous recombination. The
pMV306-ahpCi contains the integrase gene (int), the hygromycin resistance cassette (HygR), the tetR38
repressor under the control of the Ptb38 promoter, and the C-terminal ha-tagged ahpC gene under the control of
the inducible tetO-4C5G promoter. The single merodiploid clone was then transformed with pUX1-katG-ahpC
to remove the endogenous ahpC gene (ahpCe) by double homologous recombination. The ahpC gene is
sandwiched between the ahpD and MAB_4409. The DNA sequences of the left and right arms of ahpC were
amplified by PCR and subcloned into pUX1-katG. The resulting suicide plasmid was used to transform the strain
expressing an additional HA-tagged copy of ahpC gene. Dotted lines represent the size (indicated above each
line) of the expected PCR products in Mab WT, and DahpCe/ahpCi-ha. Black arrows represent the primers used
for PCR analysis. (B) Tetracycline-mediated regulation of the ahpC gene using the tet-OFF configuration in
Mab. The tetR38 gene encoding the T38 repressor is a reverse TetR that recognizes tetO-4C5G. Addition of ATc
results in binding of T38 to ATc and its recruitment to tetO-4C5G represses the transcription of the HA-tagged
ahpCi gene. T38, Tet repressor; ATc, anhydrotetracycline; tetO, Tet operator. (C) PCR analysis confirming the
deletion of ahpC in DahpCe/ahpCi-ha. Genomic DNA from Mab was used to amplify the intact ahpC locus.
Amplicon was subjected to sequencing to confirm the proper deletion of ahpC. (D) Time-dependent depletion of
the inducible AhpCi-HA upon addition of ATc to the medium is shown after 24 h, 48 h, and 72 h in



DahpCe/ahpCi-ha (upper panel). KasA was used as a loading control (lower panel). (E) Parental Mab and
DahpCe/ahpCi-ha strains growth curves in 7H9 media supplemented or not with ATc at 37 C. The

data are from one of two independent experiments. (F) Bacteria were grown to exponential phase and 1.5 mL of
10-fold serial dilutions were spotted onto LB agar medium supplemented or not with 1 mg/ml ATc. Pictures
were taken after 5 days of incubation at 37 C. Arrows indicate the difference of growth in presence or absence
of ATc. (G) Comparison of the invasion capacity of the parental and DahpCe/ahpCi-ha strains pre-exposed to 1
mg/mL ATc for 72 h and subsequently used to infect THP-1 cells. CFUs were determined at 3 hpi as reported
earlier. The results represent the mean values GSD of three independent experiments (each conducted in
triplicate) (n = 9). One-tailed Tukey’s test: ns, non-significant > 0.05, ***p < 0.001.

Conditional deletion of ahpC reduces invasion of Mab

Host cell invasion by mycobacteria is dependent on interactions between bacterial adhesins
with moonlighting activity and host cell receptors.37 This may explain why some adhesins
are essential for in vitro growth. Despite numerous attempts, we were unable to generate an
ahpC deletion mutant using the unmarked deletion strategy, previously validated for the
deletion of non-essential genes in Mab.8,38,39 Consequently, to investigate the contribution
of AhpC in bacterial uptake by macrophages, we took advantage of the tetracycline repressor
system that selectively and ectopically controls gene expression in mycobacteria. 40,41 To
generate a conditional ahpC mutant, we introduced the ahpC minigene with a C-terminally
positioned HA epitope tag into Mab (Figure 7A). This minigene was placed under the control
of the tetracycline regulatory promoter tetO-4C5G and integrated into the bacterial attB locus
(designated ahpCi-ha) following selection on hygromycin (Figures 7A and 7B). The resulting
ahpCe/ahpCi-ha strain was used to disrupt the endogenous copy of ahpC (designated ahpCe)
by double homologous recombination using the pUX1-katG-ahpC vector containing two
flanking regions (1009 bp and 1019 bp) of the ahpC gene (Figure 7A). The resulting clones
were analyzed by PCR, confirming the proper genotype of the mutant (Figures 7A and 7C). In
addition, western blotting was performed to select for clones in which a significant reduction
in AhpC-HA expression was observed following treatment with anhydrotetracycline (ATc)
(Figure 7D). The knockdown of AhpCi-HA protein in presence of ATc was monitored by
western blotting at days 1, 2, and 3 using an anti-HA antibody (Figure 7D). Expression of
AhpCi-HA was strongly downregulated in the presence of 1 mg/mL ATc for 72 h (Figure
7D). Based on these observations, all subsequent invasion experiments were conducted using
the DahpCe/ahpCi-ha conditional mutant pre-treated with 1 mg/mL ATc for 72 h.

Monitoring bacterial growth failed to show any in vitro growth defect on depletion in AhpCi-
HA in planktonic cultures during the first 96 h of incubation in the presence of ATc (Figure
7E). However, a more fine-grained growth analysis performed by taking 1.5 mL of the
DahpCe/ahpCi-ha culture treated in the presence of 1 mg/mL of ATc showed a slight growth
defect on agar plates as evidenced by a decreased number of colonies at the highest dilutions
(Figure 7F). As expected, the parental Mab strain grew similarly in the presence or absence of
ATc (Figure 7F) whereas in the absence of ATc, the DahpCe/ahpCi-ha mutant grew similarly
to the WT strain. This suggests that AhpC is likely to play a minor role for in vitro growth.
Next, bacteria pre-treated for 72 h with or without ATc were used to infect THP-1
macrophages. At 3 h post-infection, only DahpCe/ahpCi-ha pre-exposed to ATc showed a
reduced capacity to invade the cells (Figure 7G). This unambiguously establishes that
depletion of AhpC reduces mycobacterial invasion.



DISCUSSION

Mycobacteria express various PAMP, which directly interact with their cognate PRR,
including TLR, CLR, and other receptors.42 The interplay between macrophages and
mycobacteria is complex and is not fully understood. Receptors used by several important
human pathogens include tetraspanins, which form adhesion platforms and facilitate
internalization of these microorganisms.22,43-45 Tetraspanins are involved in the
pathogenesis of infections caused by viruses, parasites, protozoa and bacteria at various
levels.46 Evidence is accumulating that these membrane proteins are involved in the adhesion
and uptake of some bacteria, such as Chlamydia, Listeria or Neisseria22 whereas their
contribution in the recognition of mycobacteria remains unknown. Herein, we demonstrate
that tetraspanins participate in the interplay between Mab and host cells, such as macrophages
and lung epithelial cells. We showed that tetraspanin CD81 is an abundant protein expressed
on the surface of phagocytic and epithelial cells, whereas CD151 is present at the surface of
host cells at lower levels.47,48 We provide compelling evidence that CD81-LEL is crucial for
mycobacterial internalization. Interfering with CD81-LEL using neutralizing antibodies
caused a significant reduction in Mab uptake by macrophages (THP-1 and primary human
macrophages) and pneumocytes. That no inhibition was observed with the LEL of CD151
attests for the specificity of the interaction. Moreover, CD81-LELderived peptides
considerably reduced the internalization of Mab by macrophages. It is tempting to speculate
that these peptides can act similarly to the recombinant CD81-LEL, by preventing the
interaction between the bacilli and the macrophage. This is of particular interest given that
anti-adherence therapies represent a relatively new area of research to combat infectious
diseases.49 Indeed, most commercially available antimicrobials inhibit the growth of the
pathogens but this selective pressure can rapidly lead to the emergence of drug-resistant
strains. Unlike traditional drugs, anti-adhesion peptides that target host and bacterial
components show a reduced probability of developing resistance.22,50,51 Small synthetic
peptides based on tetraspaninCD9 prevent adhesion of Staphylococcus aureus to human
keratinocytes and in a model of human skin.51 This property, together with their high
specificity and low toxicity, make tetraspanin- derived peptides attractive candidates for
future antibacterial drug developments.

The requirement of CD81 for optimal internalization of Mab was confirmed by knocking-out
CDB81-LEL using CRISPR/Cas9 strategy in A549 pneumocytes. Other reports indicate that
tetraspanins indirectly contribute to the process of bacterial internalization, either by acting as
a co-receptor or by recruiting the receptor to the cell surface via the assembly of tetraspanin-
enriched microdomains (TEM) to facilitate bacterial binding.22 It is very likely that TEM are
involved in the adhesion of Salmonella typhimurium to human monocyte-derived macrophage
and that this may represent a common mechanism that a variety of bacteria exploit as a mean
of attachment before invasion.52 The inhibitory effect seen on internalization of bacilli when
interfering with the CD81-LEL function may be due to the disruption of interactions between
cell surface tetraspanins and adhesion receptors, resulting in the disorganization of the
adhesion platforms required for optimal bacterial attachment. However, this hypothesis can be
dismissed in our study because we have identified, for the first time, a bacterial ligand that
interacts directly with the LEL of a tetraspanin in a context where TEM are absent.

Although mass spectrometry analysis identified several putative ligands of CD81-LEL, we
primarily focused here on the alkyl hydroperoxide reductase C (AhpC). M. tuberculosis AhpC



belongs to the peroxiredoxin family, acting as a general antioxidant enzyme by reducing alkyl
hydroperoxides more effectively than H202 and protecting bacilli from oxidative stress.53 In
Mab, AhpC was found to be associated with the cell wall and the cytosolic fractions. Reactive
oxygen species and reactive nitrogen intermediates released by phagocytic cells play an
important role in the defense against intracellular mycobacteria. It is very likely that AhpC
contributes to thwarting the generation of oxidative stress and damage, and consequently
protects the bacilli from the oxidative burst, although this needs to be investigated in future
studies. In addition, the localization of AhpC on the bacterial surface conceivably facilitates
adherence of the bacilli to host cells, where it may act as an adhesin interacting with CD81.
Alternately, because of the co-expression of multiple adhesins, blocking one adhesin at a time
may not be sufficient to affect the binding of whole bacilli to macrophages. The specificity of
the physical interaction between AhpC and CD81 was demonstrated using a combination of in
vitro based approaches: (1) Macrophage uptake of AhpC-coated latex beads was higher than
that uptake of BSA- or Hspl6.7-coated beads; (2) The uptake of AhpC-coated beads was
reduced when macrophages were pre-treated with anti-CD81-LEL antibodies. Thus, these in
vitro and in cellulo observations are in good agreement with each other. Future studies should
be dedicated

Limitations of the study

Although this study provides meaningful information on the so far unexpected role of surface-
associated CD81 during Mab infection, there are some limitations that should be addressed in
future studies. For instance, experiments to identify the structural domains involved in the
AhpC-CD81-LEL interaction would provide a deeper characterization of this important
mechanism of bacterial uptake. Furthermore, because all studies were conducted using ex
vivo infected cells, additional work on role of CD81 in the early and late phases of Mab
infection should be carried out using mouse models of infection. Because the present work
focused essentially on Mab, it would be relevant to explore whether other pathogenic
mycobacteria, including M. tuberculosis, are also dependent on CD81 during the early
interaction and infection with macrophages.
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