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Targeted delivery of antigen to antigen-presenting cells (APCs) enhances antigen presentation and thus, is
a potent strategy for making more efficacious vaccines. This can be achieved by use of antibodies with
specificity for endocytic surface molecules expressed on the APC. We aimed to compare two different
antibody-antigen fusion modes in their ability to induce T-cell responses; first, exchange of immunoglob-
ulin (Ig) constant domain loops with a T-cell epitope (Troybody), and second, fusion of T-cell epitope or
whole antigen to the antibody C-terminus. Although both strategies are well-established, they have not
previously been compared using the same system. We found that both antibody-antigen fusion modes
led to presentation of the T-cell epitope. The strength of the T-cell responses varied, however, with the
most efficient Troybody inducing CD4 T-cell proliferation and cytokine secretion at 10–100-fold lower
concentration than the antibodies carrying antigen fused to the C-terminus, both in vitro and after intra-
venous injection in mice. Furthermore, we exchanged this loop with an MHCI-restricted T-cell epitope,
and the resulting antibody enabled efficient cross-presentation to CD8 T cells in vivo. Targeting of antigen
to APCs by use of such antibody-antigen fusions is thus an attractive vaccination strategy for increased
activation of both CD4 and CD8 peptide-specific T cells.
� 2021 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Induction of robust T-cell responses is of high relevance for vac-
cine efficacy. Such immune activation requires interaction
between antigen-presenting cells (APCs) that present antigenic
peptides on MHC molecules and T cells that recognize the peptide
MHC complexes by specific T-cell receptors [1]. All nucleated cells
express MHCI molecules and present endogenously derived pep-
tides to CD8 cytotoxic T cells. In contrast, steady-state expression
of MHCII is restricted to professional APCs, which includes B cells,
dendritic cells (DCs) and macrophages (Mfs). These cells are
responsible for presentation of exogenously derived peptides on
MHCII to CD4 T cells. There is however, plasticity in the antigen
presentation pathways, allowing endocytosed antigens to be pre-
sented on MHCI by cross-presentation [1–3].

Subunit vaccines typically consist of pathogen-derived proteins
or peptides [4]. Proteins that contain both CD4 and CD8 T-cell epi-
topes as well as B-cell epitopes may elicit broad immune
responses. However, some protein antigens are not readily soluble
or may have toxic effects. Thus, an alternative is use of vaccines
that consist of antigenic T-cell epitopes only, and such vaccines
may be particularly useful whenever T cells play the main role in
immune protection [5].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.vaccine.2021.02.012&domain=pdf
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.vaccine.2021.02.012
http://creativecommons.org/licenses/by/4.0/
mailto:l.s.hoydahl@medisin.uio.no
https://doi.org/10.1016/j.vaccine.2021.02.012
http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine


L.S. Høydahl, T. Frigstad, I.B. Rasmussen et al. Vaccine 39 (2021) 1583–1592
Furthermore, the immune response may be strengthened by
increasing the amount of antigen that is presented by the APCs.
This can be done by specifically targeting antigen to APCs by use
of antibodies with specificity for APC surface molecules [6–9]. Anti-
bodies are suitable carriers as they may bind their target with high
specificity and affinity. A widely used strategy is to chemically con-
jugate whole antigen to the antibody [8]. An alternative strategy is
to genetically integrate the antigenic epitope as a part of the anti-
body, for instance by replacing loops in immunoglobulin (Ig)
domains with the epitope sequence, in so called Troybodies
[6,10–15]. We have previously explored the latter strategy by
sequential exchange of all six loops connecting b-strands (L1-L6)
of the three Ig constant domains (CH1, CH2, CH3) with T-cell epi-
topes [11]. Considering both antibody secretion level from produc-
ing cells and T-cell activation efficiency, we found that a total of
eight loops may carry T-cell epitopes to APCs, namely, all in CH2
in addition to L6 in CH1 and CH3. Comparison of L4CH2 with
L6CH1 Troybodies after injection of antibodies in BALB/c mice,
revealed that L4CH2 was by far the most efficient and induced
specific T-cell activation at concentrations at least 100-fold lower
than L6CH1 [11].

Here, we extend the study by directly comparing the potency of
such Troybodies carrying antigenic peptide integrated as Ig loops
with antibodies with antigen or peptide genetically fused to the
Ig C-terminal (C-t) end. We included L6CH1 and L4CH2 in the
study, as well as L4CH1, as these Troybodies induce of T-cell
responses ranging from weak to potent activation. The model
tumor antigen used is derived from the M315 IgA myeloma pro-
tein, secreted by the MOPC315 myeloma cell line [16]. M315 IgA
contains an I-Ed-restricted CD4 T-cell epitope within a fragment
spanning amino acid (aa) 89–105 of the k2 light chain, k2315

(herein denoted k) [17]. In addition to genetically fusing the k T-
cell epitope to the C-t end of the Ig heavy chain, we also fused
the whole scFv derived from M315 to the Ig C-terminus. In brief,
we found that the in vitro T-cell response induced by the k
L4CH2 antibody was 10–100-fold more efficient than k L4CH1, k
L6CH1 and both the C-t antigen fusions. Moreover, the k L4CH2
antibody was also the most potent after in vivo targeting. Further-
more, we studied whether this particular loop would be suitable
for insertion of a MHCI-restricted epitope for cross-presentation
and activation of CD8 T cells by inserting an immunodominant
CD8 T-cell epitope (aa 91–99 of Listeriolysin-O (LLO), the epitope
herein denoted LLO) from a Listeria monocytogenes [18]. Indeed,
an antibody carrying LLO in L4CH2 targeted APCs and induced
cross-presentation to CD8 T cells in vivo. This demonstrates that
a Troybody may carry both MHCI and MHCII epitopes for induction
of strong T-cell responses, which encourages further investigation
of such antibody-antigen fusions as subunit vaccines.
Table 1
List of primers.

Primer name Primer Sequence

Lambda_fw 50TTCGCAGCTCTATGGTTCA
Lambda_rv 50CTTGGTTCCACCACCGAAC
BmgBI_fw 50GTGGACGTGAGCCACG 30

BamHI_rv 50CTAGTGGATCCTCTAGAG
Q_BspEI_CH3_fw 50CTGTCTCCGGATAAATGAG
Q_BspEI_CH3_rv 50CGCACTCATTTATCCGGAG
M315_scfv_BspEI_ fw 50GGCTCCGGATAAAGGCGG
M315_scfv_BspEI_ rv 50GGCTCCGGACTATAGGAC
Q_LLO_L4CH2_fw 50GACAAAGCCGCGGGAGGA
Q_LLO_L4CH2_rv 50CGGTGAGGACGCTGACCA

Sequences encoding the peptides are showed in bold and restriction enzyme sites are un
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2. Materials and methods

2.1. Construction of recombinant antibodies

Recombinant antibodies were constructed and produced from
expression vectors pLNOH2 oriP and pLNOj oriP encoding human
(h) IgG3 Cc3 heavy chain and hCj light chain, respectively [19].
The recombinant Ig heavy chains were placed downstream of V
regions encoding specificity of either mouse IgD (clone Ig(5a)7.2)
[6], mouse CD40 (clone FGK45) [15], or the hapten 4-hydroxy-3-i
odo-5-nitrophenylacetic acid (NIP) [20]. The IgD-specific antibod-
ies containing the k T-cell epitope (aa 89–105 of k2315

(FAALWFRNHFVFGGGTK)) exchanged with the native aa of loop 4
of CH1 (L4CH1 (DE loop), aa QSSGL), loop 6 of CH1 (L6CH1 (FG
loop), aa KPSN) and loop 4 of CH2 (L4CH2), aa YNST) of hIgG3 have
been described previously [10,11]. Loops were identified based on
IMGT lg annotations and the cysteine originally present in position
90 of the k epitope was changed to an alanine. The expression vec-
tor pLNOH2 hIgG3 anti-NIP k L4CH2 oriP was generated by sub-
cloning the Cc3 genes on the restriction enzymes BsiWI and
BamHI into pLNOH2 anti-NIP oriP. Fusion of 89–105 of k2315 to
the C-terminal of the hIgG3 heavy chain was done by PCR-
SOEing [21]. Briefly, two separate PCRs were set up using the pri-
mer pairs lambda_fw/BamHI_rv or lambda_rv/BmgBI_fw (Table 1).
PCR was performed using Phusion DNA polymerase according to
protocol. A new PCR was set up to combine the two first PCR pro-
duct together using the purified, first PCR products as templates
and the primers BmgBI_fw and BamHI_rv. The final PCR product
was cloned into pLNOH2 hIgG3 anti-IgD oriP using the restriction
sites BmgBI and BamHI. During construct generation a double
BmgBI site was created, which was subsequently removed by clon-
ing into a clean vector backbone. To fuse the scFv based on M315 to
the hIgG3 heavy chain C-terminus, a BspEI restriction enzyme site
was first created at the end of the CH3 domain of pLNOH2 hIgG3
anti-IgD oriP by QuikChange site-specific mutagenesis (Agilent
technologies) using Pfu Turbo DNA polymerase (Stratagene,
#600252) and the primers Q_BspEI_CH3_fw and Q_BspEI_CH3_rc
(Table 1) according to the protocol. The M315 scFv had previously
been assembled in a different vector and was PCR amplified using
the primers M315_scFv_BspEI_fw and M315_scFv_BspEI_rv
(Table 1), and cloned into the BspEI site following restriction
enzyme digested. Of note, the forward primer included the
sequence encoding a GGGSGGG to provide a spacer between the
Ig heavy chain and the scFv. Expression vectors encoding the LLO
peptide (GYKDGNEYI) in L4CH2 were generated as follows;
pLNOH2 hIgG3 anti-NIP oriP was used as template for QuikChange
site-directed mutagenesis using the primer pair Q_LLO_L4CH2_fw/
Q_LLO_L4CH2_rv (Table 1) as described above to exchange the
GAAACCACTTTGTGTTCGGTGGTGGAACCAAGGTGAGTGCGACAGCCGG 30

ACAAAGTGGTTTCTGAACCATAGAGCTGCGAATTTACCCGGAGACAGGG 30

30

TGCG 30

ACAG 30

CGGCAGCGGCGGCGGCGACGTGCAGCTGCAGGAG 30

AGTGACCTTGGTTC 30

GCAGGGTTATAAGGACGGCAACGAGTACATCTTCCGTGTGGTCAGCGTCCTCACCG 30

CACGGAAGATGTACTCGTTGCCGTCCTTATAACCCTGCTCCTCCCGCGGCTTTGTC 30

derlined. Primers were obtained from DNA Technology AS or Medprobe/Eurogentec.
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L4CH2 sequences with the sequence encoding 91–99 of LLO. Hin-
dIII/BamHI fragments containing the Cc3 heavy chain was moved
into a clean pLNOH2 backbone encoding specificity for NIP or
mouse CD40. All DNA constructs were verified by sequencing.

2.2. Mice, cell lines and synthetic peptides

BALB/c mice (H-2d) were obtained from Taconic farms. The TCR
transgenic BALB/c mice carrying the k2315-specific and I-Ed-
restricted 4B2A1 TCR have been described previously [22].
HEK293E cells were obtained from ATCC (CRL-10852). The CD4
T-cell clone (TCC) 7A10B2 recognize aa 91–101 of k2315 in complex
with I-Ed and has been described previously [23]. 7A10B2 TCC cul-
tures were initiated at 2 � 105 cells/ml and cultured in the pres-
ence of 4 � 106 cells/ml BALB/c splenocytes irradiated at 20 Gy
as feeder cells. The cultures were supplemented with 1 lg/ml syn-
thetic (89–107)k2315 K100 peptide (FAALWFRNHFVKGGGTKVT)
and 20 U/ml IL-2. The T-cell hybridoma expressing the 4B2A1
TCR has been described previously [11]. All cells were cultured
under standard conditions in DMEM supplemented with addition
of 10% heat-inactivated FCS, 2 mM L-glutamine, 50U/ml penicillin,
and 50U/ml streptomycin (all from Lonza) or RPMI 1640 supple-
mented with 10% FCS, 0.1 mM non-essential amino acids (Invitro-
gen), 1 mM sodium pyruvate (Invitrogen), 50 lM
monothioglycerol (Sigma-Aldrich) and 22 lg/ml gensumycin
(Sanofi Aventis). The synthetic peptides corresponding to aa 89–
107 of k2315 K100 (FAALWFRNHFVKGGGTKVT), 91–99 LLO
(GYKDGNEYI) and a hemagglutinin peptide (IYSTVASSL) was pur-
chased from NeoMPS, GenScript and ProImmune, respectively.
The study was approved by the National Committee for Animal
Experiments (Oslo, Norway), and the experiments were performed
in accordance with approved guidelines and regulations.

2.3. Production and purification of vaccine protein

HEK293E cells were transiently transfected as previously
described [24]. Recombinant antibodies used in in vitro T-cell
assays were concentrated from supernatants by ammonium sulfate
precipitation as described [11]. Antibody concentration was deter-
mined by ELISA and Western blot analysis. Recombinant antibod-
ies used in in vivo targeting experiments were affinity purified
from cell supernatants using protein G-conjugated Sepharose col-
umns after filtration using 0.22 mm filter units (Millipore,
#S2GPT05RE). Bound antibodies were eluted with 0.1 M Glycine-
HCl pH 2.7 and fractions were immediately neutralized by addition
of 1 M Tris-HCl pH 9 (40 ml per 1 ml fractions). Antibody-
containing fractions were buffer exchanged to 1� PBS and concen-
trated using Amicon Ultra Centrifugal device (Millipore,
#UFC910024, 100 kDa cut-off).

2.4. ELISA

Levels of antibodies present in cell supernatants were deter-
mined by a hIgG3-specific ELISA. Briefly, supernatants were added
to 96-well plates (Nunc) coated with 1 lg/ml anti-hIgG3 (Zymed,
#HP6047), and detected with an ALP-conjugated anti-hIgG anti-
body (Sigma-Aldrich, #A9544, 1:2000). An in-house generated,
purified hIgG3 preparation was used as standard. To determine
antibody specificity, samples were applied to plates coated with
either 2 lg/ml BSA-NIP (in-house conjugated), 4 lg/ml mouse
IgD (in-house produced) or 4 lg/ml recombinant mouse CD40/Fc
chimeric protein (R&D Systems, #1215-CD). Bound antibodies
were detected with an ALP-conjugated anti-hIgG antibody. Ability
of IgD-specific antibodies to bind human FccRs and FcRn was
determined by addition of titrated amount of antibody samples
to plates coated with 1 lg/ml mouse IgD. Soluble, recombinant
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human GST-tagged FccRI (0.5 lg/ml), FccRIIA-R131 (10 lg/ml) or
FcRn (0.5 lg/ml) [24,25] were pre-incubated 15 min at room tem-
perature with an HRP-conjugated anti-GST antibody (GE Health-
care, 1:5000) before addition to the wells. NIP-specific antibodies
present in blood 9 days after immunization of mice were detected
by addition of undiluted blood samples to plates were coated with
1 mg/ml BSA-NIP (in-house conjugated). As above, an ALP-
conjugated anti-hIgG antibody was used to detect bound antibod-
ies. In common for all ELISA setups, duplicates of the samples were
analyzed, 1x PBS was used for dilution of coating reagents, 1� PBS
supplemented with 4% (w/v) non-fat skim milk powder was used
to block plates prior to sample addition, 1� PBS supplemented
with 0.05% (v/v) Tween-20 was used a buffer for dilution of anti-
bodies and for washing the plates 3� between each layer, and each
layer was incubated for 1–2 h at room temperature. Of note, in the
FcRn ELISA a pH 6 buffer (6 mM Na2HPO4x2H2O, 94 mM NaH2PO4-
xH2O, 150 mMNaCl, 0.05% Tween-20, pH 6.0) was used for dilution
of the receptor and the detection antibody, as FcRn binds pH
dependently to IgG. ALP ELISAs were developed with 1 mg/ml
phosphatase substrate in diethanolamine buffer, while HRP ELISAs
were developed by addition of TMB solution (Calbiochem) before
absorbance reading at 405 nm or 620 nm (450 nm in the case of
HCl addition), respectively.

2.5. Western blotting

Normalized antibody samples (1.2 ng) were preheated to 95 �C
for 5 min and separated on 10% Criterion Bis-Tris XT precast gels
(Bio-Rad) along with a biotinylated broad-range standard (Bio-
Rad, #161-0319). Proteins were transferred onto Immobilon-P
PVDF membranes (Millipore, #1PVH00010, and the blots were
incubated with biotinylated anti-hIgG3 (Sigma, #B3523, 1:1000,
clone HP6050) and SA-HRP (Amersham Biosciences, #RPN1231V,
1:2000) diluted in 1x PBS containing 0.05% Tween-20 and 4%
BSA. SuperSignal West Pico Chemiluminescent Substrate (Pierce,
#34077) was used for detection.

2.6. Isolation of splenocytes

Spleens were harvested from mice into RPMI 1640 supple-
mented with 10% FCS, 0.1 mM non-essential amino acids
(Invitrogen), 1 mM sodium pyruvate (Invitrogen), 50 lM monoth-
ioglycerol (Sigma-Aldrich) and 22 lg/ml gensumycin (Sanofi
Aventis) on ice. Single-cell suspensions were generated by pressing
the organ through a tea strainer, followed by rinsing with medium.
The single-cell suspension was centrifuged at 1200 rpm, for 7 min
at 4 �C and resuspended in 5 ml ACT solution. Erythrocytes were
lyzed by incubation on ice for 5 min. The reaction was stopped
by addition of medium and the cells were washed twice by
centrifugation in 10 ml cold medium.

2.7. In vitro T-cell activation assay

Irradiated (20 Gy) BALB/c splenocytes were cultured at 5 � 105

cells/well with 2 � 104 7A10B2 T cells/well or 1 � 105 4B2A1 LN
cells/well in flat-bottomed 96-well cell culture plates together
with antibodies or synthetic (89–107)k2315 peptide 5-fold diluted
in triplicates. Supernatant samples were removed after 96 h for
cytokine analysis and the cultures were replenished with new
medium and pulsed with 1 lCi/well 3H-thymidine (Hartman Ana-
lytic, #6032). Cells were harvested (Tomec Harvester) onto filters
after 24 h and incorporated thymidine was measured using 1450
MicroBeta TriLux scintillation counter (Wallac Perkin-Elmer).
Cytokines secretion was quantified by ELISA using plates coated
with 2 lg/ml anti-mouse IFN-c antibody (AN18.17.24) or anti-
mouse IL-2 antibody (BD Pharmingen, #554424, clone JES6-



L.S. Høydahl, T. Frigstad, I.B. Rasmussen et al. Vaccine 39 (2021) 1583–1592
1A12). Bound cytokines were detected using 1 lg/ml biotinylated
anti-mouse IFN-c (XMG1.2) or biotinylated anti-mouse IL-2 (BD
Pharmingen, #554426, clone JES6-5H4), followed by ALP-
conjugated streptavidin (GE Healthcare, #1234V1, 1:3000). Plates
were developed as described above. An IFN-c preparation and
recombinant mouse IL-2 (BioLegend, #575409) were used as
standards.

2.8. In vivo targeting

BALB/c mice were injected intravenously in the tail vain with
titrated amounts of purified antibodies or PBS only as described
[11]. Mice were sacrificed 90 min after the injections by cervical
dislocation and the spleens were removed. Splenocytes were irra-
diated at 8 Gy and cultured at 5 � 105 cells/well with responder T
cells; either 7A10B2 TCCs or BW 4B2A1 hybridoma T cells (both
2 � 104/well). Portions of supernatant were collected after 72 h
for cytokine measurements, and the cultures were replenished
with new medium and pulsed with 1 mCi/well 3H-thymidine. Cells
were harvested after 24 h, and incorporated thymidine was mea-
sured using TopCount NXT scintillation counter (GMI). IFN-c and
IL-2 in supernatants were detected as after in vitro T-cells activa-
tion assay.

2.9. Purification of DNA plasmids for DNA immunization and
immunization

Antibody-encoding plasmid DNA for DNA immunization was
purified from E. coli Top10F (Life Technologies, # C303003) using
Fig. 1. Antibodies with loop substitutions and C-terminal fusions remain structurally and
position of the loop sequences exchanged with peptides. CH1 and CH2 domains are cyan
heavy and light chain are dark and light grey, respectively. (b) Schematic overview of the h
acids 89–105) is shown as red diamond and the M315 scFv is in red. The scFv was connec
showing antibodies concentrated from supernatants of transfected HEK293E cells (n = 2).
150 or 180 kDa depending on the presence of a k epitope or scFv fusion. (d) Secretio
determined by ELISA after harvesting supernatants over 2 weeks. Secretion levels are
Normalized amounts of antibodies were analyzed for target antigen binding by ELISA.
duplicates.
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EndoFree Plasmid Mega Kit (QIAGEN, #12381) essentially as
described in the protocol, except that pelleted DNA was dissolved
in 0.9% NaCl (B. Braun Melsungen AG, #7533). Mice were anaes-
thetized prior to intradermal injection of antibody-encoding plas-
mid DNA according to the procedure described by Roos A-K et al
[26]. Briefly, anesthetized mice were shaved and sprayed with
alcohol near the base of the tail, before 70 lg plasmid DNA
(35 lg of each heavy and light chain encoding plasmid dissolved
in 25 ll 0.9% NaCl) was injected into the dermis on each side of
the back. As a negative control, mice were injected with a similar
volume of NaCl (0.9%). Immediately after injection, electrodes were
placed over the injection site and voltage was applied (2 pulses,
1125 V/cm, 50 lsec + 8 pulses, 275 V/cm, 10 msec) using a PA-
4000S-Advanced PulseAgile Rectangular Wave Electroporation
System (Cyto Pulse Sciences, Inc).

2.10. IFN-c ELISPOT

LLO-specific cellular recall responses were assessed by IFN-c
ELISPOT. Spleens from mice were crushed by a steel mesh to form
single-cell suspensions, and treated for 5–10 min with 140 mM
NH4Cl in Tris-buffer (pH = 7.2) to lyse the erythrocytes.
MultiScreenHTS-IP Filter Plates (Millipore, #MSIPS4510) were
pre-treated with 40 ll 35% ethanol per well for 1 min before wash-
ing twice with 150 ml sterile PBS, which also was used in the sub-
sequent washing steps, unless otherwise noted. Plates were then
coated over-night at 4 �C with 75 ll anti-mouse IFN-c diluted in
sterile PBS (12 lg/ml, clone AN-18.17.24). After washing the plates
3 times, 1 � 106 and 5 � 105 splenocytes in RPMI 1640 with 10%
functionally intact. (a) Ribbon illustration of hIgG (PDB ID 1HZH [60]) indicating the
and yellow, respectively; loop sequences exchanged with peptide are red; and IgG
IgG3 antibodies carrying the k2315 epitope (herein denoted k). The k epitope (amino
ted through a flexible linker. (c) Representative anti-hIgG heavy chain Western blot
The gel was run under non-reducing conditions showing full-length hIgG at approx.
n levels of IgD- and NIP-specific antibodies from transfected HEK293E cells was
shown relative to wt hIgG specific for either IgD or NIP as indicated (n = 3). (e)
Medium from untransfected cells was used as control. Error bars indicate SEM of
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FCS and gentamicin were added per well in a total volume of 100 ml
containing LLO or HA peptide at a final concentration of 5 mg/ml or
medium alone. The plates were incubated at 37 �C with 5% CO2 for
approximately 26 h, before washing 3 times. Remaining, adherent
cells were lysed by a 5 min incubation in dH2O, before washing
twice with PBS containing 0.01% (v/v) Tween-20 and a final wash
with PBS. Bound IFN-c was detected using a biotinylated anti-
IFN-c antibody (clone XMG1.2, 5 lg/ml in PBS, over-night incuba-
tion at 4 �C), followed by ALP-conjugated streptavidin (diluted
1:3000, incubated 1–2 h at room temperature, Amersham Pharma-
cia Biotech). Spots were developed by addition of BCIP/NBT buffer
solution (Zymed, #002209) and the reaction was stopped by addi-
tion of water. Plates were air dried before the number of spots was
determined electronically by Zeiss KS-EliSpot-401 instrument.
2.11. Statistical analyses

Immune responses among groups of mice are presented as
boxes with the middle line at the mean and whiskers illustrating
minimum and maximum values. P values were calculated by
Fig. 2. Antibody binding to human FcRs. The ability of the antibodies to bind to a set of
antibodies were added to IgD-coated plates, followed by addition of GST-tagged FcRs. Bo
binding profiles for (a) FccRI, (b) FccRIIA and (c) FcRn (n = 2). Error bars indicate SD of

1587
two-tailed t test by use of GraphPad Prism version 8.0.1. P values
less than 0.05 (P less than 0.05) were considered significant. Use
of experimental duplicates or triplicates as well as representation
of error bars is indicated in the individual figure legends.
3. Results

3.1. IgD-specific antibodies are expressed as functional molecules

Targeting of antigen to APCs by means of fusion to APC-specific
antibodies is an efficient strategy for antigen loading of APCs and
induction of T-cell responses [6–9]. We first aimed to directly com-
pare two modes of antibody-antigen fusion with regards to T-cell
activation efficiency; 1) integration into Ig constant domain loops
(Troybodies), and 2) fusion to the C-t end of the Ig heavy chain.
To this end, we inserted the CD4 T-cell epitope k (89–105 of
k2315) derived from the M315 IgA myeloma protein into hIgG by
exchange of Ig constant domain loops with the T-cell epitope
[16,17]. We chose L4CH1, L6CH1 and L4CH2, as all have previously
been shown to induce T-cell responses [11]. In addition, we con-
soluble, human FcRs was determined by ELISA. Normalized amounts of IgD-specific
und receptors were detected with an HRP-conjugated anti-GST mAb. Representative
mean of duplicates.
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structed antibodies with heavy chain C-t fusion of either the k T-
cell epitope or the scFv derived from the M315 myeloma protein,
which contains the k T-cell epitope in its light chain variable
domain (overview of the antibodies in Fig. 1a and b). To enable
antigen presentation on MHC molecules, the antibodies were
equipped with specificity for IgD to target B cells. The same anti-
bodies with specificity for the hapten NIP were included as non-
targeted controls.

To determine the functionality of the antibodies, we transfected
HEK293E cells and assessed the structural integrity of the secreted
antibodies. As determined by Western blot analysis, all antibodies
were secreted as full-length hIgG antibodies of expected size
(Fig. 1c). The secretion levels, however, varied (Fig. 1d). Loop
exchange with k as well as C-t fusion of scFv reduced the amount
of secreted antibodies, to approximately 40% of wild-type (wt) for
k L6CH1 as well as C-t scFv, and to 15% for IgD as well as NIP
k L4CH2. C-t epitope fusion positively affected the secretion level.
Importantly, all antibodies bound their target IgD or NIP equally
well, as assessed by ELISA (Fig. 1e).

3.2. Position of epitope integration affects FcR binding

FcR-mediated uptake of IgG in immune complexes is known to
affect antigen presentation [27–29]. The binding site for FccRs on
Fig. 3. The antibodies target APCs leading to T-cell proliferation and cytokine secretion
from BALB/c mice and T cells for 96 h before removal of supernatant for analysis of cytok
Activation of the I-Ed/k2315-specific TCC 7A10B2 was measured by (a) thymidine incorp
mice transgenic for the I-Ed/k2315-specific TCR 4B2A1 as responder T cells was determine
triplicates; T and A represent T cells and APCs without peptide stimulation. (e) Overall
based activation of 7A10B2 and 4B2A1 T cells.
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IgG is found on the upper region of CH2 and the lower hinge region,
and binding depends on the presence of N-glycans attached to resi-
due N297 in CH2 [30]. In contrast, FcRn binds IgG at the CH2-CH3
elbow region [30,31]. Therefore, we next studied if and how epi-
tope integration affected binding of the antibodies to recombi-
nantly expressed, soluble hFccRI, hFccRIIA and hFcRn in ELISA.
As expected, antibodies with epitope exchange in CH1 or with
C-t antigen fusion retained binding to the receptors tested
(Fig. 2a-c). In contrast, the k L4CH2 antibody bound neither the
FccRs nor FcRn. Loss of binding to the FccRs was expected, as the
Fc N-glycosylation site N297 is part of the native L4CH2 sequence
that had been replaced by the T-cell epitope (Fig. 2a and b). The
reason for lack of binding to the FcRn is not immediately clear
(Fig. 2c), but the loop elongation may well infer structural changes
to the CH2 domain.

3.3. Antibody-mediated epitope targeting induces strong T-cell
activation in vitro

We next investigated the ability of the antibodies to load APCs
with the k epitope for presentation and activation of CD4 T cells.
Irradiated splenocytes (single cell suspension generated from
whole spleens) from BALB/c mice (I-Ed positive) served as APCs
for activation of k-specific T cells, either the Th1 T-cell clone
in vitro. Titrated amounts of antibodies were incubated with irradiated splenocytes
ine secretion, followed by addition of thymidine to the remaining cultures. (a and b)
oration, and (b) IFN-c ELISA. (c and d) T-cell activation using LN cells isolated from
d by (c) thymidine incorporation, and (d) IL-2 ELISA. (a-d) Error bars indicate SEM of
hierarchy of the efficiency of the antibodies to target APCs and release the epitope



L.S. Høydahl, T. Frigstad, I.B. Rasmussen et al. Vaccine 39 (2021) 1583–1592
(TCC) 7A10B2 or lymph node (LN) cells isolated from mice trans-
genic for the 4B2A1 TCR [22,23]. After in vitro co-culturing of APCs
and T cells with titrated amounts of antibodies, we assessed T-cell
activation by means of proliferation and cytokine secretion. By far,
the antibody holding the T cell-epitope in L4CH2 was the most effi-
cient vaccine construct, inducing activation of k-specific T cells at
10–100-fold lower concentration than the antibodies with C-t anti-
gen fusion, as determined by both incorporation of radioactive thy-
midine and cytokine secretion (Fig. 3a-d). The other antibodies also
induced T-cell responses, but at much lower levels. The least effec-
tive was the IgD k L4CH1 antibody, which only resulted in activa-
tion of the 7A10B2 TCC (Fig. 3a and b). Importantly, activation of k-
specific T cells was dependent on targeted delivery of the k epitope
to APCs, as the non-targeted NIP k L4CH2 antibody showed
responses at the same level as the IgD wt antibody without peptide
(Fig. 3a-d). Furthermore, regardless of how the k epitope was inte-
Fig. 4. B cells targeted in vivo by the IgD-specific antibodies activate T cells in vitro.
Various concentrations of antibodies were injected intravenously into BALB/c mice
(two mice per group) before mice were sacrificed after 90 min. Irradiated
splenocytes were used as APCs to stimulate either 7A10B2 T cells or BW 4B2A1
hybridoma T cells. (a and b) After 72 h co-culturing of 7A10B2 T cells and APCs,
supernatant samples were removed while the remaining of the cultures were
pulsed with thymidine for 24 h. (a) Proliferation of the 7A10B2 T cells measured by
thymidine incorporation, and (b) ELISA to determine IFN-c secretion levels. (c) IL-2
secretion from BW 4B2A1 hybridoma T cells was determined after 48 h of co-
culturing with APCs. T-cell activation assays were performed in triplicates and the
average number for each mouse was calculated. Error bars indicate SEM of the two
mice. k L6CH1 and L4CH2 from this experiment have been published previously
[11].
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grated in the antibody molecules, targeting to APCs induced supe-
rior responses compared to free synthetic peptide. The overall
hierarchy is summarized in Fig. 3e, with IgD k L4CH2 being the
most efficient antibody, followed by the C-t antigen fusions, and
lastly the antibodies with the epitope in CH1.
3.4. The antibodies target APCs in vivo after intravenous injection

To assess the ability of the antibodies to target and prime APCs
in vivo, we injected BALB/c mice intravenously with titrated
amounts of antibodies and removed spleens after 90 min. We then
used the in vivo loaded splenocytes as APCs for in vitro activation of
k-specific T cells. We included the most potent antibody based on
the previous in vitro assays, namely IgD k L4CH2, as well as IgD k
L6CH1 and IgD scFv C-t. We observed strong T-cell responses
which indicate that the antibodies rapidly reached the spleen,
bound IgD on B cells and was endocytosed, processed and pre-
sented onto MHCII molecules. As in the previous experiments,
the most efficient antibody for epitope-loading was holding the
T-cell epitope in L4CH2, activating the 7A10B2 TCC to proliferate
and secrete IFN-c at 1 log lower concentrations than IgD k
L6CH1 and scFv C-t (Fig. 4a and b). Additionally, only splenocytes
targeted by the IgD k L4CH2 antibody were able to induce IL-2
secretion from a murine BW T hybridoma expressing the
k-specific TCR 4B2A1 (Fig. 4c). In all experiments, intravenous
injection of as little as 1 ug IgD k L4CH2 in one dose per mouse
induced in vitro T-cell proliferation and cytokine secretion.
3.5. Antibody-mediated delivery of an MHCI-restricted epitope induces
memory CD8 T-cell responses in vivo

We next assessed if a Troybody carrying an MHCI-restricted
epitope in L4CH2 would induce CD8 T-cell responses. L monocyto-
genes is a gram-positive bacterium, causing listeriosis after con-
sumption of contaminated food [32]. The bacteria evades host
humoral responses by residing intracellularly, even infecting
neighboring cells without being in contact with the extracellular
milieu, and thus, the T-cell response is crucial for clearing the
infection [32]. The protein Listeriolysin-O (LLO) contains an
immunodominant MHCI-restricted epitope (aa 91–99 of LLO, Kd-
restricted) [18], and we generated antibodies carrying the LLO epi-
tope (herein denoted LLO) in L4CH2. The antibodies were targeting
CD40 which is expressed on all major APCs, including the cross-
presenting DCs.

We first assessed secretion levels, and found that both CD40-
and NIP-specific L4CH2 antibodies were secreted from transfected
HEK293E cells, and the presence of the LLO epitope did not affect
the secretion levels compared to wt (Fig. 5a). To study the in vivo
efficacy of the LLO L4CH2 antibody to generate CD8 T-cell
responses, DNA plasmids encoding antibody heavy and light chain,
or NaCl alone as control, were injected into the dermis of BALB/c
mice followed by electroporation. After 3 weeks the spleens were
harvested and by use of IFN-c ELISPOT we determined LLO
peptide-specific recall responses of splenocyte preparations har-
boring both APCs and T cells. As seen, the LLO L4CH2 antibodies
induced robust IFN-c responses among splenocytes derived from
mice immunized with the antibody-encoding plasmids, whereas
the control mice which received NaCl alone did not respond to
peptide stimulation (Fig. 5b). Moreover, the recall response was
highly peptide-specific, because the splenocytes responded to
LLO, but not to an irrelevant peptide derived from hemagglutinin
(HA) or medium alone. In this assay, the non-targeted NIP LLO
L4CH2 and the targeted CD40 LLO L4CH2 antibody resulted in sim-
ilar, high recall responses. We speculate that this is a result of
either suboptimal dosing or direct antigen presentation by electro-



Fig. 5. The antibodies activate T cells in vivo to induce recall responses. (a) Secretion levels of CD40- and NIP-specific antibodies carrying the LLO peptide from transfected
HEK293E cells was determined by ELISA after harvesting supernatants over 2 weeks. Secretion levels are shown relative to wt hIgG specific for either CD40 or NIP as indicated
(n = 2). Error bars indicate SEM of duplictaes. (b) Mice were injected intradermally with antibody-encoding DNA plasmids or NaCl followed by electroporation. Spleens were
harvested after 3 weeks and recall responses to the LLO peptide was assessed by IFN-c ELISPOT (n = 2). Cells were stimulated with irrelevant peptide (HA = hemagglutinin) or
medium alone as controls. 6 mice were immunized per group for the antibodies and 4 mice with NaCl; data is represented as boxes with the middle line at the mean and
whiskers illustrating minimum and maximum values; two-tailed p-values are shown (unpaired t-test with Welch’s correlation); *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****,
P � 0.0001; ns, not significant (P > 0.05).
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porated cells, possibly in combination with an inflammatory envi-
ronment triggered by DNA injection and electroporation [33–35].

4. Discussion

In this study, we have compared two modes of antibody-
antigen fusion with regards to T-cell activation efficiency; antibod-
ies carrying a T-cell epitope in Ig constant domain loops (Troybod-
ies) and antibodies with T-cell epitope or whole antigen fused to
the Ig C-t end. Although both strategies have been studied previ-
ously, this study compares the two strategies using the same sys-
tem enabling a head-to-head to comparison.

As found in our study, and in concordance with a previous study
comparing antibodies carrying the k epitope in either of the 18
loops of CH1, CH2 and CH3, the position of the inserted epitope lar-
gely impacts secretion and T-cell activation efficiency [11]. Several
previous studies have utilized L6CH1 for epitope exchange and
shown this loop to be extremely flexible, holding both a 37 aa long
fragment containing an epitope as well as a 33 aa long gluten epi-
tope with a complex type II polyproline helical conformation [13–
15]. However, L4CH2 Troybodies are far more potent, and our data
show that the L4CH2 loop, only 4 aa long, can be similarly flexible
holding both a 17 aa fragment containing the k epitope or the 9 aa
minimal LLO epitope [11]. The efficiency of CH2 Troybodies to
induce T-cell activation may be explained by the lower thermody-
namic stability of CH2 compared to CH1 and CH3 [11,36–39].
Along these lines, epitope integration may further destabilize the
antibody structure, translating into lower secretion levels, but also
more efficient processing and epitope release.

The ability of IgG antibodies to engage effector molecules is
important for modulation of the immune response. As such, bind-
ing to FcRn modulates IgG half-life, whereas binding to activating
or inhibitory FccRs aid in increasing or limiting immune
responses [27–29,40,41]. Human IgG3, the IgG subclass used in
this study, activates complement and FccR-mediated effector
functions more efficiently than the other IgG subclasses [42]. As
the N297 glycosylation site of IgG is part of L4CH2, the IgG-
FccR interaction is abrogated in the L4CH2 Troybody. Accordingly,
this antibody bound neither of two classical FccRs tested, while
the antibodies with C-t antigen fusion or epitope grafted into
CH1 did. It was more of a surprise that the L4CH2 Troybody did
not show binding to FcRn. Structurally, the L4CH2 loop is situated
quite far away from the FcRn binding site at the CH2-CH3 elbow
region [30,31,43]. However, the b-strand exiting L4CH2 enters
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directly into the elbow region and contains several residues that
have been shown to influence the binding of hIgG1 to FcRn
[30,31]. Among these are T307, L309 and H310 (Eu numbering
[44]) that are shared between hIgG1 and hIgG3. Thus, loop
replacement seems to affect the CH2 structure, possibly affecting
the positioning of these residues involved in the FcRn interaction.
Long half-life is usually not important for a Troybody, as the vac-
cine molecules will be sequestered rapidly after administration or
production. However, for targeting low-abundance cell types, fur-
ther modulation of the Fc region to regain FcRn binding may be
desired. Troybodies are monomeric and not part of immune com-
plexes, and thus should not crosslink FccRs. For many
immunotherapeutic purposes, such as antibody-mediated clear-
ance of malignant cells, it may be desirable to trigger
complement-dependent cytotoxicity and antibody-dependent
cell-mediated cytotoxicity. For targeted delivery of antigen to
APCs, however, antibody binding should trigger internalization
for epitope presentation, and APC killing via complement-
dependent cytotoxicity or antibody-dependent cell-mediated
cytotoxicity is not wanted. Furthermore, B-cell inhibition by
crosslinking of B-cell receptor (BCR) and FccRIIB is equally unde-
sirable. As such, the lack of FccR binding of the L4CH2 Troybody
eliminates the need for additional Fc engineering to prevent
receptor binding.

In this study, we used hIgG3 as scaffold, and there may be an
anti-hIgG3 response in immunizedmice. However, due to the short
in vivo half-life of hIgG3 [45] in combination with very rapid Troy-
body uptake, we do not expect this to be important for the
outcome.

The choice of APC cell-surface molecule targeted by antibody-
antigen fusions may also affect antigen presentation levels. The
cytoplasmic tails of surface molecules such as IgD and CD40 con-
tain intracellular motifs that allow for internalization, signaling
and directional intracellular sorting. Late endosomal compart-
ments are associated with MHCII presentation and contain acces-
sory molecules involved in the MHCII pathway such as HLA-DM
and proteases, whereas early endosomal compartments are associ-
ated with cross-presentation on MHCI [1,46,47]. Ligation of the
BCR on the B-cell surface triggers internalization of the BCR and
its bound cargo, and at the same time, induces maturation of
antigen-processing compartments in which both the antigen,
MHCII and accessory molecules converge [48]. As such, the BCR
is a suitable molecule to target for MHCII presentation and engage-
ment of B cells. In contrast to intracellular sorting of the BCR, CD40
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is routed to early endosomal compartments involved in cross-
presentation [49]. We have previously shown that the rat IgG2a
antibody (clone FGK45) from which the CD40-specific mouse V
genes were cloned functions in an agonistic fashion by inducing
proliferation of splenocytes, secretion of IL-12p40 from DCs and
upregulation of CD54, CD86 and MHCII by DCs [15]. Others have
demonstrated that ligation of CD40 by agonistic anti-CD40 anti-
bodies can bypass the need for CD4 T cells in the licensing of
CD8 T cells [50]. This is a prerequisite when targeting a CD8 T-
cell epitope only. Additionally, a plethora of other APC targets have
been explored, including antibody-mediated targeting of antigen
to DEC-205 (CD205), the mannose receptor (CD206), DC-SIGN
(CD209) and CD11c [51–54]. Besides targeting by use of specific
antibodies, antigen have also been fused to chemokines for target-
ing of chemokine receptor expressed on APCs, such as the CCL3:
CCR1/CCR3 and XCL1/XCR1 ligand:receptor pairs [55–59].

Here we describe design of Troybodies that induce T-cell
responses against a myeloma protein and an infectious disease,
respectively. An interesting use of antibodies such as those we
describe, is in cancer immunotherapy in combination with check-
point inhibitors. As the breaks on T cells are lifted by use of anti-
PD1, anti-CTLA4 or other approaches, efficient targeting of anti-
genic peptides to APCs could aid in boosting the activation of
antigen-specific T cells.
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