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Dendritic cells (DCs) orchestrate immune responses by presenting antigenic peptides
on major histocompatibility complex (MHC) molecules to T cells. Antigen processing
and presentation via MHC I rely on the peptide-loading complex (PLC), a supramo-
lecular machinery assembled around the transporter associated with antigen processing
(TAP), which is the peptide transporter in the endoplasmic reticulum (ER) membrane.
‘We studied antigen presentation in human DCs by isolating monocytes from blood and
differentiating them into immature and mature DCs. We uncovered that during DC dif-
ferentiation and maturation, additional proteins are recruited to the PLC, including B-cell
receptor-associated protein 31 (BAP31), vesicle-associated membrane protein-associated
protein A (VAPA), and extended synaptotagmin-1 (ESYT1). We demonstrated that these
ER cargo export and contact site—tethering proteins colocalize with TAP and are within
40 nm proximity of the PLC, suggesting that the antigen processing machinery is located
near ER exit- and membrane contact sites. While CRISPR/Cas9-mediated deletion of TAP
and tapasin significantly reduced MHC I surface expression, single-gene deletions of the
identified PLC interaction partners revealed a redundant role of BAP31, VAPA, and ESYT1
in MHC I antigen processing in DCs. These data highlight the dynamics and plasticity of
PLC composition in DCs that previously was not recognized by the analysis of cell lines.

antigen processing | membrane organization | antigen presentation | primary cells |
membrane proteins

Dendritic cells (DCs) are essential in linking the innate and the adaptive arm of the
immune system. They are the main professional antigen-presenting cells in vivo by dis-
playing processed antigenic peptides via the major histocompatibility class I antigen com-
plex (MHC I). DCs prime adaptive immune responses by stimulation of different subsets
of T lymphocytes (1, 2). Due to their antigen-presentation capacity, DCs are important
for personalized anticancer immunotherapies (3). However, only approximately 1% of
peripheral blood mononuclear cells (PBMCs) are DCs, making research of this scarce cell
population challenging (4). In contrast, monocytes make up approximately 10% of periph-
eral blood cells (5, 6). Monocytes are the major source of inflammatory myeloid cells
including DCs. In vivo, monocytes recirculate in the blood, and they are recruited to sites
of inflammation where in a first step they differentiate into immature DCs (imDCs). After
additional inflammatory stimuli, imDCs develop into mature DCs (mDCs) by upregulating
various costimulatory molecules required for T-cell stimulation and chemokine receptors
that enable them to migrate to draining lymph nodes (7-10). Monocyte-derived dendritic
cells (moDCs), including imDCs and mDCs, are a key model for studying human DCs.
However, personalized DC therapy remains to be optimized in terms of DC preparation
and antigen loading (11-14).

In the canonical MHC I pathway, the peptide-loading complex (PLC) confers the trans-
port, editing, and loading of proteasomal degradation products onto MHC I molecules
from the cytosol into the endoplasmic reticulum (ER) lumen. This mechanism is crucial for
effective antigen presentation on the cell surface (15, 16). The PLC is a macromolecular
machinery consisting of the heterodimeric transporter associated with antigen processing
(TAP1/2), MHC I molecules, and the chaperones ERp57, calreticulin, and tapasin (17-19).
Professional antigen-presenting cells can also present exogenously acquired antigens by
MHC I molecules, a process that is referred to as cross-presentation. The extent of the PLC
involvement in cross-presentation is still under debate (20). The PLC is arranged in homo-
geneous nanometer clusters located in the tubular ER network that increase in density upon
maturation into mDCs (21). This suggests that the antigen-presentation capacity is locally
adapted to activate T cells throughout the elongated morphology of moDCs.

Organelles are not individually separated compartments, but they are highly interconnected
and organized through the so-called membrane contact sites (MCSs), allowing organelle
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interaction (22). For instance, the ER communicates with the plasma
membrane (PM) (23-25) and other organelles such as mitochondria,
endosomes, peroxisomes, and the Golgi apparatus (26-28). The
importance of organelle interaction for the trafficking of
antigen-loaded MHC molecules has received particular attention in
recent years. MCSs between the ER and phagosomes are critical for
cross-presentation and infection with intracellular pathogens
(29-33). The PLC relocates from early endosomes to the ER, which
is defined as a calnexin-positive compartment (34). Therefore, under-
standing the subcellular organization and identifying interaction
partners of the PLC is important to elucidate PLC-dependent
MHC I antigen presentation pathways in DCs.

Here, we deciphered dynamic changes of the PLC at the molec-
ular level upon differentiation and maturation of DCs. In this
study, we identified interaction partners of the PLC during mat-
uration of monocytes into DCs, namely B-cell receptor-associated
protein 31 (BAP31), a cargo receptor, vesicle-associated mem-
brane protein-associated protein A (VAPA), which is involved in
the formation of MCSs, and extended synaptotagmin-1 (ESYT1),
which is found at contact sites between the ER and the plasma
membrane. We detected cell type— and DC status—dependent
alterations of the PLC composition, which correlated with the
colocalization of the PLC with MCS tethering proteins.
CRISPR/Cas9-mediated gene disruption of PLC core components
and of the peripheral interaction partners in primary human DCs
revealed that MHC I surface expression was only affected by dele-
tion of the PLC core subunits TAP1 and tapasin. Deletion of the
ER cargo receptor BAP31 and MCS—tethering proteins VAPA
and ESYT1 without altering MHC I surface expression indicated
that DCs have compensatory mechanisms to ensure MHC I anti-
gen presentation. This study provides evidence of the high plas-
ticity of the PLC in primary human DCs, which was not identified
before by the analysis of cell lines.

Results

Dynamic Changes in PLC Composition during Differentiation
of Monocytes into DCs. Antigen-specific T cells are primed by
DCs (35) that express costimulatory molecules and high levels of
MHCI (36). As MHC I surface expression is largely dependent on
PLC function, we sought to study the molecular composition of the
PLC during monocyte to DC differentiation. In brief, monocytes
were isolated from healthy donors and in vitro incubated in
medium enriched with interleukin (IL)-4 and granulocyte—
macrophage colony-stimulating factor (GM-CSF) for 5 d. The
resulting imDCs were cultivated for another 3 d in medium
supplemented with IL-1, tumor necrosis factor (TNF)-a, IL-6,
and prostaglandin E, (PGE2) to obtain mDCs (37) (Fig. 14).
During the initial monocyte-to-imDC differentiation process, the
well-characterized monocytic marker CD14 was down-regulated,
while MHC class II and the costimulatory molecule CD86 were
up-regulated (87 Appendix, Fig. S1). The maturation of imDCs
into mDCs was characterized by upregulation of CD86 and
CD83 (87 Appendix, Fig. S1). Besides these changes in surface
marker expression and alterations in the cell morphology, the
TAP1/2 relocates from early endosomes to calnexin-positive
compartments, i.c., the ER (34). Given this high plasticity, we
aimed at analyzing the PLC composition during differentiation
and maturation of human DCs.

Human monocytes, imDCs, and mDCs, as well as the B-cell line
Raji that we used as a control, were subjected to coimmunoprecip-
itation (co-IP) of the key PLC subunits using the anti-TAP1 mon-
oclonal antibody (mAb) 148.3. Affinity-purified complexes were
separated by SDS-PAGE followed by in-gel tryptic digestion. The
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resulting proteolytic fragments were analyzed by reverse-phase chro-
matography combined with tandem mass spectrometry
(LC-MS/MS) (Fig. 1B and SI Appendix, Fig. S2). As a proof of
principle, we first studied the composition of the PLC isolated from
primary monocytes and Raji cells and mapped the results in volcano
plots with statistically significant interaction partners that are shown
above the significance threshold. In this analysis, the PLC core sub-
units, including the ATP-binding cassette (ABC) transporters TAP1
and TAP2, the ER chaperones tapasin, ERp57, and calreticulin, as
well as MHC I molecules composed of the heavy chain and the ,m,
were identified (Fig. 1C and SI Appendix, Fig. S3). Furthermore, in
addition to the classical MHC alleles HLA-A, -B, and -C, the non-
classical HLA-E and -G alleles were found as components of the
PLC, which further confirmed previous results of PLC constituents
that were determined in human cell lines (17, 18, 38). We next
examined the PLC composition after monocyte differentiation and
maturation into imDCs and mDCs, as defined by their character-
istic profiles of cell surface markers (S Appendix, Fig. S1). Similar
to the PLC interactome in monocytes, our analysis revealed all core
PLC subunits in imDCs and mDCs. Strikingly, the volcano plots
highlighted a higher number of statistically significant interaction
partners of the PLC in DCs than in monocytes (Fig. 1C). Specifically,
in addition to the well-described PLC subunits, BAP31, VAPA, and
ESYT1 were identified in DCs as prominent interaction partners
of the PLC.

Therefore, we next addressed the interaction of BAP31, VAPA,
and ESYT1 with the PLC of monocytes, imnDC, mDC, and Raji
cells by co-IP and immunoblotting. Anti-TAP1 co-IP revealed the
presence of all PLC core subunits, including TAP1/2, tapasin,
ERp57, calreticulin, and the MHC I heavy chain (S Appendix,
Fig. S4), plus the absence of Sec61a, which is an ER marker and
therefore verified the specificity of the co-IP for TAP1-interaction
partners (S/ Appendix, Fig. S5). It is noteworthy that comparable
amounts of all core PLC components were detected in the cell
lysates (solubilizate) of the cell types analyzed. A similar signal
intensity of TAP1 served as a reference for comparing the signal
intensities of the other components. Of note, in these assays,
BAP31 was significantly more abundant in the PLC of imDC
(SI Appendix, Fig. S6), while the control B-cell lymphoma cell line
Raji only showed low levels of BAP31 and ESYT1 in the PLC.
Furthermore, ESYT1 was detected at significantly higher levels in
imDCs than in monocytes. These data indicated that BAP31 and
ESYT1 are PLC interaction partners in primary DCs and that they
are less prominent in human cell lines. VAPA was detected at
slightly higher levels in the PLC of imDCs and mDCs than in
monocytes and was also identified in Raji cells (Fig. 1D), although
no significant differences were observed. The coelution levels of
BAP31 and ESYTI1 are similar in monocytes and mDCs
(SI Appendix, Fig. S6). However, an enrichment of PLC interaction
partners as identified by LC-MS/MS and immunoblotting indi-
cated that the interactome of the PLC changes toward enhanced
complexity during differentiation of monocytes into imDC.

BAP31, VAPA, and ESYT1 Are Interaction Partners of the
Fully Assembled PLC in DCs. To validate the results above, we
performed an affinity isolation of the PLC using the viral factor
ICP47 that carried a C-terminal streptavidin-binding peptide
tag (ICP47°®%). ICP47 is encoded by herpes simplex virus and
binds with high affinity to the fully assembled heterodimeric
transport complex TAP but not to preassembled TAP1 or
TAP2 subunits (39-42). In the presence of ICP47°"F we
solubilized the cells, purified the PLC complex, and analyzed
the PLC components by immunoblotting. In the solubilizate
of monocytes, imDC, mDC, and Raji cells, the core PLC
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Fig. 1. Composition of PLC assembly changes upon differentiation and maturation of moDCs. (A) Scheme of moDC differentiation. Monocytes incubated with
GM-CSF and IL-4 for 5 d into imDC. After addition of IL-6, IL-1B, TNF-o, and PGE2 and incubation for further 3 d, imDCs mature into mDCs. (B) Experimental setup.
Isolated monocytes as well as imDCs and mDCs were lysed. Subsequently, TAP and associated proteins were isolated by co-IP using TAP1-specific monoclonal
antibody mAb 148.3. Isotype antibody was used as control. Protein complexes were separated by SDS-PAGE, and proteins were cleaved by in-gel trypsin digestion.
Derived peptides were analyzed by LC-MS/MS, and protein intensities were used for label-free quantification. (C) Volcano plots of coimmunoprecipitated, TAP-specific
samples in comparison to control. Upper graph: monocytes; middle graph: imDCs; bottom graph: mDCs. Plots were generated by PERSEUS software and display
the difference (fold change) and statistical significance (-log p) of the peptide intensities between TAP-specific and control co-IP samples. Proteins to the right and
above the significance line (based on the applied FDR of 0.05 and an SO of 1) are considered as enriched. Protein IDs in red are known members of the TAP complex.
The identified interaction partners BAP31, VAPA, and ESYT1 are highlighted in blue. (D) Monocytes (mono), imDCs, mDCs, and Raji cells were solubilized in 1% (w/v)
digitonin and TAP1 (mAb 148.3) coimmunoprecipitated. A corresponding isotype antibody (iso) was used as control. Proteins were analyzed by SDS-PAGE and
subsequent immunoblotting. To avoid donor dependencies, two to three donors were pooled for each primary cell type. The left panel shows cell lysate material
after solubilization and ultracentrifugation (solubilizate). On the right panel, the eluate samples after co-IP are presented. TAP1, BAP31, VAPA, and ESYT1 are detected
by immunoblotting. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as a loading control. *Heavy and light chains of anti-TAP1 and isotype antibodies.
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components and the peripheral interaction partners, BAP31,
VAPA, and ESYT1, were detected. Using the ICP47°"" pull-
down approach, all core PLC subunits, including TAP1, TAP2,
tapasin, ERp57, calreticulin, and MHC I, were affinity purified
specifically in monocytes, imDC, mDC, and Raji cells (Fig. 2 4
and B). The ER control marker Sec61a was not detected among
ICP47°"" pull-down proteins, despite its abundance in the
solubilizate (S Appendix, Fig. S7). 1CP47%®° pull-down using
monocyte cell lysates revealed low levels of BAP31, VAPA, and
ESYT1. BAP31 was detected to a significantly higher extent in
the ICP47°"" pull-down of the DC subsets than in monocytes.
VAPA and ESYT1 levels were slightly increased, although
not significantly, in imDCs and mDCs when compared with
monocytes, suggesting that they are interaction partners of
the fully assembled PLC in imDCs and mDCs (87 Appendix,
Fig. S8). ICP47°%" pull-down of the PLC in Raji cells showed
low levels of BAP31 and ESYT1, whereas VAPA was detected at
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levels comparable to moDCs (Fig. 2C). In conclusion, BAP31,
VAPA, and ESYT1 specifically interact with the virally arrested
PLC of imDCs and mDCs; however, they are less prevalent in
the PLC of monocytes.

Subcellular Organization of BAP31, VAPA, ESYT1, and the PLC
in DCs. The PLC mostly resides in the ER membrane (34), and
during DC maturation, the tubular ER network extends to the
tips of mDC protrusions, where TAP localizes at high density
(21). We therefore investigated the subcellular colocalization
of the PLC and the interaction partners during differentiation
of moDCs. In monocytes, we observed no colocalization for
BAP31, VAPA, and ESYT1 with TAP1 by confocal laser scanning
microscopy (CLSM) as documented by the respective negative
Pearson correlation coefficients. In contrast, after differentiation
into imDCs and maturation into mDCs, we detected an increased
colocalization of TAP1 in the PLC with BAP31, VAPA, and
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Fig. 2. BAP31, VAPA, and ESYT1 are interaction partners of ICP47°%"-arrested PLCs in moDCs. Monocytes (mono), imDCs, mDCs, and Raiji cells were solubilized
in 1% (w/v) digitonin and affinity purified in the presence (+) or absence (=) of ICP47°%", Proteins were separated on SDS-PAGE and subsequently immunoblotted.
To avoid donor dependencies, two to three donors were pooled for each primary cell type. The left panel shows cell lysate material after solubilization and
ultracentrifugation (solubilizate). On the right panel, the eluates after pulldown are presented. Classical components of the PLC (A) TAP1, ERp57, and MHC |
and (B) TAP2, calreticulin (Crt), and tapasin (Tsn) are detected in the ICP47°8° pull-down. (C) ESYT1, VAPA, and BAP31 are detected by immunoblotting. GAPDH

served as a loading control.
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ESYT1 (Fig. 3). Similar to TAP1, the interaction partners were ~ monocytes, imDCs showed enhanced colocalization of the protein
distributed over the whole cell. After maturation into mDC, pairs TAP1-BAP31, TAP1-VAPA, and TAP1-ESYT1 (Fig. 3).
BAP31, VAPA, and ESYT1 accumulated in the tips of mDC  After mDC maturation, the Pearson coefficients for TAP1-BAP31
protrusions, as analogously observed for TAP1. Compared to ~ and TAP1-VAPA were further enhanced when compared with
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Fig. 3. Increased colocalization of BAP31, VAPA, and ESYT1 with TAP during maturation and differentiation into moDCs. On the left panel, monocytes (mono),
imDCs, and mDCs were chemically fixed with 3% (v/v) formaldehyde/phosphate-buffered saline (PBS) and immune-labeled for TAP1 (magenta, mAb 148.3) and
in green (A) BAP31, (B) VAPA, or (C) ESYT1. Nuclei are visualized by DAPI staining (blue). (Scale bar, 10 pm.) On the right, the corresponding Pearson’s correlation
coefficients were calculated for the antibody pair in monocytes, imDCs, and mDCs. Mean + SD is shown in magenta. At least four donors were analyzed. Statistical
analysis was performed with the Kruskal-Wallis test using post hoc Dunn’s test for multiple comparisons. ****P < 0.0001 and ***P < 0.001, ns: not significant.
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imDCs. As the Pearson coefficient did not increase following
mDC maturation, presumably TAP1 and ESYT1 colocalized
already to a maximal extent at the imDC stage. Control images
with secondary antibodies only showed no unspecific signal in
the acquisition settings used (S Appendix, Fig. S9). These results
indicate a higher colocalization of TAP1 in the PLC with BAP31,
VAPA, and ESYT1 in DCs than in monocytes.

To analyze protein—protein interactions in a nanometer distance
range, we performed in situ proximity ligation assay (PLA) in
monocytes, imDCs, and mDCs by rolling circle DNA synthesis
(Fig. 4A4). Using CLSM and flow cytometry, BAP31, VAPA, and
ESYT1 were found in <40 nm proximity to the PLC, which was
immunolabeled by TAP1, in imDC and mDC (Fig. 4 Band C and
SI Appendix, Fig. S10). In contrast, in monocytes and in experi-
ments with isotype controls, no proximity signal was observed for
the antibody pairs TAP1-BAP31, TAP1-VAPA, and TAP1-ESYT1.
In imDCs, an 8- to 20-fold signal increase of TAP1 and the PLC
interaction partners was detected, while in mDCs, this signal was
increased 30- to 35-fold. TAP1-BAP31 and TAP1-VAPA proxim-
ity were significantly enhanced from monocytes to mDCs. Again,
TAP1-ESYT1 was detected at similar levels in imDCs and mDCs.
Simultaneously with the morphological changes that were induced

A C

during monocytes-to-DC differentiation, the colocalization of the
PLC with the ER cargo export and contact site—tethering proteins
BAP31, VAPA, and ESYT1 increased. Taken together with the
increased number of signals for local proximity in imDCs and
mDCs, the results suggest a relocalization of the antigen processing
machinery to membrane exit- and contact sites.

CRISPR/Cas9-mediated Deletion of PLC ComponentsinimDC and
mDC. To study the impact of the identified PLC components of
DC on MHC I surface expression, we established a CRISPR/Cas9-
mediated gene deletion approach in imDCs and mDCs (43) for the
PLC core components and the PLC interaction partners. We used
a preassembled ribonucleoparticle (RNP) of guide RNA (gRNA)-
Cas9, targeting TAP1, tapasin, ERp57, BAP31, VAPA, and ESYT1
at the genomic level, and applied nucleofection to deliver the RNPs
in monocytes. To ensure efficient gene disruption, we employed
a mixture of up to three gRNAs per target gene. After RNP
nucleofection, cells were differentiated into imDCs and mDCs as
described before. To confirm that CRISPR/Cas9 nucleofection did
not alter DC differentiation and/or maturation, we examined the
cell surface expression of CD14, CD83, CD86, and MHC II by
flow cytometry of CRISPR/Cas9 gene—edited cells. In untreated
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Fig. 4. BAP31, VAPA, and ESYT1 are in 40 nm proximity to TAP in imDCs and mDCs. (A) Schematic representation of proximity ligation assay (Duolink). Briefly,
target proteins are immunolabeled with primary antibody raised in two different species; then, incubation with secondary antibodies coupled to an oligonucleotide
sequence “PLUS" or “MINUS” follows. If target proteins are in 40 nm proximity, complementary oligo sequences are ligated, and the polymerase proceeds to a
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moDCs were chemically fixed with 3% (v/v) formaldehyde/PBS, and a proximity ligation assay was performed with TAP1 (mAb 148.3) and BAP31, VAPA, or ESYT1.
As control, corresponding isotype antibodies were used. Nuclei were stained with DAPI for visualization (blue). (Scale bar, 10 um.) (C) For flow cytometry, moDCs
were fixed and semipermeabilized, and a proximity ligation assay was performed with TAP1 (mAb 148.3) and BAP31, VAPA, or ESYT1. Median fluorescence
intensity increase + SD was plotted as x-fold over background (dash line). Two donors per experimental setup were analyzed. Statistical analysis was performed
using one-way ANOVA with Turkey post hoc. *P < 0.05 and **P < 0.005, ns: not significant.
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cells, we observed the expected downregulation of the monocytic
marker CD14, and a moderate upregulation of CD86 in imDCs,
followed by a stronger upregulation of the activation markers CD83
and CD86 in mDCs (Fig. 5 A and B). Importantly, RNP treatment
did not significantly alter the respective surface receptor expression
of imDC and mDCs, except for a slight upregulation of MHC 11
in mDCs (Fig. 5 A and B). Nevertheless, the classical phenotype of
moDCs remained largely unaffected, and the distinct stages of DC
differentiation and maturation could be distinguished.

We next examined the knockout efficiency at the protein level
in imDCs and mDCs. At the imDC stage, 5 d post RNP
nucleofection, the protein levels of TAP1, tapasin, ERp57, BAP31,
VAPA, and ESYT1 were reduced by 70 to 100% (Fig. 5C). Of
note, almost all targets showed a further enhanced knockout effi-
ciency after 8 d post CRISPR/Cas9 nucleofection. For TAP1,
BAP31, and VAPA deletion, no signal of the protein target was
detected in mDCs, while only a very weak signal for ESYT1
remained (Fig. 5D). These data suggest that the lower knockout

efficacy in imDCs can be attributed to protein turnover and/or
mRNA stability. In conclusion, eflicient deletion of the PLC core
subunits and identified interaction partners were established in

imDCs and mDCs.

MHC | Surface Expression Altered by Deletion of PLC Com-
ponents in DCs. We next examined the impact of individual
gene knockouts for TAP1, tapasin, ERp57, BAP31, VAPA, and
ESYT1 on MHC I surface presentation. We first analyzed MHC I
protein levels by immunoblotting of lysates of imDCs and mDCs
(Fig. 64 and SI Appendix, Fig. S11). In tapasin-deficient mDCs,
a significant decrease of MHC I signals was detected, further
verifying that tapasin expression is important for stabilization
of nascent MHC I molecules before loading with peptides. In
contrast, genomic deletion of TAP1, ERp57, BAP31, VAPA,
or ESYT1 did not affect the total expression levels of MHC 1
molecules. We then determined the HLA-A, -B, and -C surface
expression in imDCs and mDCs by flow cytometry (Fig. 6 B
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Fig. 5. CRISPR/Cas9 knockouts of PLC subunits and interaction partners in moDC. Monocytes were nucleofected with up to three gRNAs in Cas9-RNPs and
then differentiated into imDCs and mDCs. Differentiation markers CD14, CD83, CD86, and MHC Il were analyzed by flow cytometry at the stage of (A) imDCs
or (B) mDCs of CRISPR/Cas9 treated or untreated cells, respectively. Differentiation markers stained (st.) samples were compared to isotype controls (iso) of
cells treated with one or mixtures of two or three gRNAs. (C) imDCs (light coloring) and mDCs (strong coloring) were lysed, and the knockout efficiency of TAP1,
tapasin (Tsn), ERp57, BAP31, VAPA, and ESYT1 was analyzed by immunoblotting against control gRNA treated cells. Immunoblot results were first normalized
to an internal loading control (GAPDH or f-actin) and subsequently normalized to control treated cells. Mean + SD was plotted; imDCs are depicted in circles (n
=7) and mDCs in triangles (n = 6). Statistical analysis of quantification data compared to control gRNA moDC was performed with the ¢ test with correction for
multiple comparisons. ***P < 0.0001. (D) Exemplary immunoblots of control gRNA (ctrl) or knockout (KO) mDCs against TAP1, BAP31, VAPA, or ESYT1. GAPDH

was used as loading control.
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and C). No significant downregulation of HLA was observed in
imDC:s for any of the six knockouts, even though tapasin decreases
whole cell MHC I protein levels. Notably, in mDCs, the deletion
of TAP1 or tapasin caused a significant MHC I downregulation by
up to 50% compared to cells that were nucleofected with control
CRISPR/Cas9 gRNA RNPs.

HLA-A molecules can be further subdivided into distinct
alleles. We specifically analyzed the expressions of the most abun-
dant HLA-A alleles, HLA-A2 and HLA-A3. These alleles are of
particular interest for this study, since the expression of HLA-A2
alleles is partially TAP-dependent, while HLA-A3 represent fully
TAP-dependent alleles (44). In HLA-A2-positive imDCs, deletion
of TAP1 led to a significant downregulation of MHC I surface
expression (Fig. 6D). In addition, tapasin-deficient imDCs showed
the tendency to express diminished levels of HLA-A2 on the cell
surface, whereas all other knockouts did not show downregulation
of HLA-A2 surface levels. Interestingly, the deletion of ESYT1 in
imDCs seemed to slightly up-regulate HLA-A2. Upon differen-
dation into mDCs, HLA-A2 was further downregulated by

approximately 50% in the case of TAP1 and tapasin knockouts,
while no significant effect was detected upon ERp57, BAP31,
VAPA, or ESYT1 deletion.

imDCs from HLA-A3-positive donors also showed a significant
reduction of MHC I surface expression upon deletion of TAP1
(Fig. 6E). In imDCs, tapasin deletion showed again a minor effect
on HLA-A3 expression. Once more, no significant effect on
HLA-A3 surface expression was detected upon deletion of ERp57,
BAP31, VAPA, or ESYT1 in imDCs. After differentiation of
HLA-A3-positive mDCs, a substantial reduction of MHC I sur-
face expression was observed upon TAP1 and tapasin deletion.
Here again, no effect on the knockouts of the other targets was
seen. Of note, tapasin deletion resulted in a decrease of TAP1
protein levels (87 Appendix, Fig. $12), as previously reported sim-
ilarly in the murine system (45, 46). Therefore, MHC I downreg-
ulation in tapasin-deficient cells cannot be exclusively linked with
an effect of tapasin on its MHC I chaperone function.

The differences observed when studying the HLA-A alleles
HILA-A2 and HLA-A3 in knockout imDCs remained similar as for
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Fig. 6. Downregulation of surface MHC | molecules after specific knockouts in imDCs and mDCs. Monocytes were subject to CRISPR/Cas9 knockout of TAP1,
tapasin, ERp57, VAPA, BAP31, or ESYT1, which were differentiated into imDCs and maturated into mDCs. (A) Exemplary immunoblots of imDCs (Left) or mDCs
(Right) TAP1 or tapasin (Tsn) knockouts. Relative protein abundance of MHC | in control and knockout cells is shown. GAPDH was used as loading control. (B and ()
Knockout or control DCs were stained with anti-HLA-A, -B, -C antibody, and the surface presentation was analyzed as median fluorescence intensity (Fl) by flow
cytometry. Normalized median FI + SD was plotted. (B) imDCs are shown in light coloring and (C) mDCs in strong coloring. Median Fl was normalized to control
moDCs. Normalized median FI + SD was plotted. Symbols represent results of one donor; imDCs are depicted in circles (n = 8) and mDCs in triangles (n = 6).
(D) HLA-A2 [imDCs are depicted in circles (n = 5) and mDCs in triangles (n = 4)] or (F) HLA-A3 [imDCs are depicted in circles (n = 4) and mDCs in triangles (n = 4)]
specific donors were treated with ribonucleoprotein complexes, and the surface presentation of the knockouts (KO) was analyzed by flow cytometry at imDC
(light coloring) and mDC (strong coloring) stages. Results were normalized to control treated cells. Statistical analysis of all flow cytometry data was performed
by the t test with correction for multiple comparisons. ***P < 0.0001 and **P < 0.001 and *P < 0.01.
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the global HLA-A, -B, -C surface presentation. Nevertheless, when
TAP1- or tapasin-deficient cells were differentiated into mDCs,
global HLA-A, -B, -C, HLA-A2, and HLA-A3 surface expression
was drastically diminished by approximately 50% in comparison
to cells nucleofected with control CRISPR/Cas9 gRNA. However,
ERp57, BAP31, VAPA, and ESYT1 knockouts did not significantly
influence the level of MHC I surface expression. These data suggest
resilience of MHC I antigen processing in professional presenting
cells required for their effective function.

Discussion

In this study, we delineated the dynamic interactome of the PLC
during the differentiation and maturation of monocytes into imDCs
and mDCs, respectively. By co-IP and LC-MS/MS analysis, BAP31,
VAPA, and ESYT1 were identified as interaction partners of the
PLC in moDCs. These findings were corroborated by pull-down
experiments using the viral inhibitor ICP47°*", which captures only
fully assembled TAP complexes. In imDCs and mDCs, we detected
asignificantly enhanced colocalization of TAP1 with BAP31, VAPA,
and ESYT1 when compared with monocytes. A proximity of
<40 nm between the identified interaction partners and TAP was
demonstrated by in situ proximity ligation assays in imDCs and
mDCs. VAPA showed a higher tendency to interact with the PLC
during differentiation and maturation into DCs than in monocytes.
Our observations indicate a significantly increased interaction of
BAP31 and ESYT1 with the PLC owing to the differentiation status
of DCs rather than due to protein expression levels.

Among other functions, BAP31 acts as a cargo receptor at ER exit
sites for intracellular transport of MHC I, which was analyzed in
various different model cell lines (47, 48). Here, we uncovered the
recruitment of BAP31 to the PLC during differentiation and matu-
ration of moDCs, including the localization to the tips of the mDC
protrusions. To the best of our knowledge, an association of VAPA
with the PLC has not been reported so far. VAPA was linked to MHC
molecules and the endocytic pathway by its involvement in intracel-
lular trafficking, by positioning late endosomes and autophagosomes
with the ER (49, 50). We hypothesize that VAPA might be implicated
in antigen cross-presentation based on its ability to interact with ves-
icle SNARE proteins (51, 52) that mediate the transfer of ER-resident
proteins such as TAP to phagosomes, where MHC I peptide-loading
can occur (32, 53). Like VAPA, ESYT1 has not been linked to the
PLC before. ESYT1 is localized in the ER membrane, specifically at
microdomains that tether the ER to the PM. VAP and ESYT protein
families have been shown to interact with each other (54, 55), as
ESYTs are potential tethers to VAPs at ER-PM MCSs (56). However,
no interaction between MHC molecules and the contact site proteins
VAPA and ESYT1 has been reported so far. It is tempting to speculate
that ER-PM MCSs regulate the direct ER-PM shuttling of MHC 1
molecules. Here, we reportan interaction, colocalization, and <40-nm
proximity of the PLC with BAP31, VAPA, and ESYT1 in imDCs
and mDCs, suggesting that the PLC might be localized at the ER
MCS. However, the supramolecular architecture and direct contact
link between the interaction partners and the PLC needs to be deter-
mined in future studies.

To assess possible functional effects of the interaction partners
on the MHC I antigen presentation pathway, we analyzed altera-
tions in MHC T surface expression after BAP31, VAPA, and ESYT1
knockout besides deletion of the three core PLC components,
TAP1I, tapasin, and ERp57. First, we validated the generation of
primary cell knockouts by CRISPR/Cas9 and its influence on
moDC differentiation. RNP nucleofection of monocytes with up
to three gRNAs did not disturb the differentiation and maturation
into imDCs and mDCs, respectively. It is worth mentioning that
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sorting and subsequent expansion of single clones of nondividing
primary cells per definition was not possible because unlike lym-
phocytes, myeloid cells do not proliferate upon stimulation. No
double or triple knockout of BAP31, VAPA, and ESYT1 could be
generated as the separation of single, double, and triple knockout
cells from mixed populations would be very challenging. Since the
interaction partners are not expressed on the cell surface, labeling
of these proteins and subsequent enrichment of cells deficient for
these markers is difficult. In general, we observed knockout efficien-
cies ranging from 70 to 90% in imDCs and from 85 to 100% in
mDCs throughout different donors. This enhanced deletion efficacy
in mDCs could be due to slower protein turnover in moDCs, as
observed in case of CD86 and MHC II molecules in moDCs, where
their ubiquitination and degradation are reduced, possibly to
enhance immunogenicity (57).

Next, we focused on the functional phenotype of MHC I surface
expression after loss of core PLC components and the identified
peripheral interaction partners, BAP31, VAPA, and ESYT1. The
effect on MHC I surface expression was examined on two levels: i)
pan-specific HLA including all HLA-A, -B, and -C alleles and ii)
focusing on selected alleles such as HLA-A2 and HLA-A3. At the
stage of imDC:s, no significant HLA-A, -B, -C downregulation was
observed for any of the six single knockouts in comparison to cells
nucleofected with control CRISPR/Cas9 gRNAs. After maturation
into mDCs, we detected downregulation of MHC I surface expres-
sion in cells with genomic deletion of TAP1 or tapasin. In case of
HLA-A2 and HLA-A3 alleles, this significant downregulation after
TAP1 gene disruption was already observed at the imDC stage. In
mDCs, both HLA-A alleles displayed decreased MHC surface
expression in TAP1- or tapasin-knockout cells. Notably, the signifi-
cant downregulation observed in tapasin-deficient cells cannot be
directly linked to the peptide editing and loading function of tapasin,
as this chaperone is also required for TAP1 stabilization, and its abla-
tion leads to TAP1 degradation (46, 58). The knockouts of the inter-
action partners BAP31, VAPA, and ESYT', together with the core
PLC component ERp57, failed to show an impact on MHC I surface
expression in moDCs. This insinuates a dispensable role of the inter-
action partners and highlights the superior plasticity of MHC I sur-
face presentation in DCs. Interestingly, even though BAP31
overexpression was reported to increase surface MHC I expression,
BAP31 deficiency in Hela cells, or individuals with a natural deletion
across the BAP31 locus, did not show a reduced MHCI surface
expression, suggesting a conditional or redundant function of the
cargo receptor (59). Deletion of ERp57 has been reported to alter
MHCT recruitment to the PLC and surface presentation in mice
(46). However, our data do not corroborate these results in human
moDCs. One interpretation could be that the peripheral interaction
partners are not involved in the MHC I antigen presentation pathway.
Nevertheless, we cannot rule out the possibility that our readout is
not sensitive enough to detect the phenotype or kinetic disturbances
of the knockout. Human DCs have many backup mechanisms to
ensure antigen presentation, as even TAP dysfunction can be bypassed
by noncanonical antigen presentation pathways (31).

In summary, we showed that the common human DC model
tailors its PLC composition according to the differentiation status
of monocytes into imDCs and mDCs. We revealed dynamic changes
in the PLC composition during differentiation from monocytes into
DCs. We identified interaction partners of the moDC PLC, specif-
ically BAP31, VAPA, and ESYT1, suggesting that the antigen
processing machinery is located near ER exit and MCSs. The colo-
calization and proximity of the PLC with the interaction partners
was observed even at the tips of the elongated protrusions of mDCs,
where higher PLC density has been described (21). This subcellular
architecture could facilitate the transfer of TAP and the PLC into
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cross-presentation organelles (30, 60-62) and even the direct trans-
location of peptide-loaded MHC I molecules to the cell membrane
(30), bypassing the Golgi apparatus. As DCs express high amounts
of MHC I on the cell surface, this expedite transport could be ben-
eficial for the formation of MHC I clusters, e.g., via tetraspanin-5,
and thus for T-cell activation (63, 64). Moreover, we showed that
DCs are not easily influenced in MHC I antigen presentation, as
the absence of single PLC interaction partners left HLA surface
expression unaffected. Corroboration of this redundancy and com-
pensatory mechanisms could be achieved by intracellular studies of
antigen presentation, for example, by using antibody-like tools that
can follow the loading and trafficking of MHC I molecules. Whether
changes in the PLC specifically apply only for differentiation and
maturation of DCs or whether other antigen-presenting cells show
similar phenomena remains to be investigated to better understand
the biology behind PLC-dependent antigen presentation.

Materials and Methods

Mass Spectrometry. Frozen cell samples (~1.5 x 10’ cells per condition and
IP) were thawed on ice and subsequently lysed in IP buffer (20 mM HEPES NaOH
pH 7.5, 150 mM NaCl, 8.6% (v/v) glycerol, and 1% (w/v) digitonin). After 1 h
solubilization on ice, the mixture was centrifuged for 15 min at 20,000g, 4 °C,
to remove cell debris. The cleared lysate was transferred onto 50 pl Protein G
Sepharose 4 Fast Flow resin (GE Healthcare) coupled either with 15 pg puri-
fied TAP1 antibody (mAb 148.3) or with 15 pg isotype control antibody (Abcam,
ab170190). Samples were incubated for 3 h at 4 °C on an overhead rotator.
Afterward, beads were washed three times with wash buffer[20 mM HEPES NaOH
pH 7.5, 150 mM NaCl, 8.6% (v/v) glycerol, and 0.05% (w/v) digitonin] and then
eluted with 25 pL NuPAGE 4 x LPS sample buffer (Thermo Fisher Scientific).
Eluates were mixed with dithiothreitol to a final concentration of 100 mM,
and samples were separated on NuPAGE 4 to 12% Bis-Tris gels (Thermo Fisher
Scientific). Thereafter, in-gel digest of all proteins per lane was performed using
standard methods (65). Notably, on-bead digestion was not used to avoid digi-
tonin contaminations. Derived peptides were stage-tipped (66), eluted in buffer
A*[0.5% (v/v) acetic acid, 0.2% (v/v) trifluoroacetic acid (TFA)], and analyzed by
online LC-MS/MS with a nanoflow ultra-high-performance liquid chromatography
instrument (Easy1000 nLC, Thermo Fisher Scientific) connected to a Q Exactive
mass spectrometer (Thermo Fisher Scientific) as previously described (67). LC
and MS conditions were as follows: Peptide samples were separated on a 15-cm
analytical column (75 pminner diameter) packed in-house with 3 um C18 beads
(Reprosil Pur-AQ, Dr Maisch) via a linear gradient of 6 to 40% ACN/H,0 containing
0.5% acetic acid. Spray voltage was 2.0 kV with no sheath and auxiliary gas flow;
heated capillary temperature was set to 275 °C. The Q Exactive was run with
Xcalibur 2.2 and the LTQ Orbitrap Tune Plus Developers Kit version 2.6.0.1042.
Software was operated in data-dependent mode to automatically switch between
MS and MS2 acquisitions as previously described (68). Alternatively, operational
parameters were monitored in real time by SprayQC software (69). Raw data were
analyzed with MaxQuant (versions 1.4.1.1 and 1.6.1.0) (70). Parent ion (MS)
and fragment (MS2) spectra were searched against the human Uniprot FASTA
database to identify corresponding proteins. The search was performed with
the integrated Andromeda search engine, using a target-decoy-based strategy
to allow a maximum false discovery rate of <1%. Peptide identifications were
filtered for length and mass error. Cysteine carbamidomethylation was searched
as a fixed modification, whereas N-acetyl protein and oxidized methionine were
searched as variable modifications. Relative quantification of protein abundancies
was performed using the default "LFQ" setting in MaxQuant. Proteins were filtered
for potential contaminants, reverse proteins, and proteins that are only identified
by site. Statistical analysis of LFQ intensities was performed using the Perseus soft-
ware platform (71), and data were visualized using GraphPad Prism V7 (GraphPad
Software). FDR lines of Volcano plots are based on the two-sample t test.

Isolation of CD14" Monocytes from Human Peripheral Blood. PBMCs
were isolated by gradient centrifugation. To this end, buffy coats were diluted
1:4 (v/v) with 37 °C prewarmed 1 x PBS. Twenty-five milliliters of diluted blood
was pipetted onto 15 mL of Ficoll® (Biocoll, 8 = 1.077 g/mL, isotonic) solution
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and centrifuged at 900g for 20 min at room temperature (RT) without break.
The PBMC layer was washed twice with cold MACS buffer and centrifuged at
300g for 10 min at RT. Cells were incubated with 10 pL of CD14 magnetic beads
(CD14 human MicroBeads) per 10 PBMCs for 20 min at 4 °C protected from
light. Manual MACS CD14+ isolation was performed with QuadroMACS™ sep-
arator according to the manufacturer's instructions using the LS column protocol.
Automated CD14" isolation was done with AutoMACS® pro separator using the
program "posseld” for positive selection. Buffy coats were kindly provided by the
DRK-Blutspendedienst Baden-Wiirttemberg/Hessen or Blutspendedienst NSTOB
Springe. All blood samples were de-identified prior to use in this study. Subject
data were treated as confidential information protected by medical confidentiality.

Differentiation and Maturation of DCs. The procedure was followed as previ-
ously described (34). In brief, isolated monocytes were differentiated into imDCs by
the addition of each 1,000 units/mLinterleukin (IL)}-4 and GM-CSF (Miltenyi Biotec)
in CellGro DC medium (Cell Genix). After 5 d, imDCs were stimulated into mDCs for
further 3 d with 10 ng/mLtumor necrosis factor (TNF)- (PeproTech), 1,000 U/mLIL-6
(PeproTech), 10 ng/mLIL-1p (PeproTech), and 1 mg/mL prostaglandin E, (Cayman).

Coimmunoprecipitation. Monocyte,imDC, mDC, and Raji cell pellets (~1.5 x 10’
cells per cell type per condition) were thawed on ice and lysed for 1 hin 50 mM
HEPES NaOH pH 7.4, 150 mM NaCl, 8.6% (v/v) glycerol supplemented with 1%
(w/v) digitonin, 2.5 mM benzamidine, and 1 mM phenylmethylsulfonyl fluo-
ride (PMSF). For primary cells, a pool of two to three different donors was mixed
to avoid donor-to-donor variances. For the co-IP, 50 pg/condition Dynabeads™
M-280 sheep anti-mouse IgG was incubated with 0.1% (w/v) BSA/PBS for 15 min
at RT, and subsequently, 10 pg/condition o-TAP1 (mAb 148.3) (72) or mouse
lgG1,x isotype antibody was added. Beads were incubated for 2 h at 4 °C, and the
antibodies were cross-linked with 13.0 mg/ml dimethyl pimelimidate (Pierce™
DMP cross-linker) in 0.2 M sodium borate pH 8.8 for 20 min at RT. Beads were
washed with 0.2 M triethanolamine/PBS. Cross-linking was repeated three times.
At the end, the beads were washed with 1 M Tris-HCI pH 8.9. Antibody-cross-
linked-beads were stored in PBS at 4 °C until usage.

Upon cell lysis, samples were centrifuged for 30 min at 100,000g at 4 °C.
Solubilizates were precleared with 25 pg/condition uncoupled Dynabeads™ for
30 min at4 °Cwith overhead rotation. Solubilizates were added to TAP1 antibody-
orisotype antibody-bound Dynabeads™ and incubated for 3 h at 4 °Cwith a head-
over-tail rotator. Beads were washed with 50 mM HEPES NaOH pH 7.4, 150 mM
NaCl, 8.6% (v/v) glycerol,and 0.1% (w/v) digitonin. Proteins were eluted in 50 pL
2x oxidizing SDS buffer at 65 °C for 10 min. Afterward, p-mercaptoethanol was
added to the eluate to a final concentration of 0.7 M. Aliquots of the solubilizate
were resuspended in 2x reducing SDS buffer. All samples were stored at —20 °C.

Affinity Purification. For primary cells, a pool of two to three different donors
was mixed to avoid donor-to-donor variances. Cell pellets (~1.5 x 107 cells/
condition) stored at —80 °C were thawed on ice for 10 min and resuspended in
50 mM HEPES NaOH pH 7.4, 150 mM NaCl, 8.6% (v/v) glycerol supplemented
with 1% (w/v) digitonin, 2.5 mM benzamidine, and T mM PMSF.Ten micrograms
of streptavidin-binding peptide (SBP) tagged ICP47 (ICP47°*%) was added per
corresponding condition. Cells were solubilized at 4 °Cfor 1 hand centrifuged at
100,000g for 30 min at4 °C. Solubilizate was transferred to Dynabeads™ M-280
streptavidin (Thermo Fisher Scientific) or high-capacity streptavidin agarose resin
beads (Thermo Fisher Scientific) and incubated at 4 °C for 3 h. Protein-bound
beads were washed with 50 mM HEPES NaOH pH 7.4, 150 mM NaCl, 8.6% (v/v)
glycerol supplemented with 0.1% (w/v) digitonin, and eluted in 2.5 mM biotin.
Samples were resuspended in 2x reducing SDS buffer and stored at —20 °C.

Immunoblotting. Cells were resuspended in 50 mM HEPES NaOH pH 7.4,
150 mM NaCl, 8.6% (v/v) glycerol supplemented with 1% (w/v) digitonin,
2.5 mM benzamidine, and 1T mM PMSF and incubated for 1 h rotating at 4 °C.
Samples were centrifuged for 15 to 20 min at 4 °C, 16,000g, and the superna-
tantwas transferred into a new vessel. Samples were resuspended in reducing
SDS sample buffer, denatured at 65 °Cfor 10 min, separated by 10% Tris-glycine
gels, and blotted onto polyvinylidene fluoride membranes. Upon blocking with
5% (w/v) milk in TBS-T buffer, membrane incubated with primary antibodies:
mouse-o-TAP1 (1:10, hybridoma, clone 148.3)(72), rabbit-a-BAP31(1:2,000,
Abcam, ab109304), rabbit-a-VAPA(1:5,000, Abcam, ab181067), rabbit-o-ESYT1
(1:500, Sigma, HPA016858), rat-a-tapasin (1:3,000, purified in-house, clone
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7F6-1-1), mouse-a-MHC I (1:20, hybridoma, clone HC10), rabbit-o-calreticulin
(1:2,000, Sigma, C4606), rabbit-a-ERp57 (1:2,000, Abcam, ab10287), and
rabbit-a-Sec6Ta (1:2,000, Abcam, ab183046) for 2 h at RT or overnight at
4 °C. Subsequently, membrane incubated with o-mouse (A2554, Merck),
a-rat (A9037, Sigma), and o-rabbit (AP307P, Merck) horseradish peroxidase
(HRP) for 1 h at RT. For GAPDH, the membrane incubated with o-GAPDH-HRP
(1:2,000, BioLegend, 607904) for 2 h at RT. Membranes were developed with
Clarity Western ECL Reagent (BioRad) at Lumi™ F1 system (Roche) or Fusion
FX (Vilber). Protein levels were quantified using Fiji (73), and the graphical
results were generated with GraphPad Prism V5, and V8 (GraphPad Software).

Ribonucleoprotein Complex Formation. CRISPR RNA (crRNA), transactivating
RNA (tracrRNA), and Cas9 from S. pyogenes were purchased from Integrated DNA
Technologies (IDT). crRNA sequences were selected from the IDT or GenScript®
database (S Appendix, Table S1). Single crRNA and tracrRNA were dissolved in
nuclease-free duplex buffer (IDT) and mixed ina 1:1 molar ratio (210 pmol). The
mix was heated to 95 °Cand cooled down A0.1°C/s until RT.The resulting gRNAs
were either mixed individually or pooled together with Cas9 ata 3:1 molar gRNA:-
Cas9 ratio and incubated for 30 to 60 min at RT. Electroporation enhancer (IDT)
was added to the ribonucleoprotein (RNP) complexes and nuclease-free duplex
buffer, if required, to achieve a final volume of 10 pL per reaction. As negative
control, RNPs containing crRNA#1 (IDT) were prepared as described above. If not
used immediately, RNPs were stored at —20 °C.

Nucleofection of Monocytes. After PBMCisolation, a sample was stained with
APC o-human HLA-A2 (Miltenyi Biotec, 130-116-657) and PE-Vio 615 a-HLA-A3
(Miltenyi Biotec, 130-115-845) in FACS buffer (2% (v/v) FCS in PBS) and mixed
with 5% (v/v) human FcR blocking reagent (Miltenyi Biotec) for 20 min at 4 °C.
Samples were acquired with the BD FACSCelesta™ (BD) using the instrument-
speific software. HLA-A2 or HLA-A3 positive donors were then selected for CD14*
monocyte isolation. Up to 107 monocytes/knockout target were centrifuged for
10 min at 90g and resuspended in 100 pL RT P3 buffer (Lonza). Nucleofection
cuvettes (Amaxa Human Monocyte Nucleofector™ Kit, Lonza) were prepared with
10 L of RNP, and the cell suspension was added. RNP was nucleofected with
Nucleofector® 2b Device (Lonza) using the program Y-001. After RNP nucleofec-
tion, cells were further differentiated into moDCs as described above.

Flow Cytometry. Cells were stained in FACS buffer and mixed with 5% (v/v)
human FcR blocking reagent (Miltenyi Biotec) together with corresponding anti-
bodies for 20 min at 4 °C. Cells were washed in FACS buffer and resuspended in
0.25% (v/v) formaldehyde/FACS buffer. For intracellular staining, cells were fixed
and permeabilized with Cytofix/Cytoperm (BD) for 20 min at 4 °C in the dark.
Staining was performed in 1x Permwash (BD) with 5% (v/v) human FcR blocking
reagent (Miltenyi Biotec) together with corresponding antibodies (S/ Appendix,
Table S2) for 30 min at RT. The same staining procedure was performed with
fluorophore-labeled secondary antibodies. Cells were washed in 1x Permwash
and resuspended in 0.25% (v/v) formaldehyde/FACS buffer. Samples were
acquired with the BD FACSCelesta™ (BD) using the instrument-specific software.
Data analysis was performed with FlowJo™ V10 (Treestar). For each donor, the
median fluorescence intensity (MFI) of every knockout sample was normalized
to the MFI of the control gRNA cells (100%). All normalized knockouts were then
pooled together for the statistical analysis.

Immunofluorescence Staining. Monocytes were seeded in eight-well cham-
bers (Nunc I, Lab-tek) in CellGro DC medium and incubated at 37 °C for 30 min
foradherence. Cells were then chemically fixed with 3% (v/v) formaldehyde/PBS
for 15 to 20 min, washed with PBS, and subsequently quenched with 50 mM
glycine/PBS for 20 min. For semipermeabilization, monocytes were treated with
0.1% (v/v) TritonX-100/PBS for 15 min, washed with PBS, and incubated with 5%
(w/v) BSA/PBS at RT for 2 h to block unspecific binding. Upon PBS washing, pri-
mary antibodies were added in 1% BSA/PBS overnight at 4 °C. Primary antibodies
used were mouse-o-TAP1 (1.5 pg/mL, monoclonal, clone 148.3) (72), rabbit-o-
BAP31(1:200, monoclonal, Abcam, ab109304), goat-o-VAPA(1:250, Santa Cruz
Technologies, sc-48698), and rabbit-o-ESYT1 (1:25, Sigma, HPA076926). Cells
were washed again with PBS and incubated for 2 h at RT with a secondary anti-
body. Secondary antibodies used were donkey-a-mouse™*® (1:1,000, Invitrogen,
A-21202), goat-a-rabbit*™*® (1:1,000, Invitrogen, A-11011), goat-a-mouse”**’
(1:1,000, Invitrogen, A-21235), donkey-a-rabbit***¥’(1:1,000, Invitrogen,
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A-31573), and donkey-a-goat™®*’ (1:1,000, Invitrogen, A-21447). Monocytes
were washed again and incubated with 1:5,000 4,6-diamidino-2-phenylindole
(DAPI) (Thermo Scientific Fisher) for 2 min at RT. Upon extensive PBS washing,
cells were fixed again in 3% (v/v) formaldehyde/PBS for 10 min. Samples were
stored in fluorescence mounting medium (DAKO, S3023) at 4 °C.
Forimmunostaining of imDCs and mDC, monocytes were seeded upon isolation
in eight-well chambers and differentiated and matured. moDCs were chemically fixed
in 3% (v/v) formaldehyde/PBS for 15 to 20 min. Cells were blocked and permeabilized
with 3% (w/v) BSA, 1.5% (w/v) glycine, and 0.01% (w/v) saponin in PBS for 1 h at RT.
Antibodies were prepared in 0.1% (w/v) BSA and 0.01% (w/v) saponin in PBS, and
the staining protocol was further followed as described for monocytes. Cells were
imaged at LSM880 (Zeiss) with Plan-Appochromat 63x/1.4 oil objective (Olympus).

Proximity Ligation Assay. For microscopy analysis, moDCs were chemically
fixed with 3% (v/v) formaldehyde/PBS for 15 to 20 min at RT, and the manufac-
turer's protocol of Duolink® in situ far red mouse/rabbit (Sigma) was followed.
Primary antibodies rabbit-a-BAP31(1:200, monoclonal, Abcam, ab109304),
rabbit-o-VAPA (1:250, Sigma, HPA009174), rabbit-a-ESYTT (1:25, Sigma,
HPA076926), and mouse-a-TAP1 (1.5 pg/mL, clone 148.3) (72) were used.
Isotype antibodies mouse IgG1 kappa monoclonal (ab18437) and rabbit mon-
oclonal IgG (ab172730) were used, correspondingly. Primary antibodies were
labeled with a-mouse or a-rabbit Duolink® PLA probes PLUS/MINUS (Sigma)
or alternatively for «-TAP1 and mouse isotype with Duolink® PLA Probemaker
PLUS (Sigma). Samples were stored in DuoLink® in situ mounting media con-
taining DAPI at4 °Cin the dark. Samples were imaged at LSM880 (Zeiss) with
Plan-Appochromat 63x/1.4 oil objective (Olympus).

For flow cytometry, moDCs were fixed and permeabilized with Cytofix/
Cytoperm (BD) for 20 min at 4 °C in the dark. After washing, cells were blocked
according to the manufacturer's instructions (Duolink® flowPLA detection reagent
far red, Sigma) and 10° cells stained per sample. The primary antibodies used
are described in the previous paragraph. Samples were acquired with the BD
FACSCelesta™ (BD) using the instrument-specific software. Data analysis was
performed with FlowJo™ V10 (Treestar).

Statistical Analysis. Statistical analysis was performed using GraphPad Prism V5
and V8 (GraphPad Software). For colocalization analysis, a previously generated
R-based script was used for semiautomated computational analysis (34), and
the nonparametric Kruskal-Wallis test was utilized with Dunn's test for multiple
comparisons. For immunoblot quantification and proximity ligation assays, sta-
tistical analysis was performed using one-way ANOVA with Tukey's post hoc. For
flow cytometry and immunoblot quantification, the data were analyzed with the
ttest using correction for multiple comparisons.

Data, Materials, and Software Availability. All data are deposited to the
Zenodo open repository (DOl/accession numbers: 10.5281/zenodo.7296464
(74), 10.5281/zen0do.7407085 (75), 10.5281/zenod0.7294549 (76), and
10.5281/zen0d0.7250121 (77). All other data are included in the manuscript
and/or SI Appendix.
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