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Abstract: Langerhans cells (LC) are the resident antigen presenting cells of the mucosal epithelium
and play an essential role in initiating immune responses. LC are the only cells in the body to contain
Birbeck granules (BG), which are unique cytoplasmic organelles comprised of c-type lectin langerin.
Studies of BG have historically focused on morphological characterizations, but BG have also been
implicated in viral antigen processing which suggests that they can serve a function in antiviral
immunity. This study focused on investigating proteins that could be involved in BG formation to
further characterize their structure using transmission electron microscopy (TEM). Here, we report a
critical role for the protein annexin A2 (anxA2) in the proper formation of BG structures. When anxA2
expression is downregulated, langerin expression decreases, cytoplasmic BG are nearly ablated, and
the presence of malformed BG-like structures increases. Furthermore, in the absence of anxA2, we
found langerin was no longer localized to BG or BG-like structures. Taken together, these results
indicate an essential role for anxA2 in facilitating the proper formation of BG.

Keywords: anxA2; Birbeck granules; Langerhans cell; A2t

1. Introduction

Birbeck granules (BG) are cytoplasmic organelles which resemble tennis rackets in two-dimensional
(2D) cross-sections. Since their discovery nearly 60 years ago, BG have largely remained elusive in
derivation, composition, and function [1]. BG exist in a wide variety of morphologies when imaged
through transmission electron microscopy (TEM), however, characteristic images typically contain
a translucent “head” portion attached to a “rod” containing 5 to 10 nm linear striations through its
center [2]. Three-dimensionally, BG “rods” are composed of two adjacent, superimposed zippered
membranes forming a flat, circular disk or cytomembrane sandwiching structure (CMS) connected to
the “head”, a vesicular lobe on the outer edge [3,4].

BG are the hallmark structures found in Langerhans cells (LC), which are the antigen presenting
cells (APC) of the mucosal epithelium [5]. LC are highly specialized cells of the innate immune system
which have the primary function of sampling their environment for foreign antigens [6]. Langerin
(CD207), a type-1I transmembrane c-type lectin, is the primary protein comprising BG and is a requisite
for formation [7,8]. Collective evidence has demonstrated a function for langerin and BG in antigen
binding, uptake, and processing through a nonclassical pathway [9-12]. In this process, langerin
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acts as a cell surface pattern recognition receptor (PRR) and is trafficked through the endosomal
recycling compartment (ERC) under the control of Rabl1la where it accumulates in recycling endosomes
(RE) [13-16]. Once a critical intracellular langerin concentration is reached in the RE, a budding event
facilitated by the Rablla/myosin Vb/Rab11-FIP2 complex induces BG formation through membrane
superimposition and a zippering of langerin interactions at the carbohydrate recognition domains
(CRD) [4,5,7,17]. Cytoplasmic BG are proposed to process antigens for presentation via CD1la, an
MHC-class I-like protein, to initiate the adaptive immune response through T cell activation [18].

Once a foreign antigen is recognized, LC undergo phenotypic and functional changes to become
mature. This is characterized by an upregulation of co-stimulatory molecules such as CD80 and
CD86, secretion of proinflammatory cytokines, and chemokine-mediated migration to lymph nodes
where antigen-specific T cell priming occurs. LC are often the first immune cells to be in contact with
pathogens that target or must bypass the mucosal epithelium such as human immunodeficiency virus
(HIV) and human papillomavirus (HPV). BG structures sequester HIV and prevent its dissemination
through selective degradation [10]. When exposed to HPV capsids, LC fail to mount a proper immune
response. There is delayed maturation, a reduced level of MHC surface expression, and little to
no costimulatory signals, which results in improper T cell priming [19]. We previously reported
that this manipulation of LC by HPV is facilitated by the interaction with the annexin A2 S100A10
heterotetramer (A2t) [20]. Further investigation showed that A2t was directly involved in infectious
trafficking of HPV virions [21]. In exploring the role of A2t in HPV-LC interactions, we made the
interesting observation that BG structures were impacted by modulation of A2t expression, warranting
further investigation into the relationship between A2t and BG formation.

2. Materials and Methods

2.1. Cell Culture

The CD34+ human acute myeloid leukemia cell line, MUTZ-3, was gifted by Rik J. Scheper from
the VU Medical Center in Amsterdam, The Netherlands. MUTZ-3 cells were cultured at a density of
2 x10° cells/mL in minimum essential media, Alpha 1X (MEM«) with Earle’s salts, ribonucleosides,
deoxyribonucleosides, and L-glutamine (Corning, NY, USA) supplemented with 20% heat-inactivated
human fetal bovine serum (Omega Scientific, Tarzana, CA, USA), 10% conditioned medium from the
renal carcinoma cell line 5637, and 50 uM 2-mercaptoethanol (Thermo Fisher, Carlsbad, CA, USA)
at 37 °C with 5% CO,. To induce a Langerhans cell phenotype, MUTZ-3 cells were seeded at a
density of 1 x 10° cells/mL and were cultured for 14 days in the medium conditions described above.
On days 0, 4, and 8, the cells were treated with a cytokine regimen containing 100 ng/mL GM-CSF
(Sanofi, Bridgewater, NJ, USA), 2.5 ng/mL TNF«x (PeproTech, Rocky Hill, NJ, USA), and 10 ng/mL
human TGFf (Thermo Fisher). Medium was replenished on day 8 of differentiation.

To generate 5637 conditioned medium, 5637 cells were cultured in RMPI 1640, 1X with L-glutamine
(Corning) supplemented with 10% heat-inactivated human fetal bovine serum (Omega Scientific),
50 pM 2-mercaptoethanol (Thermo Fisher), and 1X gentamycin (Lonza, Walkersville, MD, USA) at
37 °C with 5% CO,. At 80% confluency, cells were harvested, seeded at a density of 15 X 10° in
a 175 cm? tissue culture flask, and were allowed to reach confluency overnight. The medium was
replaced at 24 h and collected at 72 h post seeding.

The spontaneously immortalized keratinocyte cell line, HaCaT, was cultured in Dulbecco’s
modification of Eagle’s medium (DMEM) with 4.5 g/L glucose, L-glutamine, and sodium pyruvate
(Corning, 10-013CV, NY, USA) supplemented with 10% heat-inactivated human fetal bovine serum
(Omega Scientific), and 1X gentamycin (Lonza, Walkersville, MD, USA) at 37 °C with 5% CO;. Cells
were passaged at 80% confluency.
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2.2. Transmission Electron Microscopy

Cells were pelleted and fixed in 2.5% glutaraldehyde. Cells were post fixed with 1% osmium
tetroxide (Electron Microscopy Sciences, Hatfield, PA, USA) in deionized water for 1 h at room
temperature. The pellets were treated with 1% uranyl acetate for 1 h and, then, dehydrated through
a graded addition of ethanol for 5 min each. Finally, the samples were embedded in epoxy resin of
Eponate, NMA, DDSA, and DMP-30. Then, the pellets were sectioned into 70 nm ultrathin sections.
Samples were imaged using a Jeol 2000 transmission electron microscope (JEOL USA, Peabody,
MA, USA).

2.3. Immunoelectron Microscopy

Cells were processed for immunogold labeling, as previously described [22-24]. They were
high-pressure frozen in PBS containing 20% BSA (Millipore-Sigma, Burlington, MA, USA) using an
EMPact2 with RTS (Leica Microsystems, Vienna, Austria). Freeze-substitution was performed in
acetone containing 0.1% uranyl acetate and 2% water in a Leica AFS2 (Leica Microsystems, Vienna,
Austria). Then, cells were embedded in HM20 and UV polymerized at —50 °C for 24 h. Next, samples
were sectioned into 70 nm sections, picked up on formvar-coated copper grids, and blocked for 10 min
in blocking buffer (0.5% BSA in PBS). Primary goat anti-langerin (1:100; R&D Systems, Minneapolis,
MN, USA), goat anti-anxA2 (1:1000; R&D Systems), and goat anti-S100A10 (1:1000; R&D Systems)
were diluted in blocking buffer. After centrifugation at 14,000 rpm for 2 min, the supernatant was used
to label the blocked sections for 30 min at RT, followed by five washes for 2 min each in 0.01% PBS
Tween-20. Then, a rabbit anti-goat bridging antibody was diluted at 1:50 in blocking buffer. After
centrifugation at 14,000 rpm for 2 min, the supernatant was used to label the sections for 30 min at
RT, followed by five washes for 2 min each in 0.01% PBS Tween-20. Finally, 10 nm protein A gold
(Electron Microscopy Sciences) was diluted to 1:50 in blocking buffer and used to label sections for
30 min at RT, followed by three washes for 2 min each with PBS and two washes for 2 min each
with deionized water. The antibody-labeled sections were examined at 80 kV on a Morgagni 268
(FEI, Hillsboro OR, USA).

2.4. shRNA-Mediated Knockdown of A2/A2t

MUTZ-3 cells were transduced at a MOI of 5 with human annexin A2 shRNA or control shRNA
lentiviral particles (Santa Cruz Biotechnology, Dallas, TX, USA) following the manufacturer’s protocol.
Stably transduced cells were selected with puromycin. Then, A2/A2t knockdown MUTZ-3 cells
were differentiated to M-LC, as described above. Knockdown of annexin A2 and S100A10 was, then,
confirmed via Western blot.

2.5. Western Blot and Protein Quantification

Cells were lysed using RIPA buffer (Thermo Fisher) with Halt protease inhibitor (Thermo Fisher).
Protein was quantified using a NanoDrop 2000 spectrophotometer (Thermo Fisher). Samples were
run on a 10% Bis-Tris agarose gel with MES (Thermo Fisher). Gels were transferred using the iBlot2
mini system (Thermo Fisher) and were blocked in PBS Starting Block Blocking Buffer (Thermo Fisher)
prior to primary antibody staining overnight at 4 °C with anti-anxA2 (BD Biosciences, San Jose,
CA, USA), anti-S100A10 (BD Biosciences), anti-langerin (Cell Signaling Technology, Danvers, MA,
USA), anti-beta-actin (Cell Signaling Technology), or GAPDH (Cell Signaling Technology). Secondary
antibodies, anti-mouse IRDye 800CW (LI-COR, Lincoln, NE, USA), and anti-rabbit (H+L) Alexa Fluor
680 (Thermo Fisher), were added for 1 h at room temperature. Membranes were imaged using the
Odyssey imaging system (LI-COR) and protein images were analyzed and quantified using Image
Studio Lite software (version 5.2.3, LI-COR).
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2.6. Flow Cytometry

Flow cytometry samples were collected using a Cytomics FC500 flow cytometer (Beckman Coulter,
Brea, CA, USA) and data were analyzed using CXP software v2.2 (Beckman Coulter, Indianapolis,
IN, USA). The following antibodies were purchased from BioLegend (San Diego, CA, USA): PE anti
mouse/human CD207, PerCP/Cy5.5 anti-human CD1a, PE mouse IgG1, and PerCP/Cy5.5 mouse IgG1.
For intracellular staining, cells were prepared according to the Affymetrix eBioscience protocol. Briefly,
single cell suspensions were treated with IC Fixation Buffer, 1X Permeabilization Buffer, and the
appropriate antibody, prior to being analyzed via flow cytometry.

2.7. Quantification of BG

Stereology was performed as described in Griffiths 1993 and was used to quantitate BG present
in sections of 20 M-LC and 20 anxA2/A2t KD M-LC. Samples were blinded, and cells were chosen
at random. Undifferentiated, aberrant, apoptotic cells, cells with no dendrites, and cells damaged
during preparation (large cracks) were excluded. Each cell was imaged at a magnification of
22,000% (scale = 325 pixels/um) and the images were stitched together using Fiji software package
(v20170530, National Institutes of Health, Bethesda, MD, USA) to create whole-cell images. A lattice
grid (grid distance of 1 pm) containing a systematic system of test points (points of intersection of test
lines) was placed over each of the whole-cell micrographs. The number of points landing over BG
and BG-like profiles was counted, as was the total number of points over the entire cytoplasm profile
(Figure S3). To quantify differences in BG abundance, the following parameters were studied where
P = points:

Points landing on BG per points landing on cytoplasm = Ppg/Pcytoplasm;
Points landing on BG-like structures per points landing on cytoplasm = PgG jike/Pcytoplasm.
A membrane structure was counted as BG-like if:

Sheet-shaped membrane = ——1

Or elongated sheet-shaped invagination of the plasma membrane;
Not ER (no ribosomes);
Not Golgi (not part of a Golgi stack);

O i o

Not vesicular.

A membrane was counted as BG if as BG-like but with a clear membrane-membrane boundary

(“zipper”) anywhere within the membrane = ——

2.8. Statistical Analysis and Software Used

For EM images, statistical analysis was done using Stata v14.0 software (StataCorp, College Station,
TX, USA) and verified by biostatistics consultation through the Southern California Clinical and
Translational Science Institute (SC CTSI, Los Angeles, CA, USA). Data were plotted as box and whisker
plots, and the Wilcoxon rank sum test was used to determine significance between groups. Significance
was assigned to a value of p < 0.05. For all other experiments, statistical analyses were performed
using GraphPad Prism (v8, GraphPad Software, San Diego, CA, USA). Details for each individual
experiment can be found in figure legends.

3. Results

3.1. MUTZ-3-Derived LC Are an Appropriate Model to Study BG Structure

In lieu of a commercially available cell line, LC studies often rely upon peripheral blood
mononuclear cells (PBMC) isolated from human donors. However, using freshly isolated primary cells
for structural studies of BG has several limitations, including donor heterogeneity. PBMC-derived LC
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cannot be maintained in a culture long term and are not amenable to gene manipulation. To work
around these limitations, our study of BG structure utilized the immortalized MUTZ-3 cell line, which
was generated from a CD34+ human acute myeloid leukemia [25]. Following a 14-day differentiation
via cytokine regimen, langerin-expressing MUTZ-3-derived LC (M-LC) are generated with a consistent
conversion rate of 30% to 40% as assessed by positive langerin (CD207) and CD1a expression and
negative DC-SIGN expression (Figure S1A). These differentiated cells are phenotypically similar to
primary human LC and have the same expression profile for langerin, CD1a, E-cadherin, HLA-DR, and
other markers that are characteristic of LC [26,27]. M-LC are also functional in inducing anti-tumor T
cell immunity [27], have similar transcription profiles to primary LC [28], and have been previously
used to study BG sequestration of HIV [29]. Furthermore, M-LC have an abundance of BG [27], making
it an ideal model system for our research question.

3.2. Immunogold Staining of Langerin in M-LC Gives Insight into Proper BG Structure Formation and
Demonstrates a Novel BG Structure

The gold standard to study BG morphology is using TEM to capture 2D cross-sections of LC. The
samples used for this process were prepared by high-pressure freezing and freeze-substitution, which
provided excellent preservation of cellular structures and preserved epitopes for immunolabeling. We
used a primary antibody, followed by a bridging rabbit anti-primary antibody and protein A bound to
10 nm gold particles to visualize the distribution of langerin in M-LC. The bridging antibody allowed us
to standardize the labeling reaction across primary antibodies and also amplify the signal [30]. Langerin
is a highly abundant, locally concentrated protein; gold particles found within images are localized
to the cell and are rarely found in extracellular spaces (background = 0.22 gold/um?), indicating the
specificity of the labeling (Figure S1B).

As others have reported, we observed abundant cytoplasmic BG and robust labeling of langerin
localized to the BG rods (Figure 1A). The distribution of langerin labeling, as indicated by the arrows,
highlights that langerin primarily localizes to the rod and is absent from the head portions of BG.
These findings support previous observations that BG rod striations are formed through langerin
interactions [17,31]. Langerin was also found at the cell surface and in invaginations at the plasma
membrane, likely demonstrating endocytosis of surface langerin or recycling of langerin back to
the surface (Figure S1C). As langerin trafficking and accumulation in the RE is a requisite to BG
formation, it is not surprising that cytoplasmic vesicles containing langerin staining were also observed
(Figure S1D).

BG have been established as subdomains of the ERC and bud from the RE through interactions
between accumulated langerin and the Rab11a/myosin Vb/Rab11-FIP2 complex [5,16]. BG morphology
is unique as compared with the RE in TEM; while RE are typically large vesicles (>500 nm diameter)
containing internal membranes, BG are relatively smaller, consisting of a translucent vesicular lobe
(<200 nm diameter) connected to a striated rod. For the first time, we captured the proposed BG
budding event, from an RE containing intracellular langerin stores (Figure 1B). In this cross-section,
distinct langerin labeling and membrane zippering show the formation of a BG budding from the
RE. This vesicle is likely an RE, due to its size, the presence of internal membranes, and labeling of
accumulated langerin. From this image, it appears that BG formation begins with langerin interactions
creating the CMS as the head portion is not apparent and the budding rod is still attached to the
RE. These findings provide visual support of the collective evidence regarding langerin recycling,
trafficking and accumulation, and its driving role in BG formation from the RE.

In addition to the typical tennis-racket shaped BG structures, we also observed BG that resembled
dumbbells in these electron micrographs (Figure 1C). According to the current model, BG are
disk-shaped structures with a spherical vesicle-like formation at one of the ends [3]. However, these
dumbbells demonstrate that BG are composed of multiple lobules or vesicles connected to a central
CMS. To further understand the three-dimensional (3D) morphology of these dumbbell-shaped BG,
we imaged serial sections of M-LC (Figure S1E). The same connectivity between a BG-sheet and the
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RE was also visible in serial sections (Figure S1E, arrow in bottom left corner of —200 nm through
+200 nm). As these structures have not been observed in primary LC, these dumbbells could be unique
to the MUTZ-3 system. It is possible that these structures do exist in primary cells but have not yet
been reported. It is noteworthy, however, that these dumbbell structures were seen frequently in M-LC,
as represented in Figure 1C and Supplemental Figure S1E.

Figure 1. Birbeck granules in wild type MUTZ-derived langerhans cells (LC) (M-LC) have abundant
langerin labeling localized to the cytomembrane sandwiching structure (CMS). (A) 10 nm gold particles
(black arrows) show langerin labeling is localized to the CMS in Birbeck granules (BG); (B) Langerin
labeling is contained within a cytoplasmic multivesicular endosome, likely a recycling endosome.
Here, a BG CMS through langerin zippering from these stores is visible (red arrow); (C) BG structures
containing multiple vesicular lobes on each end of the CMS (boxes). Images are representative of at
least three biological replicates with a minimum of three grids each.

3.3. Neither Subunit of A2t Colocalizes to BG Structures

A2t localization in M-LC was determined by immunolabeling using a polyclonal goat anti-annexin
A2 antibody. This polyclonal antibody was raised against the full length of the anxA2 protein and
allowed us to maximize the epitopes that could be recognized. AnxA2 binds membrane phospholipids,
which was observed with gold labeling localized to the plasma membrane and membranes of organelles,
as well as in the nucleus. We did not observe consistent localization of anxA2 labeling to BG (Figure 2A,B,
Figure S2A,B). Since the anxA2 staining was not abundant, we verified the lack of A2t localizing to BG
by also staining for SI00A10. A polyclonal goat anti-5100A10 antibody raised against the full length of
S100A10 was used to label the protein in M-LC. Similar to anxA2, S100A10 labeling was predominantly
localized to non-BG structures, but some BG were labeled (Figure 2C,D and Figure S2C,D). The low
levels of labeling only allowed us to speculate, based on the abundance of BG structures and the rare
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labeling of either anxA2 or S100A10 on them, that BG do not contain substantial amounts of A2t at
steady state.

Figure 2. Neither subunit of the annexinA2 S100A10 heterotetramer (A2t) localize to BG in wild
type M-LC. Immunoelectron microscopy with 10 nm gold particles was used to visualize the cellular
distribution of anxA2 (A,B) and S100A10 (C,D). BG are boxed and gold labels are indicated by arrows.
Images represent staining from tree independent biological replicates and a minimum of 3 grids.

3.4. Knockdown of A2t Results in Reduced Expression and Non-BG Localization of Langerin

Because anx A2 is a key player in endosome biogenesis [32], next, we sought to investigate other
ways that A2t could contribute to BG formation, such as mediating internal and surface langerin
expression. Interestingly, predifferentiated MUTZ-3 do not express anxA2, however, M-LC do. M-LC
lysates collected throughout the 14-day differentiation showed A2t expression beginning around day
10 (Figure 3A). AnxA2 was knocked-down in predifferentiated MUTZ-3 using a lentiviral sh RNA,
causing S100A10 degradation as well (Figure 3B). We also found that overall langerin expression
was decreased with anxA2 knockdown M-LC as compared with wild type (WT) M-LC (Figure 3C).
Quantification of Western blot band densities are found in Supplemental Table S1.

In the steady state, langerin is regularly recycled from the cell surface through the ERC to form
BG, and then trafficked back [5,14]. We sought to determine if the decreased langerin expression
could be attributed to a recycling defect resulting in an altered distribution between intracellular and
surface langerin. To examine this, we compared expression of surface and intracellular langerin in WT
and anxA2 knockdown MUTZ-3 throughout the 14 days of M-LC differentiation via flow cytometry.
Within anxA2 knockdown M-LC, surface langerin expression was significantly decreased on days 7
and 10 as compared with the WT M-LC (Figure 3D). Internal langerin expression was also significantly
decreased in anxA2 knockdown M-LC on days 7, 10, and 14 (Figure 3D). These data indicate that
anxA2 is involved in transport of langerin to the cell surface, as its absence significantly decreases
surface langerin expression. It also suggests that langerin expression is dependent upon the expression
of anxA2.
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Figure 3. A2t knockdown in M-LC causes a decrease in langerin expression and aberrant cytoplasmic
localization. (A) M-LC were collected throughout the 14-day differentiation for analysis of A2t
expression via Western blot. The human keratinocyte cell line HaCaT were used as a positive control;
(B) Western blot of MUTZ-3 and fully differentiated, day-14 M-LC show successful A2t knockdown
in M-LC; (C) At day 14 of differentiation, langerin expression is decreased with A2t knockdown as
compared with the WT M-LC; (D) Surface and internal langerin expression was assessed via flow
cytometry in both wild type and A2t knockdown MUTZ-3 throughout differentiation. Data represents
three biological replicates (n = 9) (* p < 0.05, paired Student’s t-test); (E) Black arrows indicate langerin
labeling specific to BG and red arrows show abnormal, non-BG associated langerin clusters.

3.5. The Absence of A2t Results in Abnormal Cellular Distributionof Langerin and Incomplete BG Formation

To investigate changes with intracellular langerin distribution, we compared immunolabeled
anxA2 in WT and knockdown M-LC. Intracellular langerin labeling in anxA2 knockdown M-LC visibly
differed from WT M-LC (Figure 3E). In striking contrast to the robust rod-shaped labeling patterns
seen in WT M-LC (Figure 1), langerin was found highly concentrated in clusters contained in vesicles
throughout the cytosol, similar to the occasional endosomal labeling staining seen in WT M-LC. In
the few discernable BG, langerin labeling was inconsistent and only partially localized to some BG
structures (Figure 3E). Aberrant distribution of langerin observed with anxA2 knockdown suggests
impaired or abnormal trafficking since langerin is no longer localized to BG structures and is instead
contained in clusters throughout the cytosol.

The most significant effect of anxA2 knockdown on M-LC was the near-disappearance of proper
BG formation (Figure 4A,B). In addition to the decreased BG abundance, most BG found were
incomplete as they were missing the central rod striations and had fewer misshapen heads but retained
the unique flattened dimensions of BG rods (Figure 4C). We termed these abnormal structures as
“BG-like”. To quantify the effect of anxA2 knockdown on BG formation, we compared WT and anxA2
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knockdown M-LC using stereology [30], stitching together whole-cell cross-sections from individual
TEM micrographs taken at 22,000x. Randomly chosen cells from two biological replicates were imaged
and analyzed in 20 mock-infected, 30 wild type, and 27 anxA2 knockdown M-LC. BG and BG-like
structures were quantified by overlaying 1 um spaced grid on the cell and counting the grid intersection
points that fall either on BG (PBG and PBG-like) or in the cytoplasm (Pcytoplasm) (Figure S3). The ratio
of BG to cytoplasm in anxA2 knockdown M-LC was significantly decreased (p < 0.0001) as compared
with wild type M-LC (Figure 4D). BG-like occurrence in anxA2 knockdown was also significantly
increased as compared with wild type M-LC (p = 0.0056) (Figure 4E).

I W
D BG quantity relative to cytoplasmic volume
o

Pag! Peyoptasen

Figure 4. BG formation is significantly reduced in the absence of A2t. Wild type M-LC (A) contain an
abundance of cytoplasmic BG as compared with A2t knockdown M-LC (B). At the same magnification,
the relative abundance of cytoplasmic BGin WT and A2t knockdown M-LC is compared; (C) BG-like
structures (red arrows) were observed in anxA2 knockdown M-LC and the missing striation through
the center of the CMS is visualized (red box, insert i); (D,E) Stereology was used to analyze images
for BG/BG-like quantification in wild type, mock-infected, and anxA2 knockdown M-LC. A 1 pm
grid was overlaid to quantify cytoplasmic volume (Pcytoplasm) and BG abundance (PBG). Each point
represents a single cell. Box and whisker plots show minimum, 1st quartile, median, 3rd quartile, and
maximum values for each of the groups. ** p < 0.01, **** p < 0.0001, one-way ANOVA followed by
Tukey’s multiple comparisons test. Data are representative of two biological replicates.
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4. Discussion

In this body of work, we have described an essential role for A2t in BG formation. Annexins
have been shown to have diverse cellular functions and are known for their membrane remodeling
capabilities [33]. A2t itself is a multifunctional protein comprised of two monomeric annexin A2
(anxA2) subunits bridged by an S100A10 dimer and has been described in cellular trafficking events
such as promoting actin remodeling and facilitating endosomal transport [32,33]. Interestingly, anxA2
is found specifically within the membranes of Rablla* RE and proper intracellular distribution of
RE is dependent upon anxA2 [34,35]. Using the transferrin receptor to model the ERC, A2t depletion
drastically alters the shape and distribution of recycling endosomes [35]. The literature demonstrates
A2t regulation of RE morphology and cellular distribution, processes which are also utilized in LC for
the formation of BG.

Given the relatively unknown processes regulating BG formation, we cannot definitively describe
how A2t is involved in this process. The loss of proper BG formation in the absence of A2t shows a
defect in the ability of langerin to interact to form CMS and ultimately BG. We speculate, based upon
the literature and the observed BG structural abnormalities in this study, that A2t acts in conjunction
with Rab11a at the RE to promote langerin interactions and the formation of BG. Despite our efforts,
we were not able to discern any localization of A2t in BG or a direct functional role that A2t plays
in mediating langerin trafficking and BG formation. However, since A2t often acts as a scaffolding
protein, it could facilitate BG structural formation indirectly. As such, we would not necessarily expect
to find it localized to BG via IEM imaging following formation in a steady state.

On the basis of the data presented in this study, the loss of BG and the formation of BG-like
structures can be attributed to anxA2 deficiency. In the absence of A2t, langerin trafficking through
the ERC is disrupted, leading to langerin clustering and accumulation throughout the cytosol and
a significant loss of BG formation. For further elucidation of the role of anxA2 in BG formation,
additional studies would be needed to investigate whether anxA2 physically interacts with langerin or
Rabl1la. Future mechanistic studies could also involve time course experiments studying changes in
trafficking of langerin in the absence of anxA2. Overall, we have highlighted A2t as a new, previously
unidentified, player in Langerhans cell BG formation and added to the foundational knowledge of BG
for future studies that focus on characterizing their biogenesis, structures, and functions.
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blot band quantifications. Figure S3: Whole-cell composite example for quantifying BG an BG-like structures
using stereology.

Author Contributions: Conceptualization, WM.K., D.M.D.S., and ].G.S.; methodology, WM.K., DM.D.S., SM.T,,
V.D.S,, C.B., and ].G.S,; formal analysis, S.M.T. and C.B.; investigation, S.M.T., V.D.S., and C.B.; resources, C.B.,
J.GS., KPL, JRT, DM.D.S., and WM.K,; writing—original draft preparation, S.M.T.; writing—review and
editing, SM.T.,, C.B,, ].G.S., J.R.T.,, DM.D.S., and WM.K,; visualization, S.M.T. and C.B.; supervision, D.M.D.S.
and WM K.; project administration, D.M.D. and WM.K; funding acquisition W.M.K. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was supported by NIH grants R01 CA074397 (to WM.K.) and F31 AI136312 (to J.R.T.).
Experiments were facilitated through the Norris Comprehensive Cancer Center FACS & Immune Monitoring and
Cell & Tissue Imaging core facilities that are supported by a NIH grant P30 CA014089. Additionally, gifts from
Connie De Rosa, Shirley Cobb, and The Netherlands American Foundation are gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Birbeck, M.S.; Breathnach, A.S.; Everall, ].D. An Electron Microscope Study of Basal Melanocytes and
High-Level Clear Cells (Langerhans Cells) in Vitiligo. . Invest. Dermatol. 1961, 37, 51-64. [CrossRef]


http://www.mdpi.com/2073-4409/9/4/974/s1
http://dx.doi.org/10.1038/jid.1961.80

Cells 2020, 9, 974 11 0f12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Caputo, R.; Peluchetti, D.; Monti, M. Freeze-fracture of Langerhans granules. A comparative study. . Invest.
Dermatol. 1976, 66, 297-301. [CrossRef] [PubMed]

Sagebiel, R.W. Serial reconstruction of the characteristic granule of the Langerhans Cell. J. Cell Biol. 1968, 36,
595-602. [CrossRef] [PubMed]

Thépaut, M.; Valladeau, J.; Nurisso, A.; Kahn, R.; Arnou, B.; Vives, C.; Saeland, S.; Ebel, C.; Monnier, C.;
Dezutter-Dambuyant, C.; et al. Structural studies of Langerin and Birbeck granule: A macromolecular
organization model. Biochemistry 2009, 48, 2684-2698. [CrossRef]

Mc Dermott, R.; Ziylan, U.; Spehner, U.; Bausinger, H.; Lipsker, D.; Mommaas, M.; Cazenave, J.; Raposo, G.;
Goud, B; de la Salle, H.; et al. Birbeck Granules Are Subdomains of Endosomal Recycling Compartment in
Human Epidermal Langerhans Cells, Which Form Where Langerin Accumulates. Mol. Biol. Cell 2002, 13,
317-335. [CrossRef]

Deckers, J.; Hammad, H.; Hoste, E. Langerhans Cells: Sensing the Environment in Health and Disease.
Front. Immunol. 2018, 9. [CrossRef]

Valladeau, J.; Ravel, O.; Dezutter-Dambuyant, C.; Moore, K.; Kleijmeer, M.; Liu, Y.; Duvert-Frances, V.;
Vincent, C.; Schmitt, D.; Davoust, ].; et al. Langerin, a novel C-type lectin specific to Langerhans cells, is an
endocytic receptor that induces the formation of Birbeck granules. Immunity 2000, 12, 71-81. [CrossRef]
Kissenpfennig, A.; Ait-Yahia, S.; Clair-Moninot, V.; Stossel, H.; Badell, E.; Bordat, Y.; Pooley, J.L.; Lang, T.;
Prina, E.; Coste, I; et al. Disruption of the langerin/CD207 Gene Abolishes Birbeck Granules without a
Marked Loss of Langerhans Cell Function. Mol. Cell. Biol. 2005, 25, 88-99. [CrossRef]

Turville, S.G.; Arthos, J.; Mac Donald, K.; Lynch, G.; Naif, H.; Clark, G.; Hart, D.; Cunningham, A.L. HIV
gp120 receptors on human dendritic cells. Blood 2001, 98, 2482-2488. [CrossRef]

De Witte, L.; Nabatov, A.; Pion, M.; Fluitsma, D.; de Jong, M.A.; de Gruijl, T.; Piguet, V.; van Kooyk, Y,;
Geijtenbeek, T.B. Langerin is a natural barrier to HIV-1 transmission by Langerhans cells. Nat. Med. 2007, 13,
367-371. [CrossRef]

Ribeiro, C.M.; Sarrami-Forooshani, R.; Setiawan, L.C.; Zijlstra-Willems, E.M.; van Hamme, J.L.; Tigchelaar, W.;
van der Wel, N.N.; Kootstra, N.A.; Gringhuis, S.I.; Geijtenbeek, T.B.H. Receptor usage dictates HIV-1
restriction by human TRIM5« in dendritic cell subsets. Nature 2016, 540, 448-452. [CrossRef]

Valladeau, J.; Dezutter-Dambuyant, C.; Saeland, S. Langerin/CD207 Sheds Light on Formation of Birbeck
Granules and Their Possible Function in Langerhans Cells. Immunol. Res. 2003, 28, 93-107. [CrossRef]
Merad, M.; Ginhoux, F; Collin, M. Origin, homeostasis and function of Langerhans cells and other
langerin-expressing dendritic cells. Nat. Rev. Immunol. 2008, 8, 935-947. [CrossRef]

Uzan-Gafsou, S.; Bausinger, H.; Proamer, F.; Monier, S.; Lipsker, D.; Cazenave, J.; Goud, B.; de la Salle, H.;
Hanau, D.; Salamero, J. Rab11A controls the biogenesis of Birbeck granules by regulating Langerin recycling
and stability. Mol. Biol. Cell 2007, 18, 3169-3179. [CrossRef]

Ng, W.C,; Londrigan, S.L.; Nasr, N.; Cunningham, A.L.; Turville, S.; Brooks, A.G.; Reading, P.C. The C-type
Lectin Langerin Functions as a Receptor for Attachment and Infectious Entry of Influenza A Virus. J. Virol.
2015, 90, 206-221. [CrossRef]

Gidon, A.; Bardin, S.; Cinquin, B.; Boulanger, ].; Waharte, E; Heliot, L.; de la Salle, H.; Hanau, D.; Kervrann, C.;
Goud, B.; et al. A Rab11A/Myosin Vb/Rab11-FIP2 Complex Frames Two Late Recycling Steps of Langerin
from the ERC to the Plasma Membrane. Traffic 2012, 13, 815-833. [CrossRef]

Chabrol, E.; Thépaut, M.; Dezutter-Dambuyant, C.; Vives, C.; Marcouy, J.; Kahn, R.; Valladeau-Guilemond, J.;
Vachette, P; Durand, D.; Fieschi, F. Alteration of the Langerin oligomerization state affects Birbeck granule
formation. Biophys. ]. 2015, 108, 666—677. [CrossRef] [PubMed]

Salamero, J.; Bausinger, H.; Mommaas, A.M.; Lipsker, D.; Proamer, F.; Cazenave, ].P.; Goud, B.; de la Salle, H.;
Hanau, D. CD1a Molecules Traffic Through the Early Recycling Endosomal Pathway in Human Langerhans
Cells. J. Invest. Dermatol. 2001, 116, 401-408. [CrossRef] [PubMed]

Da Silva, D.M.; Movius, C.A ; Raff, A.B.; Brand, H.E.; Skeate, ].G.; Wong, M.K.; Kast, WM. Suppression of
Langerhans cell activation is conserved amongst human papillomavirus o and 3 genotypes, but not a
genotype. Virology 2014, 452—453, 279-286. [CrossRef] [PubMed]

Woodham, A.W.; Raff, A.B.; Raff, L.M,; Da Silva, D.M.; Yan, L.; Skeate, ].G.; Wong, M.K; Lin, Y.G.; Kast, WM.
Inhibition of Langerhans cell maturation by human papillomavirus type 16: a novel role for the annexin A2
heterotetramer in immune suppression. J. Immunol. 2014, 192, 4748-4757. [CrossRef]


http://dx.doi.org/10.1111/1523-1747.ep12482237
http://www.ncbi.nlm.nih.gov/pubmed/1270837
http://dx.doi.org/10.1083/jcb.36.3.595
http://www.ncbi.nlm.nih.gov/pubmed/5645549
http://dx.doi.org/10.1021/bi802151w
http://dx.doi.org/10.1091/mbc.01-06-0300
http://dx.doi.org/10.3389/fimmu.2018.00093
http://dx.doi.org/10.1016/S1074-7613(00)80160-0
http://dx.doi.org/10.1128/MCB.25.1.88-99.2005
http://dx.doi.org/10.1182/blood.V98.8.2482
http://dx.doi.org/10.1038/nm1541
http://dx.doi.org/10.1038/nature20567
http://dx.doi.org/10.1385/IR:28:2:93
http://dx.doi.org/10.1038/nri2455
http://dx.doi.org/10.1091/mbc.e06-09-0779
http://dx.doi.org/10.1128/JVI.01447-15
http://dx.doi.org/10.1111/j.1600-0854.2012.01354.x
http://dx.doi.org/10.1016/j.bpj.2014.10.075
http://www.ncbi.nlm.nih.gov/pubmed/25650933
http://dx.doi.org/10.1046/j.1523-1747.2001.01264.x
http://www.ncbi.nlm.nih.gov/pubmed/11231314
http://dx.doi.org/10.1016/j.virol.2014.01.031
http://www.ncbi.nlm.nih.gov/pubmed/24606705
http://dx.doi.org/10.4049/jimmunol.1303190

Cells 2020, 9, 974 12 0of 12

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Taylor, ].R; Fernandez, D.J.; Thornton, S.M.; Skeate, J.G.; Lithen, K.P,; Da Silva, D.M.; Langen, R.; Kast, WM.
Heterotetrameric annexin A2/S100A10 (A2t) is essential for oncogenic human papillomavirus trafficking and
capsid disassembly, and protects virions from lysosomal degradation. Sci. Rep. 2018, 8. [CrossRef] [PubMed]
Buser, C.; Walther, P. Freeze-substitution: The addition of water to polar solvents enhances the retention of
structure and acts at temperatures around —60 °C. J. Microsc. 2008, 230, 268-277. [CrossRef] [PubMed]
McDonald, K.; Schwarz, H.; Miiller-Reichert, T.; Webb, R.; Buser, C.; Morphew, M. “Tips and tricks” for
high-pressure freezing of model systems. Methods Cell Biol. 2010, 96, 671-693. [CrossRef] [PubMed]

Buser, C.; Drubin, D.G. Ultrastructural Imaging of Endocytic Sites in Saccharomyces cerevisiae by
Transmission Electron Microscopy and Immunolabeling. Microsc. Microanal. 2013, 19, 381-392. [CrossRef]
[PubMed]

Masterson, A.J.; Sombroek, C.C.; De Gruijl, T.D.; Graus, YM.; van der Vliet, H.]J.; Lougheed, S.M.;
van den Eertwegh, A J.; Pinedo, HM.; Scheper, R.]. MUTZ-3, a human cell line model for the cytokine-induced
differentiation of dendritic cells from CD34+precursors. Blood 2002, 100, 701-703. [CrossRef] [PubMed]

de Jong, M.A.; de Witte, L.; Santegoets, S.J.; Fluitsma, D.; Taylor, M.E.; de Gruijl, T.D.; Geijtenbeek, T.B.
Mutz-3-derived Langerhans cells are a model to study HIV-1 transmission and potential inhibitors. J. Leukoc.
Biol. 2010, 87, 637-643. [CrossRef]

Santegoets, S.J.; Schreurs, M.W.; Masterson, A.J.; Liu, Y.P.; Goletz, S.; Baumeister, H.; Kueter, EW.;
Lougheed, S.M.; van den Eertwegh, A J.; Scheper, R.J.; et al. In vitro priming of tumor-specific cytotoxic T
lymphocytes using allogeneic dendritic cells derived from the human MUTZ-3 cell line. Cancer Immunol.
Immunother. 2006, 55, 1480-1490. [CrossRef]

Larsson, K.; Lindstedt, M.; Borrebaeck, C.A K. Functional and transcriptional profiling of MUTZ-3, a myeloid
cell line acting as a model for dendritic cells. Immunology 2006, 117, 156-166. [CrossRef]

van den Berg, L.M.; Ribeiro, C.M.S.; Zejlstra-Willems, E.; de Witte, L.; Fluitsma, D.; Tigchelaar, W.; Everts, V.;
Geijtenbeek, T.B.H. Caveolin-1 mediated uptake via langerin restricts HIV-1 infection in human Langerhans
cells. Retrovirology 2014, 11, 1-9. [CrossRef]

Griffiths, G. Quantitative Aspects of Immunocytochemistry. In Fine Structure Immunocytochemistry; Springer:
Berlin/Heidelberg, Germany, 1993; pp. 371-445. [CrossRef]

Stambach, N.S.; Taylor, M.E. Characterization of carbohydrate recognition by langerin, a C-type lectin of
Langerhans cell. Glycobiology 2003, 13, 401-410. [CrossRef]

Morel, E; Parton, R.G.; Gruenberg, J. Annexin A2-Dependent Polymerization of Actin Mediates Endosome
Biogenesis. Dev. Cell 2009, 16, 445-457. [CrossRef] [PubMed]

Bharadwaj, A.; Bydoun, M.; Holloway, R.; Waisman, D. Annexin A2 heterotetramer: Structure and function.
Int. J. Mol. Sci. 2013, 14, 6259-6305. [CrossRef] [PubMed]

Trischler, M.; Stoorvogel, W.; Ullrich, O. Biochemical analysis of distinct Rab5- and Rab11-positive endosomes
along the transferrin pathway. J. Cell Sci. 1999, 112, 4773-4783. [PubMed]

Zobiack, N.; Rescher, U.; Ludwig, C.; Zeuschner, D.; Gerke, V. The annexin 2/5100A10 complex controls the
distribution of transferrin receptor-containing recycling endosomes. Mol. Biol. Cell 2003, 14, 4896—4908.
[CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/s41598-018-30051-2
http://www.ncbi.nlm.nih.gov/pubmed/30076379
http://dx.doi.org/10.1111/j.1365-2818.2008.01984.x
http://www.ncbi.nlm.nih.gov/pubmed/18445157
http://dx.doi.org/10.1016/S0091-679X(10)96028-7
http://www.ncbi.nlm.nih.gov/pubmed/20869543
http://dx.doi.org/10.1017/S1431927612014304
http://www.ncbi.nlm.nih.gov/pubmed/23458500
http://dx.doi.org/10.1182/blood.V100.2.701
http://www.ncbi.nlm.nih.gov/pubmed/12091369
http://dx.doi.org/10.1189/jlb.0809577
http://dx.doi.org/10.1007/s00262-006-0142-x
http://dx.doi.org/10.1111/j.1365-2567.2005.02274.x
http://dx.doi.org/10.1186/s12977-014-0123-7
http://dx.doi.org/10.1007/978-3-642-77095-1_11
http://dx.doi.org/10.1093/glycob/cwg045
http://dx.doi.org/10.1016/j.devcel.2009.01.007
http://www.ncbi.nlm.nih.gov/pubmed/19289089
http://dx.doi.org/10.3390/ijms14036259
http://www.ncbi.nlm.nih.gov/pubmed/23519104
http://www.ncbi.nlm.nih.gov/pubmed/10574724
http://dx.doi.org/10.1091/mbc.e03-06-0387
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture 
	Transmission Electron Microscopy 
	Immunoelectron Microscopy 
	shRNA-Mediated Knockdown of A2/A2t 
	Western Blot and Protein Quantification 
	Flow Cytometry 
	Quantification of BG 
	Statistical Analysis and Software Used 

	Results 
	MUTZ-3-Derived LC Are an Appropriate Model to Study BG Structure 
	Immunogold Staining of Langerin in M-LC Gives Insight into Proper BG Structure Formation and Demonstrates a Novel BG Structure 
	Neither Subunit of A2t Colocalizes to BG Structures 
	Knockdown of A2t Results in Reduced Expression and Non-BG Localization of Langerin 
	The Absence of A2t Results in Abnormal Cellular Distributionof Langerin and Incomplete BG Formation 

	Discussion 
	References

