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Abstract
Select members of the heat shock proteins (HSPs) family, such as gp96, elicit immune responses
specific to their chaperoned peptides. While immunological effects of HSPs on antigen presenting
cell (APCs) described to date have largely been demonstrated with cell lines or primary cells in
culture, their collective responses in vitro have been consistent with priming immune responses.
Here we examine the physiologically relevant APCs in mice that are targeted following
vaccination with native, murine HSP and characterize those cells. Gp96 accesses the subcapsular
region of the draining lymph node and is internalized predominantly by CD11b+ cells in this
locale. Cells acquiring gp96 can transfer protective anti-tumor immunity to naïve mice by actively
cross-presenting gp96-chaperoned peptides and providing co-stimulation. Our studies illustrate
how HSPs act to alert the immune system of cellular damage and will be of paramount importance
in immunotherapy of patients with cancer and infectious disease.
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Introduction
The immunogenic HSPs elicit immune responses that are specific for the peptides that they
chaperone (1). Hence HSPs purified from tumor cells or cells infected with pathogens are
able to elicit protective and therapeutic immunity in mice and humans vaccinated with such
preparations (2–7). These immunogenic HSPs include gp96 (2,4,5), hsp70 (5,8,9), hsp90 (9),
calreticulin (10), hsp110 (11) and grp170 (11). The immunogenicity of these HSPs is
attributed to their remarkable ability to bind to the receptor CD91 present on antigen
presenting cells (12–13). Interaction of HSPs with CD91 allows the engaging APC to cross-
present antigens that are chaperoned by HSPs (2,12). Internalized HSP-peptide complexes
are processed by APC before presentation of peptides by MHC I and II (13–14). CD91
increases the efficiency of cross-presentation when compared to non-CD91 mediated uptake
of soluble antigens. This allows for priming of immune responses even when antigen loads
are low. In addition, HSPs signal through CD91 via phosphorylation of the cytosolic
domains of the receptor (15). The signals trigger activation of NF-κB and p38 MAPK. The
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net result is maturation of APCs with simultaneous release of numerous cytokines and up-
regulation of expression of co-stimulatory molecules (15,16). These two events are
necessary for priming robust T cell responses. Subsequently we have shown that release of
HSPs from aberrant cells such as tumors is necessary for priming concomitant immunity
(17).

Studies detailing the immunological effects of HSPs have used myriad APCs in vitro,
ranging from bone marrow derived cells cultured in GMCSF with or without IL-4 (16),
peritoneal exudates containing macrophages (16), B cells (18), and macrophage- and
dendritic-like cell lines (19). Expectedly, the different types of APCs produced a diversity of
responses, in cytokine production and cross-presentation. What then are the physiologically
relevant APCs necessary for the immunological responses elicited by vaccination with
HSPs? One experiment performed almost 2 decades ago tested the requirement for APCs
during HSP immunization by using the broadly acting reagent carrageenan, which inhibits
the function of all phagocytic cells; T cell priming was abrogated in those studies (20). One
decade ago we showed that CD11c+ cells from lymph nodes of gp96-immunized mice could
transfer tumor immunity, but the phenotype of these cells and whether they endocytosed
gp96 was not further characterized (21). More recently, the efficiency of priming anti-tumor
immune responses with a genetically engineered and secreted form of gp96 (gp96-Ig) was
explored. Those studies showed that intraperitoneal vaccination with these fusion proteins
caused a dramatic increase of CD11chighMHCIIhighCD103+ cells in the peritoneum (22).
While these APCs were able to induce the expression of gut-homing receptor CCR9 in
responding T cells in vitro, their requirement in vivo was not tested (22). Our understanding
of APC subset dynamics with regards to intradermal vaccination with native, murine gp96
and CD91 expression remains unexplored and warrants an investigation. A compilation of
APC subsets and their functional relevance to priming adaptive immunity has been reviewed
elsewhere (23–24). These studies will have an impact on clinical trials as the route of HSP
administration remains routinely intradermal/subcutaneous.

Following introduction of extracellular gp96 in mice via immunization, gp96 was shown to
preferentially localize to cells with CD11b and CD11c. Subsets of APCs are further
characterized with respect to CD4, CD8, Gr1.1, MHC II, F4/80, CD103 and CD207
expression. Anti-tumor immunity could be transferred to naïve mice by adoptive transfer of
cells that were positive for gp96 acquisition. While CD91 expression is essential for gp96
uptake, location of APCs within the lymph node was another determining factor for
acquiring HSP. These results are extrapolated to HSPs in the extracellular environment
following active release by, or necrotic death of, aberrant cells. This study is important for
development of novel HSP-based vaccines for immunotherapy of cancer and infectious
disease and in improvement of on-going clinical trials. Finally, these studies will shed light
on the observations that HSPs are capable of priming Th1 (2,4,5,20,22), Th2 (25,26), Th17
(15) and Treg (27–28) responses under different immunization conditions.

Methods
Mice

C57BL/6, BALB/c and C57BL/6 x BALB/c F1 mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). Experimental mice were used between the ages of six to eight
weeks. All mice were used according to IACUC protocols approved by the University of
Pittsburgh and in accordance with the National Institutes of Health (Bethesda, MD)
guidelines.
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Cells and reagents
CMS5 and RAW264.7 cells were obtained from ATCC (Manassas, VA). BMDCs were
obtained by culturing bone marrow cells for 6 days in GMCSF. Apparently homogenous
preparations of gp96 were labeled with Alexafluor 488 (Invitrogen, Grand Island, NY)
exactly as recommended to obtain gp96A488. Each molecule of gp96 was calculated to be
labeled with 4–9 molecules of A488. Protein was analyzed by standard SDS-PAGE and
immunoblotting with anti-gp96 (Enzo Life Sciences, Inc. Farmingdale, NY) and anti-A488
(Invitrogen, Grand Island, NY) antibodies. For the CMS5 tumor experiment, ERK peptide
(QYIHSANVL) was conjugated to gp96A488 as previously described (29), termed gp96A488-
ERK. Free peptide was removed by size exclusion membranes. HELOVA peptide consists
of the HEL14 peptide (HEL12–15) in tandem with the OVA8 peptide (OVA257–264). The
ovalbumin protein (OVA) and hen egg lysozyme protein (HEL) were purchased from
SIGMA (St. Louis, MO). All peptides were synthesized at Genemed Synthesis, Inc. (San
Antonio, TX). Gp96-HELOVA complexes were made as above. For tracking peptides
within BMDCs, an OVA20 mer peptide was biotinylated and then complexed to gp96A488
to obtain gp96A488-b-pep20.

Tracking gp96 in vivo
Mice received ventral intradermal immunizations with gp96A488 in 100 μl saline. Doses of
gp96A488 are indicated in each experiment. In some experiments, lymph nodes were isolated
after indicated incubation periods, mechanically disrupted and passed through a 20μm
strainer.

Flow cytometry
Cells were blocked with anti-CD16/CD32 antibody (BD Pharmingen, San Diego, CA) for
10 minutes before addition of fluorescent-tagged surface antibodies for 20 minutes. Where
indicated, cells were fixed in 4% paraformaldehyde and stained with CD91 antibody 5A6
(Abcam, Cambridge MA) followed by FITC conjugated rat anti-mouse IgG2b (BD
Pharmingen). The following antibodies were used: CD11c allophycocyanin, CD11b PECy7,
CD8 Pacific Blue, CD4 PerCPCy5.5, CD207 PE, MHC class II PE (rat anti-mouse I-A/I-E),
CD103 PE, Gr1.1 PerCPCy5.5, and F4/80 Brilliant Violet 450 (BD Pharmingen). Data was
collected on a Becton Dickinson LSR2 (Franklin Lakes, NJ) using Cellquest software and
analyzed using FlowJo version 7 (Treestar, Inc., Ashland, OR). The negative thresholds
were set by comparing unstained controls with single color controls for each fluorophore
and taking into account any overlap from additional dyes used.

Adoptive transfer of cells
Lymph node cells were harvested from BALB/c mice 6 hours after vaccination with
gp96A488 or gp96A488-ERK and sorted by FACSAria (BD Bioscience, San Jose CA) based
on A488 positivity. 1×105 sorted cells were transferred to naïve BALB/c mice retro-
orbitally. Mice were challenged intradermally one week later in the dorsum with 1×106

CMS5 cells. Tumor growth was monitored.

Microscopy
Lymph nodes were fixed in 2% paraformaldehyde and then stored in 30% sucrose solution
at 4°C overnight. Tissues were frozen by submersion in 2-methyl-butane cooled by liquid
nitrogen and stored long term at −80°C. Sections (8–10 μm) were prepared in Neg50
freezing media on a HM505 Microm Cyrostat, and adhered to Fisherbrand Superfrost Plus
Precleaned Microscope Slides (Fisher Scientific). Slides were stored at −20°C until staining
(CBI, University of Pittsburgh). Primary antibodies included biotin conjugated CD11b,
CD4, CD8, CD207, CD103 and purified Armenian Hamster anti-CD11c (BD Pharmingen &
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eBioscience, San Diego, CA). Secondary antibodies were Cy5-goat-anti-Hamster IgG and
DyLight 549-Streptavidin (Jackson ImmunoResearch, West Grove, PA). To visualize
intracellular trafficking of gp96-peptide complexes, BMDCs were grown overnight on
coverslips. Gp96A488-b-pep20 was pulsed onto BMDCs for indicated times at 37°C or 4°C.
Cells were washed, fixed and permeabilized. Cells were stained with Cy3-strepavidin
(Jackson ImmunoResearch), phalloidin and/or LAMP-1 specific antibody (Invitrogen). All
images were captured using an Olympus 1000 inverted confocal microscope with 60x
objective and Fluoview v. 2.1 acquisition software (Melville, NY). Imaris v. 7.2.1 (Bitplane,
Zürich, Switzerland) and Photoshop v. 7.0 (Adobe, San Jose, CA) were used for analysis
and to prepare the images for publication.

Analysis of CD91 expression
Lymph node cells were sorted by FACSAria based on staining with CD11c allophycocyanin
and CD11b PECy7 antibodies (BD Pharmingen). Cells were washed and 30–50,000 cells
from each subset were lysed in SDS containing sample buffer and analyzed by standard
PAGE. Immunoblotting was performed using the monoclonal rabbit anti-CD91 antibody
EPR3724 (Abcam). Equivalent cell numbers of RAW264.7 and EL.4 were loaded as
positive and negative controls, respectively.

Cross-presentation assay
In separate duplicate wells, BMDCs were cultured in 200 μl of complete media containing
20 μg of gp96-HELOVA, HEL or OVA, or 0.05 μg HELOVA, 0.03 μg HEL14 or 0.17 μg
OVA8. T cell hybridomas B3Z specific for OVA8/Kb (30) or LC21 specific for HEL14/IAd

(31) were added at BMDC to T cell hybridoma ratio of 1:1 with 1×105 cells of each. B3Z
was developed as previously described (30) and IL-2 was measured by ELISA for LC21
activation.

Statistical Analysis
Differences between the means of experimental groups were analyzed using the two tailed
Student’s t-test. Differences were considered significant when p ≤0.05.

Results
Rapid draining of gp96 to lymph nodes

Apparently homogenous preparations of gp96 were labeled with Alexafluor 488 (A488). We
confirmed labeling by SDS-PAGE and immunoblotting (Supplemental Figure 1A).
Alexafluor 488-labeled gp96 (gp96A488) remained functional as determined by binding and
uptake by the CD91-expressing, macrophage cell line RAW264.7. RAW264.7 cells
incubated with gp96A488 endocytosed significant amount of the protein as measured by flow
cytometry (Supplemental Figure 1B) and microscopy (Supplemental Figure 1C). Gp96,
labeled on primary amines in a similar manner, has previously been shown to retain its
immunological property of priming T cell responses (32). Mice were then immunized
intradermally with titrated doses of gp96A488. A dose of 1–10 μg administered via this route
has routinely been used to elicit tumor-specific T cell responses (2,4,5,20,27). Single cell
suspensions of draining axillary and inguinal lymph nodes were analyzed by flow cytometry
8 hours post immunization (Supplemental Figure 2A). Significant A488 signal was detected
in the lymph nodes at ≥10 μg dose when compared to lymph nodes from mice immunized
with PBS (Figure 1A). We performed a kinetic experiment by immunizing sets of mice with
10μg gp96A488 and harvesting draining lymph nodes from mice at the indicated time points
(Supplemental Figure 2B). Gp96 was observed in the lymph node as early as 1 hour
following immunization and peaked at that point (Figure 1B). The signal gradually
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decreased thereafter but was still detectable 72 hours post immunization. In addition, we
visualized the interaction of gp96A488 with lymph node cells by fluorescent microscopy
(Figure 1C). Two populations of cells, differing in the amount of gp96A488 internalized,
could be discerned. These results demonstrate that gp96 can be rapidly detected in lymph
node cells following intradermal immunization and suggests differential uptake by cell
populations.

Acquisition of gp96 by CD11b+ and CD11c+ cells
We began a systematic analysis of lymph nodes by a broad screen based on the surface
markers CD11c and CD11b which are associated with professional cross-presenting APCs.
The gating strategies are outlined in Supplemental Figure 3. The total lymph node was
observed to have ~2% and ~10% of CD11c+ and CD11b+ cells respectively (Figure 2A).
These subsets can be further divided on additional APC markers including MHC II, CD4,
CD8, F4/80, Gr1.1, CD103 and CD207 as shown in Supplemental Figure 3D–G. This
analysis was applied to draining lymph nodes harvested from mice immunized with 10 μg of
gp96A488. A488+ cells in the draining lymph node were harvested at 8 or 48 hours after
immunization. At 8 hrs, CD11b+ cells (CD11c+/−) comprised ~70% of the gp96A488

+ cells
at the 8 hour time point (Figure 2A). These gp96+ cells expressing CD11b were additionally
phenotyped for CD4, CD8, Gr1.1, F4/80, and MHC II (Figure 2B, Supplementary Figure
3D–F). CD11b+gp96+ cells were primarily CD4+, CD8−, Gr1.1− with low or no F4/80
expression and abundant MHC II expression (Figure 2B). About 30% of gp96A488

+ cells in
the lymph node were CD11c+ (CD11b+/−) at 8hrs (Figure 2A). These cells were further
phenotyped for CD4, CD8, CD207, CD103, and MHC II (Supplemental Figure 3D, E, G).
CD11c+gp96+ cells also had abundant MHC II expression, however the expression of
CD103 and CD207 was heterogeneous (Figure 2C). A greater percentage of the cells had no
CD207 or CD103 expression. Cells that were CD11b−CD11c−, primarily B and T cells and
comprising a bulk (~93%) of the lymph node, accounted for the remaining 30% of
gp96A488

+ cells (Supplemental Figure 3C).

We next compared the overall distribution of cell types with gp96A488 at 8hrs. A
significantly greater percentage of CD11b+CD4+ cells acquired gp96A488 compared to
CD11b+CD4− cells (Figure 2D, Supplemental Figure 3E). CD11c+ cells were a smaller
fraction of gp96+ cells and included both CD8+ and CD8− cells, though CD8− cells were the
major CD11c+ fraction. (Figure 2D). At 48 hrs post immunization the distribution of
gp96A488 was essentially the same (Figure 2D, E); CD11b+ cells were still the larger
percentage of gp96A488 compared to CD11c+ cells. However the percentage of
CD11c+CD8+ cells doubled in gp96A488 positivity at 48 hrs compared to the 8 hour time
point. These data characterize the distribution of gp96 in draining lymph nodes following
immunization at early and late time points.

Gp96 is localized to cells of the subcapsular region of the draining lymph nodes
We used fluorescent microscopy to obtain a panorama of the draining lymph node following
immunization with gp96A488. Mice were immunized with 10 μg gp96A488 and sequential
tissue sections were prepared 8 hours post injection. As shown in Figure 3A, gp96A488
localizes to the subcapsular region of the lymph node. This region of the lymph node is
populated primarily by CD11b+ cells as shown in the highlighted region of interest (Figure
3B) and is distinct from the T cell zones as shown by co-staining for CD8 (Figure 3C). The
overlap of gp96A488 signal with CD11b and/or CD11c was quantified using IMARIS
software and substantiates the results obtained by flow cytometry in Figure 2; early after
immunization (8hrs) gp96A488 is associated more with CD11b+ than CD11c+ cells (Figure
3D). Draining lymph node sections from mice immunized with gp96A488 were stained for
CD207 (Langerin) at the 8 hour time point (Figure 3E). A small fraction of gp96A488

Messmer et al. Page 5

J Immunol. Author manuscript; available in PMC 2014 October 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



colocalized to CD207 consistent with observations in Figure 2C. We next examined the
overlap of gp96A488 with CD103, an integrin that identifies a subset of lymph node dendritic
cells. We observed some co-localization of gp96A488 with CD103 although this association
was variable (Figure 3D, F, G). These data are consistent with the flow cytometry data in
Figure 2. At 8 hrs following immunization, gp96A488 is taken up by primarily by CD11b+

(CD11c+/−) cells in the subcapsular region of the lymph node.

Functional gp96+ APCs transfer tumor-specific immunity
As shown in previous studies conducted in vitro, gp96 stimulates APCs rendering them
capable of providing signals for priming T cells. In addition, peptides (including tumor
antigens) chaperoned by gp96 are cross-presented by the same APCs. We set up an antigenic
system based on the CMS5 tumor and its immuno-dominant peptide ERK (33), to test
whether the APCs that captured gp96 in vivo were immunogenic (Figure 4A). Gp96A488
was complexed to the ERK peptide (gp96A488-ERK) or left uncomplexed (gp96A488). Mice
were immunized with 10μg of gp96A488-ERK, gp96A488, ERK or PBS. A488+ cells were
isolated from draining lymph nodes from each group of mice after 6 hours by FACS (Figure
4B). A488+ cells from gp96A488-ERK or from gp96A488 group, or bulk lymph node cells
from ERK peptide or PBS immunized group, were transferred to naïve BALB/c mice retro-
orbitally. Recipient mice were challenged one week later with CMS5 cells (Figure 4A).
Tumor growth rate was measured. Tumor growth was significantly retarded only in mice
that received A488+ cells from donors immunized with gp96A488-ERK. Tumors grew with
identical kinetics in mice receiving A488+ cells from donors immunized with gp96A488, or
mice receiving bulk lymph node cells from donors immunized with ERK peptide or PBS
(Figure 4C). We tested whether the protective effect was dependent on the cross-priming
ability of donor (A488+cells) or recipient APCs. Cells from donors, immunized with
gp96A488-ERK or gp96A488, were irradiated prior to adoptive transfer to recipient naïve
mice as above. Recipients were then challenged with CMS5. Tumor growth rate was
measured (Figure 4D). The protective effect of A488+ cells from gp96A488-ERK immunized
mice was abrogated when they were irradiated, as the tumors grew with identical kinetics to
control treated or untreated mice. This demonstrates that the transferred (donor) APCs were
actively involved in priming anti-tumor immunity through events that may include antigen
transfer, cross-presentation and migration.

Differential expression of CD91 in APC subsets
We have previously shown that CD91 expression is essential for gp96 uptake. Thus we
tested the relative expression of CD91 by APCs in the lymph node as characterized by their
expression of CD11b and/or CD11c (Figure 5A). Cells were stained for CD91
simultaneously with CD11b and CD11c and analyzed by flow cytometry. CD91 expression
was observed to vary with each population (Figure 5B, Supplemental Figure 4A).
CD11c+CD11b+ cells had the most robust CD91 expression as measured by geometric MFI
followed by CD11c−CD11b+ cells. CD91 expression on CD11c+CD11b− cells, while barely
detectable, was still significant over background staining with secondary antibody alone.
CD91 expression was not significantly detected on CD11c−CD11b− cells in this assay
although this observation does not conflict with the possibility that a minor cell type in this
large and varied population does so (34,35). The results in Figure 5B were confirmed by
immunoblotting. FACS purified APC populations from the lymph node were lysed and
analyzed by SDS-PAGE and immunoblotted for the β-chain of CD91 (85kDa). CD91
expression was easily detectable in the CD11c+CD11b+ population and, at equivalent cell
numbers, more difficult to discern in CD11c−CD11b+ and CD11c+CD11b− populations
(Figure 5C). The macrophage cell line RAW264.7 served as a positive control and EL.4
thymoma as the negative control cells for CD91 expression.
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CD91 expression correlates with superior gp96 endocytic capacity
We tested the ability of various lymph node APCs to endocytose gp96 in vitro. We exposed
total lymph node cells directly to sub-saturating levels of gp96A488 in vitro and analyzed
them by flow cytometry (Figure 6). Consistent with the data in Figure 1A, the percent of
gp96A488

+ cells was titratable with increasing amounts of gp96A488 (Figure 6A). Lymph
node cells were phenotyped for CD11b and CD11c expression (Figure 6B). Regardless of
the amount of gp96A488 provided to lymph node cells, CD11b+CD11c+ cells endocytosed
the most gp96A488 as measured by geometric mean fluorescence intensity (Figure 6C); cells
expressing the highest levels of CD91 (Figure 5). As a population, CD11c−CD11b− cells
appeared to acquire very little gp96A488 (Figure 6C) correlating with their lack of CD91
expression. CD11c+CD11b+ cells, representing lymph node resident APCs, acquired the
most gp96A488 as a population although they represented a small proportion of cells in the
lymph node. This result was the same across a wide range of gp96A488 sub-saturating
concentrations. In addition, incubations of cells with gp96A488 for different lengths of time
did not change the outcome; significantly more gp96A488 was associated with
CD11c+CD11b+ cells than other cells at all time points measured (Figure 6D).

We next investigated the level of efficiency of gp96A488 incorporation in competition
studies by removing CD11c−CD11b− cells and performing the same experiment with
purified populations of isolated CD11b+ and CD11c+ cells and sub-saturating concentrations
of gp96A488. Lymph node cells were sorted into CD11c+CD11b− or CD11c+CD11b+

populations. These two populations of cells were mixed in comparable numbers (Figure 6E)
and incubated with gp96A488. Cells were analyzed by flow cytometry for their level of
gp96A488 incorporation (Figure 6F). CD11c+CD11b+ cells were observed to incorporate
significantly more gp96A488 than CD11c+CD11b− cells. A similar experiment was
performed with isolated CD11c+CD11b+ cells mixed with CD11b+CD11c− cells (Figure
6G). CD11c+CD11b+ cells were again observed to incorporate significantly more gp96A488
than CD11b+CD11c− cells (Figure 6H). The acquisition of gp96A488 by CD11c+CD11b+

cells was unaffected by the presence (mixed) or absence (unmixed) of other CD91+

(CD11b+CD11c−) cells (Figure 6I). We thus conclude that CD11c+CD11b+ APCs,
characterized by robust CD91 expression, appear superior at endocytosis of gp96 compared
to other lymph node cells with lesser or no CD91 expression.

Peptides chaperoned by HSPs are cross-presented by CD11b+CD11c+ cells
Cross-presentation of HSP-chaperoned peptides after uptake by CD91 is necessary for
priming effective immune responses (Figure 4) (2,12). To study the cross-presentation of
peptides chaperoned by HSPs, significantly more CD11b+CD11c+ cells were required for
the experiments below than could be obtained from lymph nodes. Therefore we used bone
marrow derived dendritic cells (BMDCs) which express a similar phenotype including
CD11c+CD11b+ markers (36) as the cells we examined in Figure 6, in addition to CD91
(13). We first confirmed that the BMDCs were functionally competent in cross-presenting
gp96-chaperoned peptides on either MHC I or MHC II molecules. Gp96, complexed to a 22-
mer peptide (HELOVA) consisting of HEL 14-mer peptide presented by H-2IAd, in tandem
with the OVA8-mer peptide presented by H-2Kb. The gp96-HELOVA complex was
incubated with BMDCs from H-2b (C57BL/6) x H-2d (BALB/c) F1 BMDCs under
conditions previously shown to allow for cross-presentation of the chaperoned peptides.
Briefly BMDCs were incubated with 10 μg of gp96-peptide complexes and T cell
hybridomas specific for OVA8/Kb (B3Z) or HEL14/IAd (LC21). Peptides chaperoned by
gp96 were cross-presented by F1 BMDCs and were detected by B3Z (Figure 7A) and LC21
(Figure 7B) respectively. HELOVA peptide alone at a concentration similar to what was
introduced to the assay in a complex with gp96, was poorly cross-presented. Similarly, as
we have previously shown, whole protein (OVA or HEL) was poorly cross-presented.
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Endosomal localization of gp96 within APCs following uptake has previously been
visualized (37). Therefore we further examined trafficking of HSP and chaperoned peptides
within cells. Here, gp96A488 was complexed to a biotinylated 20mer peptide (b-pep20).
Cells were incubated with 10 μg of gp96A488-b-pep20 for the indicated times points and
temperatures (Figure 7C–F). Cells were fixed, permeabilized and stained with streptavidin-
Cy3 (for detection of peptide) and phalloidin for detection of actin filaments. Co-localization
was quantified using the IMARIS software to obtain the Pearson’s coefficient of colocalized
volume (Figure 7G–I). At 5 minutes most of the peptide was bound to gp96, but the two
molecules appeared to be dissociated by 15 minutes (Figure 7C, D, G). At 15 minutes
peptide was co-localized with actin, suggesting translocation into the cytosol (Figure 7D, H).
Surprisingly, gp96 also co-localized with actin, (Figure 7I). This detection was rapid and
occurred within 5mins, suggesting that, first, gp96 translocated to the cytosol independently
of peptide and, second, gp96 dissociated from the peptide in the endosome prior to
translocation. BMDCs incubated with gp96A488-b-pep20 were stained with LAMP-1, a
lysosomal marker (Figure 7J). Gp96 did not localize with lysosomes (Pearson’s coefficient
of colocalized volume =0.0065), suggesting that the rapid translocation of gp96 into the
cytosol (Figure 7I) prevents it from being targeted to and degraded in lysosomes, also
consistent with a previous report (38).

Discussion
The immune responses mediated by HSPs have been well studied for over 30 years and
HSPs are currently in clinical trials. We and others have routinely tested the cross-
presentation of HSP-chaperoned peptides and provision of co-stimulation by APCs in vitro
(12–16,32,37–41). Recent observations that HSPs can prime diverse T cell and B cell
responses (4,15,25–28) suggest that immune responses can be skewed by the responding
APC, as shown in other settings (23). This appears to be dependent on the sum total of co-
stimulation and efficiency of peptide cross-presentation by APCs. This study characterizes
the APCs that are relevant for HSP-mediated immune responses. Cells that acquired gp96
predominantly express CD11c and/or CD11b in the lymph node. These populations included
CD11c+CD11b+ cells which have been described as lymph node resident APCs (42,43).
CD11cint (CD11b−) cells, compatible with migratory APCs were included in the
gp96+CD11c+ population. However, other markers of migratory APCs such as CD207 and
CD103high were a minor percentage of the total gp96+ population suggesting migratory
APCs play a smaller role in early gp96 trafficking. Since CD207 analysis was performed at
8 hours post immunization our observations do not rule out a greater role for migratory cells
in gp96 trafficking at later time points. Interestingly, distribution of gp96 in CD11c+ cells
changed slightly with time, increasing in CD8+ cells at a later time point. However more
gp96 appeared to associate with CD11b+ than CD11c+ cells at both time points. Several
mechanisms may explain this observation and are not mutually exclusive; First, CD11b+

cells are the densest population of cells along the periphery of the lymph node. These would
be the first cells in contact with draining protein (44) and thus, would have preferential
access to gp96 regardless of their rate of incorporation. Once gp96 begins to accumulate,
CD11c+ cells migrating to the edge of the lymph node may gain access. Second, gp96 may
be transferred between cells through a variety of mechanisms including intercellular
communication (45), CD91 dependent capture of extracellular gp96 (17), or capture of
vesicle encapsulated material (46,47). Thus CD91+CD11b+ cells may transfer endocytosed
gp96 to other cell types over time. Third, macrophages are known to rapidly degrade
internalized material while dendritic cells do this at a slower rate (48). Extended times
beyond 48 hrs may favor accumulation of gp96 in CD11c+ cells. Fourth, we have not ruled
out an influx of migratory cells from the periphery at later time points although changes in
the total cell distribution in lymph nodes at 48 hrs were subtle. Our findings can be
compared to previous studies showing an increase in CD11chighMHCIIhighCD103+ APCs
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following intraperitoneal vaccination with gp96-Ig fusion protein (22). However, since the
vaccination site, draining lymph nodes, and immunizing protein (native gp96 vs gp96-Ig)
are different, it was anticipated that only a partial overlap of relevant APCs subsets would be
observed.

Regardless of CD11b and/or CD11c expression, the robust expression of MHC II on cells
acquiring gp96 attests to the peptide presenting ability of these cells. We have successfully
transferred anti-tumor immunity between mice through the adoptive transfer of gp96+ cells.
Gp96+ cells are predominantly CD11b and CD11c expressing cells. While there may be
contaminating cells not expressing these markers in the transferred population, the low
numbers of total transferred cells renders these potential contaminating cells marginal.
Transferred cells elicited antigen-specific tumor immunity in recipient mice only when
viable suggesting that donor cells must be cross-priming competent. These conclusions are
currently being confirmed in an MHC mismatched system where the recipient and/or donor
APCs are unable to cross-present to recipient T cells.

Overall, we have resisted applying the nomenclature ‘macrophage’ and ‘dendritic cell’ to
our CD11b+ and CD11c+ populations and we compare them with caution to previously
characterized APC subsets (23,24,36,42,43) for the reason that there are examples of CD11b
and CD11c expression on both macrophages and dendritic cells. Where appropriate, we
have drawn parallels to previously characterized cell types using additional markers to
clarify the phenotype of cells described in our study. Both CD11c+ and CD11b+ cells
express some level of CD91 which satisfies one requirement for interaction with, and uptake
of, HSP (13). We demonstrate that CD91 expression closely correlates with ability of APCs
to endocytose gp96. CD11c+CD11b+ cells which have been characterized as lymph node
resident APCs (42) express CD91 which is reflected in their superior ability to endocytose
gp96. CD11c+CD11b− cells, including CD11cint (or migratory APCs) express less CD91
(Supplemental Figure 4B) and are expectedly less efficient at endocytosis of gp96 than
CD11c+CD11b+ cells. These results were consistent both in vivo and in vitro; in vitro, when
gp96 is abundant and access to cells is not restricted, CD11c+CD11b+ APCs appear to be
superior in taking up gp96. In vivo, gp96 would be accessible to CD11c+CD11b+ cells
following diffusion of gp96 through the lymphatics, however we have not ruled out transfer
of gp96 to these cells from migratory cells. Additional factors, such as retention of
endocytosed material, that may contribute to the final cross-presentation event in vivo
remain to be examined.

There is a current focus on determining how material in endosomal compartments
translocates to the cytosol for processing (19,49–51). Previous studies have shown that
peptides chaperoned by HSPs are processed by proteasomes and require TAP transport,
prior to presentation on MHC I (13). Following endocytosis, dissociation of the peptide from
gp96 occurred rapidly within a few minutes. Dissociation could reflect changes in pH or
activity of compartment-specific enzymes (52). Alternatively, a recently identified
endosome specific ‘unfolding’ mechanism could cause the gp96 to relinquish the
chaperoned peptide (51). This ‘unfolding’ mechanism allows for stretches of polypeptides to
be extruded to the cytosol. Short sequences can bypass this mechanism. Surprisingly, but
consistent with this ‘unfolding’ mechanism, gp96 was observed to translocate to the cytosol
rapidly and earlier than the peptide. This is also consistent with our observation that
endocytosed gp96 is excluded from lysosomes. We expect that gp96 will be degraded in the
cytosol (38). In addition, the delay in peptide translocation to the cytosol may explain how
some of these HSP-chaperoned peptides are presented by MHC II (14). Thus, peptide-
containing vesicles may fuse with MHC II loading compartments before peptide can be
translocated to the cytosol. This concerted processing event and timed-translocation could
explain how gp96-chaperoned peptides are presented on MHC I or MHC II by the same
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APC. We also observed the persistence of peptide within the cytosol of cells which could be
the result of re-association of peptide with endogenous HSPs within the APC
(38,49,51,53,54).

The identification of physiologically relevant APCs for HSP-mediated immunity has
important implications for designing vaccines to cancer and infectious disease. However,
these studies also impact our understanding of effects of extracellular HSPs resulting from
necrotic lysis of cells in tumor microenvironments or cell lysis associated with pathogen
infection and trauma (16). Thus release of gp96 from cells and its rapid drainage to regional
lymph nodes will serve to alert the immune system of cellular compromise. In the setting of
immune surveillance, this mechanism may be responsible for the observed anti-tumor
immunity associated with tumorigenesis. These studies identify a crucial step in priming
HSP-associated immune responses.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Rapid localization of gp96 in lymph nodes following intradermal immunization
(A) C57BL/6 mice were treated with titrated doses of gp96A488 intradermally. Draining
lymph nodes were harvested 8 hours later and analyzed by flow cytometry. Results shown
are averaged from 3 independent experiments, of 4–8 mice per group. (B) Lymph nodes
from mice receiving 10 μg gp96A488 were harvested at the indicated time points and
analyzed as above. Data are representative of three experiments, of 5 mice per time point for
gp96 group and 2 per time point for PBS. (C) Lymph nodes from mice receiving 10 μg
gp96A488 were harvested at 5 hours, disrupted into single cell suspensions and analyzed by
microscopy. Nuclei were stained with Hoechst dye (blue), A488 is shown in green. Two
images at 40x magnification are shown to demonstrate cells with low (yellow arrows) and
high (white arrows) gp96A488 staining. Data (A, B) are represented as mean +/− SEM.
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Figure 2. Phenotypic analysis of lymph node cells associated with gp96A488
Lymph nodes from unimmunized or gp96 immunized mice were analyzed by multi-color
flow cytometry. (A) At 8 hours post immunization with 10 μg gp96A488, total lymph node
and gp96+ cells were phenotyped for CD11c and CD11b expression. The CD11c population
was CD11b+/− and CD11b+ population was CD11c+/−. (B) A488+CD11b+ lymph node cells
were additionally phenotyped for CD4, CD8, Gr1.1, F4/80 and MHC II. (C) A488+CD11c+

lymph node cells were additionally phenotyped for CD4, CD8, CD207, CD103 and MHC II.
At 8 (D) or 48 (E) hours post immunization with 10 μg gp96A488, lymph nodes were
harvested and phenotyped for the indicated populations. The distribution of gp96 in each
population is indicated as a percentage and compared to the percentage of that population in
the total lymph node. Percentages are the average from 5 mice, and representative of 2
experiments. Data are represented as mean +/− SEM.
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Figure 3. Distribution of gp96A488
+ cells within the lymph node

Mice were immunized with 10 μg gp96A488 and draining lymph nodes were harvested 8
hours later and analyzed by fluorescent microscopy. Green indicates gp96A488 fluorescence
and blue is Hoechst nuclear staining. (A) Images captured at 10x magnification. Region of
Interest (ROI, red box) was selected for further analysis. (B) ROI is analyzed for CD11b
(red) and CD11c (white). (C) Image at 20x magnification showing CD8 stain to reveal T cell
zones. (D) Images were analyzed using IMARIS and the co-localization of each marker
indicated with gp96A488 was quantified and expressed as percent A488+ above threshold
that co-localized. Each marker (red or white) was analyzed separately and there is potential
overlap with other indicated markers. Data are the average value from 3 ROIs analyzed.
Data are represented as mean +/− SEM. (E) Sections at 20x magnification were stained for
CD207. Co-localization of CD207 with gp96A488 was quantified (D). (F) Sections at 40x
magnification were stained for CD103 (red). (G) ROI from (F) showing co-localization of
CD103 (red) with gp96A488 (green). Co-localization was quantified (D). Images and
calculations are representative of 2 independent experiments.
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Figure 4. Adoptive transfer of tumor immunity by gp96A488
+ lymph node cells

(A) A schematic of adoptive transfer of tumor immunity. Groups of mice were immunized
with gp96A488-ERK or gp96A488. Draining lymph nodes were harvested 6 hours later.
Gp96A488

+ cells were purified by FACS and transferred to naïve mice. Whole lymph node
cells from mice immunized with ERK alone or PBS were transferred into other naïve mice.
Recipient mice were challenged with CMS5 tumor 1 week later. Tumor growth was
monitored. (B) Representative FACS plots showing gated cells that were transferred. (C)
CMS5 growth curves in recipient mice following transfer of donor cells. Average values
calculated from 2–8 recipient mice from 2 independent experiments. *p < 0.05, compared to
gp96A488 recipients. (D) CMS5 growth curves in recipient mice following transfer of
irradiated donor cells. Average values are from 2–5 recipient mice per group.
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Figure 5. Expression of CD91 on subsets of APCs in the lymph node. Lymph node
cells were analyzed by multi-color flow cytometry for CD11b, CD11c, and CD91. (A) Cells
were first gated on CD11b and CD11c subsets, and then the average geometric mean
fluorescence intensity for CD91 was quantified for each population and compared to
secondary alone (B). Data are averages for three mice +/− SEM, and representative of 3
experiments. (C) CD91 expression on CD11c/CD11b populations was confirmed by FACS
sorting followed by SDS-PAGE and immunoblotting. CD91 β-chain (85kDa) is identified by
the arrow. Positive and negative control cell lines for CD91 were RAW264.7 and EL.4
respectively.
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Figure 6. Differential capacities of APC subsets to endocytose gp96
(A) Isolated lymph node cells were incubated with titrated doses of gp96A488. Cells were
analyzed by flow cytometry for A488 positivity and expressed as a percentage of the total
population. (B) The lymph node cells were gated into populations expressing CD11c+ and/or
CD11b+. (C) Following incubation of lymph node cells with varying doses of gp96A488,
these populations were analyzed for endocytosis of gp96A488. Experiments were performed
in duplicates. (D) Endocytosis of gp96A488 by the indicated populations was tested by
incubating lymph node cells with 20 nM gp96A488 for the indicated time. Experiments were
performed in duplicates. (E) Competitive endocytosis was examined by mixing purified
populations of CD11b−CD11c+ and CD11b+CD11c+ cells with sub-saturation amount of
gp96A488. A representative FACS plot of the cell mixture is shown. (F) An analyses of the
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two populations of cells from (E), for A488 positivity are presented as histograms. (G)
Competitive endocytosis was examined by mixing purified populations of CD11b+CD11c−

and CD11b+CD11c+ cells in the presence of sub-saturation amount of gp96A488 cells. A
representative FACS plot of the cell mixture is shown. (H) An analysis of the two
populations of cells from (G), for A488 positivity are presented as histograms. (I) The
endocytosis of sub-saturating amounts of gp96A488 by CD11b+CD11c+ cells, in the presence
or absence of CD11b+ cells, is shown. Data (A, C, D) are represented as mean +/− SEM.
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Figure 7. Cross-presentation of HSP-chaperoned peptides by CD11b+CD11c+ BMDCs
(A) Cross presentation of HSP-chaperoned peptides by MHC I of CD11b+CD11c+ cells was
tested by incubation of cells with gp96-HELOVA. Response by B3Z was measured as
specific absorbance at 595nm. Controls include cells with HELOVA alone, OVA, ova 8mer
peptide and PBS. (B) Cross presentation of HSP-chaperoned peptides by MHC II of
CD11b+CD11c+ cells was tested by incubation of cells with gp96-HELOVA. Response by
LC21 was measured by ELISA for IL-2. Controls include incubations of cells with
HELOVA alone, HEL, HEL14 mer peptide and PBS. (C–F) gp96A488-b-pep20 was
incubated with CD11b+CD11c+ cells on cover slips at 37°C (C–E) or 4°C (F), for the
indicated time points and then stained with strepavidin-Cy3 for the peptide (red) and
phalloidin (blue). Gp96A488 appears as a green signal. (G–I) Images were analyzed using
IMARIS and co-localization of gp96A488 with peptide (G), peptide with the phalloidin (H),
or gp96 with the phalloidin (I) was quantified. (J) gp96A488 was incubated with
CD11b+CD11c+ cells on cover slips for 15 mins after which cells were fixed and stained for
LAMP-1 (blue) and phalloidin (red). Co-localization of gp96A488 with LAMP-1 was
quantified by IMARIS. Experiments in (A) and (B) are representative of 3 independent
experiments. Experiments in (C–J) are representative images from numerous independent
experiments. Error bars are standard deviation of duplicates (A and B) and multiple ROIs in
(G–I). Data (A, B G–I) are represented as mean +/− SEM.
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