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Size-Dependent |mmunogenicity: Therapeutic and Protective
Properties of Nano-Vaccines against Tumors"

Theodora Fifis, Anita Gamvréllis, Blessing Crimeen-lIrwin, Geoffrey A. Pietersz, JielLi,
PatriciaL. Mottram, lan F. C. McKenzie, and M agdalena Plebanski?

Infection can protect against subsequent disease by induction of both humoral and cellular immunity, but inert protein-based
vaccines are not aseffective. I n this study, we present a new vaccine design, with Ag covalently conjugated to solid core nano-beads
of narrowly defined size (0.04—0.05 um) that localize to dendritic cells (DEC205* CD40*, CD86™) in draining lymph nodes,
inducing high levels of IFN-y production (CD8 T cells: precursor frequencies /5000 to 1/1000) and high Ab titers in mice.
Conjugation of Agto these nano-beadsinduced responses that wer e significantly higher (2- to 10-fold) than those elicited by other
bead sizes, and higher than a range of currently used adjuvants (alum, QuilA, monophosphoryl lipid A). Responses were com-
parable to CFA/IFA immunization for Abs and ex vivo peptide-pulsed dendritic cell immunization for CD8 T cells. A single dose
of Ag-conjugated beads protected mice from tumorsin two different model challenges and caused rapid clearance of established
tumorsin mice. Thus, a range of Ags conjugated to nano-beads was effective asimmunogens in both therapeutic and prophylactic
scenarios. The Journal of Immunology, 2004, 173: 3148—3154.

D8 T cells play a vital role in protective immunity

against many intracellular pathogens and cancer, but are

notoriously difficult to activate with vaccination and im-
munotherapy (1). Vaccines that require a specific immunization
sequence with repeated doses, such as Prime-boost are very effi-
cient (1), but complicated to administer, particularly in the Third
World, where logistic considerations of vaccine distribution are
critical (2). A smpleinert carrier (nonlive) able to generate strong
protection after a single dose could be useful for a variety of
applications.

Solid inert beads with surface-adsorbed Ag have previously
been used to stimulate CD8 T cell responses, with an optimal bead
diameter size of 1 um, and <0.5 um reported as inferior in tar-
geting Ag for MHC class |-restricted presentation to T cells (3).
However, other particulate immunogenic carriers such asimmune-
stimulating complexes (ISCOMS)® and virus-like particles (VLP)
aswell as many common viruses have asize range of 0.03—-0.2 um
in diameter. Although in most vaccine protocols adjuvants are es-
sential to provide appropriate danger signals for successful induc-
tion of immune responses (4), particulate vaccines appear to in-
duce immune responses without adjuvants (5, 6). Usualy, and in
contrast to natural infections, vaccines with adjuvants able to in-
duce high CD8 T cell responses do not generate high Ab levelsand
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vice versa (1, 7). In this study, we systematically explored inert
carrier size within both a viral (<0.5 um) and a bacterial range
(>0.5 um), and examined Ag uptake efficiency and in vivo local-
ization of beadsin the lymph node (LN) after injection, as potential
parameters of immunogenicity. Surprisingly, the optimal carrier
bead size was narrowly defined, ~0.04—0.05 um, in the vira
range. Moreover, Ag conjugated to this bead size was able to dlicit
combined Ab and CD8 T cell immunity comparable to leading
adjuvants for each arm of the immune response. The unusual po-
tency of this novel nano-vaccine approach was demonstrated by
the ability to clear large established tumor masses within 2 wk
after a single injection.

Materials and Methods
Animals

H-2KP C57BL/6 6- to 8-wk-old mice were bred at the Austin
Research Institute (Victoria, Australia).

Bead-Ag conjugation

Carboxylated polystyrene microspheres (Polysciences, Eppelheim, Ger-
many) with or without fluorescent labels (Molecular Probes, Eugene, OR),
ranging in size from 0.02 to 2 um, were adjusted to 2% solids, mixed 1:1
(v:v) with 2 mg/ml OVA (gradelll; Sigma-Aldrich, St. Louis, MO), in 0.05
M MES buffer, pH 6.0, for 15 min. For covalent conjugation, 1-ethyl(3-
dimethylaminopropyl) carbodiimide (Sigma-Aldrich) was added at 4 mg/
ml, pH adjusted to 6.5 with NaOH, and preparations (mixed or conjugated)
rocked for 3 h at room temperature. Glycine was added to 100 mM for 30
min before overnight dialysis in cold PBS using a 12-kDa membrane cut-
off. After dialysis, volume was adjusted to maintain 1% solids and 1 mg/ml
OVA. Endotoxin levels (<3 EU/ml in al final nano-bead preparations
tested) were assayed by EML Consulting Services (Surrey Hills, Victoria,
Australia). Efficiency of conjugation was determined in representative ex-
periments by inclusion of trace amounts of **°|-labeled OVA. After |-
labeled conjugation, 100-ul samples were taken and free OVA was re-
moved by repeated centrifugation. Solids and PBS washings were counted
to determine percentage of Ag conjugated. Conjugated beads were stored
at 4°C and sonicated for 15 min before use. The same procedure was used
to conjugate other Ags and peptides, including the human papilloma virus
(HPV) strain 16 E7 protein-derived peptide, henceforth called E7.1
(RAHYNIVTF).

0022-1767/04/$02.00
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Adjuvants and immunizations

A total of 2 mg/ml OVA in PBS was mixed for injection at 1:1 (v:v), with
the adjuvants following in each case previously tested protocols (8) or the
manufacturer’s recommendations for optimal immunogenicity. Adjuvants
used were: CFA (Sigma-Aldrich), QuilA (Superfos Biosector, Vedbaek,
Denmark), 20 wg; monophosphoryl lipid A (MPL) + trehalose dicory no-
mycolate + cell wall skeleton adjuvant system (Sigma-Aldrich), abbrevi-
ated in text as MPL; alum, AlI(OH)5 (3% aluminum potassium phosphate,
0.17 M NaOH). Animals were boosted after 14 days with the same for-
mulation, except IFA was used in place of CFA. Unless otherwise stated,
100 ng of Ag was administered intradermally. As alive adjuvant system,
bone marrow-derived dendritic cells (DC) were prepared, as described (9),
and pulsed with either 100 wg/ml OVA by overnight culture or 25 ug/ml
SIINFEKL peptide for 3 h at 37°C and immunized at 1 X 10° cells per
animal. Preliminary experiments testing different peptide-pulsing concen-
trations, times to pulse, and numbers of DC injected were conducted to
induce optimal immunity (data not shown).

ELISPOT assays

As described previously (6), spleen cells were incubated with SIINFEKL
at 2.5 pg/ml or OVA at 25 pg/ml for 18 h on plates (multiscreen mixed
esther; Millipore, Billerica, MA) precoated with anti-IFN-y mAb (clone
R4; American Type Culture Collection, Manassas, VA). Cells were dis-
carded, and plates were incubated with anti-IFN-y mAb biotin (XMG.21
biotin; BD Pharmingen, San Diego, CA), followed by extravidin-alkaline
phosphatase (Sigma-Aldrich), and spots were detected with an alkaline
phosphatase kit (Bio-Rad, Hercules, CA). Data are presented as mean spot-
forming units (SFU) per million cells = SE.

Phenotypic analysis

Draining popliteal LN cells were isolated from mice treated by intradermal
footpad injection with nano-beads (Ag coupled, with or without red or
green fluorescent tags). These cells, as a single-cell suspension, were in-
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cubated on ice for 30 min with PE-conjugated mAb to CD40, CD80, CD86
(BD Pharmingen), or mAb hybridoma supernatants to DEC205, F4/80,
followed by PE mouse anti-rat (BD Pharmingen) in cold PBS/10% FCS,
washed three times with the latter, and analyzed by FACScan (BD Bio-
sciences, San Jose, CA).

ELISA for anti-OVA Abs

Plates (96-well) coated with OVA (10 ug/ml in 0.2 M NaHCO; buffer, pH
9.6) were incubated with test or control mouse sera, followed by incubation
with HRP-conjugated sheep anti-mouse-lg (SILENUS Labs, Melbourne,
Australia), and detected with ABTS. Titer was defined as the serum dilu-
tion at which the 405 nm OD was above the mean + 3 SDs of naive sera
values.

Tumor protection and regression studies

Immunized and naive C57BL/6 mice were injected s.c. with 5 X 10° OVA-
expressing EG7 cells (10). Tumors were measured using calipers at right
angles. For immunotherapy studies, mice were divided into groups of sim-
ilar tumor size distribution at 8 days posttumor injection. One group was
left untreated and the other immunized with OV A/0.04-m nano-beads.
Tumors were measured as above for an additional 13 days. Note that dif-
ferent batches of EG7 cells were used in the protection and therapy ex-
periments. A further tumor model was tested. E7.1 (sequence) peptide,
alone or conjugated to 0.04-um beads, was used to immunize C57BL/6
mice, and these were challenged s.c. 30 days later with 5 X 10° EL4 tumor
cells expressing the E7 HPV strain 16 protein (11) (kindly provided by R.
Tindle, University of Queensland, Brisbane, Australia).

Satistics

Values of p for differences between mean SFU by ELISPOT or mean
inverse titer by ELISA for diversely immunized animal groups were de-
termined using two-tailed Student’st test. Vaues of p for Fisher exact test
on x? comparisons of tumor incidence were calculated, where appropriate.
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FIGURE 1. Bead sizeand immunogenicity: T cell responses. C57BL/6 mice wereimmunized intradermally once (A) or twice (B), 2 wk apart, with OVA
conjugated to 0.02-, 0.04-, 0.1-, 0.5-, 1-, or 2-um-size beads with 100 g of OVA at 1% carrier solids for each bead size per animal. Spleen T cell responses
to SIINFEKL or OVA were assessed 10 days after the last immunization by IFN-y ELISPOT. One immunization: 0.02 (n = 3 animals), 0.04 (n = 33),
01(n=13),02((MN=23),05(M =23),1(n=7),o0r2um(n= 3). After one immunization, although both 0.01- and 1-um beads showed responses
significantly greater than naive controls (p < 0.02), these responses were much lower than for 0.04-um beads (p < 0.0001 compared with naive controls).
For two immunizations (B), 0.02 (n = 10 animals), 0.04 (n = 4), 0.1 (n = 10), 0.2 (n = 4), 0.5 (n = 4), 1.0 (n = 10), or 2.0 um (n = 4), the 0.04-pum
beads gave higher responses (p < 0.03 when SIINFEKL responses with 0.04-um beads were compared with other bead sizes or with naive controls). Ab
responses (C): mice were immunized twice as above, serum collected 10 days after the second immunization, and dilutions tested for OV A-specific 1g by
ELISA. The mean inverse titer = SE for 3-13 animals per group is shown. Naive serum was used as negative control. In this figure, the 0.04-um bead
responses were only significantly different when compared with 0.1-, 0.5-, and 2-um beads (p < 0.05). D, Mice were immunized with soluble OVA (n =
2), OVA mixed with beads (0.04/OVA, n = 2) or conjugated to beads (0.04-OVA, n = 4), asabove, and spleen T cell responsesto SIINFEKL were assessed
10 days later by IFN-y ELISPOT. Precursor frequency is shown as mean SFU/million cells + SE for each mouse. Responses for OV A-conjugated beads
were significantly different to both soluble OVA and OVA mixed with beads (p < 0.03).
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Results
Immunogenicity is dependent on bead size and covalent
conjugation of Ag

OVA was conjugated to the surface of beads over a range of vira
and bacterial sizes (0.02, 0.04, 0.1, 0.5, 1, and 2 wm), and mice
were immunized once with the same volume of 1% bead solids for
all sizes. T cell responses measured 10 days after one immuniza-
tion with nano-beadsOVA were induced optimaly using the
0.04-um size, with many T cells responsive to OVA and to its
MHC class| epitope SIINFEKL, as measured by |FN-+ production
(Fig. 1A). The mgjority of animals (70%) had SIINFEKL-specific
spleen cells at precursor frequencies between 1/5000 and 1/2000,
as measured by IFN-y ELISPOT, with 24% below and 6% above
thisrange (p < 0.05 for SIINFEKL responsesin the 0.04-um bead
group compared with other bead sizes and naive controls). None of
the other sizes induced precursor frequencies above 1/5000. Two
immunizations induced the same pattern of response (Fig. 1B) and
also showed higher Ab titers with 0.04-um beads 10 days after the
second immunization (Fig. 1C). Similar T cell responses were ob-
tained with 0.043- or 0.048-um beads (hence called genericaly
0.04-pum nano-beads). Both high numbers of MHC class I-re-
stricted T cells and Ab titers were therefore induced by immuni-
zation with Ag covalently conjugated to a narrowly defined size
range of nano-beads, in the absence of adjuvants. The covalently
conjugated Ag-bead preparation aso promoted higher T cell re-
sponses than Ag simply mixed with the nano-beads or soluble Ag
without the bead carrier (p < 0.03 for both comparisons) (Fig. 1D).

Quantitative considerations

Covalent conjugation attaches a higher concentration of Ag onto
0.04-um beads (8 X 10~ ug/um?) than simple adsorption (1 X
10~ pg/um?) at the same bead to Ag ratio. Assuming that only
the bead-conjugated Ag contributed to the induction of immune
responses, it was conceivable that the high immunogenicity of
0.04-um-size beads was due to particularly high total or per unit
surface area amounts of Ag compared with beads of other sizes.
However, at standard conjugation conditions (1% bead solids and
1 mg/ml Ag), the 0.02-um beads conjugated more total Ag, and
the 0.1- to 2-um beads more Ag per unit surface area than the
0.04-um beads (Fig. 2A), but only the 0.04- wm-size beads induced
high cellular or humoral responses (Fig. 1). This suggested that an
adequate dose of Ag conjugated to the 0.04-um beadsis necessary,
but not sufficient for enhanced immunogenicity. To test the effect
of varying the total amount of conjugated Ag, 0.04- and 1-um
beads were conjugated at the normal concentration (1% solids, 1
mg/ml Ag) and then diluted before immunization to give Ag doses
of 0.35-70 wg/mouse (Fig. 2B). The 0.04-um beads gave signif-
icantly stronger responses when equal doses of conjugated Ag
were delivered, further indicating that the dose of Ag conjugated is
not the sole determinant of the superior immunogenicity profile of
0.04-pm nano-beads. Other potential factors were therefore
examined.

In vivo localization of beads

We followed the fate of different sizes of fluorescent OVA-con-
jugated beads after intradermal injection. At various intervals from
48 h to 14 days postimmunization, cells that had taken up beads
were found in the draining LN. At both 48 h and 14 days, the
0.04-pum beads were found in more cells than other smaller or
larger sized beads (Fig. 3A). Phenotypic analysis at 48 h of the LN
cells showed preferential localization of the 0.04-um beadsto cells
expressed the markers DEC205", CD40", and CD86". These
markers are characteristic of the mature/activated DC subset of s.c.

SIZE-DEPENDENT NANO-VACCINES
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FIGURE 2. Effect of bead size on Ag conjugation. A, The amount of
conjugated Ag/surface area (E) and percentage of Ag conjugated per stan-
dard reaction ([J) are shown for each bead size. Compared with 0.04-pm
beads, 0.2-, 0.5-, 1-, and 2-um beads conjugated more Ag/surface area, but
2- and 1-um beads took up less percentage of Ag/standard reaction (p <
0.05). The 0.04- and 0.02-m beads took up more percentage of Ag/reac-
tion than beads =0.5 pum, with 0.02 wm dlightly more reactive than
0.04-um beads (p = 0.052). Ag conjugation was determined by the inclu-
sion of trace *?°|-labeled OVA, asin Materials and Methods. The mean +
SE for the number of conjugation experiments for each bead size is shown:
002(n=2),004(n=6),01(n=2),02(N=2),05(n=2),1(n=
3), or 2 um (n = 2). B, Beads were diluted after conjugation, and mice
were immunized with decreasing amounts of OVA conjugated to 0.04-um
compared with 0.1- and 1-um beads. Conjugation was conducted as nor-
mal with 1% solids: 1 mg of Ag/ml. Ag dose was adjusted by dilution of
the conjugates before immunizing the animals. The mean IFN-y SFU/mil-
lion cells = SE per group of animals for each condition is shown: 0.04 um,
70 ng (n = 7 animals), 7.0 ug (n = 5), and 0.7 ug (n = 4); 0.1 um, 60
ng(n=2),6 pug(n=6),and0.6 ug (n = 6); 1 um, 60 ng (n = 2), 35
ng (n=5),35ug (n=2),and0.35 ug (n = 2). The 0.04-um beads gave
significantly better results, p < 0.001 compared with naive controls for 70-
and 7-pg doses of 0.04-um beads’OVA, p > 0.05 for other doses, and for
all doses of 1- or 0.1-um OVA beads compared with naive controls.

origin (Fig. 3B). In contrast, at 48 h, 1-um beads localized pref-
erentially to F4/80%, CD80™ cells representing a different, mac-
rophage-like subset of APC (12), and 0.02-um beads were found
in CD40™ cells, but not DEC205" or F4/80™" cells (Fig. 3B). After
14 days, athough fewer bead-positive cells were detected, the
same phenotypic profile was seen in these cells, with the 0.04-um
beads continuing to localize preferentially to DEC205* and the
1-um beads to F4/80™ cells, with costimulatory marker expression
similar to that seen at 48 h (data not shown). The results indicate
that 0.04-um nano-beads are efficient Ag carriers to the DC in the
draining LN and that beads persist within LN cells for >14 days
(considering both total LN uptake and cell phenotype).

The finding that the 0.04-um beads preferentialy localize to
DCs in the draining LN suggests that beads of this size cause
activation of DCs and migration from dermal sites. To investigate
this, red 0.04-um beads were mixed with green 1-um beads and
injected intradermally to determine whether this would enhance
the localization of the larger particles to draining LN. Fig. 3C shows
that there was enhanced uptake of larger beads into LN cells when
mixtures were injected, compared with 1-um beads injected alone
(Fig. 3C, p = 0.0009). OVA-conjugated 1-um beads mixed with
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FIGURE 3. Localization of beadsto draining LN. A, C57BL/6 mice were immunized intradermally in the footpad with 100 wg of OVA conjugated to
0.02-, 0.04-, or 1-um fluorescent (FITC) beads, and the draining popliteal LN were dissected 48 and 14 days after immunization. The data are presented
as the mean FITC percentage of positive LN cells = SE. The percentage of uptake of 0.04-um beads was significantly greater than uptake of the other bead
sizes at both time points (p < 0.01). B, Phenotypic characterization of bead-positive cells at 48 h after injection of 0.02-, 0.04-, or 1-um beads: the mean
percentage + SE for 3-14 mice tested for each marker is shown. Cells with 0.02-um beads expressed more CD40 and less F4/80 than cells with 1-um
beads (p < 0.05 for both), while the cells with 0.04-um beads expressed significantly more DEC205, CD40, and CD86 than cells with 1-um beads (p <
0.004), and the latter expressed more F4/80 (p = 0.003) and CD80 (p = 0.03). C, Green fluorescent large 1-um beads were injected alone (20 ul of 1%
solids) or together with 0.04-um red beads (10 ul of 1% solids of each) intradermally in the footpad of C57BL/6 mice and draining popliteal LN were
dissected 24 h later for FACScan analysis. A total of 20,000—100,000 events was collected for each sample type. The data show the mean percentage *+
SE of green fluorescent cells (positive for 1-um beads) from the total LN cells from three animals per group. Enhanced numbers of 1-um bead-positive
cells (green) in the LN were found upon 0.04-um bead coinjection (p < 0.0005). One of two similar experiments is shown. Similar enhanced 1-um uptake
was seen with unconjugated or OV A-conjugated particles. D, Spleen cells from mice immunized intradermally with 100 g of OVA conjugated to 1-um
beads alone (1-wm beads-OV A) or mixed with unconjugated 0.04-m beads (1-um beads-OVA + 0.04-um beads), as above, were tested after 9 days for
the induction of IFN-y-producing CD8 T cells by restimulation with SIINFEKL in ELISPOT assays. Enhanced induction of IFN-y was found after

coimmunization (p < 0.005).

unconjugated nano-beads also induced greater T cell responses
compared with 1-um OVA beads aone (Fig. 3D, p < 0.005).

Studies are ongoing, comparing different immunization routes,
with results suggesting similar strong immunogenicity and abun-
dant draining LN localization of nano-beads after s.c. administra-
tion in a different animal species. Analysis of cells in afferent
lymph, draining the injection site in sheep, shows nano-bead-pos-
itive DC trafficking within 2 h from immunization (A. Gamvrellis,
unpublished data).

Comparison with other adjuvants

The ability of nano-beadsOVA (0.04 nm) to induce CD8 T cell
responses was compared with OVA administered in other adju-
vants (QuilA, MPL, and Freund'’s), including the adjuvant licensed
for human use, dum. To provide a comparison with a generally
accepted potent CD8 T cell-inducing vaccine, DC were pulsed ex
vivo with OVA (DC-OVA) or SIINFEKL (DC-peptide) and used
to immunize mice. A comparison with both DC-SIINFEKL and
DC-OVA was performed, with the latter providing a comparison
with al conditions using the same immunogen. The soluble OVA
pulsed to the DC needs processing through the right pathway to
efficiently excise the SIINFEKL epitope and present it on MHC
class I. The comparison with DC-SIINFEKL plays against the
nano-beads, as they have to target OVA to be processed via the
MHC class | pathway to generate SIINFEKL-MHC complexes on
the surface as efficiently as coating DC with exogenous peptide.
Fig. 4, A and B, shows that nano-beads were consistently the best
adjuvant for induction of CD8 T cell responses with whole Ag
(OVA), and superior (A, one dose) or comparable (B, two doses)

to using the minimal SIINFEKL epitope pulsed directly onto live
DC for immunization. In A and B, reactivity was assessed by
IFN-vy production in response to the SIINFEKL epitope.

The ability of nano-beads to induce Abs was also compared.
After two immunizations (Fig. 4C), nano-beads induced Ab titers
comparable to CFA/IFA, the standard adjuvant for Ab induction in
mice, and higher than al other adjuvants. Thus, the mean inverse
Ab titers to OVA, induced by OVA-conjugated nano-beads
(204,800 + 58,055 SE, n = 12 animals), were significantly higher
than those induced by QuilA, MPL, DC-OVA, aum, and DC-
SIINFEKL (p < 0.05), and not significantly different from
Freund's (p = 0.47). In all treated animals, vaccination with inert
polystyrene nano-beads, via intradermal, s.c., and i.m. routes,
failed to produce the local or peripheral inflammatory reactions
observed with the other powerful adjuvants, Freund's and QuilA
(data not shown). Ag conjugated to nano-beads was therefore very
effective in stimulating both specific Ab and MHC class I-re-
stricted T cell immunity.

Protection against tumor growth

EG7 OVA tumor model. C57BL/6 mice were immunized twice
with 0.04-um nano-beads/OVA intradermally at —28 and —14
days, then challenged at day 0 with EL4 thymoma cells transfected
with cytoplasmic OVA (EG7 tumor cells) (Fig. 5, A and B). None
(0 of 10) of the immunized mice developed EG7 tumors until >10
days (Fig. 5B), whereas tumors developed in 10 of 10 of the un-
treated naive controls by day 10 (Fig. 5A). The same pattern of
protection was observed after a single immunization with 0.04-um
nano-beads/OV A (data not shown). Tumorsthat grew at >15 days
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FIGURE 4. Comparison of nano-beads with other adjuvants. Comparison of MHC class |-restricted T cell responses: C57BL/6 animals were immunized
intradermally with 100 g of OVA with each of the adjuvants, either once (A) or twice (B) 14 days apart. Ten days after the last immunization, the number
of SIINFEKL-specific T cells induced above background was assessed by IFN-y ELISPOT. Mean SFU per million cells = SE for each group is shown.
The numbers of mice per group were: DC-peptide (one, h = 3; two, n = 5); DC-OVA (one, n = 3; two, n = 4); adum (one, n = 3; two, n = 5); MPL
(one, n = 3; two, n = 4); QuilA (one, n = 3; two, n = 5); Freund's (one, n = §; two, n = 4); nano-beads (one, n = 6; two, n = 4). The response for
nanobeads after one immunization was significantly greater (p < 0.025) than responses induced by adjuvants other than QuilA and Freund's (p > 0.1).
After two immunizations, nano-bead responses were significantly greater (p < 0.02) than all immunizations, except DC-peptide (p > 0.1). C, Comparison
of Ab titers. Mice were immunized twice, as above. The numbers of mice per group were: naive (n = 4); DC-SIINFEKL (n = 6); alum (n = 6); MPL
(n = 5); DC-OVA (n = 6); QuilA (n = 6); Freund's (n = 3); nano-beads (n = 4). One of three similar experiments is shown. Serum was collected 10
days after the second immunization, and OV A-specific 1gG titers were determined by ELISA. The mean of the inverse titer for nano-beads was significantly
higher than for al adjuvants tested (p < 0.02), except Freund's, which was comparable.

in immunized and some untreated groups were escape variants that
had lost the ability to activate a T cell hybridoma specific for
H2"/SIINFEKL (13).

In side-by-side comparisons, other bead sizes conjugated to
OVA were less effective. Comparison of the protective effects of
0.04- and 1-um OV A-conjugated beads is shown at day 10 after
tumor challenge. At this time point, tumors in naive mice reached
maximum size, eight of eight mice immunized with 0.04-um
beads’'OVA were protected (Fig. 5C), and therapy was effective
(Fig. 6). After thistime, late outgrowth of tumors was seen, and in
other studies these were shown to be escape variants (T. Fifis and
M. Plebanski, unpublished data). Thus, at day 10, mean tumor size
in the 0.04-um beads/OVA-vaccinated group was significantly
less compared with mice immunized with 1-um beads/OVA (p <
0.05) or soluble OVA (p < 0.05) (Fig. 5C). These data were con-
firmed by comparing total tumor size up to day 10, in which tumor
growth in mice treated with soluble OVA was 73% of untreated
controls; for 1-um beads/OVA, it was 68%; and for 0.04-um
beads/OV A-vaccinated group, total growth was 20%, showing tu-
mor growth inhibition in this group.

E7-HPV tumor model. In a second tumor model using the same
EL 4 thymoma, but now transfected with the E7 protein from HPV
variant 16, it was possible to induce complete protection by im-
muni zation with nano-beads conjugated to asingle E7 CD8 T cell
epitope, E7.1 (Fig. 5E). When mice were challenged 30 days after
immunization with 5 X 10° EL4-E7-transfected cells, al mice
grew tumors (Fig. 5, D and E), but al of the nine mice in the
nano-beads-E7.1 CD8-immunized group cleared the tumors by day
12 (Fig. 5E), whereas no mice in the naive group (data not shown)

and only one mouse in the group immunized with E7.1 CD8 sol-
uble peptide (Fig. 5D) were clear of tumors at this time. Tumors
progressed in al but one of the latter group by day 21, and in al
of the naive group. Thus, peptide alone failed to induce protection,
while animals treated with beads-E7.1 peptide vaccine remained
tumor free with no detectable escape variants when followed for
up to 60 days (data shown to day 21).

Treatment of established tumors

With aview to a potential therapeutic use for such vaccines, mice
with solid EG7 tumors at 8 days after tumor injection were divided
into two groups: one was left untreated (Fig. 6A; naive, size range
at day 8 was 6-70 mm?); the other (Fig. 6B; size range 21-71
mm?) was immunized with 0.04-um nano-beads conjugated with
OVA. By 19 days (11 days after a single vaccination), the micein
the immunized group had completely cleared their tumors, regard-
less of the initial solid tumor burden, whereas in six of six un-
treated mice tumors remained and were progressing in four of
Six mice.

Thus, a single administration of nano-beads conjugated to Ag
has the potential to both protect from growth of new tumors and
eradicate existing large tumors expressing a specific Ag in the
OVA-EG7 model.

Discussion

The present study showsthat Ag covalently coupled to virus-sized,
solid core, inert nano-beads provided a potent immunogen for the
induction of combined cellular and humoral responses. The nano-
beads are novel in being sharply defined by the parameter of size,
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FIGURE 5. Protection against tumor challenge in the OVA-EG7 and
HPV/E7-EL4 models. A and B, C57BL/6 mice were immunized intrader-
mally with 100 g of OVA conjugated to 0.04-um beads at —28 and —14
days or left untreated (naive). All mice were challenged with OVA-ex-
pressing EL4 (EG7) cells s.c. at day 0, and tumor growth was monitored to
day 17. Individua tumor growth curves for 10 animals in each group are
presented. The difference in the frequency of tumors at al time points to
day 10 (days 3, 7, and 10 after chalenge) was highly significant (p =
0.00001). C, Protection was also seen 30 days after a single immunization
with 0.04-um beads/OV A (100 ng), with 8 of 8 mice tumor free at day 10
(tumor size, p < 0.0001 compared with controls; 0 of 8 tumor free), in
contrast to mice immunized with the same dose of soluble OVA (0 of 8
tumor free; tumor size p > 0.05 compared with controls) or OVA conju-
gated to 1-um beads (1 of 8 tumor free; tumor size p > 0.05 compared with
controls). Individua tumor sizes are shown at day 10 for each group (&),
with mean tumor size = SD included (H). D and E, Show protective im-
munity after tumor challenge with EL4 cellstransfected with the HPV E7.1
peptide. C57BL/6 mice (n = 7-9/group) were: D, immunized once intra-
dermally with soluble E7.1 CD8 peptide (100 g dose), or E, immunized
with conjugated nano-bead-E7.1 CD8 epitope (100 ng dose). At 30 days,
mice were challenged with EL4-E7 tumor cells (5 X 10° EL4-E7.1 cells
s.c.), and tumor growth was monitored for the next 21 days. Data are
presented as individual tumor growth curves. The difference in tumor
growth between the two groups was significant (p < 0.05).

and in providing no added known danger signal s to induce immune
activation. Nano-beads, after a single administration, induced re-
liable protection against a tumor expressing a model Ag, and were
effective as a curative treatment for large, well-established tumors.

The ability of nano-beads to induce powerful and broad-spec-
trum immunity was due to a unique combination of bead size and
covalent Ag conjugation. The size promoted efficient localization
to DEC205" CD40"CD86™ cellsin the draining LN. These cells
are a DC/APC subset found primarily in s.c. areas, and are par-
ticularly efficient at presenting extracellular Ag (cross-priming) on
MHC class | to CD8 T cells (14). Nano-beads do not incorporate
known danger signals, such as bacterial components, associated
with maturation and activation of DC, yet these beads localized to
mature and activated DC phenotypes in the draining LN (4, 12,
15). We speculate that the danger signal may be built into the
nano-beads by virtue of their size, and DC evolved to react ap-
propriately to size clues within this specific viral size range. In-
terestingly, the optima immunogenic size identified in our study
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FIGURE 6. For therapy of established OVA-EG7 tumors (A and B),
C57BL/6 mice were injected with EG7 cells s.c. on day 0, and tumor
growth was monitored to day 8. Two groups of mice bearing similar tumor
sizes were selected on day 8, one group (A) was left untreated (Naive), and
the other (B) immunized intradermally once with 100 ng of OVA/0.04-um
beads. Individual tumor growth curves for six animals in each group after
immunization are shown. All animalsin the untreated group had substantial
tumors at day 19. All animals in the immunized group were healthy and with-
out evidence of tumors at days 19 and 21. The difference in the frequency of
regressed tumors between the two groups was significant (p = 0.04).

for solid core nano-beads falls within the range observed for a
variety of Flaviviruses, Arboviruses, Orbiviruses, and Reoviruses
(0.03-0.08 wm).

Covalent linkage of Ag and nano-beads promoted vaccine sta-
bility, which may have contributed to immunogenicity and sus-
tained immunity. In direct comparisons, nano-beads induced Ab
levels equivalent to Freund’'s, CD8 T cells comparable to peptide-
pulsed DC, and responses superior to a range of common adju-
vants. We also tested protective and therapeutic efficiency of nano-
vaccine conjugates targeting a model tumor Ag (OVA). A known
tumor-associated Ag, HPV protein E7, also showed good protec-
tion results (16). Therapeutic immunization in the HPV-E7.1
model was not attempted. We are currently developing models in
which low levels of tumor-associated Ags are expressed and there
iS no spontaneous regression in nonimmunized mice, providing a
stringent test (17).

Preliminary experiments indicate the nano-bead approach can
also induce protection against fully syngeneic untransfected mel-
anomas (18).

Comparing our results with published vaccine literature on var-
ious Ags and vaccine techniques a so indicates that 0.04-m nano-
bead conjugates induce immunity equal or superior to DC target-
ing, Prime-boost, or particle-based immunizations (3, 5, 6, 19, 20).
This sized bead aso has a unique ability to elicit combined hu-
moral/cellular immunity and protection/clearance of tumors after a
single dose. Other particulate vaccine formulations, such as VLP
and ISCOMS that fall within a similar particle size range (0.02—
0.06 wm), may act through different mechanisms to solid core
nano-beads. The VLP MHC class | processing/presentation path-
way is TAP independent (9, 21), while the nano-particles of the
present study did not induce Ag-specific CD8 T cellsin TAP ™/~
animals (n = 3, data not shown), suggesting a different fatein DC.
Additionally, VLP may have a short t,,, in vivo, because they can
be unstable when used with adjuvants or upon environmental
changes (e.g., temperature), and include irrelevant and possibly
competing antigenic determinants. ISCOMS have lipids able to
fuse with cell membranes, but not necessarily those of APC (22).
In this context, it is important to note that DC are particularly
efficient at diversion of endosomal/phagosomal (23) Agsfor MHC
class | presentation (24, 25), and by patocytosis, an uptake mech-
anism for some hydrophobic nano-particles with the potential to
deliver Ags into the cytosol (17, 26). Studies are in progress (be-
yond the scope of the present manuscript) to elucidate the uptake
and processing mechanisms for nano-bead-conjugated Ag.
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High potency in inducing protective immune responses and sim-
plicity in vaccine formulation makes the concept of covalently
conjugated Ag to inert carrier nano-beads useful for targeting
whole recombinant Ags and mixtures of proteins containing mul-
tiple epitopes for MHC class | presentation and/or Ab induction: a
useful experimental tool and potentialy useful feature for vaccine
use in MHC diverse human populations.

Acknowledgments

We thank Violeta Bogdanoska, Carla Osinski, Karen Scalzo, and Simone
Gloster for technical assistance and comments, and Dr. Brigitta Askonas,
Dr. Eli Sercarz, and Dr. Mauro Sandrin for comments on the manuscript.

References

1. Ada, G. 2001. Vaccines and vaccination. N. Engl. J. Med. 345:1042.

2. Brown, G. V. 1999. Progress in the development of malaria vaccines: context and
constraints. Parassitologia 41:429.

3. Fdo, L. D., J., M. Kovacsovics-Bankowski, K. Thompson, and K. L. Rock.
1995. Targeting antigen into the phagocytic pathway in vivo induces protective
tumour immunity. Nat. Med. 1:649.

4. Gallucci, S, M. Lolkema, and P. Matzinger. 1999. Natural adjuvants. endoge-
nous activators of dendritic cells. Nat. Med. 5:1249.

5. Allsopp, C. E., M. Plebanski, S. Gilbert, R. E. Sinden, S. Harris, G. Frankel,
G. Dougan, C. Hioe, D. Nixon, E. Paoletti, et al. 1996. Comparison of numerous
delivery systems for the induction of cytotoxic T lymphocytes by immunization.
Eur. J. Immunol. 26:1951.

6. Plebanski, M., S. C. Gilbert, J. Schneider, C. M. Hannan, G. Layton,
T. Blanchard, M. Becker, G. Smith, G. Butcher, R. E. Sinden, and A. V. Hill.
1998. Protection from Plasmodium berghei infection by priming and boosting T
cells to a single class I-restricted epitope with recombinant carriers suitable for
human use. Eur. J. Immunol. 28:4345.

7. Harty, J. T., A. R. Tvinnereim, and D. W. White. 2000. CD8" T cell effector
mechanisms in resistance to infection. Annu. Rev. Immunol. 18:275.

8. Pietersz, G. A., W. Li, V. Popovski, J. A. Caruana, V. Apostolopoulos, and
I. F. McKenzie. 1998. Parameters for using mannan-MUCL1 fusion protein to
induce cellular immunity. Cancer Immunol. Immunother. 45:321.

9. Yeh, K. Y., A. J McAdam, B. A. Pulaski, N. Shastri, J. G. Frelinger, and
E. M. Lord. 1998. IL-3 enhances both presentation of exogenous particulate
antigen in association with class | major histocompatibility antigen and genera-
tion of primary tumor-specific cytolytic T lymphocytes. J. Immunol. 160:5773.

10. Moore, M. W., F. R. Carbone, and M. J. Bevan. 1988. Introduction of soluble
protein into the class | pathway of antigen processing and presentation. Cell
54:777.

11

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25,

26.

SIZE-DEPENDENT NANO-VACCINES

Daemen, T., L. Riezebos-Brilman, J. Bungener, B. Regt, B. Donjte, and
J. Wilschut. 2003. Eradication of established HPV16-transformed tumors after
immunization with recombinant Semliki Forest virus expessing a fusion protein
of E6 and E7. Vaccine 21:1082.

Schoenberger, S. P., R. E. Toes, E. |. van der Voort, R. Offringa, and C. J. Melief.
1998. T-cell help for cytotoxic T lymphocytes is mediated by CD40-CD40L
interactions. Nature 393:480.

. Fifis, T., P. Moltram, V. Bugdunoska, J. Hanley, and M. Plebanski. Short peptide

sequences containing MHC class | and/or class |1 epitopes linked to mono-par-
ticles induce strong immunity and protection against tumour challenge in mice.
Vaccine In press.

Jeannin, P., T. Renno, L. Goetsch, |. Miconnet, J. P. Aubry, Y. Delneste,
N. Herbault, T. Baussant, G. Magistrelli, C. Soulas, et a. 2000. OmpA targets
dendritic cells, induces their maturation and delivers antigen into the MHC class
| presentation pathway. Nat. Immunol. 1:502.

Reimann, J., and S. H. Kaufmann. 1997. Alternative antigen processing pathways
in anti-infective immunity. Curr. Opin. Immunol. 9:462.

Fernando, G. J, T. J. Stewart, R. W. Tindle, and I. H. Frazer. 1998. Th2-type
CD4" cells neither enhance nor suppress antitumor CTL activity in a mouse
tumor model. J. Immunol. 161:2421.

Berinstein, N. L. 2002. Carcinoembryonic antigen as a target for therapeutic
anticancer vaccines: areview. J. Clin. Oncol. 20:2197.

Kruth, H. S, J. Chang, I. Ifrim, and W. Y. Zhang. 1999. Characterization of
patocytosis: endocytosis into macrophage surface-connected compartments. Eur.
J. Cell Biol. 78:91.

Raychaudhuri, S., and K. L. Rock. 1998. Fully mobilizing host defense: building
better vaccines. Nat. Biotechnol. 16:1025.

Sjolander, A., D. Drane, E. Maraskovsky, J. P. Scheerlinck, A. Suhrbier,
J. Tennent, and M. Pearse. 2001. Immune responses to ISCOM formulations in
animal and primate models. Vaccine 19:2661.

Schirmbeck, R., L. Deml, K. Melber, H. Wolf, R. Wagner, and J. Reimann. 1995.
Priming of class I-restricted cytotoxic T lymphocytes by vaccination with re-
combinant protein antigens. Vaccine 13:857.

O'Hagan, D. T., M. L. MacKichan, and M. Singh. 2001. Recent developmentsin
adjuvants for vaccines against infectious diseases. Biomol. Eng. 18:69.

Houde, M., S. Bertholet, E. Gagnon, S. Brunet, G. Goyette, A. Laplante,
M. F. Princiotta, P. Thibault, D. Sacks, and M. Desjardins. 2003. Phagosomes are
competent organelles for antigen cross-presentation. Nature 425:402.
Shortman, K., and Y. J. Liu. 2002. Mouse and human dendritic cell subtypes. Nat.
Rev. Immunol. 2:151.

Guermonprez, P., J. Valladeau, L. Zitvogel, C. Thery, and S. Amigorena. 2002.
Antigen presentation and T cell stimulation by dendritic cells. Annu. Rev. Immu-
nol. 20:621.

Kruth, H. S,, W. Y. Zhang, S. |. Skarlatos, and F. F. Chao. 1999. Apolipoprotein
B stimulates formation of monocyte-macrophage surface-connected compart-
ments and mediates uptake of low density lipoprotein-derived liposomes into
these compartments. J. Biol. Chem. 274:7495.

2202 ‘8 1snbny uo 1sanB Aq /B0’ jounwiwi:mmm//:dny wouy papeojumoq


http://www.jimmunol.org/

