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Abstract

Nanobodies, also known as sdAbs or VHHs, hold great potential for the development of
dendritic cell (DC)-targeted vaccines due to their small size, high specificity, and ability
to penetrate tissues efficiently. In this study, we demonstrate that ubi-tagged VHHs
retain their functionality, with the ubi-tag not interfering with VHH antigen binding.
Furthermore, we show that the ubi-tag serves as a conjugation tag and also enhances
the solubility of the attached peptide, acting as an effective solubility enhancer for
hydrophobic epitopes. We then generated an anti-DC-SIGN VHH-UbZ—gp100p conjugate
and demonstrate its functionality in vitro, showcasing the potential of ubitagged VHH-
peptide epitope conjugates as a vehicle for DC-targeted vaccines in a human setting.

Introduction

Nanobodies, or single-domain antibody fragments, are derived from unique heavy-
chain-only antibodies found in camelids. Unlike conventional antibodies, which consist
of two heavy and two light chains, nanobodies consist solely of the variable heavy-chain
domain (VHH), which is responsible for antigen recognition.! Despite their small size
(approximately 15 kDa), nanobodies maintain antigen-binding capacities comparable
to full-sized antibodies, making them highly versatile in biomedical applications?. Their
small size, superior stability, high specificity, and ability to penetrate tissues efficiently,
contribute to their effectiveness in both therapeutic and diagnostic applications. For
this reason, nanobodies are also attractive to use for the development of dendritic cell
(DC)-targeted vaccines, which aim to enhance immune responses against infectious
diseases, cancer, and other conditions?™>.

Nanobodies targeting DC cell surface receptors, such as CLEC9A and CD11c, and
DC-SIGN, enable targeted delivery of antigens to DCs*®’. Since VHHs are predominantly
produced via recombinant expression in bacterial systems, one approach for generating
VHH-peptide epitope conjugates involves recombinant DNA. In this technique, the
coding DNA sequences of the VHH and peptide epitopes are linked together within
a recombinant plasmid, enabling the co-expression of a single polypeptide chain
comprising both the VHH and the peptide epitope. This method facilitates the
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production of a bifunctional protein, where the VHH domain and the epitope are
expressed in one genetically encoded fusion product, allowing for efficient synthesis in
bacterial hosts. While this approach seems straightforward, it often presents challenges
due to the hydrophobic nature of antigenic peptides?, leading to low expression and
improper folding of the resulting fusion proteins. This limits the wide application of
bacterial expression for producing VHH-peptide conjugates.

An alternative approach is sortagging, where a VHH is produced with a sortag motif
at its C-terminus and then chemoenzymatically conjugated to a chemically synthesized
peptide epitope with a polyglycine motif at its N-terminus®. Chemical synthesis of
the peptide epitope provides more flexibility to attach chemical moieties to enhance
the solubility compared to genetic fusions. For instance, the solubility of the highly
hydrophobic peptide NY-ESO-1 was improved by chemically attaching polyethylene
glycol (PEG) to it.°

Ubiquitin has also been shown to enhance the solubility and promote the proper
folding of proteins when used as a fusion tag'°. Encouraged by our data in Chapter 3,
where we observed strong T cell activation with ubi-tagged Fab-peptide conjugates,
we sought to apply ubi-tag conjugation to generate VHH-peptide epitope conjugates.
Our aim was to investigate the impact of the presence of a ubi-tag on the solubility of
antigenic peptides, assess the feasibility of ubi-tag conjugation for VHHs, and translate
the previously observed effects of the ubi-tagged conjugates for DC-targeted antigen
delivery to human applications.

Results

To explore the applicability of ubi-tagging for DC-targeted antigen delivery, we
broadened the scope towards nanobody (VHH)-conjugates (Fig. 1a). The high stability,
solubility, and ease of production of nanobodies have raised interest in the use of these
small-sized (15 kDa) targeting moieties!. We produced two ubi-tagged VHHs (VHH-
Ub(K48R)%"), one targeting hDC-SIGN (CD209)* and the other targeting ALFA-tag®?
as a non-targeted control (ntVHH-Ub) (Fig. 1b and Supplementary Fig. S1 and S4, and
Supplementary Table S1). As the size of the ubi-tag (16 kDa) is roughly equal to the size
of the nanobody, we first verified that ubi-tagging does not hinder target binding. We
performed a binding assay on DC-SIGN transfected CHO cells and DC-SIGN expressing
monocyte-derived DCs (moDCs) (Fig. 1c and Supplementary Fig. S2). The results
revealed a pronounced, DC-SIGN expression- and dose-dependent enhancement in
the fluorescent signal for the DC-SIGN targeted Rho-Ub_-VHH conjugate. In contrast, no
such increase was observed for the Rho-Ub_-ntVHH.
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Figure 1| Ubi-tag conjugation of nanobodies. (a) Schematic representation of ubi-tagging for
nanobodies. (b) Non-reducing (fluorescent) SDS-PAGE analysis and deconvoluted ESI-TOF mass
spectra of formation of Rho-Ub,-VHH through ubi-tagging of VHH-Ub®" and Rho-Ub**. (c) Binding
assay on DC-SIGN transfected CHO cells with DC-SIGN targeted Rho-Ub_-VHH (blue), ALFAtag targeted
Rho-Ub,-ntVHH (red), and DC-SIGN targeted Rho-Ub,-VHH on WT CHO cells (black). Data are shown
as MFI of Rhodamine-channel and a curve fit (Sigmoidal, 4PL, X = log(conc.)) on data points (n = 2).

Inthe field of targeted antigenic peptide delivery the hydrophobicity of CD8-epitopes
is a prevalent problem®. We reasoned that since ubiquitin is well-known for its high
solubility and stability, the fusion of a ubi-tag to hydrophobic peptides could enhance
their solubility’®. To demonstrate this, we generated a library of VHH-Ub,-peptide
conjugates, including hydrophobic peptides known to be challenging to ligate to
antibodies, nanobodies or chemokines using other techniques®®. All tested Ub-peptide
fusions were readily synthesized and conjugated to VHH-Ub(K48R)%" without solubility
issues (Fig. 2a and Supplementary Fig. S5).
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Figure 2| Generation and validation of VHH-Ub,-antigenic peptide conjugates. (a) SDS-PAGE analysis
of VHH-Ub,-antigenic peptide conjugates and deconvoluted ESI-TOF mass spectra of VHH-UbZ-gploop.
VHH-Ub%" was conjugated to respectively Ub**-EAWGALANWAVDSA (2W1S), Ub**-ELAGIGILTV
(Melan), Ub*-GILGFVFTL (FluM1), Ub*-KVLEYVIKV (MAGE), Ub*<-FLIWQNTM (Casp5), Ub®-
SLLMWITQV (NYESO1) and Ub®*-YLEPGPVTA (gp100). (b) Schematic illustration of reporter Jurkat T cell
activation assay. In short, moDCs were generated, pulsed (1 h., 4 °C) with vaccine conjugate (VHH-Ub,-
gp100p) or non-targeting control (ntVHH-Ub,-gp100p), and washed. Subsequently, reporter Jurkat T
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cells were added in 1:5 ratio and incubated overnight followed by flow cytometry analysis. (c) Flow
cytometry analysis of CD69 expression. Data (N=3) are shown as mean *SD, paired T tests, **P<0.01,
*P<0.05, ns P>0.05.

Glycoprotein 100 (gp100) is considered a melanoma tumor-associated antigen of
which gp100,, ... (gplOOp) has been identified as an HLA-A*0201 binding epitope?®.
We therefore proceeded to examine the functionality of the human DC targeted anti-
DC-SIGN VHH-UbZ-gp100p by pulsing moDCs and subsequent incubation with reporter
Jurkat T cells recognizing the MHC I-gp100_ epitope complex®. Activation of the Jurkat
T cells was assessed by CD69 expression the next day and indicated that the VHH-Ub,-
gplOOp led to antigen presentation of the gp100 epitope by moDCs in a dose-dependent
fashion (Fig. 2b,c). Significant differences were observed between the DC-SIGN targeted
VHH-UbZ-gp100p and non-targeted variant, which demonstrates the potentiating effect
of receptor-mediated antigen uptake®®.

In a more physiologically relevant setting, we transfected primary CD8" T cells from
HLA-A*02:01* donors with a gp100, specific T cell receptor (TCR) (Supplementary Fig. S3)
to assess the efficacy of the VHH—sz-gpIOOp to induce HLA-A*02:01* moDC-mediated
activation of primary human T cells (Fig. 3a)®. Proliferation (Fig. 3b), activation (Fig.
3c,d) and cytokine secretion (Fig. 3e) of the T cells were assessed and showed a more
potent dose-dependent increase in the conditions where moDCs were pulsed with
anti-DC-SIGN VHH-UbZ-gploop compared to the non-targeted conjugate, indicating the
potential of nanobody-peptide epitope conjugates for the development of DC-targeting
vaccines in a human setting.
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Figure 3| Primary TCR-transfected CD8+ T cell activation assay for the validation of VHH-sz-gpIOOF.
(a) Schematic representation of primary TCR-transfected CD8+ T cell activation assay. HLA-A*02:01+
moDCs were generated and pulsed with 0.1-0.5-1 uM vaccine conjugate or 1 uM control condition for
1 h. at 37 °C. TCR transfected CD8+ T cells were added in 1:5 ratio and after 3 days, supernatant and
cells were harvested for analysis. Transfection efficiency is shown in Supplementary Fig. S3. (b-d) flow
cytometry analysis of CD8+ T cells. Division index was calculated for different conditions based on
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CTV signal (b). Data (n = 4) are shown as mean +SD normalized to positive control (gp100 peptide) for
CD25 (c), and 4-1BB (d). Paired T tests, ***P<0.001, **P<0.01, *P<0.05, ns P>0.05. (e) ELISA analysis
(n = 4) for IFNy. Data are shown as mean *SD normalized to positive control. Paired T tests, p-values
are noted in figure.

Discussion

In this work, we broadened the scope of ubi-tagging towards nanobody (VHH)-
conjugates for human DC-targeted antigen delivery. First, we showed that although
ubi-tag conjugation would significantly add to the molecular weight of the conjugate,
considering the size of a VHH of 15 kDa and the di-ubiquitin formed during ubi-tag
conjugation around 16 kDa, it does not hinder the binding of VHH towards its target.
This could be of additional benefit in therapeutic or diagnostic applications, as the
increase in molecular weight will contribute to an extended half-life of the VHH and
thereby enhance their efficacy®. Next, we proceeded to demonstrate that ubi-tagging
improves the solubility of nanobody-antigen conjugates for a library of notoriously
insoluble epitopes®®. Ubiquitin is one of the most stable and soluble proteins in
eukaryotes. Owing to these exceptional physicochemical properties, it is often used
as a solubility tag to enhance the solubility and expression yield of fused proteins
in bacterial expression systems by chaperoning for correct folding and reducing the
chances of protein aggregation during expression. With this in mind, we successfully
attempted to enhance the solubility of antigenic epitopes known for their extremely
poor solubility by chemically synthesizing these peptides fused to the C-terminus of
an acceptor ubi-tag. After successfully synthesizing and purifying these ubi-tag fused
peptides, we proceeded to conjugated them to a ubi-tagged VHH with a high reaction
efficiency, approaching completion in 30 minutes. Next, we validated the functionality
of the generated anti-DC-SIGN VHH-UbZ-gp100p as a human DC-targeting vaccine
in a reporter Jurkat T cell activation assay and a primary TCR-transfected CD8+ T cell
activation assay. In both assays, significant differences were observed in the results of
the DC SIGN targeted VHH-UbZ-gp100p compared to the non-targeted variant, and a
potent dose-dependent T cell activation was observed. The results obtained indicate
that ubi-tagging enhances the solubility of hydrophobic epitopes, and demonstrate that
it is feasible on nanobodies and that ubi-tagged nanobody-peptide epitope conjugates
are of interest to be further examined as DC-targeted vaccine vehicles in a human
setting.

Methods

General cell culture conditions

Jurkat T cells were cultured in T75 flasks in RPMI 1640 medium (ThermoFischer)
supplemented with heat inactivated fetal bovine serum (10%, Greiner Bio-One),
L-glutamine (4 mM, Gibco), non-essential amino acids (NEM) (1 mM, Gibco) and
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Antibiotic-Antimycotic (1%, Gibco). Cells were maintained at 37 °Cand 5% CO,, routinely
examined by morphology analysis and tested for mycoplasma.

Solid-phase peptide synthesis

Solid-phase peptide synthesis (SPPS) of Rho-Ub and Ub-peptides was performed
on a Syro Il Multisyntech Automated Peptide synthesizer (SYRO robot; Part Nr:
S002PS002; MultiSyntech GmbH, Germany) on a 25 umol scale using standard
9-fluorenylmethoxycarbonyl (Fmoc) based solid phase peptide chemistry. Both Ub
variants were synthesized based on the procedure described by El Oualid et al.'’
using a fourfold excess of amino acids relative to pre-loaded Fmoc amino acid trityl
resin (between 0.17 and 0.20 mmol/g, Rapp Polymere, Germany). Ub-peptides were
prepared as a linear synthesis, where the peptides listed below were synthesized
attached to the C-terminus of Ub. To prepare Rho-Ub, 5-carboxyrhodamine110 (Rho)
was coupled to the N-terminus of Ub following SPPS as described by Geurink et al*®. All
synthetic products were purified by RP-HPLC on a Waters preparative RP-HPLC system
equipped with a Waters C18-Xbridge 5 um OBD (10 x 150 mm) column. The purified
products were lyophilized and assayed for purity by high resolution mass spectrometry
on a Waters Acquity H-class UPLC with XEVO-G2 XS Q-TOF mass spectrometer and by
SDS-PAGE analysis.

Peptide Peptide sequence
2W1S EAWGALANWAVDSA
Melan-A, s om0 ELAGIGILTV
FIUMISS»GG GILGFVFTL
MAGE-AL, . KVLEYVIKV

Caspase . .o FLIIWQNTM
NY-ESO-15; 165, c165abu SLLMWITQAbu
gp100,, . YLEPGPVTA

Mass spectrometry

Mass spectrometry analysis was carried out on Waters ACQUITY UPLC-MS system
equipped with a Waters ACQUITY Quaternary Solvent Manager (QSM), Waters ACQUITY
FTN AutoSampler, Waters ACQUITY UPLC Protein BEH C4 Column (300 A, 1.7 um, 2.1
x 50 mm) and XEVO-G2 XS QTOF Mass Spectrometer (m/z = 200-2500) in ES+ mode.
Sample were run using 2 mobile phases: A = 1% MeCN, 0.1% formic acid in water and
B = 1% water and 0.1% formic acid in MeCN with a runtime of 14 minutes. In the first
4 minutes, salts and buffer components were flushed from LC column using 98% A and
2% B. In the next 7.5 minutes, a gradient of 2-100% B was used, followed by 0.5 minutes
of 100% B and subsequent reduction to 2% B and 98% A in 2 minutes. Data processing
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was performed using Waters MassLynx Mass Spectrometry Software 4.1, where the
mass was obtained by deconvolution with the MaxEnt1 function.

Protein expression and purification

The E1 ubiquitin-activating enzyme UBE1 carrying an N-terminal His-tag was expressed
from a pET3a vector in E. coli BL21(DE3) in autoinduction media for 2-3 hours at 37 °C,
after which the bacteria were allowed to grow overnight at 18 °C. Next, bacteria were
harvested and lysed by sonication, followed by His-affinity purification using Talon metal
affinity resin (Clontech Inc., Palo Alto, CA, USA). Subsequently, the protein was further
purified by anion exchange using a Resource Q column (GE Healthcare), followed by size
exclusion using a Superdex 200 column (GE Healthcare).

The E2/E3 enzyme chimera plasmid was obtained as a gift from dr. Vincent Chau
(Penn State, USA). The expression plasmid consists of the RING domain of the E3
ubiquitin ligating enzyme gp78 fused to the N-terminus of the E2 ubiquitin-conjugating
enzyme Ube2g2 in a PET28a-TEV vector.

The E2/E3 enzyme chimera was expressed and purified as described?. In brief, the
fusion protein was expressed in E. coli BL21(DE3) cells grown in LB at 37°C until OD,
= 0.4-0.6 and induced with 0.4 mM IPTG for 4 hours at 30 °C. The harvested cells were
lysed with Bugbuster protein extraction reagent (Millipore) according to manufacturer’s
protocol. The fusion protein was purified on Ni-NTA resin followed by size exclusion
using a Superdex 200 column (GE Healthcare). Next, TEV protease cleavage was carried
out overnight, and the cleaved fusion protein was further purified using a Resource Q
column (GE Healthcare).

Sequences for the different VHH-ubiquitin fusions were cloned in the Pet30b
vector and expressed in Rosetta-gami™ 2 (DE3) grown in LB medium at 37 °C until
an 0D, of 0.5 was reached and induced with 1 mM IPTG for 18 hours at 20 °C.
Next, the bacteria were harvested and lysed by sonication followed by Ni-NTA
purification. Subsequently, TEV protease cleavage was carried out to cleave the
N-terminal his-tag and the cleaved VHH-Ub was further purified by size exclusion
chromatography using a Superdex 200 column (GE Healthcare).

Ubi-tag conjugation reaction

Ubi-tag conjugation reactions were carried out in the presence of 0.25 uM E1 enzyme, 20
UM E2/E3 hybrid enzyme, 10 mM MgCIzland 5 mM ATP in PBS. For analysis of the reaction
efficiency by SDS-PAGE, an initial reaction sample was taken from the reaction mixture
prior to the addition of ATP. After the addition of ATP, the reaction was incubated at 37°C
for 30 minutes while shaking. Conjugation reaction samples were analyzed by quenching
2-5 uL of the reaction mixture in sample buffer supplemented with B-mercaptoethanol,
boiled for 15 minutes at 95°C and run on 12% Bis-Tris gels (Invitrogen) by SDS-PAGE
with MOPS as running buffer. Gels were stained using InstantBlue Coomassie Protein
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Stain (abcam) and imaged using Amersham600. Fluorescently labeled proteins were
visualized by in-gel fluorescence using Typhoon FLA 9500 imaging system (GE Life
Sciences) prior to staining with Coomassie. Small-scale reactions were carried out on
a scale corresponding to 2.5 pg VHH-Ub while large-scale reactions were carried out
on a 200 pg to 1 mg scale. For the purification of ubi-tagged VHH conjugates from the
reaction mixture, 100 pL HisPur™ Ni-NTA Resin was added to the completed reaction
mixture and incubated for 15 mins at 4 °C to capture the his-tagged E1 and E2/E3
enzyme, followed by centrifugation. The supernatant containing the Ubi-tagged VHH
conjugates was further purified using size exclusion chromatography using a Superdex
200 column (GE Healthcare).

Binding study VHH-Ub_-Rho

CHO cells transfected with DC-SIGN, WT CHO cells or day 6 moDCs (GM-CSF, IL-4) were
harvested and plated at 30,000 cells per well. VHH-Ub,-Rho was added in a dilution
series to the cells and the cells were incubated (30 min., 4 °C). Cells were washed and
fluorescence on alive cells was measured using a FACSVerse™ (BD Biosciences).

Jurkat T cell activation assay

moDCs from HLA-A*02:01 donors prepared as described below were harvested and
plated at 10,000 cells per condition. moDCs were pulsed (0.5 h., 4 °C) with vaccine
conjugates at 0.1, 0.5 or 1 uM. After the incubation, Jurkat T cells®® (50,000, 1:5
ration) were added and the co-culture was incubated (1 d., 37 °C). The cells were spun
down (1700 rpm., 2 min., 4 °C) and the cells were analyzed using a FACSVerse™ (BD
Biosciences).

Primary TCR-transfected T cell activation assay

Donor-matched PBLs were thawed and CD8* T cells were isolated using magnetic-assisted
cell sorting according to manufacturer’s protocol (CD8" T cell Isolation Kit, human,
Miltenyi Biotec). T cells were mRNA-transfected by electroporation with a TCR
recognizing the gp100,, ... epitope (YLEPGPVTA)*. Afterwards, cells were recovered in
X-VIVO, phenol free (Lonza) supplemented with 5% human serum. In tandem, moDCs
from HLA-A*02:01 donors prepared as described below were harvested and plated at
10,000 cells per condition. moDCs were pulsed (1 h., 37 °C) with vaccine conjugates at
0.1,0.5 or 1 uM. In tandem, transfected CD8"* T cells were stained with CellTrace™ Violet
(ThermoFischer) for 20 min. at 37 °C and recovered in X-VIVO supplemented with 2%
human serum. Then, moDCs were washed and transfected CD8* T cells (50,000) were
added. The moDC-CD8 T cell coculture was incubated (3 d., 37 °C). The cells were spun
down (1700 rpm., 2 min., 4 °C), supernatant was stored for ELISA analysis, and the cells
were analyzed using a FACSVerse™ (BD Biosciences).
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moDCs generation

Buffy coats were obtained from Sanquin (Nijmegen, The Netherlands) and diluted to
200 mL with PBS supplemented with 2 mM EDTA. The suspension was divided over
conical 5 x 50 mL tubes and 10 mL of Lymphoprep (07851, Stemcell) was added below.
Cells were spun (20 min., rt, 2100 rpm., brake (3,1)). Afterwards, PBMCs were collected
and washed with wash buffer (1% human serum, 2 mM EDTA in PBS) until supernatant
was clear. Then ACK lysis was performed by adding 5 mL ACK buffer (150 mM NH,CI, 10
mM KHCO,, 0.1 mM EDTA, pH=7.4) for 5 min. at room temperature. Afterwards cells
were washed with PBS and CD14" monocytes were isolated using magnetic-assisted
cell sorting according to manufacturer’s protocol (CD14 MicroBeads UltraPure, human,
Miltenyi Biotec). Flowthrough PBLs were stored, while CD14* monocytes were seeded
at 8-12e6 cells per T75 flask in 10 mL X-VIVO (Lonza) supplemented with 2% human
serum, 300 U/mL IL-4, and 450 U/mL GM-CSF. At day 3, medium was refreshed. At
day 6, moDCs were harvested and used in experiments.

ELISA
Supernatant was stored at -20 °C and thawed for ELISA analysis. Manufacturer’s protocol
was followed for hIFNy (IFN gamma Uncoated ELISA kit, Invitrogen).
Flow cytometry and antibodies

For FACS analysis, cells were washed with PBS, followed by life/death staining
(20 min., rt) in 50 uL eBioscience™ Fixable Viability Dye eFluor™ 780 (1:2000,
ThermoFischer). Cells were washed once with PBA and antibody mixes were added (30
min., 4 °C). Cells were washed twice with PBA, taken up in 100 pL PBA and FACS analyses
were performed on a FACSLyric™ (BD Biosciences) or a FACSVerse™ (BD Biosciences).
The following antibodies were used for staining: hCD8 (1:20 dil., APC, clone RPA-T8, BD
Biosciences), hCD25 (1:50 dil., PE/Cy7, clone BC96, BioLegend), hCD69 (1:20 dil., PerCP,
clone L78, BD Biosciences), h4-1BB (1:20 dil., PE, clone 4B4-1, BD Pharmingen).
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S1 Conjugation of ntVHH-Ub®" to or Rho-Ub®<. SDS-PAGE analysis visualized by Coomassie Blue
staining. The generated Rho-Ub,-ntVHH was isolated from the reaction mixture and its purity assessed
using ESI-TOF mass spectrometry.
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S2 Binding assay of VHH-Ub,-Rho on moDCs. moDCs were incubated (30 min., 4 °C) with rhodamine-
labed anti-DC-SIGN VHH (VHH-Ub,-Rho) or anti-ALFAtag VHH (ntVHH-Ub,-Rho). Fluorescence was
assessed using flow cytometry. Data (N=3) are shown as mean +SD with a curve fit (Sigmoidal, 4PL, X
=log(conc.)).
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S3 Transfection efficiency of TCR on primary CD8* T cells after 24 h. Transfection efficiency of TCR was
analyzed by dextramer staining. After 24 h. transfection effeciencies were 68.5%, 69.5%, 52.2% and
59.8% for donor A, B, C and D respectively.
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S4 LC-MS analysis of VHH-Ub%" and ntVHH-Ub®" conjugation to Rho-Ub** forming Rho-Ub,-VHH
and Rho-Ub_-ntVHH, respectively. Total ion chromatograms (left), ESI-TOF spectra (middle) and

deconvoluted ESI-TOF mass spectra (right).
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S5 LC-MS analysis of VHH-Ub®™" and ntVHH-Ub®" conjugation to Ub*-gp100p forming VHH-Ub,-
gp100p and ntVHH-Ub,-gp100p, respectively. Total ion chromatograms (left), ESI-TOF spectra (middle)
and deconvoluted ESI-TOF mass spectra (right).

Table S1 VHH-Ub®" sequences. Table displays protein sequences of VHH-Ub®" used. The N-terminal
His-tag can be removed by TEV-protease to obtain the VHH-linker-ubiquitin construct. The sequence
for the anti-DC-SIGN VHH was obtained in house, whereas the sequence for the anti-ALFAtag VHH was
obtained from literature.

Sequence
MGSSHHHHHHHHHHSSGENLYFQG

MQVQLVESGGGLVQAGGSLRLSCVVSGRTFNLYPMGWFRQTPGKEREFVAA
LSQDGLSKDYADSNGLSKDYADPVKGRFTISGDNAKHTLYLHMNSLEPDDTAV
YYCASGSLLRPVSRSRTDYGYWGQGTQVTVSS

GGGGSGGGGSGGGGSMAQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGIPP
DQQRLIFAGRQLEDGRTLSDYNIQKESTLHLVLRLRGG*

His-tag + TEV
anti-DC-SIGN-VHH

Linker-Ub%"

His-tag + TEV MGSSHHHHHHHHHHSSGENLYFQG
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anti-ALFAtag-VHH MGSGDASDSEVQLQESGGGLVQPGGSLRLSCTASGVTISALNAMAMGW
YRQAPGERRVMVAAVSERGNAMYRESVQGRFTVTRDFTNKMVSLQMD
NLKPEDTAVYYCHVLEDRVDSFHDYWGQGTQVTVSS

Linker-Ub®" GGGGSGGGGSGGGGSMAQIFVKTLTGKTITLEVEPSDTIENVKAKIQDKEGI
PPDQQRLIFAGRQLEDGRTLSDYNIQKESTLHLVLRLRGG*
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