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PFA-fixed Hsp60sp-loaded dendritic cells as a vaccine for
the control of mouse experimental allergic
encephalomyelitis

Feng Liu1, Hui Zheng1, Yuanyuan Qi, Xue Wang, Jianjun Yang, Miaomiao Han, Han Zhang
and Hong Jiang

We have shown that Hsp60sp-loaded immature dendritic cells (DC/sp) can protect mice from the induction of

experimental allergic encephalomyelitis (EAE) by inducing Qa-1-restricted CD81 T regulatory (Treg) cells. The binding

half-life between Qa-1 and Hsp60sp is particularly short and leads to an unstable Qa-1/peptide complex that significantly

decreases the efficacy of this vaccination. To prevent Qa-1/Hsp60sp complex dissociation, we utilized paraformaldehyde

(PFA) fixation to stabilize the formation of the Qa-1/Hsp60sp complex and maximize the function of DC/sp as a vaccine to

control autoimmune diseases. Compared with the non-fixed DC/sp, the fixed DC/sp (FDC/sp) showed an enhanced ability

to activate Qa-1-restricted Hsp60sp-specific CD81T cells in vitro and prevented EAE in vivo. Importantly, the FDC/sp

maintained immune activity following cryopreservation for 1 week or after storage for 72 h at 4 6C. These results indicate

that PFA fixation can sustain or increase the efficacy of DC/sp by improving the stability of the Qa-1/Hsp60sp complex on

the surface of the DC/sp. In addition, PFA fixation creates a time window for DC/sp storage, transport and application. Our

data suggest a potential clinical use of FDC/sp as a vaccine for the prevention and treatment of autoimmune disease.
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INTRODUCTION

Hsp60sp is one of the Qa-1/HLA-E binding peptides.1,2 Our

previous studies have shown that Hsp60sp-loaded immature

dendritic cells (DC/sp) can induce Qa-1-restricted CD81 T re-

gulatory (Treg) cells that protect mice from the induction of

experimental allergic encephalomyelitis (EAE).3,4 We have also

shown that the defect of HLA-E-restricted CD81 T cells in type

1 diabetes patients could be corrected by activating CD81 T cells

with autologous DCs isolated from type 1 diabetes patients and

then loaded with Hsp60sp.5 These studies indicated a potential

new approach for the treatment and prevention of autoimmune

diseases by DC/sp vaccination. However, the short half-life of

the interaction between Qa-1 and its binding peptide6 inevitably

led to an unstable Qa-1/peptide complex expressed on the

membrane of the DC/sp. Stable expression of the Qa-1/peptide

complex is critical for the function of DC/sp vaccinations in con-

trolling autoimmune diseases. Thus, maintaining Qa-1/Hsp60sp

complex on the surface of the DCs becomes a crucial step for using

DC/sp to activate the Qa-1/HLA-E-restricted CD81 T cells in vivo.

Therefore, we hypothesized that a more effective activation of Qa-

1-restricted CD81 T cells could be achieved by fixing the Hsp60sp-

loaded immature DCs.

In this study, we have utilized PFA fixation to form protein–

protein crosslinks and stabilize the formation of Qa-1/Hsp60sp

complexes on DC/sp. We then evaluated the efficacy of PFA-

fixed Hsp60sp-loaded immature dendritic cells (FDC/sp) as a

vaccine for preventing EAE induction in mice.

MATERIALS AND METHODS

Mice

C57BL/6 (B6) mice aged 6–8 weeks were purchased from the

Shanghai SLAC Laboratory Animal Co., Ltd (Shanghai, China).

GFP-Tg mice of the same B6 background were purchased from

the Shanghai Research Center for Model Organisms (Shanghai,
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China). Qa-1 knockout (KO) mice were a generous gift from Dr

Harvey Cantor at Harvard Medical School. The mice were main-

tained under pathogen-free conditions. All animal experiments

were approved by the institutional medical research ethics com-

mittee of Shanghai Jiao Tong University School of Medicine.

Reagents

The Hsp60sp peptide (QMRPVSRVL), MOG35–55 peptide

(MEVGWYRSPFSRVVHIYRNGK) and Qdm peptide (AMA-

PRTLLL) were synthesized by GL Biochem Ltd (Shanghai,

China). All of the peptides were .98% pure. Mouse rGM-CSF

and rIL-4 were purchased from Peprotech (Rocky Hill, NJ, USA).

Heat-inactivated Mycobacterium tuberculosis H37Ra and incom-

plete Freund’s adjuvant were purchased from BD Difco (Corpus

Christi, TX, USA). Pertussis toxin was purchased from List

Biological Laboratories Inc. (Campbell, CA, USA). Parafor-

maldehyde (PFA) was purchased from Sigma-Aldrich (St. Louis,

MO, USA). Fluorescence-conjugated monoclonal anti-CD4, anti-

CD8, anti CD11c, anti-CD40, anti-CD86, anti-Qa-1b and anti-IAb

antibodies were purchased from eBioscience (San Diego, CA,

USA). The mouse CD8a (Ly-2) microBeads were purchased from

Miltenyi Biotec (Bergisch Gladbach, Germany).

BWR cell line

The BWR cell line expressing red fluorescent proteins was gen-

erated using the lentiviral plasmid vector pLV-CXIN-DRE2

generated by cloning of the red fluorescent protein DsRed-

Express27 into the plasmid pLV-CXIN. The lentiviral vectors

were packaged in the 293T cell line (ATCC, CRL-11268) and

used for transduction of the thymoma BW5147.G.1.4.OUAR

(a kind gift from Laurel A Eckhardt, Hunter College and

Graduate Center of City University of New York). Stable cell

lines expressing DsRed-Express2 were selected with G418

(BioVision, Milpitas, CA, USA) and designated as BWR.

Bone marrow DCs culture

DCs were generated from B6 mouse bone marrow cells as pre-

viously described.3 Briefly, the bone marrow was isolated from

femurs and red blood cells were lysed. The bone marrow cells

were incubated with GM-CSF and IL-4 for 6 days. On day 3, the

suspension cells were aspirated and fresh culture medium was

added. The cells were collected for use on day 6, and more than

80% of cells were immature DCs with a phenotype of CD11c1,

major histocompatibility complex (MHC) class IIintermediate

and CD86low.

DC manipulation

DCs were cultured with either Hsp60sp or the control peptide

Qdm at 150 mM for 2 h at 37 uC.3 The cells were then washed

once with cold phosphate-buffered saline (PBS). To stabilize

the Qa-1/peptide complex, the cells were fixed using 2% (w/v)

paraformaldehyde in PBS for 10 min at 4 uC, and then washed

three times with PBS before use.5 In experiments testing com-

plex stability, fixed DCs were stored at 4 uC for 72 h in PBS or at

280 uC in freezing medium (90% foetal bovine serum, 10%

dimethyl sulfoxide) for 1 week.

Flow cytometric analysis

Fluorescence-conjugated antibodies were used for staining cell

surface molecules according to the manufacturer’s instruc-

tions. Analyses were performed with a FACSCalibur (BD

Biosciences, San Jose, CA, USA) and FlowJo software

(Treestar, Ashland, OR, USA).

Localization of DCs

To locate the transferred DCs in peripheral lymphoid tissues,

DCs from GFP-Tg mice with or without fixation were injected

intravenously into wild-type (WT) naive mice. After 3 h, the

spleen and draining lymph nodes were collected and disso-

ciated into single-cell suspensions. GFP 1 cells were counted

by fluorescence-activated cell sorting (FACS).

Induction of Hsp60sp-specific CD81 T cell in vitro
Spleen cells (SPCs) from FDC/sp- or DC/sp-immunized mice

(WT- or Qa-1-KO) were re-stimulated with FDC/sp or DC/sp

in six-well plates with culture medium containing IL-2 and IL-

15. On day 6, CD81 T cells were purified by MACS according to

the manufacturer’s instructions and used as Hsp60sp-specific

CD81 T-cell lines.

CD81 T-cell functional assay

CD81 T cells induced by FDC/sp and DC/sp in vitro were tested

for their ability to specifically kill cells expressing the target struc-

ture Qa-1/Hsp60sp. Naive GFP-Tg B6 SPCs were used as target

cells and loaded with Hsp60sp or control peptide Qdm at 150 mM

for 2 h at 37 uC in complete RPMI-1640 medium. CD81 T cells

and target SPCs were cocultured in 96-well round-bottom plates

with an effector/target ratio ranging from 0 to 1 : 1 at 37 uC with

5% CO2 for 20 h. The corresponding peptides were present at

150 mM throughout the culture process. At the end of the incuba-

tion, an equal number of red fluorescence-expressing BWR cells

were added to each well as an internal reference for FACS analysis.

Hsp60sp-specific killing was evaluated by comparing the ratio of

the ‘green’ target cells and ‘red’ internal reference cells between

wells with graded numbers of CD81 T cells and control wells

without the CD81 T cells. The percentage of specific killing was

calculated as: ((the ratio of target/internal cells in control cultures

(without CD81 T cells)2the ratio in experimental cultures (with

CD81 T cells))/the ratio in control cultures)3100%.3,5 Samples

were analyzed using a FACSCalibur flow cytometer and FlowJo

software.

EAE induction and assessment

Six- to eight-week-old male B6 mice were injected s.c. in the

back with 50 mg of MOG35–55 peptide emulsified in incomplete

Freund’s adjuvant supplemented with heat-inactivated

Mycobacterium tuberculosis H37RA. Pertussis toxin (200 ng

per mouse) dissolved in PBS was administered i.v. on the day

of immunization and 48 h later. The disease symptoms were

assessed daily according to the following scoring criteria: 0, no

clinical signs; 1, flaccid tail; 2, hind limb weakness; 3, complete

hind limb paralysis of both legs; 4, paraplegia with forelimb

weakness or paralysis; and 5, moribund or dead.8
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Vaccinating mice with peptide-loaded DCs

Freshly prepared FDC/sp and DC/sp were administered imme-

diately to naı̈ve B6 mice intravenously at 33106 cells in 200 ml

PBS/mouse 1 week before EAE induction. Fixed Qdm-loaded

immature dendritic cells (FDC/Qdm) were used as controls.

The operating time is crucial for DC/sp vaccination due to the

instability of the Qa-1/Hsp60sp complex present on the DCs

surface. Therefore, the procedure time must be as short as

possible.

Statistical analysis

The data are shown as the mean6s.d. One-way ANOVA was

used to compare the clinical score of EAE, and the Chi-squared

test was performed to compare disease incidence. A P,0.05

was considered statistically significant. All statistical analyses

were performed with SPSS 12.0 software.

RESULTS

PFA fixation does not alter the immunophenotype of DC/sp

Maintaining a specific immunophenotype is critical for the

function of DC/sp. To evaluate whether fixation alters the

molecular/cellular characteristics of DC/sp, day 6 DC/sp were

collected for testing. The expression of Qa-1, CD80, CD86 and

major histocompatibility complex class II molecules was

assessed by cell-surface staining (Figure 1a). There were no

significant differences between the surface expression of the

above molecules on FDC/sp and non-fixed DC/sp. These

results indicate that fixation did not change the immunophe-

notype of the DC/sp.

PFA-fixed DC/sp reach lymphoid organs

It is known that DC can present antigens to T cells in the

lymphoid organs. To determine whether FDC/sp can be trans-

ferred and migrate to lymphoid organs, PFA-fixed DC/sp from

GFP-Tg mice were injected intravenously and unfixed DC/sp

were injected as a control. After 3 h, the spleen and lymph

nodes were harvested and tested for GFP 1 cells using a flow

cytometer (Figure 1b). SPCs collected from mice that were

treated with non-fixed DC/sp comprised 1.32%60.11%

GFP1 cells, and SPCs collected from mice administered fixed

DCs comprised 0.81%60.05% GFP1 cells. GFP1 cells were not

found in the lymph nodes in either group. Our results indicated

that despite being present in smaller numbers than the non-

fixed DC/sp, the FDC/sp could still migrate to the mouse

spleen. In the spleen, FDC/sp could activate the Hsp60sp-

specific CD81 Treg cells and control autoimmunity in vivo.

Induction of Hsp60sp-specific CD81 T in vitro by the

FDC/sp

To investigate the function of the FDC/sp, Hsp60sp-specific

CD81 T-cell lines were established by coculturing SPCs from

FDC/sp- or DC/sp-immunized mice in vitro with FDC/sp or

CD80 CD86

0

1.6

0
PBS

P
er

ce
nt

 o
f G

FP
+ 

ce
lls

 in
 S

P
C

s 
(%

)

P
er

ce
nt

 o
f l

ys
is

 (%
)

DCs Fixed-DCs

MHC-II Qa-1

100 101 102 103 104 100 101 102 103 104 100 101 102 103 104 100 101 102 103 104

Fixed DC
Non-fixed DC
Isotype control

0.2

0.4

0.6

0.8

1.0

1.2

1.4

45cb

a

0
0.00 0.02 0.05 0.10

Effetor/Target

CD8(FDC/sp): Hsp60sp
CD8(FDC/sp): Qdm
CD8(FDC/sp): None
CD8(DC/sp): Hsp60sp

0.20 0.50 1.00

10

5

15

20

25

30

35

40

Figure 1 PFA fixation does not alter the phenotype or biological activity of DC/sp. (a) FDC/sp and DC/sp were assayed and compared for the surface
expression of I-Ab (MHC-II), CD80, CD86 and Qa-1b by FACS. (b) DC/sp from GFP-Tg mice with/without fixation were injected into WT naive mice
via the tail vein. Three hours later, GFP1 cells in the spleen were counted using a flow cytometer (n53 mice/group). (c) CD81 T cells activated by
FDC/sp or DC/sp were tested and compared for their ability to specifically lyse target cells loaded with Hsp60sp. Target cells loaded with no peptide
or Qdm peptide served as control. The data are representative of three independent experiments. DC/sp, Hsp60sp-loaded immature dendritic
cells; FACS, fluorescence-activated cell sorting; FDC/sp, fixed Hsp60sp-loaded immature dendritic cells; MHC, major histocompatibility complex;
PFA, paraformaldehyde; WT, wild-type.
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DC/sp, respectively, for 7 days. Purified CD81 T cells were then

tested for their ability to specifically kill cells expressing the

target Qa-1/Hsp60sp complex. In the killing assay, naive

GFP-Tg B6 SPCs loaded with Hsp60sp were used as target cells

and GFP-Tg B6 SPCs loaded with Qdm served as controls. Red

fluorescent BWR cells served as internal reference cells for

FACS analysis. As shown in Figure 1c, CD81 T cells stimulated

by the FDC/sp more effectively lysed target cells than the DC/

sp-induced CD81 T cells. This result indicated that the PFA

fixation significantly enhanced their ability to activate the

Hsp60sp-specific CD81 Treg cells. Furthermore, FDC/sp-

induced CD81 T cells only lysed target cells loaded with

Hsp60sp and not cells loaded with control peptides. This obser-

vation confirmed that PFA fixation did not alter the capacity of

the DC/sp to induce the Qa-1-restricted CD81 T cells that

specifically recognize the Qa-1/Hsp60sp complex expressed

on target cells. Furthermore, CD81 T-cell lines generated by

the same procedure from Qa-1 deficient mice did not show

obvious target cell inhibition compared with the Hsp60sp-spe-

cific CD81 T-cell lines generated from the WT mice. This result

confirms that the cell killing observed is Qa-1-restricted

(Supplementary Figure 1 and Supplementary Table 1). Collec-

tively, these results indicated that FDC/sp could be used in vivo

to more effectively control autoimmune diseases.

FDC/sp pre-treatment and disease control

To test the in vivo efficacy of the FDC/sp vaccination in control

of EAE, freshly prepared FDC/sp and DC/sp were injected

intravenously into naive B6 mice at 33106 cells/mouse 1 week

before EAE induction. As shown in Figure 2, although the DC/

sp were able to reduce the severity of EAE in mice, the FDC/sp

showed an enhanced capacity to protect the mice from the

development of EAE. To evaluate the stability of the FDC/sp,

B6 mice were also injected with FDC/sp stored at 4 uC for 72 h

or cells stored at 280 uC for 1 week before injection. Both

the 72 h-stored and cryopreserved FDC/sp showed a strong

capacity to prevent the development of EAE (Figure 3). In

contrast, pre-treatment of mice with 24 h-stored non-fixed

DC/sp did not provide any protection from EAE (Figure 3).

These results are consistent with the in vitro observations and

confirmed that PFA fixation could significantly enhance their

ability to activate the Hsp60sp-specific CD81 Treg cells. We

hypothesize the effect is mediated by improving the stability of

the Qa-1/Hsp60sp complex expressed on DC/sp. Importantly,

the protection was FDC/sp-specific because FDC/Qdm or FDC

vaccination did not have any protective effects on EAE induc-

tion (Figure 4).

DISCUSSION

In this study, we compared the efficacy of FDC/sp with that of

non-fixed DC/sp as a vaccine to protect mice from EAE by

activating Qa-1-restricted and Hsp60sp-specific CD81 T cells.

Our previous studies have shown that vaccinating animals with

DCs loaded with a self-peptide Hsp60sp can activate Qa-1-

restricted CD81 T cells and provide protection from EAE.3

The Qa-1-restricted CD81 Treg cells could specifically eli-

minate autoreactive T cells by recognizing the Qa-1/Hsp60sp

complex preferentially expressed on the target cells.4,9 The

DC/sp could also correct the defect of HLA-E-restricted

CD81 Treg cells in human type 1 diabetes patients when used

to reactivate CD81 T cells in vitro.10 These studies indicated a

potential new approach to prevent and treat autoimmune di-

seases by DC/sp vaccination. However, the association between

Qa-1 and its binding peptide is relatively weak, which results in

an unstable Qa-1/peptide complex, even with its dominant

peptide, Qdm.6 The short half-life of the association/dissoci-

ation between Qa-1 and its binding peptide6 inevitably led to

an unstable Qa-1/peptide complex presented on the membrane

of the DC/sp. The membrane stability is critical for the function

of the DC/sp to activate Qa-1/HLA-E-restricted CD81 T cells

in vivo and control autoimmune diseases. This feature of the

DC/sp could severely limit their capacity to be further studied
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Figure 2 Compared with freshly prepared DC/sp, FDC/sp more effectively protect B6 mice from EAE when used as a vaccine in mice. Fresh FDC/sp
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and utilized as a potential new vaccine for the prevention and

treatment of autoimmune diseases. Methods of stabilizing the

surface expression of the complex of Hsp60sp associated with

Qa-1/HLA-E molecules on DC/sp is an important issue that

must be solved to allow continued studies of the potential clin-

ical applications of the Qa-1/HLA-E-restricted CD81 T cells.

PFA fixation by formation of protein–protein crosslinks is

an economical and effective method that has been widely used

in vaccines made with infectious agents.11–13 In addition, PFA

fixation is known to stabilize cell surface molecules and prevent

cell lysis and is used to treat FACS samples. Fixed cell samples

can be stored for up to 1 week without affecting the flow cyto-

metry results.14 Therefore, we chose to use the PFA fixation

method to treat DC/sp in an attempt to stabilize the surface

expression of the Hsp60sp complex associated with Qa-1/

HLA-E molecules on DC/sp.

One of our major concerns was whether PFA fixation

impaired the capacity of DCs to function as antigen-presenting

cells and induce Qa-1-restricted CD81 T cells in vivo. As shown

in Figure 1, PFA fixation did not interfere with the expression

of relevant molecules on the surface of FDC/sp (Figure 1a). In

addition, although more than 90% of the cells are killed by PFA

fixation, the remaining FDC/sp cells reached the spleen and

retained biological function when injected i.v. (Figure 1b).

The ability of CD81 T cells activated by FDC/sp to speci-

fically kill target cells loaded with Hsp60sp was significantly

increased compared with the CD81 T cells activated by unfixed

DC/sp (Figure 1c). These observations demonstrated that PFA

fixation of DC/sp did not alter the phenotype or decrease the

function of antigen presentation by DC/sp. PFA fixation of DC/

sp significantly enhanced their ability to activate the Qa-1-

restricted CD81 T cells in vitro and increased target cell killing.
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To investigate the function of FDC/sp in vivo, we compared

the efficacy of FDC/sp with DC/sp in an EAE model. We trans-

planted FDC/sp and DC/sp into naive B6 mice via the tail vein 1

week before EAE induction. As shown in Figure 2, although DC/

sp vaccination reduced the severity of EAE in mice, FDC/sp

showed a significantly enhanced capacity to protect mice from

the development of EAE. To evaluate the stability of FDC/sp, 1

week before EAE induction, B6 mice were also treated with FDC/

sp stored at 4 uC for 72 h in PBS, or stored at 280 uC in freezing

medium for 1 week. As shown in Figure 3, both cells stored for

72 h and cryopreserved FDC/sp retained the capacity to protect

mice from EAE. Conversely, 24 h-stored, non-fixed DC/sp com-

pletely lost their protective ability. These results indicated that

PFA fixation could maintain or enhance the capacity of the DC/

sp to activate Qa-1-restricted CD81 T cells. As shown in Figure 4,

PFA fixation of DC/sp did not alter the specific protection from

EAE. Additionally, only vaccination with FDC/sp and not FDC/

Qdm or the unloaded FDC protected the animals from EAE.

In summary, our study demonstrated that PFA fixation of DC/

sp could significantly improve the capacity of DC/sp to activate

Qa-1-restricted CD81 T cells to control autoimmune EAE disease

when used as a vaccine. The enhanced function of FDC/sp

induced by PFA fixation was likely caused by an increased stabil-

ization of the Qa-1/Hsp60sp complex on DC/sp without altering

the surface phenotype. Our approach has addressed the problem

of poor complex stability on DC/sp used in basic vaccine research

and has demonstrated a potential clinical use. Our approach

could also be used in other DC-based vaccines for autoimmunity,

cancer therapies and infectious diseases to improve the effect of

DC-based vaccinations. In addition, PFA fixation creates a suf-

ficient time period for storage and transport of DC/sp that can be

applied in the clinical use of FDC/sp vaccinations.
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