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Abstract

Traditional vaccine adjuvants, such as alum, elicit suboptimal CD8+ T cell responses. To address this major challenge in vaccine development,
various nanoparticle systems have been engineered to mimic features of pathogens to improve antigen delivery to draining lymph nodes and
increase antigen uptake by antigen-presenting cells, leading to new vaccine formulations optimized for induction of antigen-specific CD8+ T cell
responses. In this article, we describe the synthesis of a “pathogen-mimicking” nanoparticle system, termed interbilayer-crosslinked multilamellar
vesicles (ICMVs) that can serve as an effective vaccine carrier for co-delivery of subunit antigens and immunostimulatory agents and elicitation
of potent cytotoxic CD8+ T lymphocyte (CTL) responses. We describe methods for characterizing hydrodynamic size and surface charge of
vaccine nanoparticles with dynamic light scattering and zeta potential analyzer and present a confocal microscopy-based procedure to analyze
nanoparticle-mediated antigen delivery to draining lymph nodes. Furthermore, we show a new bioluminescence whole-animal imaging technique
utilizing adoptive transfer of luciferase-expressing, antigen-specific CD8+ T cells into recipient mice, followed by nanoparticle vaccination,
which permits non-invasive interrogation of expansion and trafficking patterns of CTLs in real time. We also describe tetramer staining and flow
cytometric analysis of peripheral blood mononuclear cells for longitudinal quantification of endogenous T cell responses in mice vaccinated with
nanoparticles.

Video Link

The video component of this article can be found at https://www.jove.com/video/52771/

Introduction

Traditional vaccine development has mainly employed the empirical approach of trial-and-error. However, with the recent development of
a wide array of biomaterials and discovery of molecular determinants of immune activation, it is now possible to rationally design vaccine
formulations with biophysical and biochemical cues derived from pathogens1,2. In particular, various particulate drug delivery platforms have
been examined as vaccine carriers as they can be co-loaded with subunit antigens and immunostimulatory agents, protect vaccine components
from degradation, and enhance their co-delivery to antigen presenting cells (APCs) residing in lymph nodes (LNs), thus maximizing immune
stimulation and activation3-5. In this report, we describe the synthesis of a “pathogen-mimicking” nanoparticle system, termed interbilayer-
crosslinked multilamellar vesicles (ICMVs), which have been previously demonstrated as a potent vaccine platform for elicitation of robust
cytotoxic T lymphocyte (CTL) and humoral immune responses in both systemic and mucosal tissue compartments6-9. In particular, vaccination
with ICMVs achieved substantially enhanced serum IgG levels against a malaria antigen, compared with vaccination with conventional adjuvants
(e.g., alum and Montanide)7 and also elicited potent CTL responses against tumor cells and viral challenge models in mice9. Here, using ICMVs
as a model vaccine nanoparticle system, we describe methods for characterization of vaccine nano-formulations, including particle size and
zeta potential measurements and tracking of particle trafficking to draining LNs (dLNs) utilizing confocal imaging of cryosectioned tissues7.
In addition, we present a whole-animal imaging-based method of analyzing expansion of CTL responses in mice after adoptive transfer of
luciferase-expressing antigen-specific CD8+ T cells9,10. Finally, we describe tetramer staining of peripheral blood mononuclear cells (PBMCs) for
longitudinal quantification of endogenous T cell responses in mice vaccinated with nanoparticles6,9.

ICMVs are a lipid-based nanoparticle formulation synthesized by controlled fusion of simple liposomes into multilamellar structures, which
are then chemically stabilized by cross-linking maleimide-functionalized phospholipid head groups within lipid layers with dithiol crosslinkers6.
Once ICMVs are synthesized, a small fraction of nanoparticles can be used to determine particle size and zeta potential (i.e., surface charge
of particles) with a dynamic light scattering (DLS) system and a zeta potential analyzer. DLS measures changes in light scattering in particle
suspensions, allowing determination of the diffusion coefficient and the hydrodynamic size of particles11. Achieving consistent particle size
from batch to batch synthesis is critical since particle size is one of the major factors influencing lymphatic draining of vaccine particles to dLNs
and subsequent cellular uptake by APCs12,13. In addition, zeta potential can be obtained by measuring the particle velocity when an electric
current is applied, which allows determination of the electrophoretic mobility of particles and particle surface charge11. Ensuring consistent
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zeta potential values of particles is important since surface charge of particles determines colloidal stability, which has direct impact on particle
dispersion during storage and after in vivo administration14,15. In order to track the particle localization to dLNs, ICMVs can be labeled with
desired fluorophores including lipophilic dyes and covalently-tagged antigens. Following immunization, mice can be euthanized at various time
points, dLNs resected, cryosectioned, and analyzed with confocal microscopy. This technique allows visualization of lymphatic draining of both
the nanoparticle vaccine carriers and antigen to dLNs. The tissue sections can additionally be stained with fluorescently labeled antibodies
and utilized to obtain more information, such as types of cells associated with the antigen and formation of germinal centers as we have shown
previously7.

Once the particle synthesis is optimized and trafficking to the dLNs is confirmed, it is important to validate elicitation of in vivo CTL expansion. In
order to analyze elicitation of antigen-specific CD8+ T cells in response to nanoparticle vaccination, we have utilized a model antigen, ovalbumin
(OVA), with OVA257-264 peptide (SIINFEKL) immunodominant CD8+ T cell epitope, which allows detailed immunological analyses of antigen-
specific T cell responses for initial vaccine development16,17. In particular, to interrogate the dynamics of expansion and migration of antigen-
specific CD8+ T cells, we have generated a double-transgenic mouse model by crossing firefly luciferase-expressing transgenic mice (Luc) with
OT-I transgenic mice that possess CD8+ T cells with T-cell receptor (TCR) specific for SIINFEKL (in association with H-2Kb). From these OT-I/
Luc mice, luciferase-expressing, OT-I CD8+ T cells can be isolated and prepared for adoptive transfer into naïve C57BL/6 mice. Once seeded,
successful immunization with OVA-containing nanoparticles will result in expansion of the transferred T cells, which can be tracked by monitoring
the bioluminescence signal with a whole animal imaging system9,10. This non-invasive whole-body imaging technique has been used with other
viral or tumor antigens in the past18-20, revealing processes involved in T cell expansion in lymphoid tissues and dissemination to peripheral
tissues in a longitudinal manner.

Complementary to analysis of adoptively transferred antigen-specific CD8+ T cells, endogenous T cell responses post vaccination can be
examined with the peptide-major histocompatibility complex (MHC) tetramer assay21, in which a peptide-MHC tetramer complex, consisting of
four fluorophore-tagged MHC-class I molecules loaded with peptide epitopes, is employed to bind TCR and label CD8+ T cells in an antigen-
specific manner. The peptide-MHC tetramer assay can be performed either in terminal necropsy studies to identify antigen-specific CD8+ T cells
in lymphoid and peripheral tissues or in longitudinal studies with peripheral blood mononuclear cells (PBMCs) obtained from serial blood draws.
After staining lymphocytes with peptide-MHC tetramer, flow cytometry analysis is performed for detailed analyses on the phenotype of CTLs or
quantification of their frequency among CD8+ T cells.

Protocol

All experiments described in this protocol were approved by the University Committee on Use and Care of Animals (UCUCA) at University of
Michigan and performed according to the established policies and guidelines.

1. Synthesis and Characterization of ICMVs Co-loaded with Protein Antigen and Adjuvant
Molecules

1. Mix 1:1 molar ratio of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[4-(p-
maleimidophenyl) butyramide] (MPB) in chloroform, keeping the total lipid amount at 1.26 µmol per batch (i.e., 500 µg of DOPC and 630 µg of
MPB) in a 20 ml glass vial (diameter = 28 mm and height = 61 mm).

2. Add lipophilic drugs, such as monophosphoryl lipid A (MPLA) or lipophilic dyes (e.g., DiD), to the lipid solution at desired concentration.
Thoroughly remove the organic solvent by purging with extra dry nitrogen gas and placing the samples under vacuum O/N.

3. Hydrate the lipid film by adding 200 µl of 10 mM bis-tris propane (BTP, pH 7.0) containing water-soluble drugs (e.g., protein antigens). Vortex
for 10 sec every 10 min for 1 hr at RT.

4. Transfer the contents from the glass vial into a 1.5 ml microcentrifuge tube, place samples in an ice-water bath, and sonicate continuously for
5 min using the 40% intensity setting on a 125 W/20 kHz probe-tip sonicator.

5. Add 4 µl of 150 mM dithiothreitol (DTT) to each batch (working concentration 2.4 mM), vortex, and briefly centrifuge using a tabletop
microcentrifuge.

6. Add 40 µl of 200 mM CaCl2 and mix with the pipette (working concentration 33 mM). Incubate samples at 37 °C for 1 hr to allow crosslinking
of MPB-containing lipid layers with DTT.

7. Centrifuge samples at 20,000 x g for 15 min, remove the supernatant, and resuspend in 200 µl of ddiH2O.
8. Repeat step 1.7 and centrifuge again after the second ddiH2O wash to remove CaCl2, unreacted DTT, and unencapsulated cargo materials

from the supernatant.
9. Prepare 10 mg/ml of 2 kDa polyethylene glycol-thiol (PEG-SH) in ddiH2O. Resuspend each ICMV sample in 100 µl of PEG-SH solution and

incubate at 37 °C for 30 min.
10. Perform two ddiH2O washes (step 1.7) and resuspend the final ICMV pellet in PBS and store at 4 °C. Prior to use, mix the ICMV suspension,

as particles may settle to the bottom after prolonged storage.
11. For characterization of particles, remove a small aliquot (~10%) of ICMVs from each batch and dilute individually in a total volume of 1 ml of

ddiH2O. Place a single sample in a Zetasizer cell and measure particle size, polydispersity index, and zeta potential of the samples using a
DLS and zeta potential measuring system (according to the manufacturer’s protocol).

2. Examination of Lymph Node Draining of Fluorescence-tagged ICMVs with Confocal
Microscopy

1. Preparation of ICMVs loaded with fluorophore-tagged antigen and lipophilic fluorescent dye
1. Prepare fluorophore-tagged protein, such as ovalbumin reacted with Alexa Fluor 555-succinimidyl ester, according to the

manufacturer’s instruction.
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2. To prepare ICMVs tagged with fluorophore in the lipid shell, add lipophilic fluorescent dye, (e.g., 1,1′-Dioctadecyl-3,3,3′,3′-
Tetramethylindodicarbocyanine, (DiD)) during preparation of the lipid film (Step 1.2) at 0.05% molar lipid amount. For lipid film hydration
(Step 1.3), use buffer containing fluorophore-tagged antigen, and complete ICMV synthesis as outlined in steps 1.4-1.11.

2. Subcutaneous administration of nanoparticles at tail base
1. Anesthetize mouse using a controlled flow vaporizer equipped with an induction chamber utilizing 3% isoflurane and 1.5 L/min

of oxygen flow according to an IACUC approved animal protocol. Once the mouse is unconscious, perform the following steps
quickly prior to the anesthesia wearing off to allow optimal access to the site of the injection and minimize discomfort to the animal.
Alternatively, use a proper fitting nose cone to maintain anesthesia. If mice are anesthetized for longer than 5 min, apply eye lube
necessary to minimize irritation after the procedure.

2. Spray the base of the tail with 70% ethanol to sanitize and wet the fur Part the wet hair to expose a small patch of visible skin, which
can be used to visualize the needle under the skin.

3. Prepare particle injection suspension containing desired amount of antigen and adjuvant per 100 µl of vaccination dose in PBS (e.g.,
10 µg OVA and 0.3 µg MPLA per 100 µl of injection dose has been used in the past6,9).

4. Draw the particle suspension into a syringe with a 27-29 G needle and insert the needle at the base of the tail (~5 mm from hairline)
with the bevel facing up and inject 50 µl of the particle suspension22.

5. Wait a few seconds for pressure to equalize to prevent excessive back-flow and pull the needle out. Repeat the injection on the other
side of the tail base to target both draining inguinal LNs.

3. Preparation of lymph node cryosections and examination with confocal microscopy.
1. Euthanize the mouse with CO2 asphyxiation, followed by induced pneumothorax according to an IACUC approved animal protocol.

Extract inguinal LNs according to protocol demonstrated in Bedoya23 and wash out the blood by placing the tissues in 1 ml of 4 °C
PBS.

2. Absorb the PBS from the tissues with tissues and place tissue in tissue cryomolds (10 x 10 x 5 mm3) pre-filled to the top with OCT
freezing medium24. Snap freeze the tissue block in liquid nitrogen for 30 sec. Alternatively, place tissue block on dry ice for 30 min.
Store frozen tissue in -80 °C freezer.

3. Cut tissue sections 5-10 µm thick in a cryostat set at -20 °C24.
4. If necessary, perform immunofluorescence labeling, and examine the tissue with confocal microscopy as previously demonstrated24.

3. Monitoring Expansion of Antigen-specific, Luciferase-expressing CD8+ T Cells after
Nanoparticle Vaccination with Whole Animal Imaging

1. Isolation of OVA257-264-specific, luciferase-expressing CD8+ T cells from OT-I/Luc transgenic mice
1. Euthanize an OT-I/Luc transgenic mouse with CO2 asphyxiation and induce a pneumothorax according to an IACUC approved

animal protocol. Harvest the spleen in a sterile manner by accessing the peritoneal cavity and carefully detaching the tissue from the
pancreas23, and place in 5 ml of 4 °C PBS + 2% FBS for transfer to tissue culture hood.

2. Place the spleen on a 70 µm nylon strainer over a 50 ml conical centrifuge tube (up to 3 spleens at a time). Using a plunger from a 3 ml
syringe, grind the cells through the strainer.

3. Wash the plunger and the strainer with PBS + 2% FBS and discard. Bring the total volume to 10 ml/spleen in the 50 ml tube, take a
small sample of the cell suspension to count with a hemocytometer, and centrifuge for 10 min at 300 x g.

4. Using a commercially available magnetic negative selection kit, isolate the CD8+ T cell population by following the manufacturer’s
instructions.

5. After washing cells with PBS, count the number of isolated CD8+ T cells. To assess purity of the isolated CD8+ T cells, incubate
~20,000-30,000 cells in 20 µl of mouse CD16/32 antibody (0.025 mg/ml) for 10 min, then add 20 µl of αCD8-APC antibody (0.005 mg/
ml) and incubate for 30 min. Perform all incubations at 4 °C in PBS + 1% w/v BSA. Perform flow cytometric analysis25.

2. Adoptive transfer of isolated CD8+ T cells and visualization of their expansion post vaccination
1. Perform adoptive transfer of isolated OT-I/Luc CD8+ T cells into naïve C57BL/6 mice by administering 1-10 × 105 cells in a 200 µl

volume of PBS via intravenous tail vein injection22 (day -1). Considering that fur and black skin patches in C57BL/6 mice may interfere
with the bioluminescent signal, shaved albino C57BL/6 mice are ideal for these studies.

2. After one day (day 0), administer the vaccine as described previously (section 2.2).
3. Administer 150 mg of luciferin per kg mouse body weight intraperitoneally in a 300 µl volume of PBS. After 10 min, anesthetize the

mice with isoflurane (as in step 2.2.1) and visualize OT-I/Luc CD8+ T cells by acquiring the bioluminescence signal for 5-10 min with a
whole animal imaging system (IVIS; refer to Wilson26 for detailed instruction). Repeat as necessary for longitudinal studies.

4. Peptide-MHC Tetramer Staining of PBMCs for Analysis of Antigen-specific CD8+ T Cells

Note: The following protocol procedure can be performed using either C57BL/6 mice adoptively transferred with OT-I/Luc CD8+ T cells or
C57BL/6 mice without the adoptive transfer.

1. At a desired time point after vaccination, collect approximately 100 µl of blood (4-6 drops) from mice via submandibular bleeding technique27

into a tube coated with K2EDTA and invert several times to prevent clotting.
2. Transfer 100 µl of blood to a microcentrifuge tube, add 1 ml of lysis buffer, and incubate for 2 to 3 min in order to remove red blood cells

(RBCs). Centrifuge samples for 5 min at 1,500 x g and remove the supernatant. If the pellet still appears red (indicating incomplete removal of
RBCs), repeat the lysis step with a brief incubation (< 1 min) of lysis buffer.

3. Wash the remaining PBMCs with 1 ml of FACS buffer (PBS + 1% w/v BSA) and centrifuge at 1,500 x g for 5 min.
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4. Aspirate the supernatant and resuspend the sample in 20 µl of mouse CD16/32 antibody (0.025 mg/ml) to block nonspecific and FcR-
mediated antibody binding. Incubate for 10 min at RT.

5. Transfer cells from microcentrifuge tubes into 4 ml round bottom FACS tubes. Add 20 µl of H-2Kb OVA Tetramer-SIINFEKL-PE solution
according to the manufacturer’s specifications to each sample and incubate for 30 min on ice.

6. Prepare the antibody cocktail (e.g., αCD8-APC, αCD44-FITC, and αCD62L-PECy7 antibodies (0.005, 0.005, and 0.002 mg/ml concentration,
respectively)). Add 20 µl to each experimental sample, and incubate for 20 min on ice. Prepare single fluorophore controls by labeling cells
with each fluorophore-tagged tetramer or antibody at the concentration indicated above.

7. Wash 2 times with FACS buffer and resuspend the final pellet in FACS buffer containing 2 µg/ml of DAPI. The cells are now ready for flow
cytometry analysis (details and examples can be found in Scheffold25).

Representative Results

The steps involved in the synthesis of ICMVs are illustrated in Figure 16. Briefly, a lipid film containing any lipophilic drugs or fluorescent dyes is
hydrated in the presence of hydrophilic drugs. Divalent cations, such as Ca2+, are added to drive fusion of anionic liposomes into multilamellar
vesicles. Dithiol crosslinker, such as DTT, is added to “staple” maleimide-functionalized lipids on apposing lipid layers, and finally remaining
external maleimide groups are quenched in a reaction with thiolated-PEG moieties. A small fraction of each batch can be readily subjected to
quality control measurements by determining particle size, polydispersity index, and zeta potential with a DLS and zeta potential analysis system.
The resulting particles are relatively homogenous with an average size of 130 ± 20 nm, polydispersity index of 0.22 ± 0.02, and zeta potential of
-54 ± 3 mV for OVA-encapsulating particles (Figure 1B and 1C). Typical yield of particles, measured in dry weight of particles, is ~50%6.

Using the protocol described above, ICMVs can be co-loaded with fluorophore-tagged protein antigen and fluorescent lipophilic dye, allowing
visualization of antigen and nanoparticle delivery in vivo. To compare the patterns of antigen delivery in soluble form versus in ICMVs, C57BL/6
mice were administered s.c. at tail base with 100 µg of AlexaFluor555-tagged OVA either in soluble or DiD-labeled ICMV formulations, and
draining inguinal LNs were excised at various time points for preparation of dLN tissue cryo-sections. Visualization with confocal microscopy
indicated that soluble antigen quickly reached the dLNs within 4 hr, but was also cleared very rapidly with 24 hr (Figure 2)7. In contrast, OVA-
loaded ICMVs were detected at the periphery of dLNs by 24 hr, with continued accumulation as examined on day 4, depositing a large amount of
OVA-ICMVs in dLNs (Figure 2). Confocal micrographs also showed co-localization of AlexaFluor555-tagged OVA and DiD-labeled ICMVs within
dLNs, suggesting that ICMVs permit stable co-delivery of protein antigens and other immunostimulatory agents encapsulated within ICMVs7.

Isolation of CD8+ T cells from OT-I/Luc transgenic mouse can be readily performed with the commercially available magnetic negative
selection kit, yielding ~ 8-12 x 106 cells per a mouse spleen. Figure 3 shows C57BL/6 mice adoptively transferred with 5 x 105 OT-I/Luc
CD8+ T cells on day -1, and immunized on day 0 with s.c. administration of 10 µg of OVA and 0.3 µg of MPLA either in soluble or ICMV
formulations. Bioluminescence imaging with IVIS performed on day 0 prior to vaccination showed minimal OT-I/Luc signal. However, by day 4
post vaccination, mice immunized with OVA/MPLA-ICMVs had robust bioluminescence signal within inguinal LNs, which are LNs draining the
tail base region28. In contrast, mice immunized with the soluble form of the vaccine showed much reduced expansion of OT-I/Luc CD8+ T cells
within inguinal dLNs.

Using OVA as a model antigen allows monitoring of expansion of endogenous CD8+ T cells specific to immunodominant OVA257-264 peptide
(SIINFEKL). For example, C57BL/6 mice were immunized on days 0, 21, and 35 with s.c. administration of 10 μg OVA and 0.3 μg MPLA in either
ICMVs or soluble form, and frequencies of SIINFEKL-specific CD8+ T cells among CD8+ T cells in PBMCs were determined by flow cytometric
analysis of PBMCs stained with SIINFEKL-H-2Kb tetramer-PE. Figure 4A shows representative flow cytometry scatter plots of SIINFEKL-
H-2Kb tetramer+ cells among CD8+ T cells in PBMCs on day 416. Figure 4B shows representative scatter plots of CD62L+CD44+ cells with
central memory phenotype among SIINFEKL-tetramer+ CD8+ T cells. Weekly monitoring of PBMCs shown in Figure 4C indicated that soluble
OVA vaccine elicited minimal expansion of antigen-specific CD8+ T cells, whereas ICMV vaccination elicited significantly stronger CD8+ T cell
responses, achieving a peak 28% SIINFEKL-tetramer+ T cells in the CD8+ T cell population by day 416. Using the tetramer staining protocol
presented here, we observed the background frequency of 0.11% ± 0.04% OVA-specific T cells (N = 15) in untreated or PBS-treated animals,
and we can detect statistically significant increase in antigen-specific CD8+ T cell frequencies as low as 0.46% ± 0.05% (p-value < 0.005, data
not shown).
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Figure 1. Synthesis and characterization of interbilayer-crosslinked multilamellar vesicles (ICMVs). (A) ICMVs are synthesized in the
following 4 steps; (i) anionic, maleimide-functionalized liposomes are prepared from dried lipid films; (ii) divalent cations are added to induce
fusion of liposomes and the formation of multilamellar vesicles; (iii) membrane-permeable dithiols are added, which crosslink maleimide-lipids
on apposed lipid bilayers in the vesicle walls; and (iv) the resulting lipid particles are PEGylated with thiol-terminated PEG. (B) Representative
particle distribution as analyzed by DLS is shown. (C) Average hydrodynamic size, polydispersity index, and zeta potential of ICMVs co-loaded
with OVA and MPLA are shown. Panel (A) has been modified from Moon et al.6. Please click here to view a larger version of the figure.

 

Figure 2. Analysis of antigen draining to lymph nodes with confocal microscopy. C57Bl/6 mice were immunized with 100 µg fluorophore-
conjugated OVA (shown in red) and 5 µg MPLA either in solution or ICMVs (shown in blue). Draining inguinal lymph nodes were excised at
indicated time points, cryosectioned, and imaged with confocal microscopy. Representative confocal micrographs are shown. Pink signals
indicate co-localization of OVA and ICMVs. This figure has been modified from Moon et al.7. Please click here to view a larger version of this
figure.
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Figure 3. Monitoring T cell expansion after vaccination. C57Bl/6 albino mice were adoptively transferred i.v. with 5 x 105 Luc+ OT-I CD8+ T
cells on day -1. On day 0, the animals were administered with 10 µg of OVA and 0.1 µg of MPLA either as soluble or ICMV formulations. The
animals were anesthetized with isoflurane and administered with luciferin (150 mg/kg, 300 µl injected i.p.), and bioluminescence signal from
Luc+OT-1 CD8+ T cells was acquired with IVIS. Please click here to view a larger version of this figure.
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Figure 4. Expansion of endogenous OVA-specific CD8+ T cells after ICMV vaccination. C57Bl/6 mice were immunized with 10 µg of OVA
and 0.1 µg of MPLA either in solution or ICMVs on days 0, 21, and 35 (arrows). Frequency of OVA-specific T cells among peripheral blood
mononuclear cells was assessed over time by flow cytometric analysis of SIINFEKL-MHC-I tetramer+ CD8+ T cells. (A) Representative flow
cytometry scatter plots from individual mice at day 41 show SIINFEKL-MHC-I tetramer+ CD8+ T cells and (B) CD62L+CD44+ cells, marker of
central memory T cells. (C) The overall kinetics of T cell expansion and contraction is shown. This figure has been modified from Moon et al.6.
Please click here to view a larger version of the figure.

Discussion

The protocol provided in this article describes the synthesis and characterization of a new lipid-based nanoparticle system, termed ICMVs, and
provides the process of validating effectiveness of nanoparticle-based vaccine formulations to induce antigen-specific CD8+ T cell responses.
ICMV synthesis is completed in all aqueous condition, which is a major advantage compared with other commonly used polymeric nanoparticle
systems (e.g., poly(lactide-co-glycolide) acid particles), which typically require organic solvents for preparation, often resulting in loss of
antigenicity in protein antigens29,30. In addition, ICMVs benefit from extensive stability and capability to encapsulate both hydrophobic and
hydrophilic molecules6, thus permitting co-delivery of antigens and adjuvants targeted to the same intracellular compartment within APCs31,32.
Using ICMVs as a model vaccine nanoparticle, here we have outlined the procedures for (1) nanoparticle synthesis and characterization, (2)
validation of nanoparticle drainage to dLNs, and examination of elicitation of antigen-specific CD8+ T cell responses using (3) a non-invasive
bioluminescence imaging technique and (4) the peptide-MHC tetramer staining assay on PBMCs.

It is critical to ensure uniformity in nanoparticle synthesis from batch to batch, especially for particle size and surface charge as they can
greatly affect lymphatic draining and uptake by APCs upon in vivo administration. DLS and zeta potential analysis provide quick methods of
quality check on particle size and surface charge. For more detailed analyses on morphology of individual particles, these techniques can
be complemented with high-resolution electron microscopy, such as cryo-electron microscopy (cryo-EM) that preserves morphology of “soft”
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particles in vitrified aqueous layer6,33,34. Encapsulation efficiency of antigens and adjuvants must also be determined and kept uniform between
syntheses. Adjuvants, such as MPLA, can be tagged with a fluorophore6 whereas protein antigens can be quantified using absorbance- and
fluorescence-based protein quantification kits, or analyzed utilizing SDS-PAGE35 and Coomassie or silver staining36, and quantified based on
band intensity. Inconsistencies in particle preparation may result from expired or poorly-stored reagents, as optimal reactivity is necessary for
complete synthesis. To this end, maleimide- and thiol- functionalized reagents should be kept in small aliquots at -80 °C without frequent freeze-
thaw cycles.

Particles smaller than 100 nm are generally thought to effectively enter the lymphatic vessels and traffic to dLNs13, whereas larger particles
(500-2,000 nm) require active transport by tissue-resident DCs12,37. In our hands, ICMVs with the hydrodynamic size ranging from 150-250
nm efficiently localized and persisted in the dLN, resulting in extensive CTL and humoral responses6,7. Within 24 hr of administration, ICMVs
were associated with subcapsular sinus macrophages in dLNs, and flow cytometric analyses performed on days 1 and 4 indicated that most
ICMVs within dLNs were taken up by LN-resident APCs with only a small portion of particles associated with Langerhans and dermal DCs7.
These results indicated that passive transport is the major mode of ICMV trafficking to dLNs. These studies have utilized fluorophore-tagged
nanoparticles and protein antigens to delineate their localization and distribution patterns in dLNs. Confocal microscopy of cryosectioned dLNs
allows additional immunofluorescence histochemistry for identification of LN structures (e.g., GL-7 expression in germinal centers) and cells
interacting with the formulation components (e.g., DCs – CD11c, macrophages – F4/80, CD169, and B-cells – B220)7,9. This technique can
be performed in parallel with flow cytometry analyses of cells harvested from dLNs to delineate the subsets of APCs responsible for particle
uptake7,9 or with whole-animal imaging to quantitate vaccine delivery from injection site to dLNs38,39, provided that the fluorescent signals are
strong and tissue autofluorescence does not interfere with the signals.

Effective immunization requires robust activation and expansion of antigen-specific cytotoxic T cells, which can be tracked by whole-body
bioluminescence imaging after adoptive transfer of bioluminescent, antigen-specific transgenic T cells, followed by vaccination. The added
benefit of this method is the potential for repeated visualization of CTL trafficking in the same animals for an extended period, thus reducing
the number of animals required for immunological analyses and avoiding the use of laborious cell isolation procedures. Using this imaging
technique, we have recently demonstrated that pulmonary administration of ICMVs co-loaded with protein antigen and an immunostimulatory
agent led to potent elicitation of antigen-specific CD8+ T cells in the lung and mediastinal LNs and subsequent dissemination of CTLs to distal
mucosal tissues, including Peyer’s patches, cecum, and vaginal tract9. Flow cytometric analyses showed that these newly expanded CD8+ T
cells were imprinted with a “mucosal-homing” phenotype characterized by α4β7

+ integrin expression and mediated protective immune responses
against mucosal viral challenge9. The whole-animal imaging of bioluminescent CD8+ T cells was also recently utilized by Hailemicheal et al., who
demonstrated that tumor antigen peptide formulated into incomplete Freund’s adjuvant (IFA, oil-in-water emulsion) resulted in sequestration of T
cells at the site of the injection with vaccine “depot” away from the tumor masses, leading to T cell dysfunction and deletion40.

Tetramer staining has been used extensively in the past to quantify the level of endogenous CTL responses resulting from various vaccine
formulations21. This technique is also relevant and commonly utilized in early human cancer immunotherapy clinical trials to confirm CTL
responses to specific tumor-associated antigens41,42. PBMCs can be easily collected from mice and prepared for flow cytometry; however,
it may not reveal the full extent of T-cell expansion due to cell localization to depot-forming vaccines as mentioned before or within tumors
in cancer models, thus requiring more extensive analysis. Compatibility of this method with flow cytometry allows determination of antigen-
specific T cells with memory markers (CD44, CD62L, CD127, Bcl-2, and KLRG-1) to distinguish effector, central memory, and effector memory
cells among the tetramer+ T cells43 or long-lasting tissue resident CTLs44,45 (as summarized in recent reviews 46,47). However, the tetramer
staining assay provides only the initial assessment of CTL responses since highly-expanded antigen-specific T cells may exhibit signs of immune
exhaustion48,49. Functional evaluation of CTL responses can be performed by examining cytokine release with enzyme linked immunospot
(ELISpot)50 or intracellular cytokine staining51 after ex vivo stimulation of lymphocytes with minimal epitopes as well as by measuring the
intracellular levels of perforin and granzyme B52 and extracellular expression of CD107a and CD107b upon degranulation53. In addition, cytolytic
function of CTLs can be directly assessed with CTL cytotoxicity assays performed in vitro or in vivo54-56.

Induction of humoral immune responses after nanoparticle vaccination can be studied in parallel with the CD8+ T cell analyses presented here.
Antibody titers can be analyzed by the traditional method of enzyme-linked immunosorbent assay (ELISA) while antibody affinity and breadth of
epitope recognition can be assessed by modifying the ELISA protocol with the use of chaotropic agent (e.g., urea) during antibody binding to the
substrate and the use of subdomains within antigens as substrates, respectively7. Elicitation of potent humoral responses requires expansion of
follicular helper CD4+ T cells (Tfh)

57. To investigate expansion of Tfh cells in response to particle vaccination, the protocol presented here can be
readily adapted for isolation of antigen-specific CD4+ T cells from OT-II transgenic mice, followed by adoptive cell transfer into naïve recipient
mice. After vaccination, lymphoid tissues can be harvested and analyzed with flow cytometric analyses to determine expansion of antigen-
specific Tfh cells (identified by their CD4+CXCR5+PD-1+ phenotype)7.
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