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Abstract

Advances in HIV-1 vaccine clinical trials and preclinical research indicate that the virus envelope
glycoproteins (Env) are likely to be an essential component of a prophylactic vaccine. Efficient
antigen uptake and presentation by dendritic cells (DCs) is important for strong CD4* T helper
cell responses and the development of effective humoral immune responses. Here, we examined
the capacity of distinct primary human DC subsets to internalise and present recombinant Env to
CD4* T cells. Consistent with their specific receptor expression, skin DCs bound and internalised
Env via C-type lectin receptors (CLRs) while blood DC subsets, including CD1c* myeloid DCs
(MDCs), CD123* plasmacytoid DCs (PDCs) and CD141* DCs exhibited a restricted repertoire of
CLRs and relied on CD4 for uptake of Env. Despite a generally poor capacity for antigen uptake
compared to MDC:s, the high expression of CD4 on PDCs allowed them to bind and internalise
Env very efficiently. CD4-mediated uptake delivered Env to EEAL1* endosomes that progressed to
Lampl1* and MHC class 1" lysosomes where internalised Env was degraded rapidly. Finally, all
three blood DC subsets were able to internalise an Env-CMV pp65 fusion protein via CD4 and
stimulate pp65-specific CD4* T cells. Thus, in the in vitro systems described here, CD4-mediated
uptake of Env is a functional pathway leading to antigen presentation and this may therefore be a
mechanism utilised by blood DCs, including PDCs, for generating immune responses to Env-
based vaccines.
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Introduction

Dendritic cells (DCs) are the most potent antigen presenting cells and essential for
establishing effective adaptive immune responses. Their capacity for uptake and
presentation of vaccine antigens is likely to dictate the quality and efficiency of the ensuing
vaccine-induced response. A primary goal of a prophylactic HIV-1 vaccine is to elicit
potent, broadly neutralising antibodies (nAbs) that provide the first line of defense against
virus exposure. The HIV-1 envelope glycoproteins (Env) are the only surface-exposed,
virally encoded proteins of the HIV-1 virion and as the sole target for nAbs are likely to be
included in a vaccine (1, 2). One of the critical factors in the establishment of an effective
humoral response is the provision of appropriate CD4* T cell-mediated help. Thus, the
efficiency with which DCs stimulate CD4* T cells following vaccination is likely to
influence the quality of a developing B cell response.

The diversity of DC subsets suggests they play distinct roles in stimulating innate and
adaptive immune responses. In the event of an intramuscular vaccination, DCs are likely to
infiltrate the muscle from the blood and potentially also the skin, and interact with vaccine
antigens early in the immune response. Myeloid DCs (MDCs) found in the skin and blood
have potent antigen uptake capacity (3) and express a variety of receptors including C-type
lectin receptors (CLRs), which they employ for endocytic or phagocytic uptake of
exogenous antigen. In contrast, plasmacytoid DCs (PDCs) have a more restricted capacity
for uptake of soluble antigen (4-7). Different receptor expression and uptake pathways can
lead to different intracellular routing and consequently a different outcome in the mode or
efficiency of antigen presentation (5, 8-10). DC subsets also have intrinsic differences in
their antigen processing capacity due to variations in the expression level of proteins
involved in MHC processing (3, 11, 12). MDCs are generally considered more potent
antigen presenting cells for T cell priming. The distinctly different PDCs play an important
role in immediate anti-viral responses through their capacity to produce large amounts of
type | interferons, which among a plethora of functions support B cell differentiation and Ab
production (13-16). However, the contribution of human PDCs in presentation of exogenous
antigen to naive CD4* T cells to prime adaptive immune responses is less well defined (5, 7,
17, 18).

In this study we examined key interactions between soluble HIV-1 Env gp120 of the YU2
strain with human skin and blood DC subsets to understand the fate of these interactions.
We found that skin DC subsets utilised CLRs to bind and internalise Env very efficiently.
Conversely, blood MDCs including the BDCA-3* cross-presenting subset, and PDCs
utilised the high affinity HIV-1 receptor, CD4, for Env uptake, despite expression of
purported Env-binding CLRs. Strikingly, CD4-mediated uptake of Env by PDCs was at least
as efficient as uptake by MDCs and led to compartmentalisation of Env in EEA1*
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endosomes, and subsequently into Lampl* and MHC class 1" lysosomes in both subsets.
Antigen uptake via CD4 resulted in antigen processing and presentation by all blood DCs,
demonstrating a novel mechanism of uptake of Env for the stimulation of Env-specific
CD4* T cells.

Materials and Methods

Isolation of blood DCs

This study was approved by the Institutional Review Board of Ethics at the Karolinska
Institute, Stockholm, Sweden. Purified populations of immature MDCs and PDCs were
isolated from blood from apheresed donors by positive selection with microbeads as
previously described (13, 14, 19, 20) and cultured overnight at 37°C in complete medium
(R10; RPMI/10% FCS/100U penicillin/0.1mg streptomycin, Sigma Aldrich, St Louis, MO,
USA) supplemented with 2ng/mL GM-CSF (PeproTech, Rocky Hill, NJ, USA) where
noted, or 1ng/mL IL-3 (R&D Systems, Minneapolis, MN, USA) respectively. The purity of
the isolated cells was routinely greater than 85%. BDCA-3* DCs were identified among
enriched monocyte populations (Rosettesep monocyte enrichment kit, StemCell
Technologies, Vancouver, Canada) from buffy coats by flow cytometry as HLA-DRN,
lineage™ (CD3/CD14/CD19/CD20) and CD141*. For antigen presentation experiments DCs
were sorted to very high purity (>98%) by flow cytometry using a FACSAria (Live
Dead/CD3/CD20/CD14~, HLA-DR* and either CD123* (PDCs), CD11¢/CD1c* (MDCs) or
CD11c/CD141* (BDCA-3* DCs)).

Isolation of skin DCs

Skin samples were obtained from patients undergoing breast re-construction surgery
(Karolinska University Hospital, Stockholm, Sweden) and primary DCs were isolated as
previously published (21), with some modifications. Skin pieces were sliced into nets using
a skin graft mesher (Zimmer Inc. Warsaw, IN, USA) then incubated in 2U/mL Dispase
(Gibco, Grand Island, NY, USA) overnight at 4°C to separate the epidermis from the
dermis. Each fraction was incubated in 2.5mg/mL Collagenase F (Sigma Aldrich) with
20U/mL DNase | (Roche, Mannheim, Germany) in a gently shaking incubator (70-80 rpm)
at 37°C for 1h. Following digestion, the cell suspensions were collected and washed several
times with RPMI/5U/mL DNase | and passed through a 40um cell strainer. LCs were
identified by flow cytometry as HLA-DR*CD1a* whereas DDCs could be identified as
HLA-DR*, CD1a*/CD14~ or CD1a"/CD14*. All DC subsets were immature after isolation
with low CD83 expression and intermediate CD86 expression.

Phenotypic characterisation of DCs

DC subsets were phenotyped using different combinations of Abs including: HLA-DR,
CD11c, CD1c, CD1a, CD14, CD4, CD40, CD83, CD80, CD86, and MR (BD Biosciences,
San José, CA, USA), Langerin (Beckman Coulter), DC-SIGN and DCIR (R&D Systems),
CD123, BDCA-2 and BDCA-3 (Miltenyi Biotec, Bergisch Gladbach, Germany). Cells were
acquired on a FACSCalibur flow cytometer (BD Biosciences) and data analysed using
FlowJo (Treestar Inc. Ashland, OR, USA).
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Env antigens

Wild type gp120 monomers (from here on referred to as Env) from the primary R5 isolate
YU2 and a CD4 binding-defective variant (gp120-D368R; from here on referred to as Env-
D368R) (22) were used. Fusion proteins between Env or Env-D368R and human
cytomegalovirus pp65 (strain AD169, accession P06725) were constructed by generating
cDNA clones encoding Env and pp65 in a single reading frame (Supp. Fig. 1). Influenza
haemagglutinin (HA) from the A/Perth/16/2009(H3N2) strain was used (accession
ACS71642.1). Plasmid generation and site-directed mutagenesis were carried out by
Geneart (Life Technologies, Carlsbad, CA, USA). All proteins were expressed in serum-free
medium by transient transfection of Freestyle 293-F cells (Life Technologies) and LPS-
extracted as described previously (23-25). Proteins were labeled with AlexaFluor 488
(AF488) Protein Labeling Kit or FluoReporter FITC Protein Labeling Kit (Molecular
Probes, Eugene, OR, USA) according to the manufacturer’s instructions.

Antigen uptake and blocking assays

DCs at 1x10%/mL were pulsed with 10ug/mL AF488 conjugated HIV-1 Env Ags or
Influenza HA for 90 min at 37°C. For blocking studies the cells were pre-incubated with
5mg/mL mannan (Sigma Aldrich) or 100pg/mL CD4 Ab (RPA-T4) for 15 min at 4°C or
37°C prior to addition of Ag. Cells were then washed and analysed by flow cytometry.

CD4 internalisation

Whole PBMC:s (for T cells) or monocyte-enriched PBMCs (for DCs) were incubated with
anti-CD4 mAb (Clone SK-3, BD Biosciences) at 4°C for 20 min or 10pg/mL Env-AF488 at
4°C for 45 min. Cells were then washed in cold PBS and cultured in cold R10 on ice or at
37°C for 0, 60 or 120 min. At each time point cells were washed twice in either cold PBS or
acetic acid buffer (0.2M acetic acid, 0.15M NaCl, pH 3.0) to remove residual surface CD4
Ab or Env, and resuspended in PBS/10mM HEPES to neutralise the pH. Cells were then
surface stained with HLA-DR, lineage markers and either CD1c, CD123 or CD141 to
identify DC populations by FACS.

Env degradation assay

DCs were incubated with 10ug/mL FITC-conjugated HIV-1 Env Ags, or HA at 37°C for 90
min. Cells were then washed three times and resuspended in cold R10 and cultured at 4°C or
37°C for up to 24 h. Cells were washed once more and stained with DC markers for analysis
by flow cytometry. To retard degradation of antigens, cells were pre-incubated with, and the
experiment and washes carried out in, the presence of a protease inhibitor ImM Leupeptin
(Roche).

Confocal microscopy

Purified DC subsets were exposed to Env Ags for between 10-120 min at 37°C then
washed, applied to glass adhesion slides (Marienfeld GmbH, Lauda-Koénigshofen,
Germany), fixed in 4% paraformaldehyde for 20 min at 4°C and permeabilised with 0.05%
saponin for 20 min. The slides were blocked with 10% normal donkey serum (Sigma) for 30
min at 37°C then stained for 45 min at 37°C with EEA1 (clone 14, BD Biosciences) or
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Lamp-1 (clone H5G11, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) diluted in
10% NDS, followed by AlexaFluor-555 conjugated donkey anti-mouse 1gG for 30 min at
37°C. The cell surface was then stained with AlexaFluor-647-conjugated HLA-DR
(Biolegend, San Diego, CA, USA) and coverslips mounted using Pro-Long Gold containing
DAPI (Molecular Probes). Analysis was done with a Leica DMIRE2 microscope and Leica
TCSSP2 confocal system (Leica Microsystems, Heidelberg GmbH, Mannheim, Germany).
Colocalisation data were quantified using JaCOP (ImageJ (26)) and Manders’ M1 co-
efficient for the percentage of Env overlapping with an endolysosomal marker is shown.

Antigen presentation assays

Blood DC subsets, sorted to high purity by flow cytometry from donors with detectable
CMV pp65-specific CD4* T cell recall responses, were pulsed at 4°C for 1 h with Env-
pp65, Env-D368R-pp65 or pp65 (Miltenyi Biotec) using equivalent amounts of pp65 (5-
10ug/mL). Alternatively, overlapping 15-mer CMV pp65 peptides were used (Proimmune).
The cells were then washed and co-cultured overnight with autologous CD4* T cells
(isolated using Rosettesep CD4* T cell enrichment kit, Stem Cell Technologies) ata DC:T
cell ratio of 1:10 in the presence of 10ug/mL brefeldin A (Sigma). Cells were then washed
and stained for DC and T cell surface markers and intracellular IFN-y, TNF and IL-2 (BD
Biosciences).

Statistical Analyses

Results

One-way ANOVA was used to test for differences in the degree of uptake of wt and D368R
Env in different DC subsets and Tukey’s post-hoc comparisons were then used to compare
the groups. Paired, two-tailed Student’s t-tests were performed for comparisons of
colocalisation and antigen presentation (Prism 6, GraphPad Software, La Jolla, CA, USA) *
p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

Primary human DC subsets express distinct repertoires of receptors capable of binding

HIV-1 Env

To define the uptake pathways of soluble HIV-1 Env by different DC subsets, immature
primary DCs isolated from skin or blood were compared for their expression of a range of
known and putative Env-binding receptors. During HIV-1 infection, Env binds the primary
receptor CD4 which triggers a conformational change that allows the virus to engage CCR5
or CXCR4, leading to viral fusion. CLRs can also bind HIV-1 through their interaction with
high mannose oligosaccharides on Env (27, 28) but these interactions do not mediate viral
fusion. Consistent with earlier reports, we found that the most well-recognised Env-binding
CLRs, including Langerin, mannose receptor (MR) and DC-SIGN, were all expressed on
skin DCs. Freshly isolated HLA-DR* CD1a" Langerhans cells (LCs) from epidermis
showed a characteristically high expression of Langerin (Fig. 1). Conversely HLA-DR™*
dermal DCs (DDCs) predominantly expressed MR and DC-SIGN (Fig. 1). Specifically, the
CD1a* DDC subset expressed MR and a small proportion expressed Langerin while CD14*
DDCs expressed DC-SIGN and low amounts of MR. DEC-205 and DCIR, more recently
proposed to bind HIV-1 (29, 30), were also expressed on both LCs and DDCs, particularly
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the CD1a* DDCs. Finally, we detected low levels of CD4 expression on skin DCs as
reported previously (31-33).

The blood DCs were divided into three distinct populations - CD11c¢" CD1c* MDCs
(referred to as MDCs), the rare CD11c!" CD141 (BDCA-3)* MDCs (referred to as
BDCA-3* DCs) and CD123* PDCs. In contrast to the skin, blood DCs displayed high levels
of CD4, in particular PDCs, but were largely devoid of DC-SIGN, MR and Langerin (Fig.
1). MDCs could be induced to express low levels of MR in the presence of GM-CSF (Supp.
Fig. 1). All three blood DC subsets expressed DEC-205 and DCIR. PDCs exclusively
expressed BDCA-2 which in one study was suggested to have binding affinity for Env (34).
Our data are consistent with recent gene expression profiles published for these subsets (35).

DC subsets utilise distinct receptors for soluble Env uptake

We next investigated the impact of this differential receptor expression on the capacity of
the respective DC subsets to internalise a model Env immunogen, the YU2-based gp120
monomer. We used fluorophore-conjugated antigens to compare the degree of Env binding
(at 4°C) and uptake (at 37°C) in the different DCs alongside another glycosylated viral
surface antigen, influenza virus haemagglutinin (HA). The latter comprises the main-
component of the seasonal influenza vaccine and was used here as a bench mark for antigen
uptake of a clinically effective vaccine. Among the skin DCs, we found that DDCs were
superior to LCs at both HA and Env uptake (Fig. 2a—b, upper panels). Of the blood DCs,
MDCs are generally known as having superior antigen uptake capacity over PDCs.
Consistent with this, MDCs displayed a higher capacity for HA uptake than PDCs but
strikingly, donor-matched PDCs were as efficient, if not more efficient, than MDCs for Env
binding and uptake (Fig. 2a-b, lower panels). BDCA-3* DCs showed the lowest capacity for
uptake of these two antigens (Fig. 2a-b, lower panels). Consistent with these data, the rates
of internalisation of Env in MDCs and PDCs at 37°C were very similar, plateauing around
90 min (Fig. 2c). BDCA-3* DCs tended to lag behind in their accumulation of Env, with
significantly lower uptake at 60 and 90 min compared to PDCs (p<0.05).

As Env and HA are both glycosylated, the uptake by DCs of both proteins may be mediated
by CLRs. However, the discrepancy in uptake by PDCs indicates that Env can be
internalised using alternative pathways. In order to dissect the contribution of CLRs versus
CD4 for Env uptake by the different DC subsets we used mannan, a polymer of mannose
that efficiently binds and blocks CLRs, as well as a gp120 variant containing a mutation in
the CD4 binding site, which abolishes its ability to bind CD4 (Env-D368R) (Fig. 2d) (22). In
both LCs and DDCs, Env uptake was largely inhibited by the presence of mannan while
uptake of Env-D368R was only slightly reduced compared to wildtype (wt) Env. This
indicates that these cells rely heavily on CLR-mediated uptake of Env. Conversely, blood
DC subsets showed very poor uptake of Env-D368R compared to wt Env and exposure to
mannan had, at most, a modest effect, indicating that Env uptake in these cells is
predominantly dependent on CD4. This was confirmed in PDCs by blocking Env uptake
with a CD4 neutralising Ab (Fig. 2e). However, due to the high expression of CD4 and
internalisation of CD4 Ab that occurs in PDCs over time, and possibly also due to a
difference in affinity, 10-fold excess of Ab was required for efficient blocking of Env. Thus
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the mutated version of Env, abolishing the CD4 binding site, was a more convenient and
definitive control for our studies. While the reliance on CD4 was virtually complete for
PDCs and BDCA-3* DCs, the mannan block and uptake of Env-D368R were more
pronounced in MDCs which may indicate low level usage of CLRs or non-specific antigen
uptake mechanisms. This pattern of differential receptor usage between skin and blood DCs
is consistent with previous findings (36) and despite expression of some proposed Env-
binding CLRs in blood DCs, we found little evidence of their usage. This pattern of receptor
usage was also confirmed using fibritin-stabilised, soluble gp140 (gp140-F) trimers (37)

(Supp. Fig. 2).

CD4 mediates internalisation of Env in blood DCs

The primary function of CD4 is to act as a co-receptor during T cell receptor (TCR)
communication with an antigen presenting cell. CD4 helps stabilise the immune synapse by
binding directly to MHC class Il and also amplifies the signal generated by the TCR. Since
blood DCs were largely dependent on CD4 binding for uptake of Env, we next determined
whether CD4 itself also acts as an endocytic receptor in these cells. Earlier studies showed
that CD4* T cells are unable to internalise CD4 due to their expression of protein tyrosine
kinase p56/ck which stabilises CD4 on the cell surface, while monocytes, which lack this
molecule, can internalise CD4 (38). Although endocytosis of HIV-1 virions can occur in
DCs (39, 40), it is not known whether CD4 can internalise Env and deposit it in intracellular
antigen presentation compartments in these cells. To test their ability to internalise CD4,
blood DC subsets were surface-labeled with an anti-CD4 Ab at 4°C followed by a period at
37°C to allow internalisation of the receptor. Residual CD4 Ab remaining on the cell surface
was then removed by an acid buffer (pH 3.0), prior to analysis by flow cytometry. At 4°C,
CD4 Ab is only bound to the cell surface and the total signal is thus susceptible to acid
stripping. At 37°C, the proportion of CD4 Ab that is internalised becomes protected from
acid stripping and the signal is retained (Fig. 3a). We found that MDCs, BDCA-3* DCs and
PDCs all internalised CD4 within 60 min, whereas CD4* T cells maintained their CD4
expression on the surface (Fig. 3b). Furthermore, PDCs internalised Env with similar
kinetics to the CD4 Ab, whereas Env remained surface-bound on CD4* T cells (Fig. 3c).
These results demonstrate that DCs which do not utilise CLRs for Env-binding, in particular
blood DC subsets including PDCs, are instead able to internalise Env via CDA4.

Uptake of Env via either CLRs or CD4 leads to antigen compartmentalisation in MHC class
II* lysosomes

The cell type and the receptor used for antigen uptake determine the intracellular destination
of an antigen and have implications for antigen processing and presentation (5, 8, 9, 41).
Given their reported inherent differences in antigen presentation capacity, we investigated if
Env was delivered to the same compartment in MDCs and PDCs. MDCs and PDCs were
pulsed with Env for up to 90 min and then analysed by confocal microscopy. In both DC
subsets, Env was internalised into EEAL1* early endosomes within 10 min but rarely
colocalised with Lamp1l (Fig. 4a, top panel). By 90 min the degree of colocalisation with
EEAL1 had decreased and Env had progressed to colocalise with Lamp1* lysosomes in both
DC subsets (Fig. 4a bottom panel). This staining overlapped with HLA-DR (Fig. 4a bottom
panel) and likely represents a compartment for MHC class Il loading. From here MHC class
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I1:peptide complexes could be transported to the cell surface and presented to CD4* T cells.
To dissect the intracellular trafficking of Env taken up via CLRs versus CD4, we took
advantage of the fact that MR expression could be induced in MDCs by culturing them in
GM-CSF. Such cells displayed an equal usage of CLRs and CD4 for Env uptake (Supp. Fig.
1). To study the CLR pathway separately, we pulsed MDCs with the CD4 binding-defective
Env-D368R. Conversely, to isolate the CD4 pathway we pre-incubated MDCs with mannan
to block CLR-mediated uptake of wt Env. A similar pattern of decreasing colocalisation
with EEAL and increasing colocalisation with Lamp1 and HLA-DR, as described above,
was observed for both routes of uptake (Fig. 4b). When Env colocalisation with EEA1 or
Lampl was quantified, comparing MDCs and PDCs (Fig. 4c) or CLR-dependent versus
CD4-dependent Env uptake (Fig. 4d), the same trends were revealed and no statistically
significant differences were detected. Although Env rarely appeared to colocalise with
Lamp1 visually at early time points, during quantification the diffuse nature of the Lamp1l
stain resulted in a higher level of background colocalisation than could be discerned by eye.
Importantly, there was increasing colocalisation with Lamp1 over time and for MDCs, this
was most pronounced in the comparison between CD4 and CLR-mediated uptake (Fig. 4d).
Thus, despite distinctly different DC types or routes of uptake, Env was targeted to MHC
class 11" lysosomes.

CLR-mediated and CD4-mediated endocytosis of Env result in similar kinetics of antigen

processing

As we found that Env accesses a compartment for potential MHC class 11 loading of
peptides in DCs, we evaluated antigen processing in the different DC subsets. For these
studies, we utilised FITC-conjugated Env as this fluorophore is sensitive to the low pH in
acidic lysosomal compartments and would therefore be extinguished along with degradation
of the antigen. DCs were loaded with antigen (Env or HA for comparison) and the
fluorescent signal was tracked over time (Fig. 5a). In both skin and blood DC subsets there
was a rapid decay of the Env-FITC signal within 2—4 h followed by relative preservation of
a fraction of the antigen (approximately 10%) for 24 h (Fig. 5b). This rate of degradation
was previously described for other antigens in primary DCs (42—-44) and is similar to the
degradation kinetics observed for HIV-1 virions (45). The rate of Env degradation also
closely mirrored that of HA (Fig. 5b). Furthermore, when the CLR and CD4-mediated
pathways were studied separately in MDCs by using the conditions described above, there
were no significant differences in the rate of degradation of Env internalised via either route
(Fig. 5¢). To confirm that this decay represented real proteolytic degradation of Env and not
simply quenching of the FITC signal, the experiment was performed in MDCs in the
presence of leupeptin, a competitive lysosomal protease inhibitor, or at 4°C where antigen is
not internalised. Under these conditions, the majority of the Env-FITC signal was preserved
(Fig. 5a, ¢) indicating that the observed decay is due to proteolytic digestion of the protein.
Also, Western blot analysis for the presence of Env in cell lysates, collected at the indicated
time points, confirmed that most of the protein was degraded within 2—4 hrs and that this
was inhibited by leupeptin (data not shown). Thus, Env internalised via CD4 or CLRs and
by all DC subsets analysed here is efficiently degraded in MHC class I1* compartments,
suggesting the potential for antigen presentation.
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CD4-mediated endocytosis of Env results in MHC class Il presentation to CD4* T cells

CLR-mediated antigen uptake is known to result in antigen presentation on MHC class 11 by
DCs (46-49), but it is not known whether CD4-mediated uptake has the same result. We
investigated this in the context of Env in the blood DC subsets. To enable these studies, we
designed a fusion protein between Env and the immunodominant cytomegalovirus (CMV)
protein pp65 (65 kDa lower matrix phosphoprotein) as an epitope tag. The latter is a
tegument protein, not exposed on the surface of CMV and is not involved in virus binding to
cells. We reasoned that if the Env-pp65 fusion protein was targeted to, and endocytosed via,
the Env receptors, namely CD4 in blood DCs, it would follow a similar processing route to
Env alone. As detectable pre-existing memory T cell responses to pp65 are common in the
human population, CD4* T cell memory responses to the pp65 epitope tag could then be
measured as a surrogate read-out for Env presentation. The wt (Env-pp65) and the CD4
binding-defective (Env-D368R-pp65) fusion proteins were characterised biochemically prior
to the antigen presentation assays (Supp. Fig. 3). The fusion proteins were 180-190 kDa,
glycosylated and preserved both pp65 epitopes and key Env epitopes. Critically, only wt
Env-pp65 was recognised by the CD4 binding site-directed monoclonal Ab b12. When
binding of fluorescently-conjugated versions of the fusion proteins was assessed in MDCs
and PDCs the results were similar to those observed for Env and Env-D368R (Fig. 6a). Both
MDCs and PDCs were able to bind wt Env-pp65 at 4°C, with PDCs demonstrating slightly
higher binding, as was observed for Env alone. Binding of the Env-D368R-pp65 fusion
protein was markedly reduced although still detectable in MDCs whereas in PDCs binding
was abolished, suggesting that CD4 mediates the majority of the uptake of the fusion
proteins in these cell types. Recombinant pp65 protein alone was also bound by a small
proportion of MDCs, but there was no detectable binding in PDCs. Neither the fusion
proteins, nor pp65 induced maturation of MDCs or PDCs in terms of upregulation of co-
stimulatory molecules, consistent with previous studies of Env (50, 51), while in contrast, a
positive control TLR7/8-ligand effectively stimulated DC maturation (Fig. 6b).

To specifically study whether CD4-mediated uptake can result in antigen presentation, we
sorted the blood DC subsets to high purity by flow cytometry. Following this isolation
procedure, all subsets displayed an immature phenotype with low expression of the co-
stimulatory molecules CD40 and CD86 (Fig. 6¢), which again could be induced by
stimulation with a TLR7/8-ligand (Fig. 6b). HLA-DR expression was highest on MDCs and
BDCA-3* DCs, as expected, and approximately half a log lower on PDCs (Fig. 6d),
suggesting the PDCs have an inherent disadvantage when it comes to efficient MHC class Il
antigen presentation. Reflecting this, we observed that BDCA-3* DCs and MDCs stimulated
CD4* T cells more efficiently than PDCs via MHC class 11 when surface pulsed with
overlapping pp65 peptides (Fig. 6e). To test whether CD4-mediated uptake of Env leads to
antigen presentation, we pulsed the respective DC subsets with the fusion proteins at 4°C to
avoid non-receptor mediated uptake mechanisms, then washed and co-cultured them with
autologous CD4* T cells. Pp65-specific T cells responding to antigen presentation by the
DCs were detected by intracellular cytokine staining for IFN-y, TNF and IL-2. MDCs that
were exposed to the fusion proteins, then fixed prior to culture with CD4* T cells did not
induce any T cell activation, demonstrating the absence of contaminating MHC class I1-
restricted pp65 peptides in the protein preparations. Live MDCs were capable of presenting
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both Env-pp65 and Env-D368R-pp65 but presentation of the latter reduced the numbers of
responding T cells by half, suggesting that CD4 mediates some but not all of the uptake
leading to antigen presentation (Fig. 6f—g). Both BDCA-3* DCs and PDCs efficiently
presented Env-pp65 but in contrast to MDCs, their presentation of Env-D368R-pp65 was
extremely poor, demonstrating that CD4-mediated Env uptake in these cells is the main
pathway leading to processing and presentation to CD4* T cells (Fig. 6f—g). Furthermore,
despite differences in MHC class Il expression (Fig. 6d) and reported intrinsic differences in
MHC class Il antigen presentation capacity, donor-matched MDC, BDCA-3* DC and PDC
subsets pulsed with Env-pp65 stimulated similar percentages of CD4* T cells. Thus, these
data demonstrate internalisation of Env via CD4 in DCs represents a functional pathway that
results in antigen processing and presentation to CD4* T cells.

Discussion

Due to their anatomical distribution in peripheral tissues, DCs are likely to be one of the first
immune cells to come into contact with vaccine antigens after delivery. Through their
unique capacity to transport antigen to the lymph nodes and prime naive CD4* T cells they
provide the critical link between the administration of a vaccine and the development of a
specific response. Thus, the efficiency with which DCs take up the vaccine antigen and
present peptides to CD4* T cells is considered central to the induction of potent vaccine
responses. In this study, we analysed the interactions between multiple primary human DC
subsets and soluble HIV-1 Env as a HIV-1 immunogen. We show that skin and blood DC
subsets take up Env to varying degrees via different CLRs and CD4 respectively, dictated by
their respective receptor expression repertoire, supporting previous work by Turville et al
(36). Strikingly, PDCs, which are generally poor at uptake of soluble antigen and are
thought to only present antigen to CD4* T cells under certain conditions, showed a
particularly high capacity for internalisation of Env via CD4. We further demonstrated that
this route is a functional antigen uptake pathway in multiple DC subsets to deliver Env to
the endolysosomal system where it is degraded and subsequently presented to CD4™ T cells.

Whereas CLRs are known pattern recognition receptors utilised by DCs for the capture of a
broad range of antigens, facilitating their role in immune surveillance, CD4 does not have an
established role in antigen capture and processing. Specific CLRs such as the mannose
receptor, DC-SIGN and Langerin have a higher functional affinity for Env than CD4 does,
which may include avidity effects, (27) and this has been suggested as a mechanism by
which DCs expressing CLRs can redirect the virus from conventional infection towards
endocytosis and degradation (52). Alternatively, CLR-mediated uptake can lead to trans
infection where internalised virions are neither degraded nor establish a productive infection
but are transferred to other susceptible cells (28, 53). While DCs are unlikely to be important
in clearance of the virus, their capacity to endocytose, degrade and subsequently present
HIV-1 antigens to T cells is critical for the development of HIV-specific adaptive immune
responses. DC subsets with low expression of high-mannose binding CLRs such as blood
DCs may therefore be more vulnerable to infection and/or utilise CD4 more readily as a
receptor to endocytose the virus. The latter is supported by the finding that blocking
BDCA-2, a CLR expressed on PDCs with binding affinity for Env, was shown not to reduce
endocytosis of HIV-1 virions (40).
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Extensive efforts have been directed towards targeting vaccine antigens to DCs via specific
CLRs to improve antigen uptake and presentation (54-57). This strategy can result in
enhancement of T and B cell responses by orders of magnitude and reduce the dose of
antigen required in a vaccine setting. However, depending on the choice of targeting
receptor and the expression pattern of that receptor on DC subsets, the immunological
outcome will likely differ. MDCs are generally superior to PDCs for MHC class 1l antigen
presentation (58-60), while BDCA-3* DCs excel at cross-presentation on MHC class |
molecules (3, 61). Restricted receptor expression and lower endocytic activity are thought to
account for the less efficient uptake and presentation of exogenous antigen by PDCs than
MDCs (62). In the case of Env, its high glycosylation naturally targets it to DCs via their
CLRs. In addition, the data presented here suggest that the high-affinity interaction between
Env and CD4, which is highly expressed on PDCs, also enables efficient uptake of Env in
these cells.

Apart from antigen uptake, the weaker capacity of PDCs for exogenous antigen presentation
on MHC class Il has been related to their failure to reduce the turnover rate of MHC class Il
molecules, in contrast to other DC subsets. As a consequence, PDCs are unable to generate
stable MHC class I1:peptide complexes that facilitate extended engagement of CD4* T cells
and optimal T cell activation (63, 64). This is consistent with what we observed in peptide
dose response experiments. However, under the right conditions, such as when provided
with temporal toll-like receptor stimulation (5), antigen complexed to immune serum (17) or
specific receptor usage (18, 65) PDCs have been shown to function well as antigen
presenting cells and even comparably to MDCs. In the current study, we found that donor-
matched PDCs, MDCs and BDCA-3* DCs presented Env-pp65 on MHC class Il and
stimulated CD4* T cells with similar efficiencies when identical experimental conditions
were used. The enhanced presentation capacity of PDCs in this instance compared to earlier
studies is likely a result of their efficient Env uptake, which was unusually high compared to
other protein antigens. This suggests that CD4-mediated uptake of Env by DCs facilitates
presentation and could contribute to the generation of Env- specific CD4* T cell responses
by blood DCs in particular.

These results highlight the possibility that PDCs, which show limited CLR expression but
relatively high CD4 expression, may play a special role as antigen-presenting cells for Env
compared to other antigens. We, and others, have previously shown that PDCs play a unique
role in supporting B cell responses in vitro (13-16). In the presence of TLR stimulation or
BCR ligation and T cell help, PDC-derived IFNa supports the differentiation of B cells into
Ab secreting cells and enhances their proliferation (13, 14). The results presented here
suggest that PDCs can also efficiently stimulate CD4* T cells. Thus, the influence of PDCs
on responses elicited by an Env subunit vaccine could be multifactorial. However, an
important consideration is that in vivo there are likely to be multiple Env uptake pathways in
operation. In fact, we recently reported that immunisation of non-human primates with CD4
binding-competent or CD4-binding defective Env trimers resulted in Env-specific T cell
responses, as well as B cell responses, of comparable magnitude (23). This suggests that
ablating CD4-mediated uptake and therefore potentially the ability of PDCs to contribute to
Env presentation in vivo does not compromise peak CD4* T cell helper response. However,

J Immunol. Author manuscript; available in PMC 2015 June 18.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sandgren et al.

Page 12

more subtle effects of the Env-CD4 interaction on vaccine-induced immune responses in the
absence of a strong adjuvant were not investigated in that study. Furthermore, others have
shown that Env binding to CLRs on DCs stimulates an immunosuppressive response (66)
and DC apoptosis (67), and blocking or removing the mannose moieties on Env, and thus
precluding endocytosis via CLRs, enhanced Env-specific humoral responses in vivo (68,
69). Thus, uptake and presentation pathways not relying on CLRs may be relevant to Env
vaccination.

In summary, we have identified a pathway by which DCs expressing limited or no Env-
binding CLRs may be involved in binding and uptake of Env-based vaccines and the
subsequent priming of a naive CD4* T cell response. This CD4-mediated pathway may be
especially relevant in the context of intramuscular vaccinations where blood DCs are likely
to constitute the main infiltrating DC population at the site of inoculation.
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Fig. 1. Primary human DC subsets express distinct repertoires of HIV-1 Env receptors
Freshly isolated immature DC subsets from epidermis, dermis and blood were phenotyped

for their expression of known and putative Env-binding receptors. LCs were HLA-DR*/
CD1a*. DDCs were HLA-DR™* and could be further sub-divided into CD1a* and ~ (CD14%)
subsets but these were pooled for this study. Blood DC subsets include HLA-DR*/CD11chi/
CD1c* MDCs, HLA-DR*/CD11c"/CD141(BDCA-3)* MDCs and HLA-DR*/CD123*
PDCs. Data are representative of 3—7 donors for each marker. Dark histograms represent
unstained cells.
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Fig. 2. DC subsets utilise different receptorsfor Env uptake
Skin and blood DCs were exposed to 10ug/mL AlexaFluor 488-labeled Influenza HA or

HIV-1 Env for 90 min at 4°C to allow Ag binding or 37°C to allow Ag uptake and analysed
by flow cytometry. A) Data from one representative skin donor and one representative blood
donor is shown. B) The degree of Ag uptake (MFI 37°C — MFI 4°C) in each DC subset is
shown for matched donors. C) The kinetics of Env uptake over the 90 min period are shown
in blood DC subsets for 3 matched donors. D) DC subsets were incubated with Env or the
CD4-binding defective Env-D368R in the absence or presence of mannan for 90 min at 4°C
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or 37°C or alternatively, E) PDCs were incubated with CD4 neutralising Ab (RPA-T4) prior
to incubation with Env. The degree of uptake was calculated as for B) and normalised to
Env alone. Data are the mean+SD for 3-5 donors. *p<0.05, **p<0.01, ***p<0.001
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Fig. 3. CD4 mediates Env internalisation in blood DCs, in contrast to T cells
Enriched MDCs, BDCA-3* DCs, PDCs and CD4™ T cells were incubated with CD4-PE Ab

(SK3 clone) for 20 min at 4°C to allow surface binding, then washed thoroughly. The cells
were then incubated at 4°C or 37°C to allow internalisation of the Ab for 0, 60 or 120 min.
The cells were then either washed in PBS to preserve the total CD4 signal or acetic acid
buffer to strip surface-exposed CD4 Ab. Any remaining signal in the presence of acetic acid
indicates the proportion of CD4 that has been internalised. A) Raw FACS data for a
representative PDC donor. B) CD4 MFI for donor-matched subsets. C) Donor-matched
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PDCs or CD4* T cells were used in the experiment described above but with Env-AF488
substituted as the ligand for CD4. Data are representative of 3 donors.
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Fig. 4. Envisdelivered to MHC class |1 lysosomesin DCsvia both CLRsand CD4
A) MDCs and PDCs were exposed to 10ug/mL Env-AF488 (green) at 37°C for 10 to 90

min. At various timepoints the cells were washed, fixed and permeabilised, then stained for
EEA-1 (red, early endosomes) or Lamp1 (red, lysosomes) and HLA-DR (blue, MHC class
I). For visual clarity, only green and red images are merged and colocalisation appears
yellow, although the distribution of HLA-DR can be seen to overlap with these areas.
Images shown are from 10 min and 90 min. B) MDCs were exposed to 10ug/mL Env-
D368R-AF488 as above to follow CLR-mediated uptake or pre-incubated with mannan for

J Immunol. Author manuscript; available in PMC 2015 June 18.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sandgren et al.

Page 23

15 min at 37°C followed by exposure to Env-AF488 to follow CD4-mediated uptake. Cells
were stained as above. Colocalisation between Env and EEAL or Lampl in C) MDCs versus
PDCs and D) CLR-dependent versus CD4-dependent uptake was quantified. Manders’ co-
efficients (M1 only) describing the percentage of Env that overlaps with the endolysosomal
marker are shown. Between 6-20 cells were analysed for each time point.
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Fig. 5. Both CL R-mediated and CD4-mediated endocytosis of Env result in similar kinetics of
antigen processing

Cells were incubated with 10ug/mL FITC-labeled Env or HA for 90 min at 4°C or 37°C,
then washed twice and cultured at 4°C or 37°C for up to 24h. In some cases, MDCs were
pre-incubated and the experiment carried out in the presence of 1mM leupeptin (Leu) to
inhibit proteolytic degradation. Samples were then stained with DC markers for analysis by
flow cytometry and gated on HLA-DR*/CD11c* (MDCs), CD123* (PDCs), CD1a* (LCs) or
HLA-DR* (DDCs). A) Representative MDC donor showing the percentage of positive cells.
B) The MFI for each timepoint was normalised to the 0 min 37°C control for each Ag and
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the data shown here are the mean + SD for for 3-5 donors for Env and 1 donor for HA. C)
Alternatively, MDCs were incubated with Env in the presence of mannan or incubated with
Env-D368R to isolate degradation via CD4 and CLR-mediated uptake pathways
respectively. Leupeptin was also included in these experiments as a control. Data here are
the mean + SD of 2 donors.
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Fig. 6. CD4-mediated endocytosis of Env in blood DCs, including PDCs, resultsin MHC class||

presentation to CD4* T cells

A) MDCs and PDCs were pulsed with the Env-pp65 or Env-D368R-pp65 fusion proteins, or
recombinant pp65, each labeled with AF488, for 1h at 4°C. The degree of binding was
measured by flow cytometry. B) To check for induction of maturation, MDCs and PDCs
were exposed to the fusion proteins or pp65 at 4°C for 1h then washed and cultured
overnight. Maturation was measured by staining for co-stimulatory molecules. Cells
cultured overnight with TLR7/8-ligand acted as a positive control. C) Highly purified DC
subsets were obtained by flow cytometric sorting and their immature status was confirmed
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by staining for co-stimulatory molecules and HLA-DR. D) Comparison of the expression
levels of HLA-DR between the DC subsets in three matched donors. E) Sorted, immature
MDCs, BDCA-3* DCs and PDCs were pulsed with overlapping 15 mer peptides from CMV
pp65 (10-fold serial dilutions) or F) Env-pp65 or Env-D368R-pp65 at 4°C for 1h. As
controls, the cells were pulsed with no Ag or recombinant pp65. Excess Ag was washed
away and the DCs then cultured with autologous CD4* T cells at a ratio 1:10 in the presence
of brefeldin A. After 16 h the activation of CD4" T cells was measured by the production of
intracellular cytokines (IFN-y, TNF and IL-2), assessed by flow cytometry. The percentage
shown is of live CD11c- or CD123-/HLA-DR-/CD4* cells. MDCs exposed to antigen then
fixed with 1% paraformaldehyde prior to culture with CD4* T cells were also used to
control for the absence of pp65 peptides in the fusion protein preparations. G) The mean
fold change in the percentage of cytokine-positive cells when stimulated with Env-D368R-
pp65 compared to Env-pp65 is shown (mean+SD, n=3). **p<0.01, ***p<0.001.
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