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Abstract

Targeted delivery of antigens to dendritic cells (DCs) is a promising vaccination strategy.
However, to ensure immunity, the approach depends on coadministration of an adjuvant. Here we
ask whether targeting of both adjuvant and antigen to DCs is sufficient to induce immunity. Using
a protein ligation method, we develop a general approach for linking the immune stimulant, poly
dA:dT (pdA:dT), to a monoclonal antibody (mAb) specific for DEC205 (DEC). We show that
DEC-specific mAbs deliver pdA:dT to DCs for the efficient production of type | interferon in
human monocyte-derived DCs and in mice. Notably, adaptive T-cell immunity is elicited when
mAbs specific for DEC-pdA:dT are used as the activation stimuli and are administered together
with a DC-targeted antigen. Collectively, our studies indicate that DCs can integrate innate and
adaptive immunity in vivo and suggest that dual delivery of antigen and adjuvant to DCs might be
an efficient approach to vaccine development.

Vaccination is the most valuable approach to induce protective immunity against infectious
diseases. Defined proteins or antigens are increasingly used in vaccines, which have
improved safety profiles and ease of production relative to intact microbes or microbial
vectorsl. However, defined antigens are poorly immunogenic for T-cell immunity when
administered alone, inducing unresponsiveness or tolerance. Therefore, they must be
administered with an adjuvant that triggers immune stimulation and activation?.
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Adjuvants are microbial-derived agents or synthetic microbial mimics that activate innate
immunity after interacting with pattern recognition receptors (PRRS). Double-stranded RNA
(dsRNA) and unmethylated CpG DNA are adjuvants recognized by a group of integral
membrane PRRs called Toll-like receptors (TLRS), that is, TLR3 and 9, respectively
(reviewed in ref. 3). Cytosolic dsRNA is also an immune activator sensed by the retinoic
acid-inducible gene (RIG) I-like receptor family, which include RIG-I and MDAS (ref. 4).
In addition, cytosolic accumulation of double-stranded DNA (dsDNA) is a potent adjuvant
that induces the activation of innate immune signaling pathways®’. Recent reports show
that detection of cytosolic dSDNA occurs by multiple mechanisms but is independent of
TLRs8-10, One pathway of activation by cytoplasmatic DNA involves the initial
transcription of dsDNA into dsSRNA by RNA polymerase I11, following the activation of
cytoplasmic RIG-11112, This Pol 111-RIG-1 signaling pathway occurs in both human and
mouse cells but is redundant in the latter with a still-undefined dsDNA-sensing mechanism,
which seems to be independent of RNA polymerase 111 and RIG-I11L. Irrespective of the
recognition pathway, several studies indicate that cytosolic dSDNA induces type | interferon
(IFN) production, which exerts antimicrobial effects by switching on the transcription of
proinflammatory cytokines and antipathogen genes®5.

DCs are antigen-presenting cells specialized for the initiation and regulation of immune
responses’3. DCs express an array of PRRs, including TLR and the RIG-I-like and C-type
lectin receptors, which enable them to recognize and respond to distinct pathogens. Among
these receptors, C-type lectins can be harnessed to deliver antigenic proteins to DCs or
specific DC subsets. Accordingly, antigens can be introduced into mAbs that efficiently and
specifically target to the C-type lectin receptor DEC in vivol3. DEC is highly expressed by
DCs localized in lymphoid organs, specifically by a subset of DCs that also express
CD8al4. DC targeting using DEC-specific mAbs (anti-DEC) induces efficient antigen
processing and presentation on MHC class | and 11 products!>-17. Notably, this strategy
elicits both T helper 1 (TH1) CD4* T-cell and CD8* T-cell responses when mAb-antigen
fusion proteins are administered in the presence of an adjuvant to maturate and/or
differentiate DCs15-18,

Despite the advances made over the last decade in targeting antigens specifically to DCs, far
less progress has been made with respect to the selective delivery of adjuvants. Typically,
adjuvants are not targeted and consequently are recognized by a variety of cell types
expressing PRRs (broad-acting adjuvants), which can lead to hyperactivation of innate
immune mechanisms and adverse events1920, In this study, we set out to examine whether
DCs alone are able to immunize CD4" and CD8* T-cell responses after the targeting of both
antigen and adjuvant. To do this, we adapted a protein engineering method, expressed
protein ligation (EPL)?1-23, to site-specifically attach a dsDNA adjuvant, pdA:dT, to an anti-
DEC. Targeted delivery of pdA:dT to human monocyte—derived DCs (MoDCs) led to the
production of type I IFNs in vitro. Similarly, we showed that in vivo delivery of pdA:dT to
mouse DCs induced the secretion of type | IFNs. Finally, we demonstrate that mouse DCs
activated with pdA:dT are able to immunize antigen-specific CD4* and CD8* T cells.

Ligation of poly dA:dT to anti-DEC

The adjuvant of choice for our study was pdA:dT. This dsDNA is a potent activator of
human MoDCs24 and was expected to be more stable than commonly used dsSRNA
adjuvants such as polyriboinosinic polyribocytidylic acid (poly I:C). To site-specifically
conjugate pdA:dT to a full-length mAb, we developed a protein-DNA ligation strategy
based on EPL. DNA for a modified intein compatible with protein secretion?® was cloned in
frame into the C terminus of the heavy chain of anti-human DEC (anti-hDEC), anti-mouse
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DEC (anti-mDEC) and control immunoglobulin mAbs without receptor affinity (construct 1
in Fig. 1a). The resultant mAb-intein fusion proteins were produced by transient expression
in 293T cells and were purified from the culture supernatants using protein G affinity
chromatography6:17.26. SDS-PAGE (Supplementary Results, Supplementary Fig. 1a) and
western blot analysis (Supplementary Fig. 1b) of the purified mAbs revealed that the
preparation contained, in addition to the expected heavy chain—intein fusion proteins (~75
kDa), a contaminant (~50 kDa), which we attribute on the basis of its size to premature
cleavage of the intein during the expression and/or purification protocol. Notably,
attachment of the intein to the C terminus of the heavy chain did not disrupt antibody
function because anti-DEC-intein bound as efficiently as unconjugated anti-DEC to the
DEC receptor (Supplementary Fig. 1c).

The mAb-intein fusion proteins were next treated with sodium 2-mercaptoethanesulfonate
(MESNA) to cleave off the intein and generate an active thioester at the C terminus of the
heavy chain of each mADb (step i, resulting in protein derivative 2 in Fig. 1a). Approximately
24 h of treatment was necessary for efficient cleavage of the intein yielding a heavy chain of
~50 kDa (Supplementary Fig. 1d,e). Reverse-phase liquid chromatography (RP-HPLC) and
MS on the MESNA-treated deglycosylated and reduced anti-hDEC-thioester showed two
peaks that corresponded to the expected light- and heavy-chain molecular weights
(Supplementary Fig. 2a—c). Analysis by size-exclusion chromatography with in-line multi-
angle light scattering analysis (SEC-MALS) showed that the mAb-thioester derivatives
retained the expected tetrameric structure and did not aggregate in solution even after 2
weeks in storage at 4 °C (Supplementary Fig. 2d,e).

To evaluate the ability of anti-DEC-thioester derivate to undergo EPL, we first ligated a
short fluorescent peptide. This approach allowed us to determine the amount of mAb-
peptide fusion protein by measuring in-gel fluorescence. We found that by 24 h, more than
90% of the mAb-thioester was ligated to the short fluorescent peptide (Supplementary Fig.
3a). HPLC and MS analysis confirmed the generation of desired ligation product (molecular
weight (MW) = 50,529.4 Da, calculated MW (MW 41cq) = 50,526.3 Da; Supplementary Fig.
3b). SEC-MALS analysis of the mAb-peptide fusion protein indicated that no aggregation
had occurred during the thiolysis and ligation process (Supplementary Fig. 3c). Altogether,
these model studies confirmed the capacity of anti-DEC-intein to undergo EPL without
disrupting the antibody structure or adversely affecting protein behavior.

We next conjugated pdA:dT to anti-DEC-intein. It has been shown that at least 40 base
pairs of dA:dT are necessary for immune activation, with the degree of activation steadily
increasing as a function of DNA length beyond that threshold11:12, As initial efforts to
directly ligate longer DNA molecules to the mAb-thioesters were unsuccessful, we adopted
a two-step protocol. In the first step, we chemically ligated a short dsDNA oligonucleotide
with an N-terminal cysteine (Cys-dsDNA; Supplementary Fig. 4)27:28 to the mAb-thioesters
(step ii, resulting in ligation product 3 in Fig. 1a). To confirm ligation, we ran the mAb-
dA:dT conjugates on a 4-20% Tris-borate-EDTA (TBE) native gel stained with ethidium
bromide (Supplementary Fig. 5a). A band was visualized around 1,000 base pairs, which
disappeared upon proteinase K treatment, confirming it was a mAb-DNA conjugate. The
efficiency of dsDNA ligation was indirectly estimated using an in-gel fluorescence assay
and ranged from 67% to 78% (Supplementary Fig. 5b). SEC-MALS analysis showed that
mAb-dA:dT conjugates were of the appropriate size (MW = 185 kDa, MW gjcq = 172 kDa)
and did not form aggregates after 24-h incubation at 22 °C (Supplementary Fig. 5c). In the
final step, the dSDNA on the mAb—dA:dT was elongated using the Klenow polymerase |
(step iii, resulting in construct 4 in Fig. 1a), which lacks exonuclease activity and adds extra
bases through a slippage mechanism?°. The reaction needed to proceed for ~90 min to
elongate the dsDNA to approximately 250 bp, which is the length of commercially available
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pdA:dT (Supplementary Fig. 5d)11.12, Notably, the thiolysis, ligation and extension
procedures did not disrupt antibody function as anti-DEC-pdA:dT bound its corresponding
receptor on stably transfected CHO cells similarly to unconjugated anti-DEC (Fig. 1b,c and
Supplementary Fig. 1c).

Anti—-hDEC-pdA:dT elicits type | IFN secretion from MoDCs

Cytoplasmic pdA:dT is a potent activator of human MoDCs for the production of type I
IFN30, Previous reports indicate the need for dsDNA to access its intracellular targets, Pol-
I11 and RIG-I, which can be accomplished by the use of transfection agents. Indeed, when
we cultured MoDCs with different concentrations of soluble pdA:dT, IFN-a secretion was
detected only when cells were also treated with the transfection agent lipofectamine (Fig.
2a).

We next tested the ability of anti-hDEC-pdA:dT to trigger type | IFN production by human
MoDCs. Accordingly, MoDCs were treated with different doses of either anti-hDEC-
pdA:dT or human control (hControl) Ig-pdA:dT mAbs that have no receptor affinity. In
contrast to the stimulation with soluble pdA:dT, anti- hDEC-pdA:dT induced the production
of IFN-a without the use of any transfection reagent, suggesting that pdA:dT reached its
intracellular target after DEC targeting (Fig. 2a). The IFN response was dependent on dose
(Fig. 2a) and the time of exposure (Fig. 2b) and, consistent with a DEC receptor-mediated
uptake mechanism, was not observed after treatment with hControl Ig-pdA:dT mAbs (Fig.
2a). Further, the response to anti-hDEC-pdA:dT was selectively inhibited by pretreatment of
MoDCs with an excess of unconjugated anti-hDEC (Fig. 2c). These data indicate that
delivery of pdA:dT to MoDCs using anti-hDEC induces the production of type | IFN
without the need for transfection agents.

Activation of MoDCs by anti-hDEC-pdA:dT requires RIG-I

Intracellular pdA:dT is sensed by a pathway that involves RNA polymerase Il and RIG-
11112 To further explore the mechanism of immune activation after delivery of pdA:dT
using anti-hDEC, we transfected human MoDCs with siRNA targeting MDADS or RIG-I to
knock down the expression of these nucleic acid sensors (Supplementary Fig. 6). As control
stimuli, we used lipopoly-saccharide (LPS) and poly I:C, which signal independently of
these sensors, that is, through TLR4 and TLR3, respectively. Consistent with previously
published datall12, production of type I IFN (Fig. 3a,b) and TNF-a (Fig. 3c) by MoDCs
transfected with poly dA:dT was greatly reduced in cells that had been treated with SIRNA
targeting RIG-I. Similarly, anti-hDEC-pdA:dT induced production of IFN-a and IFN-f, and
TNF-a was also reduced in MoDCs treated with RIG-1-specific SiRNA, whereas the MDAS
knockdown had no effect (Fig. 3a—c). Treatment of MoDCs with anti-hDECpdA: dT led to
higher secretion of IFN-a and IFN-f than LPS and poly I:C (Fig. 3a,b) but less production
of the proinflammatory cytokine TNF-a (Fig. 3c). Together, these results are consistent with
a mechanism in which anti-hDEC deliver pdA:dT to the cytoplasm of human MoDCs,
leading to the activation of RIG-I for the production of type I IFN.

Anti-hDEC-pdA:dT triggers type | IFN production in vivo

Encouraged by the results in human MoDCs, we next tested our approach in vivo. It is
known that mouse DCs transfected in vitro with pdA:dT release type | IFNL, To test
whether pdA:dT delivered using anti-mDEC induced type | IFN production in vivo without
the use of transfection agents, we treated B6 mice with different doses of anti-mDEC-
pdA:dT (0.3-10 ug). IFN-a was detected in serum as soon as 3 h after inoculation of anti—
mDEC-pdA:dT and was dose dependent (Fig. 4a). Anti-mDEC-pdA:dT produced similar
amounts of IFN-a and IFN- than soluble poly I:C (Fig. 4b,c), and this response was
receptor mediated as it was greatly attenuated in DEC knockout mice treated with anti—
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mDEC-pdA:dT or in wild-type mice inoculated with a mouse control (mControl) 1g-pdA:dT
mAb with no receptor affinity (Fig. 4b).

The sensor (or sensors) that detects pdA:dT and triggers type I IFN production in the mouse
has remained largely unknown, but it seems that it is TLR independent’. To verify that the
mechanism of action of anti-mDEC-pdA:dT was independent of any TLR pathway, we used
Myd88- and TRIF-knockout mice (Myd88/TRIF), which lack two adaptor proteins
necessary for this pathway?3. As shown in Figure 4b, production of IFN-a triggered by
inoculation with anti-mDEC-pdA:dT was comparable between Myd88/TRIF knockout and
wild-type mice, suggesting that pdA:dT activates an innate response via a mechanism
independent of TLRs. By contrast, the response to poly 1:C was TLR dependent as it
required the Myd88/TRIF pathway (Fig. 4b).

We further evaluated the advantage of targeting pdA:dT using anti-mDEC. As expected,
mice inoculated with naked pdA:dT, administered in the absence of any transfection agent,
failed to produce any serum cytokines (Fig. 4c). Also, production of type | IFN was
significantly (P < 0.001) more efficient when pdA:dT was delivered using anti-mDEC than
when it was administered together with the transfection agent LyoVec (Fig. 4c).
Remarkably, delivery of pdA:dT using anti-mDEC induced significantly smaller (P < 0.001)
amounts of proinflammatory cytokines, that is, TNF-a and IL-6 (Fig. 4c), and less
hypothermia (Supplementary Fig. 7) than the same dose of untargeted poly I:C. Together
these results suggest that anti-mDEC efficiently delivered pdA:dT to its targets for efficient
production of type I IFN, causing less toxicity than the untargeted adjuvant poly I:C, as
measured by production of proinflammatory cytokines and hypothermia.

DCs mediate type | IFN production by anti—-mDEC-pdA:dT

As DEC is expressed at small amounts by other cells, including stromal cells, epithelial
cells, B cells and granulocytes3!, we evaluated the requirement of DCs for the in vivo
production of type I IFN triggered by anti-mDEC-pdA:dT. Radio-resistant cells, such as
endothelial, epithelial and/or stromal cells, but not bone-marrow derived hematopoietic cells
(for example, DCs) are required for the bulk secretion of type I IFN in response to poly
1:C18. To exclude a role for these nonhematopoietic cells in the production of IFN-a in
response to anti-mDEC-pdA:dT, we generated bone marrow chimeras in which DEC was
expressed only in radio-sensitive hematopoietic cells, including DCs (B6 wild-type bone
marrow was transplanted into DEC knockout (KO) lethally irradiated mice; B6 — KO), or
in radio-resistant cells (KO — B6). Twelve to fourteen weeks after reconstitution, chimeric
mice were injected with anti-mDEC-pdA:dT labeled with Alexa 647, and the innate
immune response was determined in the serum (Fig. 5a). Alexa 647-labeled anti-mDEC-
pdA:dT was uptaken only by DCs from chimeric mice that received wild-type bone marrow
(B6 — KO), corroborating proper chimerism (left panel in Fig. 5a). These chimeric mice
(B6 — KO) also produced substantially more IFN-a (Fig. 5a) and IFN-$ (Supplementary
Fig. 8) compared to mice of the opposite chimerism (KO — B6), indicating that the majority
of type I IFN was secreted by radio-sensitive hematopoietic cells expressing DEC, such as
DCs, and not by radio-resistant stromal cells. To further investigate the requirement of DCs
for the secretion of IFN-a triggered by anti-mDEC-pdA:dT inoculation, we performed
experiments using CD11c-DTR mice. This transgenic strain allows for the depletion of DCs,
but not B cells, T cells and granulocytes, after injection of diphtheria toxin32. As expected,
diphtheria toxin-treated CD11c-DTR mice produced less IFN-a than mice not treated with
diphtheria toxin, indicating that other leukocytes that expressed small amounts of DEC are
dispensable for type | IFN production (Fig. 5b). Thus, the in vivo production of type | IFN
triggered by anti-mDEC-pdA: dT is mediated by DCs and not radio-resistant cells or radio-
sensitive leukocytes that express small amounts of DEC.
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DCs are a heterogeneous population of leukocytes composed of several subsets with
different functions and expression of surface receptors33. In lymphoid organs, the CD8a/*
DC subset is characterized by high DEC expression and specializes in cross-presentation of
antigen. To assess which subset of DCs captured anti-mDEC-pdA:dT in vivo, mAbs labeled
with Alexa 647 were inoculated in wild-type or DEC knockout mice. As expected, anti—
mMDEC-pdA:dT labeled all splenic CD8a* DCs in wild-type mice, but no labeling was
observed in DEC knockout mice (Fig. 5¢). To further examine whether CD8a* DCs were
the source of serum type | IFN production, we purified using fluorescence-activated cell
sorting (FACS) and cultured distinct splenic DC subsets of mice treated with anti-mDEC-
pdA:dT ex vivo for 12-18 h. Only CD8a* DCs, but not CD8a.~ or plasmacytoid DCs
(PDCs), were able to produce high amounts of type | IFN (Fig. 5d). Remarkably,
upregulation of the costimulatory markers CD40 and CD86 and of MHCII was detected in
CD8a* DCs, CD8a~ DCs and PDCs, suggesting that all DC subsets responded to the
cytokines produced by the CD8a.* DCs (Fig. 5e).

Taken together, these results demonstrate that DCs expressing DEC are sufficient and
responsible for the bulk secretion of type | IFN detected in the serum triggered by anti—
mDEC-pdA:dT.

Targeting adjuvant and antigen to DCs activates T cells

Next we asked whether mice could be immunized by directing both the antigen and the
adjuvant primarily to DCs. To this end, 15 pg of anti-mDEC-pdA:dT was administered
together with 5 pg of anti-mDEC-human immunodeficiency virus (HIV) Gag p24. The latter
mADb efficiently immunizes mice against the HIVV Gag p24 antigen when a broad-acting
adjuvant, such as poly I:C, is also administered16-18, After prime-boost immunization,
splenocytes were isolated, restimulated with a Gag p24-reactive peptide pool or a Gag p17-
nonreactive peptide pool (negative control), and the frequency of CD4* T cells producing
IFN-y was monitored by FACS. The frequency of IFN-y—producing CD4* T cells was
higher when 7.5 pg of pdA:dT (equivalent to ~15 pg of anti-mDEC-pdA:dT) were delivered
using anti-mDEC compared to when 7.5 pg of soluble poly I:C were delivered (Fig. 6a). To
exclude the possibility that mAbs conjugated with antigen and adjuvant would compete for
their cognate receptor (DEC), we delivered the antigen to another receptor expressed on
CD8a* DCs called Langerinl”. Anti-mouse Langerin (mLangerin)-Gag p24 administered in
combination with anti-mDEC-pdA:dT was also able to prime antigen-specific CD4* Tyl T-
cell responses (Supplementary Fig. 9); however, the frequency of IFN-y—producing cells
was not statistically different than delivery of the antigen using anti-DEC (compare Fig. 6a
with Supplementary Fig. 9).

Finally, we determined whether anti-mDEC-pdA:dT was an effective adjuvant for CD8* T-
cell immunity, as there is no described epitope (or epitopes) for HIV Gag p24 in B6 mice
(H-2P)34, we used ovalbumin (OVA) as our antigen, which contains the class I (KP)
restricted epitope OVA,s7_064 (peptide sequence SIINFEKL)3°. Two weeks after
immunization with a single dose of 5 pg anti—- mLangerin-OVAZ6 in the presence of 15 pg
anti-mDEC-pdA:dT, CD8* T-cell priming was monitored by IFN-y production after
intracellular cytokine staining (Fig. 6b). The results indicated again that 15 ug of anti-—
mDEC-pdA:dT (equivalent to 7.5 ug of soluble pdA:dT) was more effective than 7.5 g of
soluble poly I:C at priming CD8* T-cell immunity (Fig. 6b). These data demonstrate that
dual delivery of antigen and adjuvant to DCs is an effective strategy for the priming of Tyl
CD4* and CD8* T-cell responses in mice.
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DISCUSSION

Successful vaccines that elicit protective T-cell immunity contain not only protective antigen
(or antigens) but also an adjuvant component that triggers innate immune activation and is
necessary for immunogenicity2. Although antigens can be delivered specifically to DCs
using a variety of uptake receptors, adjuvants often act broadly; that is, they activate a
variety of cell types36. Herein, we evaluated whether DCs alone can integrate the innate and
adaptive immune response when a dsDNA, pdA:dT, is delivered to them using mAbs
against the surface receptor DEC. We found that anti-DEC-pdA:dT triggered the production
of type I IFN by human MoDCs in vitro and in mice. Further, we showed that codelivery of
adjuvant and antigen to DCs is able to bring about the induction of combined CD4 and CD8
T-cell immunity. Thus, targeted activation of DCs induces both innate and adaptive
immunity in vivo.

To deliver an adjuvant to DCs, we developed a new chemoenzymatic route to a dsSDNA-
mADb conjugate using chemical ligation followed by polymerase-mediated DNA
polymerization. The generation of DNA-antibody conjugates has been an active area of
research since immuno-PCR was first described in 1992 (ref. 37). In this biosensing
technology, the antibody is used to detect antigen, and the DNA moiety is used to increase
sensitivity by PCR, amplifying the response by ~1,000-10,000-fold over a standard
ELISA38:39 Despite its obvious attractions, immuno-PCR is not widely used, in part
because standard methods to create DNA-antibody conjugates lack precise chemical control
over the site of DNA attachment, resulting in molecular heterogeneity. The approach
developed in the current study offers a route to DNA-antibody conjugates where there is
defined stoichiometry and regiocontrol over the coupling site. The advantage of a site-
specific attachment method is highlighted by a recent study in which random conjugation of
the nucleic acid moiety CpG alters the binding of anti-DEC to its receptor®. Although
expressed protein ligation has been used previously to generate protein-DNA conjugates*?
and in the area of immunoconjugation?843, this is to our knowledge the first time that a
dsDNA, pdA:dT, has been ligated to a full-length mAb. One caveat to the use of EPL is
premature hydrolysis of the intein from the protein of interest, in this case the antibody
heavy chain. Indeed, intein self-hydrolysis was observed in the current study, which,
depending on the preparation, was between 20-40% of the fusion. Although this reduced the
yield and potency of the preparation, it does not seem to have altered its DC targeting
properties—the anti-DEC-pdA:dT preparation worked as designed, despite containing a
small amount of unconjugated antibody contaminant. Nonetheless, reducing the degree of
intein hydrolysis would clearly be desirable for future studies. With respect to this, we have
very recently developed a modified EPL protocol, using ultrafast split inteins, that
eliminates premature intein cleavage, improving the yields of semisynthetic proteins,
including antibodies**. We imagine that these EPL procedures can be adapted to the site-
specific attachment of other nucleic acids to mAbs, and as a consequence they will have
utility in immuno-PCR and related technologies. Moreover, we envision RNA (for example,
siRNAs) and even small molecules being targeted to specific cells via conjugated mAbs
created using this method.

The choice of dsDNA for conjugation to anti-DEC was based on several considerations.
First, dsSDNA is more stable than dsRNA, poly I:C being an example. Second, cytosolic
dsDNA, for example, pdA:dT, is a potent activator of human myeloid DCs2430, which, upon
treatment, acquire the capacity to induce Tl CD4* and CD8* cytotoxic T-cell responses?4.
Of note, it is not feasible to use soluble pdA:dT (pdA:dT naked) as a vaccine adjuvant in
vivo, and transfection agents need to be used to improve access of dsSDNA intracellular
targets1:12. However, as we have shown, pdA:dT in complex with the transfection agent
LyoVec is inefficient for production of type I IFN in vivo, at least under the dosing regime
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used in our study (conceivably higher doses of pdA:dT-LyoVec might elicit a stronger
response). By contrast, the same dose of anti-DEC-pdA:dT can efficiently activate the
production of type | IFN by DCs without the use of any transfection agent. A possible
mechanism by which anti—- DEC-pdA:dT activates in DCs is as follows (Supplementary Fig.
10). After entering the cells via DEC receptor—-mediated endocytosis, pdA:dT is able to
escape endosomes and reach its cytosolic targets. Notably, DCs have a unique ability to
cross-present antigens, that is, to present extracellular antigens in MHC class | complexes®®.
The cellular mechanism of cross-presentation is still under debate, but it is possible that this
involves the exit of antigen (or antigens) from the endosomal component to the cytoplasm?6.
Notably, cross-presentation is primarily mediated by the mouse CD8a* DC subsets and their
human equivalent, BDCA3* DCs, which express large amounts of the surface receptor
DEC*’. We note that antigens delivered with anti-DEC are efficiently cross-presented in
MHC I complexes!>1748_ In support of this model, our data with human MoDCs indicate
that activation of the innate response is dependent on the RIG-1 pathway, arguing that
pdA:dT is delivered to the cytosol of DCs after DEC-mediated endocytosis. In mice, the
mechanism of type | IFN production by pdA:dT remains unknown, although it has been
shown to be RIG-I independent. Indeed, our results indicate that the production of type |
IFN in mice was independent of Myd88/TRIF expression, excluding a role for TLR ligands
in the activation mediated by anti-DEC-pdA:dT. Other DNA sensor (or sensors), such as
ZBP1/DAI and LRRFIP1, may be responsible for pdA:dT recognition in our system!1.
Additional studies are necessary to elucidate the specific mechanism by which delivery of
pdA:dT using anti-DEC activates the secretion of type | IFN; however, the reagents created
in this study will be useful for dissecting this process.

PRRs are expressed on both immune and nonimmune cells, the latter including endothelial,
epithelial and stromal cells®. Consequently, untargeted adjuvants usually activate a variety
of cell types. For example, when mice are injected with poly I:C, large serum amounts of
type I IFN are produced from nonimmune cells, such as stromal cells, which are essential for
the immunization to take placel8. In our experiments, delivery of pdA:dT to DCs was found
to induce similar amounts of serum type I IFN as poly I:C. We demonstrated that radio-
resistant cells, such as epithelial, endothelial and/or stromal cells, that express small amounts
of DEC3! are not required for the bulk of type I IFN production elicited by anti-DEC-
pdA:dT. Rather, in our targeting system, the initial release of type I IFN is mediated by DCs
as it was abolished by administration of a control immunoglobulin mAb without receptor
affinity in mice lacking expression of DEC and in those depleted of DCs. Notably, our
adjuvant delivery system assures that DCs have direct recognition of the adjuvant, which is
essential for their functional activation1849, and demonstrates that DCs alone are capable of
inducing adaptive immunity.

Various protein-based vaccine strategies, including approaches based on DCs targeting, are
currently being evaluated in several preclinical settings!3. A potential drawback with these
existing strategies is the need to coadminister high doses of an untargeted broad-acting
adjuvant. Such a formulation can lead to increased amounts of serum cytokines, which is
often associated with toxicity19-20, Receptor-targeting methods may be a tool to decrease the
toxicity and/or adverse events of adjuvants in vaccines, as shown recently by a nanoparticle
encapsulation strategy for the codelivery of poly I:C, resiquimod and OVA to DCsC.
Consistent with this, we found that anti-DEC-pdA:dT induced significantly (P values are in
Fig. 4) less TNF-a and IL-6 than untargeted poly I:C. Furthermore, untargeted poly I:C
induced a significantly higher degree of mice hypothermia than DEC-targeted pdA:dT. The
simplest interpretation of these results is that targeting an adjuvant to DCs leads to less
systemic toxicity. However, we cannot rule out that the observations might also stem from
differences in dose response and/or mechanism of action between poly I:C and anti—
mDEC205-pdA:dT. Additional studies will be required to tease this apart.
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In summary, the current study is to our knowledge the first to demonstrate that production of
type | IFN and induction of adaptive immune responses can be triggered by delivery of a
dsDNA adjuvant only to DCs and excludes the role of other immune and nonimmune cells
expressing lower amounts of DEC. As such, our semisynthetic strategy, which affords a
distinct molecular entity, will potentially allow targeting of different adjuvants to distinct
subsets of DCs for the induction of specific immune responses, that is, the Ty1, T2 and
cytotoxic T-cell responses.

ONLINE METHODS

Reagents

The following fluorescent conjugated anti-mouse mAbs were purchased from eBioscience
(San Diego, CA) or BD Pharmingen (San Diego, CA): APC anti—IFN-y (XMGL1.2) and anti-
CD11c (HL3), Alexa-488 anti—IL-2 (JES6-5H4), PE-Cy7 anti-TNF-a (MP6-XT22), eFluor
450 and Alexa-700 anti-CD3e (500A2), PerCP-Cy5.5 and Alexa-700 anti-CD4 (GK1.5),
PerCP-Cy5.5 anti-CD8 (53-6.7), PE anti-CD40 (3/23), anti-CD86 (GL1), anti-MHC-II (IEX,
14-4-4S) and anti-CD11c (HL3). PE anti-PDCA-1 (JF05-1C2.4.1) was from Miltenyi
Biotec (Auburn, CA). Live/Dead Fixable Aqua vitality dye was from Invitrogen, and DAPI
was from Sigma (St. Louis, MO). Diphtheria toxin (DT), chloroquine and LPS were from
Sigma-Aldrich (St. Louis, MO); human interleukin 4 (IL-4) was from R&D systems
(Minneapolis, MN); and granulocyte-macrophage colony stimulating factor (GM-CSF) was
from Berlex (Berkeley, CA). Poly I:C, pdA:dT Naked and pdA:dT LyoVec were obtained
from InVivogen (San Diego, CA). Klenow DNA Pol-1 fragment was purchased from New
England BioLabs (Ipswich, MA). Amine-DNA oligomers were purchased from Fisher
Scientific (Pittsburg, PA). Overlapping (staggered by four amino acids) 15-mer peptides
covering the entire HIV Gag p17 or HIV Gag p24 or the OVA peptide (aa257-264,
SIINFEKL) were synthesized by H. Zebroski in the Proteomics Resource Center at The
Rockefeller University.

General equipment

Size-exclusion chromatography (SEC) was carried out on AKTA Purifier system from GE
Healthcare (Piscataway, NJ). Analytical SEC-MALS was carried out on a Superdex 200
10/300 column (GE Healthcare). RP-HPLC experiments were performed on Hewlett-
Packard 1100 and 1200 series instruments using C18 or C4 Vydac columns (5 um, 4.6 x 150
mm) at a flow rate of 1 ml/min. Modified oligonucleotides were analyzed using 10 mM
TEAA (triethylammonium acetate) in water (solvent A) and 80% acetonitrile in water
(solvent B). Anti-hDEC conjugates were analyzed using 0.025% TFA, 0.25% formic acid
(FA) in water (solvent C) and 0.025% TFA, 0.25% FA, 90% acetonitrile in water (solvent
D). ESI-MS analysis of anti-hDEC was performed on a MicrOTOF-Q Il mass spectrometer
from Bruker Daltonics (Billerica, MA). Multiple Angle Light Scattering (MALS) and
Refractive Index (RI) measurements were performed using a Dawn Heleos Il and Optilab T-
rEX from Wyatt Technology Corporation (Santa Barbara, CA), respectively.

Construction of anti—receptor-intein

Mycobacterium xenopi gyrase A intein (GyrA) was cloned in frame after the C terminus of
anti-DEC heavy chain, analogous to that previously reported for fusion of immune antigens
such as HIV Gag-p24 (refs. 16,17). Quikchange Site-Directed Mutagenesis Kit (Stratagene,
Santa Clara, CA) was used to obtain the GyrA intein with Cys79 and Cys114 converted to
serine. These mutations have been shown to improve the activity of the intein in the context
of secreted protein fusions??. Using Xhol and Notl restriction sites incorporated into
oligonucleotides primers, a DNA fragment containing the Mxe GyrA (C79S C114S) was
cloned into pK::hDEC, a mammalian expression vector encoding both the heavy and light
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chain of human anti-DEC, to give the plasmid pK::hDEC-intein. The identity of the cloned
gene was confirmed by DNA sequencing. HEK 293T cells were then transiently transfected
with the pK::hDEC-intein vector using calcium phosphate in serum-free DMEM medium
supplemented with Nutridoma SP (Roche, Indianapolis, IN). After 3 d, the medium was
collected and filtered with Steritop vacuum filter cups (Millipore, Billerica, MA). The
filtrate was loaded onto a column containing 1 ml of protein G sepharose beads (GE
Healthcare, Piscataway, NJ). The beads were washed with 200 ml of Protein G binding
buffer (Pierce, Rockford, IL), and the anti-DEC-Mxe GyrA (C79S C114S) intein mAb was
eluted off the beads using Protein G elution buffer (Pierce, Rockford, IL). The eluent was
dialyzed against phosphate buffered solution (PBS) and concentrated using an Amicon
concentrator (Millipore, Billerica, MA). The typical yield for the preparation ranged from
1.25 mg/1 to 2.5 mg/I. No effort was made to optimize these expression conditions. Similar
cloning, expression and purification protocols were used to generate three additional mAb-
intein fusions, namely; anti-mDEC-GyrA (C79S C114S) intein and two antibodies without
receptor affinity, human control immunoglobulin- (hControl) intein and mouse control Ig-
(mControl) intein.

Production of Cys-DNA

A DNA oligonucleotide (sequence; AAAAAAA AAAAAAAAAAAAA) with a 5" amine
group was purchased from Fisher Scientific (Pittsburgh, PA). Fmoc-Cys(StBu)-OH (Sigma,
St. Louis, MO) was activated with DIC and N-hydroxysuccinimide to generate Fmoc-
Cys(StBu)-OSU. The amino-DNA was then reacted with 50-fold excess Fmoc-Cys(StBu)-
OSU in a 1:1 solution of 50 mM borate buffer pH 8.5 and dimethylformamide (DMF). The
protected Cys-DNA was purified by RP-HPLC using a C18 Vydac column where buffer A
was 10 mM triethylammonium acetate (TEAA) in water and buffer B was 80% CH3CN in
water. A gradient of 0-50% B over 30 min was used for purification. The purified protected
Cys-DNA was incubated overnight in 30% ammonium hydroxide to remove the Fmoc
protecting group. Finally, the sample was placed in 1 M dithiothreitol (DTT) to remove the
St-butyl protecting group. The deprotected Cys-DNA was purified using the same HPLC
gradient as before. The identity of the product was confirmed by MALDI-TOF MS; 6,483.4
Da (calculated); 6,495.7 Da (observed).

Expressed protein ligation

An oligonucleotide of sequence TTTTTTTTT TTTTTTTTTTT was purchased from Fisher
Scientific (Pittsburgh, PA). This was combined in a 1:1 ratio with Cys-DNA in water, and
the strands were annealed by heating to 95 °C for 5 min followed by gradual cooling to
room temperature for 1 h. Antibody-intein fusion proteins were activated by thiolysis
through the addition of 100 mM sodium 2-mercaptoethanesulfonate (MESNA) (Sigma, St.
Louis, MO) for 18 h in PBS (phosphate-buffered saline). The resulting antibody—anti-
thioester derivatives (50 pM) were reacted with the double stranded (ds)-Cys-DNA (500
KM) in ligation buffer (1x PBS, 400 mM NaCl, 6 mM TCEP, 1 mM EDTA, 100 mM
MESNA, pH 7.5). The reactions were typically allowed to proceed at room temperature
overnight. Reaction progress was monitored by gel electrophoresis using 4-20% TBE native
gels (Bio-Rad, Hercules, CA), using ethidium bromide (Invitrogen, Carlsbad, CA) staining
to check for ligation. Crude ligation mixtures were then dialyzed five times against PBS for
at least 2 h at 4 °C using Slide-A-Lyzer Cassettes (20,000 MWCO; Pierce, Rockford, IL).
The conjugates were then concentrated using 100,000-MWCO microcon concentrators
(Millipore, Billerica, MA). Trace amounts of Cys-DNA were usually still seen at this point,
as visualized on the 4-20% TBE native gels stained with EtBr. If necessary, the samples
were diluted to 1 ml and reconcentrated (5 mg/ml) until no Cys-DNA was visible on the
EtBr gel (usually two times).
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Purified mAb-DNA conjugates (3—4 uM) were reacted with 5 pM Klenow fragment in the
presence of 0.3 mM dATP and dTTP for 90 min in NEB buffer 2 (50 mM NaCl, 10 mM
Tris-HCI, 10 mM MgCl,, 1 mM DTT). Elongation progress was monitored by treating an
aliquot of the reaction mixture with 0.1 pg/ml proteinase K (Qiagen, Valencia, CA) for 1 h
followed by analysis on a 2% agarose gel stained with EtBr (Supplementary Fig. 5d).
Samples were then purified and concentrated using 100,000-MWCO microcon concentrators
(Millipore, Billerica, MA). This procedure was used to produce site-specific pdA:dT
conjugates to both the human and mouse anti-DEC as well as to the human control
immunoglobulin and the mouse control immunoglobulin mAbs.

RP-HPLC analysis of anti-hDEC-thioester and derivatives

Thirty to fifty micrograms of anti-hDEC were typically used for RP-HPLC/MS analysis.
Before RP-HPLC analysis, mAbs were fully deglycosylated and fully reduced®1-52,
Deglycosylation was performed using 2 U of PNGase F (New England Biolabs) per g of
mAbs and incubated at 37 °C overnight. Next, mAbs were denatured by exchanging buffer
to 6 M Gn-HCI, 100 mM phosphate, 150 mM NaCl, 1 mM EDTA at pH 7.2 and were fully
reduced by treatment with 10 mM DTT at 37 °C for 1 h. The fully denatured and reduced
anti-hDEC mAb was analyzed by RP-HPLC on a C4 Vydac column (5 pm, 4.6 x 150 mm)
using a 5-75% linear gradient of solvent D in solvent C over 30 min at 1 ml/min flow rate
and 55 °C, preceded by a 5-min isocratic phase at 5% D. Solvent C is 0.02% TFA and
0.25% FA (formic acid) in water, and solvent D is 90% isopropanol in water with 0.02%
TFA and 0.25% FA. Peaks were collected and analyzed by ESI-MS.

SEC-MALS of anti-hDEC-thioester and derivatives

The integrity of modified anti-hDEC was confirmed by injecting 25-50 ug of peptide- or
dA:dT-ligated and PBS-dialyzed mAb in running buffer (100 mM phosphate, 150 mM
NaCl, 1 mM EDTA, 1 mM TCEP, pH 7.2) into an S200 size-exclusion column using the
AKTA Purifier system. Elution from the column was monitored by UV-visible absorbance
at 280 nm, 495 nm and 254 nm and by online Dawn Heleos Il MALS and Optilab T-rEX RI
detectors. MALS, UV-Vis and RI data were analyzed using the ASTRA software. The
measured polydispersity index value close to 1.00 for each anti-hDEC derivative tested
indicated the tetrameric 1gG remained monodisperse after thiolysis from the intein and
ligation.

Estimation of anti—-DEC-pdA:dT yields

Approximately, 1.25-2.5 mg of anti-DEC-intein was purified per liter of transfection
supernatant. SDS-PAGE and Coomassie blue staining was then performed to determine the
extent of intein self-hydrolysis in the preparation. Typically, ~20-40% of the sample was
self-hydrolyzed during preparation. Hydrolyzed mAb is unable to react and therefore was
not used in the calculation of moles of mAb for ligation. It was then assumed that MESNA
treatment of the sample went to a 100% completion. For ligation, 100 pL of 50 pM mAb-
thioester was used (5 nmol). Ligation efficiency was indirectly determined using the
fluorescence assay shown in Supplementary Figure 5b. Typically, ~60-70% of the mAb-
thioester reacted (3-3.5 nmol; Supplementary Fig. 5b). It was then approximated that
elongation of the short DNA attached to the antibody went to 100% (Supplementary Fig.
5d). During preparation, 30-50% of the antibody was lost (during concentration and
purification). Thus, the final yield was typically around 1 nmol/l or 200 pg/l of initial
culture.
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Integrity and quality control of anti-receptor-ds DNA fusion

mAbs were characterized by SDS/PAGE and western blotting using anti-human 1gG or
anti-mouse IgG conjugated with HRP (Jackson ImmunoResearch, West Grove, PA). mAb
binding to their cognate receptor was verified on CHO cells stably transfected with their
respective receptor. In brief, CHO cells stably transfected to express hDEC or mDEC
receptors and control CHO NEO cells without receptor expression were incubated with
either anti-human or mouse DEC-dsDNA or control 1g-dsDNA conjugates (2 pg, 0.2 pg and
0.02 pg) at 4 °C. Cells were washed with FACS buffer containing 2 mM EDTA (FACS/
EDTA), after which either anti-human 1gG or anti-mouse 1gG (depending on antibody type)
conjugated with PE was added. After incubation for 20 min at 4 °C, the cells were washed
with FACS/EDTA buffer. Flow cytometry was then performed to determine the extent of
anti-hDEC-pdA:dT and anti-mDEC-pdA: dT binding to their corresponding receptors.

Human cell isolation and culturing conditions

Human PBMCs were isolated from whole blood of healthy volunteers by density gradient
centrifugation using Ficoll-Hypaque (GE Healthcare, Piscataway, NJ). Human monocytes
were isolated from PBMCs with anti-CD14 paramagnetic beads (Miltenyi Biotec, Auburn,
CA) and were differentiated for 5 d into MoDCs in the presence of IL-4 (20 ng/ml) and GM-
CSF (20 ng/ml). Primary cells were cultured in RPMI (GIBCO, Carlshad, CA) medium
supplemented with 2% pooled human serum (GemCell, Pennant Hills, NSW). For
stimulation assays, 1 x 108 cells were plated in a 96-well-bottom plate and incubated with
0.5-5 pg/ml anti-hDEC-pdA:dT or a hControl Ig-pdA:dT mAb for 3-24 h. In some
experiments, cells were pretreated with 10 ug/ml of purified mAbs against MHCII, CD11c
or DEC205 or a control IgG. In all cases, supernatant was collected, and human INF-c,
human IFN-B (PBL Interferon Source, Piscataway, NJ) or human TNF-a (R&D systems,
Minneapolis, MN) were assessed with commercial ELISA Kits according to the
manufacturer’s instructions.

Electroporation of human MoDCs with siRNA

Mice

All siRNA sequences were purchased from Sigma-Aldrich (St. Louis, MO). The RIG-I
siRNA sequence was 5’-AAGGCUGGUUCCGUGGCUUUUITAT-3'. Three MDAS siRNA
sequences were used on the basis of a previous study>3: 5/-
GUUCAGGAGUUAUCGAACAJTAT-3, 5-GUAACAUUGUUAUCCGUUAdTAT-3" and
5-GGUGUAAGAGAGCUACUAAITAT-3'. The control siRNA sequence (targets
luciferase) was 5-CUUACGCUGAGUACUUC GAdTdT-3'. Human MoDCs (4 x 10°, at a
concentration of 4 x 107/ml) were electroporated with 1 nmol of SiRNA in opti-MEM
without phenol red (Invitrogen, Carlsbad, CA). Electroporation was performed in a 4-mm
cuvette and in a total volume of 200 pgL of opti-MEM. Cells were pulsed (a unique square
wave pulse of 500 V and 0.5 ms) using the ECM830 Electro Square Porator (BTX Harvard
Apparatus). Immediately after electroporation, cells were transferred in complete medium
(RPMI 2% human serum) supplemented with GM-CSF (20 ng/ml) and IL-4 (20 ng/ml). 24 h
after electroporation, human MoDCs were collected and lysed with TRIzol (Invitrogen,
Carlsbad, CA) followed by one round of chloroform extraction. Total RNA was precipitated
with isopropanol and washed with 75% ethanol. Reverse transcription was then performed
on isolated RNA using High Capacity RNA-to-cDNA Kit (Applied Biosystems, Carlsbhad,
CA). RT-PCR conditions and primer sequences for RIG-1 and MDA-5 were previously
described®3.

C57BL/6 (B6) mice were obtained from The Jackson Laboratory. DEC KO and Myd88/
TRIF KO mice were kindly provided by M. Nussenzweig (The Rockefeller University, New
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York) and E.G. Pamer (Memorial Sloan-Kettering Cancer Center), respectively. CD11c-
DTR mice were obtained from The Jackson Laboratory and bred in house. Mice were
maintained under specific pathogen-free conditions and used at 7-8 weeks of age according
to The Rockefeller University Animal Care and Use guidelines. To generate bone marrow
chimeric mice, B6 or DEC KO mice were lethally irradiated twice 3 h apart with 550 rad
and 600 rad, respectively. Three hours after the last irradiation, 3-5 x 10% bone marrow cells
from either DEC KO (DEC KO into B6; KO — B6) or B6 (B6 into DEC KO; B6 — KO)
were given intravenously. Mice were maintained in antibiotic food and water for at least 1
month after irradiation. Reconstitution was assessed at around 8 weeks by flow cytometry of
blood cells (CD45* leukocytes >98% donor origin), and mice were used 12-14 weeks after
bone marrow transplant.

Mice inoculations and Immunizations

Cell sorting

To evaluate in vivo cytokine secretion, B6, DEC KO or MyD88/TRIF KO mice were
injected intraperitoneally with different amounts of anti-mDEC205-pdA:dT (0.3-10 pg) or
10 pg of untargeted poly I:C, pdA:dT naked or pdA:dT LyoVec. Serum was collected 3-12
h after inoculation, and body temperature was measured using a microtherma 2T
thermometer (ThermoWorks). Production of IFN-a (PBL Interferon Source, Piscataway,
NJ), IFN-B (PBL Interferon Source, Piscataway, NJ), TNF-a (R&D systems, Minneapolis,
MN) and IL-6 (R&D systems, Minneapolis, MN) was determined by ELISA following
manufacturer’s instructions. To evaluate capture of anti-mDEC-dsDNA fusion by DCs,
anti-mDEC205-pdA:dT was labeled with Alexa 647 (Invitrogen Carlsbad, CA) per the
manufacturer’s instructions. B6 or DEC KO mice were injected intraperitoneally with 10 g
of Alexa 647-labeled mAbs, and uptake was evaluated 3 h after inoculation by multicolor
flow cytometry after enzymatic digestion of the spleens (gating strategy described in ref.
17). In some experiments, spleens from mice inoculated for 12 h with anti-mDEC-pdA:dT
were collected, digested enzymatically and monitored by multicolor flow cytometry for
expression of several surface markers including MHCII (1-EX), CD86 and CD40 in splenic
DC subsets, including plasmacytoid DCs (CD11c'®" and PDCA-1*), CD11chigh CD8a*
DCs and CD11c"9" CD8a.~ DCs (gating strategy described in ref. 17). For immunizations,
B6 mice were inoculated in a prime-boost regimen that consisted in two intraperitoneal
inoculations, separated by 1 month, of 5 pg anti-receptor mAbs fused to HIV Gag-p24 (anti-
mDEC or anti-Langerin-Gag p24)!7 in the presence of an adjuvant, which was 7.5-15 ug of
soluble poly I:C (InVivogen) or 15 pg of anti- mDEC205-pdA:dT. In other experiments,
mice were immunized intraperitoneally once with 5 pg anti-Langerin-OVAZ6 with either
7.5-15 pg of soluble poly I:C or 15 pg anti-mDEC-pdA:dT as a stimulus for DC maturation.

Spleens from B6 mice inoculated with 15 pg of anti-mDEC205-pdA:dT or mControl Ig-
pdA:dT mAbs were cut in small pieces and incubated at 37 °C for 30 min in Hank’s medium
supplemented with 400 U/ml Collagenase D (Roche Diagnostics, Indianapolis, IN) and 50
pg/ml DNase | (Roche). EDTA (5 mM) was added for the last 5 min. Cells were washed,
and red blood cells were lysed for 1 min using RBC lysis buffer (eBioscience, San Diego,
CA). Cells were washed and stained with CD8a, CD11c and Live/Dead Fixable Aqua
viability dye. Different cell populations were isolated by sorting on a FACSAria 111 system.
Three populations, CD11c'% DCs, CD8a* DCs and CD8a~ DCs (gating strategy described
in ref. 18), were then plated at 300,000 cells per well in RPMI supplemented with 5% FCS
(Gibco). Twelve to eighteen hours later, the supernatant was collected, and IFN-a secretion
was evaluated by ELISA (PBL Interferon Source, Piscataway, NJ) following manufacturer’s
instructions.
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Intracellular cytokine staining

Bulk splenocytes were restimulated with the entire reactive HIV Gag-p24 or nonreactive
negative HIV Gag-p17 peptide mix (peptides at 1 pg/ml) or with 2 pg/ml OVA peptide
(SIINFEKL), along with 2 pg/ml of co-stimulatory anti-CD28 (clone 37.51) for 6 h at 37 °C.
Brefeldin A (10 pg/ml; Sigma-Aldrich, St. Louis, MO) was added for the last 5 h to allow
accumulation of intracellular cytokines. Cells were washed, incubated for 10 min at 4 °C
with 2.4G2 mAbs to block Fcy receptors, washed and stained with a cocktail of mAbs
including Live/Dead Fixable Aqua viability dye, anti-CD3, anti-CD4 and anti-CD8 mAbs
for 20 min at 4 °C. Cells were then fixed, permeabilized (Cytofix/Cytoperm Plus; BD
Biosciences, Bedford, MA) and stained with anti-IFN-y. A total of 1-3 x 10° live CD3*
cells were acquired on a Becton Dickinson LSR 11 flow cytometer, and data were analyzed
with FlowJo Software (Tree Star, Inc., San Carlos, CA).

Statistical analysis

Data reported in the figures were analyzed and charts were generated using Prism 5
(GraphPad Software). Statistical significance between two groups was determined by a
Student’s t-test. Statistical significance between more than two groups was determined by
ANOVA followed by Bonferroni’s post hoc analysis. In the figures, P values of <0.05 are
labeled with a single asterisk (*), in contrast to P values of <0.01 (**) or <0.001 (***).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Design and synthesis of anti-DEC-pdA:dT

(a) Schematic showing the chemoenzymatic generation of the antibody-DNA conjugates.
Step i (thiolysis): the mAb-intein fusions (1) were treated with MESNA for 18 h to give
anti-thioester derivatives (2). Step ii (ligation): the mAb-thioester derivatives (2) were mixed
with 20 bp DNA oligo (dA:dT) containing a cysteine residue at the 5’ end of the dA oligo to
give mAb-dA:dT conjugates (3). Step iii (elongation): purified mAb-dA:dT conjugates (3)
were reacted with Klenow Pol-1 fragment in the presence of dATP and dTTP to give anti—
DEC-pdA:dT, 4. (b) Dose-dependent binding of anti-hDEC-pdA:dT (4 in a), to CHO cells
expressing human DEC (CHO/hDEC; black) and control CHO/NEO (gray) cells as
monitored by flow cytometry after staining with Phycoerythrin (PE)-conjugated anti—
human IgG. Effect of hControl Ig-pdA:dT mAbs on the same cell lines is shown for
comparison. (c) As in b, but binding was performed with mouse anti-mDEC-pdA:dT and
CHO cells expressing mouse DEC (CHO/mDEC; black), after staining with PE-conjugated
anti-mouse IgG.
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(a) ELISA analysis of the production of IFN-a by MoDCs treated overnight with various
doses of pdA:dT (with or without 1 ug ml~1 lipofectamine), anti-hDEC-pdA:dT and
hControl Ig-pdA:dT. Error bars represent the mean + s.d. of three independent experiments,
each performed in triplicate. (b) Time course of the production of IFN-$ by MoDCs treated
with anti-hDEC-pdA:dT (5 pug mi~1) as determined by ELISA. Histograms represent mean
+s.d. (n=3). (c) MoDCs were pretreated for 2 h with 10 ug of various blocking mAbs
before adding 1 ug mi=* or 5 pg mI~1 of anti-hDEC-pdA:dT. IFN-a production was
monitored by ELISA and is shown as the mean = s.d. of three experiments performed in

triplicate per condition.
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Figure 3. RIG-I isnecessary for DCsactivation by anti-hDEC-pdA:dT

(a—c) MoDCs transfected by electroporation with control, MDAS or RIG-I specific SIRNA
were treated with 0.5 pg mI~1 of LPS, 5 pg mI~1 anti-hDEC-pdA: dT or 25 ug mi~2 poly
I:C. Soluble pdA:dT (5 pg mi~1) was introduced into the cytoplasm using 1 pg mi=1
lipofectamine. Production of IFN-a (a), IFN-p (b) and TNF-a (c) was assessed by ELISA.
Data is the mean + s.d. of two experiments with triplicates per condition.
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Figure4. Anti-mDEC-pdA:dT triggerstypel IFN production in vivo

(a) Various doses of anti-mDEC-pdA:dT were inoculated intraperitoneally in B6 mice.
Serum was collected at 3 h and 6 h and was then analyzed for IFN-a production using
ELISA. Mean * s.d. of two experiments with a total of three mice is shown. (b) B6, DEC
knockout (KO) or Myd88/TRIF KO mice were inoculated intraperitoneally with the
indicated immune stimulants (10 ug), and serum was analyzed for IFN-a production by
ELISA. Shown is the mean + s.d. of 2-5 experiments with 6-15 animals total. (c) B6 mice
were inoculated intraperitoneally with indicated immune stimulants (10 pg), and serum was
analyzed 1 h later for TNF-a production or 6 h later for IFN-a, IFN-$ and IL-6 production
by ELISA. Shown is the mean * s.d. of two experiments with six animals total per group. In
all cases, statistical differences were determined between all groups. ***P < 0.001; NS,
nonsignificant.
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Figure 5. DCsdrive bulk production of typel IFN triggered by anti-mDEC-pdA:dT

(a) B6 (wild type (WT)) or DEC knockout (KO) mice were lethally irradiated and injected
with bone marrow cells from DEC KO mice (KO — B6) or B6 mice (B6 — KO),
respectively. Chimeras and WT or DEC KO control mice were inoculated with 10 pg of
Alexa 647-labeled anti-mDEC-pdA:dT. Spleens were harvested, and mAb uptake was
evaluated by FACS in CD8a* DCs (left). Bar graph (right) shows serum IFN-q. as the mean
+ s.d. of four mice in two experiments. (b) CD11c-DTR mice were inoculated with
diphtheria toxin (+ DT) or PBS (- DT) 24 h before the inoculation of 10 ug of anti-mDEC-
pdA:dT. ELISA was performed to determine serum IFN-a 6 h later. Shown is the mean +
s.d. of three animals per group. (c) B6 or DEC KO mice were inoculated intraperitoneally
with 10 pg Alexa 647—labeled anti-mDEC-pdA:dT. Uptake of labeled mAbs by splenic DC
subsets was evaluated by FACS. Results from one experiment of two is shown. (d) Spleens
of mice inoculated with 10 pug of mAb—pdA:dT were harvested, and DC populations were
FACS-sorted and cultured. IFN-a production was assessed by ELISA in the culture
supernatant. Mean + s.d. of two experiments is shown. (€) Surface costimulatory markers
(CD86, MHCII and CD40) were evaluated 12 h after inoculation of 10 ug of anti-mDEC-
pdA:dT or of PBS by FACS gating on the indicated DC populations. Fluorochrome-labeled
isotype controls are shown in gray.
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Figure 6. Delivery of adjuvant and antigen to DCsinduces adaptive immune responses

(a) B6 mice were primed and boosted 4 weeks apart with 5 pug of HIV Gag p24 antigen
fused to anti-mDEC. Fifteen micrograms of anti-mDEC-pdA:dT, 7.5-15 pg of poly I:C or
15 pg of mControl 1g-pdA:dT was used as the adjuvant. Seven days after the boost,
splenocytes were restimulated in vitro with the reactive HIV Gag p24 peptide mix (p24) or a
nonreactive HIV Gag p17 peptide pool (p17, negative control) in the presence of brefeldin A
for 6 h. Intracellular staining was performed to detect IFN-y in CD3* CD4* gated T cells.
The percentage of IFN-y* CD4* T cells is shown as the mean + s.d. of three independent
experiments with a total of six mice. (b) B6 mice were immunized with 5 pg anti—
mLangerin-OV A in combination with 15 pg of either anti-mDEC-pdA:dT, 7.5-15 pg poly
I:C or 15 pg of mControl 1g-pdA:dT mAbs. Two weeks after inoculation, IFN-y production
was evaluated by intracellular cytokine staining in the CD3* CD8* gated T cells in response
to the reactive OV A peptide (OV Ap). Shown is mean + s.d. from two experiments with a
total of 5 mice. In all cases, statistical differences were determined between mice inoculated
with anti-mDEC-pdA:dT and the other groups. *P < 0.05; NS, nonsignificant.
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