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Abstract: Generating long-lived mucosal and systemic antibodies through respiratory immuniza-

tion with protective antigens encapsulated in nanoscale biodegradable particles could potentially 

decrease or eliminate the incidence of many infectious diseases but requires incorporation of a suit-

able mucosal immunostimulant. We previously found that respiratory immunization with a model 

protein antigen (LPS-free OVA) encapsulated in PLGA 50:50 nanoparticles (~380 nm diameters) sur-

face modified with complement peptide-derived immunostimulant 02 (CPDI-02; formerly EP67) 

through 2kDa PEG linkers increases mucosal and systemic OVA-specific memory T-cells with long-

lived surface phenotypes in young, naïve female C57BL/6 mice. Here, we determined if respiratory 

immunization with LPS-free OVA encapsulated in similar PLGA 50:50 microparticles (~1 μm diam-

eters) surface modified with CPDI-02 (CPDI-02-MP) increases long-term OVA-specific mucosal and 

systemic antibodies. We found that, compared to MP surface modified with inactive, scrambled 

scCPDI-02 (scCPDI-02-MP), intranasal administration of CPDI-02-MP in 50 μL sterile PBS greatly 

increased titers of short-term (14 days post-immunization) and long-term (90 days post-immuniza-

tion) antibodies against encapsulated LPS-free OVA in nasal lavage fluids, bronchoalveolar lavage 

fluids, and sera of young, naïve female C57BL/6 mice. Thus, surface modification of biodegradable 

microparticles with CPDI-02 is likely to increase long-term mucosal and systemic antibodies against 

encapsulated protein antigen after respiratory and possibly other routes of mucosal immunization 
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1. Introduction 

The primary requirement for an effective vaccine is the ability to safely generate long-

term protective adaptive immune responses against the targeted pathogen above thresh-

old levels that correlate with a significant decrease or elimination of pathogen-related in-

fectious disease [1-4]. Most licensed vaccines protect against infectious disease by gener-

ating sufficient levels of long-term systemic antibodies after IM or SQ administration [5-

7] that protect against invasive infections and likely provide backup protection against 

infections in the lower respiratory tract [8,9]. Administering vaccines by a mucosal route 

(i.e., oral, nasal, sublingual, buccal, pulmonary, rectal, or vaginal) may provide several 

advantages over systemic vaccines including (i.) the generation of mucosal antibodies in 

multiple mucosal compartments to decrease initial infection at the primary site of entry 

for most pathogens in addition to systemic antibodies to protect against invasive infection, 

(ii.) a high level of vaccine immunogenicity regardless of pre-existing systemic immunity, 

(iii.) the option for frequent boosting, (iv.) easy, pain-free administration that requires lit-

tle training and increases patient compliance without the risk of spreading blood-borne 

infections, and (iv.) lower production costs and regulatory burden compared to systemic 

vaccines [9-14].  

 Currently licensed mucosal vaccines (8 oral and 1 intranasal) are composed of live, 

live attenuated, or inactivated strains of pathogens that are the most likely to generate the 

appropriate long-lived protective mucosal and systemic antibodies [9]. These vaccine 

types, however, are (i.) limited to pathogens that increase protection after natural infection 

and can be grown in culture, (ii.) are difficult to establish for most bacterial pathogens, 

(iii.) take a long time to develop, (iv.) are rarely safe and stable, (v.) may not cross-protect 

against other pathogenic strains, and (vi.), in the case of live / live attenuated vaccines, are 

not suitable for pregnant women or immunocompromised patients and have the remote 

possibility of reverting to wild-type virulence [10,15-17].  

 One approach to potentially overcome the limitations of current licensed mucosal 

vaccines is through mucosal administration of one or more protective antigens (i.e., sub-

unit and recombinant vaccines) [15,18,19] encapsulated in nanoscale biodegradable parti-

cles. Encapsulation in nanoscale biodegradable particles can decrease mucosal vaccine 

degradation and clearance, increase localization to mucosa-associated lymphoid tissues 

(MALT) (major induction sites of adaptive immune responses), increase the levels and 

duration of epitope presentation and cross-presentation by activated APCs, and increase 

the magnitudes of short-lived mucosal and systemic adaptive immune responses follow-

ing mucosal administration [20-30]. Recombinant vaccines can also be designed to gener-

ate more potent and broadly protective memory B-cells [31]. Encapsulated and unencap-

sulated subunit and recombinant vaccines, however, require the incorporation of a suita-

ble mucosal immunostimulant to generate sufficient levels of long-lived mucosal and sys-

temic adaptive immune responses [32]. 

 Cholera toxin subunit B (CTB) is the only mucosal immunostimulant incorporated 

as part of a licensed mucosal vaccine (Dukoral: oral, inactivated vaccine) [33,34] but is 

unsafe for IN administration [35,36] and possibly other routes of mucosal immunization. 

The most widely developed preclinical immunostimulants are based on pathogen-associ-

ated molecular patterns (PAMPs) [37-39]. Development of PAMP-based immunostimu-

lants, however, is extremely challenging due to the large number of PAMP receptors, dif-

ferences in PAMP receptor activities / cellular distributions, differences in adaptive im-

mune responses and levels of inflammation by individual PAMPs, the complexity and 

expense of PAMP molecules, and difficulties establishing stable formulations [10,13,40]. 

Thus, there continues to be a great need for the preclinical development of mucosal im-

munostimulants that are sufficiently potent, minimally pro-inflammatory, and safe for 

mass-immunization [9,10,12,41].  

 In contrast to pathogen-derived PAMPs, we previously developed complement pep-

tide-derived immunostimulant-02 (CPDI-02) (formerly “EP67”) as a novel second-gener-

ation, host-derived decapeptide agonist of C5a receptor 1 (hC5aR1 / hC5a1R / CD88) 

[42,43] based on the C-terminal pharmacophore of the natural human C5a (hC5a) ligand 
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that acts as a mucosal and systemic immunostimulant [43-45] and adjuvant [42,46-49]. 

CPDI-02, unlike hC5a, selectively activates primary human mononuclear phagocytes 

(monocytes, monocyte-derived macrophages, and monocyte-derived dendritic cells) with 

~1,000-fold higher potency than primary human neutrophils (NP) (“MP-selective activa-

tion”) [50]. Directly conjugating CPDI-02 to peptide epitopes, whole proteins, or live path-

ogens increases the magnitudes of humoral and cellular immune responses in mice after 

mucosal or systemic immunization while minimizing potential neutrophil-mediated tox-

icity [42,44,46-49,51]. Combining CPDI-02 with CpG and Montanide also increases the 

magnitude and quality of B-cell and T-cell adaptive immune responses against a protec-

tive APol-solubilized membrane protein after systemic/respiratory immunization and 

subsequent protection of naïve mice against primary respiratory challenge with C. tracho-

matis [52]. 

 Respiratory infections are the fourth leading cause of death worldwide [9]. As such, 

the development of effective mucosal vaccines for respiratory immunization could signif-

icantly decrease the incidence of infectious disease. We recently found that surface modi-

fication of biodegradable nanoparticles (~380 nm) with ~0.1 wt% CPDI-02 through 2 kDa 

PEG linkers increases long-lived memory subsets of CD4+ and CD8+ T-cells against an en-

capsulated model protein immunogen, LPS-free ovalbumin (OVA), in the lungs and 

spleens of young naïve female C57BL/6 mice after respiratory immunization and subse-

quent protection against respiratory challenge with OVA-expressing L. monocytogenes [3]. 

Thus, we hypothesized that conjugating CPDI-02 to the surface of biodegradable micro-

particles will also increase long-term mucosal and systemic antibodies against encapsu-

lated protein antigen after respiratory immunization. To test this hypothesis, we encap-

sulated LPS-free OVA in biodegradable PLGA 50:50 microparticles (MP) (~1 μm diameter) 

alone or MP surface modified with inactive scrambled scCPDI-02 (scCPDI-02-MP) or 

CPDI-02 through 2 kDa PEG linkers (CPDI-02-MP) at ~0.4 wt%. We then compared the 

extent to which intranasal administration of scCPDI-02-MP or CPDI-02-MP affects (i.) 

magnitudes of short-term OVA-specific antibody secreting cells (ASCs) in the lungs and 

spleen, (ii.) short-term and long-term titers of OVA-specific antibodies in the nasal cavity, 

lungs, and serum, and (iii.) long-term inflammation in the lungs compared to vehicle 

alone. 

2. Materials and Methods 

2.1 LPS removal from ovalbumin (OVA) 

LPS endotoxin was removed from Grade V hen egg white ovalbumin (OVA: 385 

amino acids, MW: 44,287 Da, Sigma) [40mg] using a Detoxi-Gel™ column (Thermo Scien-

tific) as we previously described [3]. LPS-free ovalbumin (“OVA”) was used in all micro-

particle formulations and assays. 

 

2.2 Synthesis of CGRR-CPDI-02 and CGRR-scCPDI-02 Peptides 

CPDI-02 (YSFKDMP[MeL]aR where “MeL” = N-methyl leucine and “a” = D-alanine; 

formerly “EP67”) or inactive scrambled scCPDI-02 ([MeL]RMYKPaFDS; formerly scEP67) 

were activated with sulfhydryl groups by introducing N-terminal cysteine during solid-

phase synthesis through a cleavable glycine double arginine linker (GRR). The resulting 

14-amino acid peptides (CGRR-CPDI-02 and CGRR-scCPDI-02) were purified and char-

acterized as described [50]. 

 

2.3. Encapsulation of OVA in biodegradable microparticles surface modified with CPDI-02 

OVA was encapsulated into biodegradable PLGA 50:50 microparticles (MP) (~1 µm 

in diameter) by the emulsion solvent evaporation method (ESE) at a theoretical loading of 

10 wt% (mass OVA/mass of formulation) by the emulsification solvent extraction method 

(ESE). MP were surface modified with Cys-CPDI-02 or inactive Cys-scCPDI-02 through 2 

kDa PEG linkers during OVA encapsulation by interfacial activity-assisted surface func-

tionalization (IAASF) as we previously described [3] with modifications including using 

higher MW ester-terminated poly D,L-lactic-co-glycolic acid (PLGA 50:50; research grade; 
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inherent viscosity 0.65 dL/g; Lactel Pelham, AL) [50 mg PLGA/mL; 2 mL], sonicating 

(UP200ST ultrasonic homogenizer with an S26d14 sonotrode, Hielscher Ultrasound Tech-

nology) the primary water-oil emulsion (W1/O) at full amplitude for 2 min, forming a 

crude secondary water-oil-water emulsion (W1/O/W2) by vortexing [400 RPM] for 25 sec, 

and sonicating the crude secondary W1/O/W2 emulsion with a total energy of 60Ws (60J) 

at full amplitude. 

 

2.4 Quantitation of OVA loading in MP by ultra-performance liquid chromatography (UPLC) 

MP [2 mg] were equilibrated to r.t., dissolved in DMSO [125 μL] in an 8-mL borosil-

icate glass vial, and incubated (r.t., 1 h) with constant shaking. A digestion solution 

(NaOH [0.05 M]/SDS [0.5% w/w] in deionized H2O) [1.25 mL] was added to the MP and 

the entire solution was stirred [650 RPM] in a capped vial overnight. Undissolved polymer 

was pelleted [10,000 RCF, r.t., 10 min] and the supernatant transferred to new 8-mL vial 

where 10% trifluoroacetic acid (TFA) in dH2O [62.5μL] was added to maintain pH com-

patibility with the UPLC column (pH 2 to 12). OVA standards were prepared by treating 

a concentrated stock solution in deionized H2O under the same MP digestion conditions 

then serially diluting in digestion solution. MP samples and OVA standard concentrations 

were determined by UPLC (ACQUITY UPLC H-Class PLUS System, Waters, Milford, 

MA, USA) using a reversed-phase C4 column (ACQUITY UPLC Protein BEH C4 Column, 

300A, 1.7 μm, 2.1 X 150 mm, Waters) with Solvent A (0.1% TFA (v/v) in deionized H2O) 

and Solvent B (0.1% TFA (v/v) in acetonitrile). OVA was eluted from the column by in-

creasing the percentage of solvent B from 0 to 100% over 20 minutes with continuous 

monitoring of column effluent at 214 nm. A linear equation for the standard curve of OVA 

concentration (Y-axis) vs. OVA peak AUC (X-axis) (y=mx+b) was calculated by linear re-

gression to determine sample OVA concentration from sample AUC where x = sample 

AUC and y = sample OVA concentration. Average wt% OVA loading ± propagated SD 

(n=3 replicates from at least two independent batches) was calculated as 

 

𝑂𝑉𝐴 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (𝑤𝑡%) =
𝑆𝑎𝑚𝑝𝑙𝑒 𝑂𝑉𝐴 [

𝑚𝑔
𝑚𝐿

]  𝑥 𝑆𝑎𝑚𝑝𝑙𝑒 𝑉𝑜𝑙𝑢𝑚𝑒 [1.4375𝑚𝐿]

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 𝑀𝑃𝑠 [2𝑚𝑔]
𝑥 100 

 

and percent encapsulation efficiency (EE%) was calculated as  

 

𝐸𝐸%𝑂𝑉𝐴 =
𝑆𝑎𝑚𝑝𝑙𝑒 𝑚𝑔 𝑂𝑉𝐴 𝑚𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠⁄

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚𝑔 𝑂𝑉𝐴 𝑚𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠⁄
𝑥 100 

 

2.5 Quantitation of OVA burst release from MP 

Burst release of OVA (average percent of total OVA released 24 h after resuspension 

of lyophilized MP) was determined as we previously described with modification [3]. MP 

[10 mg] were suspended in PBST (PBS and Tween-20 [0.05% v/v]) [1 mL], vortexed [20 s], 

and incubated [37°C] with shaking (Vortemp 56 Shaking Incubator) [200 rpm/min] for 24 

h. Samples were pelleted [10,000 RCF, 5 min], supernatants stored at -20°C, and concen-

trations of OVA in supernatants determined by UPLC (Section 2.4). Average % OVA burst 

release ±SD (n=3 replicates from at least two independent batches) was calculated as 

𝐵𝑢𝑟𝑠𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑂𝑉𝐴 = [
𝑆𝑎𝑚𝑝𝑙𝑒 𝑂𝑉𝐴 [𝑚𝑔 𝑚𝐿⁄ ]𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡  𝑥 𝑆𝑎𝑚𝑝𝑙𝑒 𝑉𝑜𝑙𝑢𝑚𝑒 [1 𝑚𝐿]

𝑆𝑎𝑚𝑝𝑙𝑒 𝑂𝑉𝐴 [𝑚𝑔]
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 [𝑚𝑔]

 𝑥 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 [10 𝑚𝑔]
] 𝑥 100 

 

2.6 Quantitation of CPDI-02 and scCPDI-02 surface conjugation to MP by kexin-mediated ultra-

performance liquid chromatography (UPLC) 

Average levels of CPDI-02 or scCPDI-02 conjugated to the surface of MP (n=3 from 

at least two independent batches) were determined by kexin-mediated UPLC. CPDI-02-

MP or scCPDI-02-MP [10 mg] were incubated [37°C, 16 h] in Protease Buffer (0.1M Tris-

HCl, pH 8.5) [4 mL] containing Kex2 protease (“kexin”; SignalChem Lifesciences, Rich-

mond, BC, Canada) [200 μg] to cleave the carboxyl side of Arg-Arg [53,54] in the Cys-Gly-
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Arg-Arg linker and release CPDI-02 or scCPDI-02 from PEG linkers on the MP surface. 

Concentrations of CPDI-02 or scCPDI-02 in MP supernatants [10,000 RCF, 10 min] were 

immediately determined by UPLC as described for OVA loading (Section 2.4) using a re-

versed-phase C-18 column (ACQUITY UPLC Peptide BEH C18 Column, Waters; 130A, 

1.7 um, 2.1 X 150 mm) and pure CPDI-02 or scCPDI-02 in Protease Buffer for the standard 

curve. Average CPDI-02 or scCPDI-02 surface conjugation was calculated as 

 

𝐶𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒𝑑 𝑝𝑒𝑝𝑡𝑖𝑑𝑒 (
𝜇𝑔

𝑚𝑔
) =

𝐶𝑜𝑛𝑗𝑢𝑔𝑎𝑡𝑒𝑑 𝑃𝑒𝑝𝑡𝑖𝑑𝑒 [
𝜇𝑔
𝑚𝐿

] 𝑥 𝑆𝑎𝑚𝑝𝑙𝑒 𝑉𝑜𝑙𝑢𝑚𝑒 [4 𝑚𝐿]

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒 𝑀𝑃𝑠 [10 𝑚𝑔]
𝑥 100 

 

2.7 Diameters and zeta potentials of microparticles 

Average hydrodynamic diameters, PDI, and zeta-potentials (mV) ± SD (n=3 inde-

pendent samples from at least two batches) were determined using a ZetaSizer Nano ZS90 

(Malvern Instruments, Malvern, UK) equipped with a He-Ne laser (λ = 633 nm) as the 

incident beam. Lyophilized MP were suspended in solution (10 mM NaCl in deionized 

H2O) [0.5 mg/mL] and incubated within the instrument (25°C, 4 min) before measuring. 

 

2.8 Animals 

All animal procedures were approved by the University of Nebraska Medical Center 

Institutional Animal Care and Use Committee. Naïve female mice (C57BL/6NCrl ~8-

weeks old, Charles River Laboratories) were acclimatized in an ABSL-2 facility under 

pathogen-free conditions at least one week before experiments. 

 

2.9 Intranasal administration 

Vehicle alone (sterile PBS) [50 µL] or vehicle containing LPS-free OVA encapsulated 

in the indicated MP [50 µg LPS-free OVA from ~806 μg to ~961 μg MP total] at the indi-

cated intranasal administration volume (IAV) was administered to sedated, supine mice 

(isoflurane-anesthetic chamber, oxygen flow 1.5 L/min, vaporized isoflurane at 2.5%, 5 

minutes) on days -14, -7, and 0 by alternating drops between nares using a 20 μL pipette 

[10 μL IAV] or 200 μL pipette [50 μL IAV]. An IAV of 10 μL is expected to deposit MP 

primarily in the nasal cavity of mice (i.e., intranasal immunization), whereas an IAV of 50 

μL is expected to deposit MP in the nasal cavity and lungs (i.e., respiratory immunization) 

[25,55-57]. 

 

2.10 Isolation of murine lung lymphocytes and splenocytes  

Mice were euthanized by isoflurane overdose followed by cervical dislocation at the 

indicated time point after the final treatment. Following euthanasia, lungs were surgically 

exposed, perfused by injecting PBS [5 mL] with a 25G needle into the right ventricle of the 

heart, removed, minced using sterile surgical scissors, and placed directly into a sterile 

gentleMACS C-Tube (Miltenyi) containing collagenase IV [1 mg/mL] in 5 mL complete 

RPMI (cRPMI: RPMI-1640 (Hyclone), HI-FBS (Atlanta Biologicals) [10% v/v], L-glutamine 

(GIBCO) [2 mM], sodium pyruvate (Gibco) [1 mM], non-essential amino acids (Hyclone) 

[0.1 mM], MEM vitamin solution (Hyclone) [1X], penicillin G/streptomycin sulfate (Gibco) 

[100 U/mL/100 μg/mL], β-mercaptoethanol (Sigma) [50 μM]). Lung fragments were then 

homogenized with a gentleMACS Tissue Dissociator (Miltenyi) using the “m_lung_02” 

setting, and incubated [37°C, 30 minutes] in a shaking incubator (Vortem) [200 RPM]. Fol-

lowing incubation, digested lung fragments were homogenized again with the Tissue Dis-

sociator using the same settings. Splenocytes were isolated using sterile forceps, minced 

with sterile surgical scissors, and then placed in sterile gentleMACS C tube containing 

cRPMI [3 mL]. Spleens were then homogenized with a gentleMACS Tissue Dissociator 

using the “m_spleen_01” setting. Digested spleen or lung cell suspensions were then 

passed through sterile 30 μm pre-separation filters (Miltenyi), and carefully overlayed 

onto Lympholyte M (Cedarlane Labs) [5 mL] in a sterile 15-mL centrifuge tube. Cells were 

centrifuged [1500 RCF, 20 mins, r.t., no brakes] and lung lymphocytes or splenocytes were 

collected from the interphase with a sterile Pasteur pipette and transferred to sterile 15-
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mL centrifuge tubes. Purified cells were then diluted to 10 mL with cRPMI, pelleted [800 

RCF, r.t., 10 min], resuspended in cRPMI [7 mL], pelleted [800 RCF, r.t., 10 min], and re-

suspended in 0.6 mL (lung lymphocytes) or 1.2 mL (splenocytes) of serum-free CTL-Test 

Media (Cellular Technology Limited), counted (Cellometer Auto T4 Automated Cell 

Counter), and diluted in serum-free CTL-Test Media as needed for ELISpot assays (Sec-

tion 2.11). 

 

2.11 IgA, IgG, and IgM ELISpot Assays 

Antibody secreting cells (ASC) were quantitated using Murine Single-Color ELISpot 

kits (ImmunoSpot) as directed with slight modification. ELISpot plates were coated with 

OVA [75 μg/mL, 80 μL/well] and incubated at 4°C overnight the day before lymphocyte / 

splenocyte isolations. Purified lung lymphocytes or splenocytes (Section 2.10) were di-

luted as needed in serum-free CTL-Test Media [5x106 cells/mL], plated in triplicate [0.1 

mL/well], and incubated at 37ºC, 5% CO2 for 18 hours. OVA-specific ASC spots were 

counted with an ImmunoSpot S6 MACRO Plate Analyzer (Cellular Technology Limited) 

using the “Smart Count Wizard” function (B-cell specific mode; “Small Spots” setting; 

Spot Separation=1; Background Balance=10) and manually adjusting the positive spot gat-

ing threshold to a minimum surface area of 0.0015mm2 (IgA and IgG) or 0.0035mm2 (IgM). 

Average spot counts per sample were then normalized to 1x106 plated lymphocytes or 

splenocytes. 

 

2.12 Collection of serum, BALF, and NLF from mice 

Serum was isolated by collecting whole blood [0.2 to 0.3 mL] into a sterile 0.5-mL 

centrifuge tube from a submandibular venipuncture (5-mm lancet, MEDIpoint) [58]. 

Blood was allowed to clot at r.t. for 30 minutes then centrifuged [2000 RCF, 4ºC, 10 

minutes]. Serum was then transferred to a new sterile 0.5-mL centrifuge tube and stored 

at -80°C. Bronchoalveolar lavage fluid (BALF) and nasal lavage fluid (NLF) were collected 

after isoflurane overdose on Day 14 and Day 90 [59,60]. The tracheas of immunized mice 

were surgically exposed and an incision made below the larynx. A cannula was then in-

serted and sterile PBS [1.0 mL] was instilled into the lungs and recovered by aspiration. 

For NLF collection, the cannula was reoriented in the trachea toward the cranium and 

guided towards the nasopharynx. Sterile PBS [0.6 mL] was then flushed through the nasal 

cavity and collected in a 6-well plate before transferring to sterile 0.5-mL centrifuge tubes. 

BALF or NLF were then centrifuged [400 RCF, 4ºC, 10 minutes] and supernatants stored 

at -80ºC. 

 

2.13 OVA-specific antibody titers of serum, BALF, and NLF 

Indirect ELISA was used to determine OVA-specific titers of IgG1, IgG2b, IgG2c, and 

IgG3 in isolated serum, IgA and total IgG in BALF, and IgA in NLF. Each class or subclass-

specific assay was completed as directed with a few modifications. For all ELISAs, OVA 

was suspended in ELISA coating buffer (Thermo Scientific) [0.1 mg/mL], transferred to a 

96-well clear flat-bottom polystyrene high bind microplate (Corning) [0.1 mL/well], plates 

sealed in parafilm, and incubated at 4ºC overnight. Plates were washed with PBST [3 x 0.3 

mL] using an automated plate washer (BioTek ELx50 Microplate Strip Washer) and 

blocked with 2X ELISA Assay Diluent (Invitrogen) [0.25 mL/well] for 2 hours. Plates were 

washed again using same settings and 1X ELISA Assay Diluent [15 μL/well] was added 

to the plate. Serial 10-fold dilutions (6 dilutions minimum) of sera, BALF, or NLF of each 

treatment group in 1X ELISA Assay Diluent were plated and incubated at r.t. on a plate 

shaker [400 RPM] for 2 hours. Plates were washed with PBST [3 x 0.3 mL] and HRP-con-

jugated detection antibodies for assay-specific isotype were diluted in 1X diluent and 

added to each plate [0.1 mL/well]. Plates were incubated at r.t. on a plate shaker [400 RPM] 

for 1 hour. The indicated HRP-conjugated detection antibodies were added to the wells 

including goat anti-Mouse IgG1, HRP (Invitrogen, 1:500 dilution); goat anti-Mouse IgG2b, 

HRP (Invitrogen) [1:500 dilution]; goat anti-mouse IgG2c, HRP (Invitrogen) [1:500 dilu-

tion]; goat anti-mouse IgG3, HRP (Cell Signaling Technology) [1:250 dilution]; goat anti-
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mouse IgG (H+L), HRP (Invitrogen) [1:500 dilution]; or goat anti-mouse IgA (Invitrogen) 

[1:250 dilution]. Plates were washed with same settings then TMB substrate solution 

(ThermoFisher Scientific) was added [0.1 mL/well] and incubated in the dark at r.t. for 20 

minutes. Stop solution [0.16M H2SO4 in H2O; 0.1 mL/well] was added and absorbance 

(ABS) was measured at 450 nm and 570 nm using a microplate reader (Spectramax iD3, 

Molecular Devices, San Jose, CA, USA). Net ABS for each well was calculated as:  

 
𝑁𝑒𝑡 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = 𝑂. 𝐷.450𝑛𝑚− (𝑂. 𝐷.570𝑛𝑚+ 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑂. 𝐷. 𝑜𝑓 𝑏𝑙𝑎𝑛𝑘 𝑤𝑒𝑙𝑙𝑠≥ 6 𝑤𝑒𝑙𝑙𝑠) 
 

Negative Net ABS were set to 0. Positive antibody titer cutoff thresholds for individ-

ual dilution factors were then calculated statistically at the α=0.05 level [61] using average 

NET ABS for mice treated with vehicle only. Net ABS of mice from each treatment group 

were then compared to positive titer cutoff thresholds by plotting 4-parameter logistic 

(4PL) curves of NET ABS from individual mice (“bottom” value = 0) and plotting a 4PL 

curve of positive cutoff thresholds (“bottom” value ≥0.01, which is the margin of error of 

photometric accuracy for the Spectramax iD3 device). Individual titer values were inter-

polated as the dilution factor at the intersection of the respective 4PL curves for each 

mouse and the 4PL curve of the positive titer cutoff thresholds [62]. For NLF titers, calcu-

lated values were multiplied by a factor of 18.75 to adjust for the volume of the nasal cavity 

(average nasal cavity volume of mice is ~32 µL [63], whereas 600 µL of PBS was used for 

nasal lavage [600 / 32 = 18.75]). 

 

2.14 Lung histology 

Histologic analyses were completed on lungs of mice at Day 90 as previously de-

scribed [64]. Lungs were perfused lungs by injecting PBS [5 mL] with a 25G needle 

through the right ventricle of the heart. Whole lungs were removed and inflated to 10 cm 

H2O pressure with a solution of 10% formalin to preserve anatomical structure. Fixed 

lungs were embedded in paraffin and sections (4–5 µm) were cut and stained with hema-

toxylin and eosin by the University of Nebraska Medical Center Tissue Sciences Facility 

(Omaha, NE, USA). Sample sections were then assessed for signs of inflammation by 

blinded grading using a scaling system for signs of inflammation where 1=normal, 2=mild 

inflammation, 3=moderate inflammation, 4=obvious inflammation, and 5=severe inflam-

mation. 

 

2.15 Statistical Analyses 

All statistical analyses were performed using GraphPad Prism version 9.4.0 for Win-

dows, www.graphpad.com. Sample outliers in all experiments were identified by the 

ROUT method (Q = 1%) and omitted for statistical comparisons. Data from two treatment 

groups were compared by two-tailed, nonparametric Mann-Whitney U Test (α = 0.05) and 

data from three or more treatment groups were compared by nonparametric Kruskall-

Wallis one-way ANOVA with uncorrected Dunn's multiple comparisons post hoc test (α 

= 0.05). Additional relevant statistical information is provided in the figure legends. 

3. Results 

3.1 Encapsulation of LPS-free OVA in biodegradable microparticles surface modified with CPDI-

02 or inactive, scrambled CPDI-02 

 To encapsulate LPS-free ovalbumin (OVA) in biodegradable microparticles (MP) 

surface modified with CPDI-02 or inactive scrambled CPDI-02 (scCPDI-02), we activated 

the surface of MP with maleimide (MAL) groups through 2 kDa PEG linkers by physically 

incorporating diblock copolymers of PLLA(10K)-PEG(2K)-MAL into PLGA 50:50 MP by 

interfacial activity assisted surface functionalization (IAASF) during W/O/W encapsula-

tion of LPS-free OVA at 10 wt% theoretical loading [65,66] (Fig.1A). We then conjugated 

CPDI-02 or scCPDI-02 to MAL-activated PEG on the MP surface through protease-labile 

N-terminal Cys-Gly-Arg-Arg linkers (Fig.1B). OVA was encapsulated in ~1 μm electro-

negative MP at 5 to 6 wt% with minimal burst release (0.4 to 0.8%) and CGRR-CPDI-02 
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(CPDI-02-MP) or CGRR-scCPDI-02 (scCPDI-02-MP) was conjugated to the MP surface at 

~0.4 wt% (Table 1). 

 

Figure 1. Synthetic strategy for surface modification of biodegradable microparticles with 

CPDI-02. PLGA 50:50 microparticles (MP) were (A) surface-activated with maleimide 

through 2 kDa PEG linkers by interfacial activity assisted surface functionalization 

(IAASF) with PLLA[10 kDa]-b-PEG[2 kDa]-maleimide diblock copolymers during encap-

sulation of LPS-free OVA by the W/O/W emulsification solvent extraction method (ESE), 

then lyophilized. (B) CPDI-02 was activated with sulfhydryl groups by the addition of an 

N-terminal Cys through a protease-labile Gly-Arg-Arg-linker then reacted with the sur-

faces of maleimide-activated MP resuspended in PBS and lyophilized again. Adapted 

from [3]. 

Table 1. Representative characteristics of LPS-free OVA-encapsulated PLGA 50:50 microparticles 

(MP). 

Formulation 
OVA Loading1 

(μg/mg MP ± SD) 

Burst Release1 

(% Loaded OVA) 

CPDI-02 Conjugation2 

(μg/mg MP ± SD) 

 Diameter3 

(μm ± SD) 

Polydispersity index3 

(PDI ± SD) 

Zeta Potential3 

(mv ± SD) 

CPDI-02-MP 62 ± 13 0.8 ± 0.2 4.0 ± 0.6  1.1 ± 0.2 0.3 ± 0.1 -22.5 ± 3.3 

scCPDI-02-MP 52 ± 13 0.4 ± 0.1 3.9 ± 0.2  1.21 ± 0.02 0.36 ± 0.08 -23.7 ± 4.3 
1OVA loading and total encapsulated OVA released 24 hr after resuspension in PBS (“burst release”) 

determined by ultra-high performance liquid chromatography (UPLC). 2Surface conjugation of 

CPDI-02 or scCPDI-02 to MP determined by kexin-mediated release / UPLC. cDiameters, polydis-

persity indices, and zeta potentials in 10 mM NaCl determined by dynamic light scattering (DLS). 

Results representative of at least two independent batches. 

3.2 Surface modification of biodegradable microparticles with CPDI-02 and increased pulmonary 

delivery increase magnitudes of short-term IgA and IgM antibody-secreting cells (ASCs) against 

encapsulated protein antigen in the lungs of young, naïve mice  

 Transient increases in the magnitudes of antigen-specific antibody secreting cells 

(ASCs) shortly after acute infection or immunization potentially correlate with subsequent 

long-term antibody titers [67,68]. Thus, to provide an early indication that surface modi-

fication of biodegradable microparticles with CPDI-02 is likely to increase titers of long-

term mucosal antibodies against encapsulated protein antigen, we intranasally adminis-

tered vehicle alone (PBS) or vehicle containing an equivalent dose of LPS-free OVA [50 

µg] encapsulated in inactive scCPDI-02-MP or CPDI-02-MP (Table 1) to young, naïve fe-

male C57BL/6 mice once every 7 days over 14 days in an intranasal administration volume 

(IAV) of 50 µL that is expected to deliver microparticles to the nasal cavity and lungs (i.e., 

respiratory immunization) [57] (Fig.2). Given that IN administration of tetanus toxoid 

(TT) encapsulated in poly-L-lactide (PLA) microparticles (~1.8 μm diameter) using an IAV 

of 10 μL expected to deliver microparticles primarily to the nasal cavity of mice (i.e., in-

tranasal immunization) [57] generates lower titers of anti-TT IgA and IgG in the BALF 

than an IAV of 50 μL in BALB/ mice [55], CPDI-02-MP were also administered in an IAV 
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of 10 µL to determine possible effects of intranasal vs. respiratory immunization on mu-

cosal and systemic antibody titers. We then compared magnitudes of short-term OVA-

specific IgA, IgG, and IgM ASCs in the lungs 6 days post-treatment (20 days post-prime) 

by ELISpot (Fig.2). 

 CPDI-02-MP in 50 μL IAV (Fig.2, black circles) increased magnitudes OVA-specific 

IgA ASCs (102.8-fold) (Fig.2A), IgM ASCs (103-fold) (Fig.2B), and IgG ASCs (102.4-fold) 

(Fig.2C) in the lungs compared to 50 μL IAV alone (Fig.2, white squares). CPDI-02-MP 

(Fig.2, black circles) also increased magnitudes of OVA-specific IgA ASCs (144-fold) 

(Fig.2A) and IgM ASCs (52-fold) (Fig.2B) with a trending, but statistically insignificant, 

increase of OVA-specific IgG ASCs (30-fold) (Fig.2C) in the lungs compared to inactive 

scCPDI-02-MP in the same 50 μL IAV (Fig.2, white circles). In contrast, CPDI-02-MP in 10 

μL IAV (Fig.2, white triangles) generated similar levels of OVA-specific IgA ASCs 

(Fig.2A), IgM ASCs (Fig.2B), and IgG ASCs (Fig.2C) in the lungs as 50 μL of vehicle alone 

(Fig.2, white squares). Thus, given that a large proportion of IgM memory B-cells are ex-

pected to class-switch to IgG memory B-cells [69], surface modification of ~1 μm biode-

gradable microparticles with CPDI-02 and increasing delivery to the lungs will likely in-

crease long-term mucosal antibodies against encapsulated protein antigen in young, naïve 

mice. 

 

Figure 2. Effects of surface modification of biodegradable microparticles with CPDI-02 

and increased pulmonary delivery on magnitudes of short-term antibody-secreting cells 

(ASCs) against encapsulated LPS-free OVA in the lungs of young, naïve female C57BL/6 

mice after intranasal administration. Vehicle alone (sterile PBS [50 µL; white squares]) or 

vehicle containing an equivalent dose of LPS-free OVA [50 µg] encapsulated in PLGA 

50:50 microparticles (~1 µm diam.) modified with surface-conjugated inactive, scrambled 

CPDI-02 (scCPDI-02-MP in 50 µL; white circles) or surface-conjugated CPDI-02 (CPDI-02-

MP in 10 µL; white triangles or CPDI-02-MP in 50 µL; black circles) at 0.4 wt% (Table 1) 

was intranasally administered to ~8-week-old naive female C57BL/6 mice (n=5 or 10 mice) 

on Days -14, -7, and 0. Average OVA-specific (A) IgA, (B) IgM, and (C) IgG antibody se-

creting cell (ASC) spots / 106 lung lymphocytes ± SD (n=3 replicates per mouse) in the 

lungs were then determined 6 days post-treatment by ELISpot and compared by Kruskal-

Wallis nonparametric one-way ANOVA with uncorrected Dunn’s post-test. Outliers iden-

tified by the ROUT method (Q = 1%) were omitted. Data combined from two independent 

studies. 
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3.3 Surface modification of biodegradable microparticles with CPDI-02 and increased pulmonary 

delivery greatly increase titers of short-term and long-term mucosal antibodies against encapsu-

lated protein antigen in the nasal cavity and lungs of young, naïve mice 

 Given that CPDI-02-MP in 50 μL IAV generated higher magnitudes of IgA and IgM 

ASCs against encapsulated LPS-free OVA in the lungs of mice than inactive scCPDI-02-

MP in 50 μL IAV 6 days post-immunization (20 days post-prime) (Fig.2), we expected 

CPDI-02-MP would generate higher subsequent titers of OVA-specific mucosal antibod-

ies. To first determine if surface modification of biodegradable microparticles with CPDI-

02 increases short-term mucosal antibodies against encapsulated protein antigen, we in-

tranasally administered vehicle alone (50 μL), inactive scCPDI-02-MP in 50 μL IAV, or 

CPDI-02-MP in 10 μL or 50 μL IAV as before but compared titers of OVA-specific IgA in 

nasal lavage fluid (NLF) and titers of OVA-specific IgA and IgG in bronchoalveolar lavage 

fluid (BALF) normalized to vehicle alone 14 days post-immunization (28 days post-prime) 

by ELISA (Fig.3A-C).  

 CPDI-02-MP in 50 μL IAV (Fig.3, black circles) increased titers of OVA-specific IgA 

in the NLF (11-fold) (Fig.3A) and BALF (102.1-fold) (Fig.3B) and OVA-specific IgG in the 

BALF (102.8-fold) (Fig.3C) 14 days post-treatment compared to inactive scCPDI-02-MP in 

the same 50 μL IAV (Fig.3A-C, white circles). CPDI-02-MP in 50 μL IAV (Fig.3, black cir-

cles) also increased titers of OVA-specific IgA in the NLF (104-fold) (Fig.3A) and BALF 

(104.2-fold) (Fig.3B) and OVA-specific IgG in the BALF (104.8-fold) (Fig.3C) 14 days post-

treatment compared to CPDI-02-MP in 10 μL IAV (Fig.3A-C, white triangles). Thus, sur-

face modification of ~1 μm biodegradable microparticles with CPDI-02 and increasing de-

livery to the lungs significantly increase short-term mucosal antibodies against encapsu-

lated protein antigen in young, naïve mice. 

 To next determine if surface modification of ~1 μm biodegradable microparticles 

with CPDI-02 increases the generation of long-term mucosal antibodies against encapsu-

lated protein antigen, we intranasally administered vehicle alone (50 μL), inactive scCPDI-

02-MP in 50 μL IAV, or CPDI-02-MP in 10 μL or 50 μL IAV as before (Fig.2) and compared 

titers of OVA-specific IgA in nasal lavage fluid (NLF) and titers of OVA-specific IgA and 

IgG in bronchoalveolar lavage fluid (BALF) normalized to vehicle alone 90 days post-im-

munization (104 days post-prime) by ELISA (Fig.3D-F). 

 CPDI-02-MP in 50 μL IAV (Fig.3, black circles) increased titers of OVA-specific IgA 

in the NLF (103.8-fold) (Fig.3D) and BALF (103.8-fold) (Fig.3E) and titers of OVA-specific 

IgG in the BALF (104.2-fold) (Fig.3F) 90 days post-treatment compared to undetectable ti-

ters from inactive scCPDI-02-MP in the same 50 μL IAV (Fig.3D-F, white triangles). CPDI-

02-MP in 50 μL IAV (Fig.3, black circles) also increased titers of OVA-specific IgA in the 

NLF (103-fold) (Fig.3D) and BALF (104-fold) (Fig.3E) and titers of OVA-specific IgG in the 

BALF (104.4-fold) (Fig.3F) 90 days post-immunization compared to undetectable titers 

from CPDI-02-MP in 10 μL IAV (Fig.3D-F, white triangles). Thus, surface modification of 

~1 μm biodegradable microparticles with CPDI-02 and increasing delivery to the lungs 

significantly increase long-term mucosal antibodies against encapsulated protein antigen 

in young, naïve mice. 
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Figure 3. Surface modification of biodegradable microparticles with CPDI-02 and in-

creased pulmonary delivery increase titers of short-term and long-term antibodies against 

encapsulated LPS-free OVA in the nasal cavities and lungs of young, naïve female 

C57BL/6 mice after intranasal administration. Vehicle alone (PBS [50 µL]; white squares) 

or vehicle containing an equivalent dose of LPS-free OVA [50 µg] encapsulated in PLGA 

50:50 microparticles (~1 µm diam.) modified with surface-conjugated, inactive scrambled 

scCPDI-02 (scCPDI-02-MP in 50 µL; white circles) or CPDI-02 (CPDI-02-MP in 10 µL; 

white triangles or CPDI-02-MP in 50 µL; black circles) through 2 kDa PEG linkers at 0.4 

wt% (Table 1) was intranasally administered to ~8-week-old naive female C57BL/6 mice 

(n=5 or 10 mice) on Days -14, -7, and 0. Average OVA-specific titers ± SD (n=3 replicates 

per mouse) of IgA in the nasal lavage fluid (NLF) (A, D) and bronchoalveolar lavage fluid 

(BALF) (B, E) and total IgG in the BALF (C,F) 14 days (A-C) and 90 days (D-F) post-treat-

ment were determined by ELISA, normalized to vehicle alone by statistical endpoint titer 

analysis, and compared by Kruskal-Wallis nonparametric one-way ANOVA with uncor-

rected Dunn’s post-test. Outliers identified by the ROUT method (Q = 1%) were omitted. 

Titers below the positive titer cutoff threshold are shown as 100. Data combined from two 

independent studies. 

3.4 Effect of surface modification of biodegradable microparticles with CPDI-02 and increased pul-

monary delivery on magnitudes of short-term systemic antibody-secreting cells (ASCs) against 

encapsulated protein antigen in young, naïve mice 

 Vaccine administration to the respiratory tract, like other routes of mucosal admin-

istration [70], potentially generates both mucosal and systemic antibodies [71]. To provide 

an initial indication that surface modification of ~1 μm biodegradable microparticles with 
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CPDI-02 and increasing delivery to the lungs will likely increase systemic antibodies 

against encapsulated protein antigen, we intranasally administered vehicle alone (50 μL), 

inactive scCPDI-02-MP in 50 μL IAV, CPDI-02-MP in 10 μL IAV, or CPDI-02-MP in 50 μL 

IAV as before but compared magnitudes of OVA-specific IgM and IgG ASCs in the spleen 

6 days post-treatment (20 days post-prime) by ELISpot (Fig.4). We focused on systemic 

IgM given that IgM memory B-cells are most abundant in the early stages of immuniza-

tion or infection and undergo T helper cell (Th)-dependent class-switching to IgG memory 

B-cells and on systemic IgG ASCs given that the highest proportion of circulating anti-

bodies are IgG [69]. 

 CPDI-02-MP in 50 μL IAV (Fig.4A, black circles) generated similar levels of OVA-

specific IgM ASCs in the spleen as 50 μL of vehicle alone (Fig.4A, white squares), inactive 

scCPDI-02-MP in 50 μL IAV (Fig.4A, white circles), and CPDI-02-MP in 10 μL IAV 

(Fig.4A, white triangles). In contrast, CPDI-02-MP in 50 μL IAV (Fig.4B, black circles) gen-

erated 19-fold higher levels of OVA-specific IgG ASCs than vehicle alone (Fig.4B, white 

squares), 41-fold higher levels of OVA-specific IgG ASCs than CPDI-02-MP in 10 μL IAV 

(Fig.4B, white triangles), but similar levels of OVA-specific IgG ASCs in the spleen as in-

active scCPDI-02-MP in the same 50 μL IAV (Fig.4B, white circles). Thus, differences be-

tween magnitudes of ASCs in the spleens of young, naïve mice 6 days post-intranasal 

immunization (20 days post-prime) suggest that increasing microparticle delivery to the 

lungs likely increases systemic antibodies against encapsulated protein antigen but effects 

of modifying the surface of ~1 μm biodegradable microparticles with CPDI-02 remained 

unclear under the current experimental conditions. 

Figure 4. Effects of surface modification of biodegradable microparticles with CPDI-02 

and increased pulmonary delivery on magnitudes of short-term systemic OVA-specific 

antibody-secreting cells (ASCs) against encapsulated LPS-free OVA in naïve female 

C57BL/6 mice after intranasal administration. Vehicle alone (PBS, 50 µL) or vehicle con-

taining an equivalent dose of LPS-free OVA [50 µg] encapsulated in PLGA 50:50 micro-

particles (~1 µm diam.) surface-modified with 0.4 wt% inactive, scrambled scCPDI-02 

(scCPDI-02, 50 µL) or CPDI-02 (CPDI-02, 10 or 50 µL) through 2 kDa PEG linkers was 

intranasally administered to naive female C57BL/6 mice (n=5 to 15 mice) on Days -14, -7, 

and 0. Average OVA-specific (A) IgM or (B) IgG antibody secreting cell (ASC) spots / 106 

splenocytes ± SD (n=3 replicates per mouse) were determined 6 days post-treatment by 
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ELISpot and compared by Kruskal-Wallis nonparametric one-way ANOVA with uncor-

rected Dunn’s post-test. Outliers identified by the ROUT method (Q = 1%) were omitted. 

Data combined from three independent studies. 

3.5 Surface modification of biodegradable microparticles with CPDI-02 and increased pulmonary 

delivery greatly increase short-term and long-term systemic IgG antibody subclasses against en-

capsulated protein antigen in the sera of young, naïve mice 

 Given that CPDI-02-MP in 50 μL IAV generated higher magnitudes of systemic IgG 

ASCs against encapsulated LPS-free OVA than in 10 μL IAV but similar magnitudes as 

inactive scCPDI-02-MP in 50 μL IAV (Fig.4), it remained unclear if both surface modifica-

tion of biodegradable microparticles with CPDI-02 and increased delivery to the lungs are 

likely to increase systemic antibodies against encapsulated protein antigen as observed 

for antibodies in the nasal cavities and lungs (Fig.3).  

 To first determine if conjugating CPDI-02 to the surface of biodegradable micropar-

ticles and increasing delivery to the lungs increase short-term systemic IgG antibodies 

against encapsulated protein antigen, we intranasally administered vehicle alone (50 μL), 

inactive scCPDI-02-MP in 50 μL IAV, CPDI-02-MP in 10 μL IAV, or CPDI-02-MP in 50 μL 

IAV as before but compared serum titers of OVA-specific IgG subclasses normalized to 

vehicle alone 14 days post-treatment (28 days post-prime) by ELISA (Fig.5A-D). We com-

pared effects on each IgG subclass given that, according to the quartet model of murine 

IgG function [72], murine IgG subclasses likely work together to clear infections: Th-inde-

pendent IgG3 and IgG2b ensure activation of inflammation and FcγR-mediated effector 

functions (IgG2b only) during the early stages of infection, whereas Th-dependent IgG2a 

(IgG2c in C57BL/6 mice) and IgG1 increase pathogen clearance and limit IgG-driven in-

flammation, respectively, during the later stages of infection. 

 CPDI-02-MP in 50 μL IAV (Fig.5, black circles) generated much higher serum titers 

of OVA-specific IgG1 (103-fold) (Fig.5A), IgG2b (102.4-fold) (Fig.5B), IgG2c (105-fold) 

(Fig.5C), and IgG3 (105-fold) (Fig.5D) 14 days post-treatment than inactive scCPDI-02-MP 

in the same 50 μL IAV (Fig.5A-D, white circles). CPDI-02-MP in 50 μL IAV (Fig.5, black 

circles) also generated much higher serum titers of OVA-specific IgG1 (106.6-fold) (Fig.5A), 

IgG2b (105.5-fold) (Fig.5B), IgG2c (105.4-fold) (Fig.5C), and IgG3 (105-fold) (Fig.5D) 14 days 

post-treatment than CPDI-02-MP in 10 μL IAV (Fig.5A-D, white triangles). Thus, surface 

modification of ~1 μm biodegradable microparticles with CPDI-02 and increasing deliv-

ery to the lungs significantly increase short-term systemic IgG antibody subclasses against 

encapsulated protein antigen in young, naïve mice. 

 To next determine if surface modification of ~1 μm biodegradable microparticles 

with CPDI-02 and increasing pulmonary delivery increase long-term systemic antibodies 

against encapsulated protein antigen, we intranasally administered vehicle alone (50 μL), 

inactive scCPDI-02-MP in 50 μL IAV, CPDI-02-MP in 10 μL IAV, or CPDI-02-MP in 50 μL 

IAV as before but compared serum titers of OVA-specific IgG subclasses normalized to 

vehicle alone 90 days post-treatment by ELISA (Fig.5E-H). 

 Similar to 14 days post-immunization (28 days post-prime)(Fig.5A-D), CPDI-02-MP 

in 50 μL IAV (Fig.5, black circles) generated much higher serum titers of OVA-specific 

IgG1 (103.4-fold) (Fig.5E), IgG2b (103.3-fold) (Fig.5F), IgG2c (106.1-fold) (Fig.5G), and IgG3 

(104.6-fold) (Fig.5H) 90 days post-treatment than inactive scCPDI-02-MP in the same 50 μL 

IAV (Fig.5E-H, white circles). CPDI-02-MP in 50 μL IAV (Fig.5, black circles) also gener-

ated much higher serum titers of OVA-specific IgG1 (103.1-fold) (Fig.5E), IgG2b (103.3-fold) 

(Fig.5F), IgG2c (106.1-fold) (Fig.5G), and IgG3 (101.6-fold) (Fig.5H) 90 days post-treatment 

than CPDI-02-MP in 10 μL IAV (Fig.5E-H, white triangles). Thus, surface modification of 

~1 μm biodegradable microparticles with CPDI-02 and increasing delivery to the lungs 
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significantly increase long-term systemic IgG antibody subclasses against encapsulated 

protein antigen in young, naïve mice. 

Figure 5. Surface modification of biodegradable microparticles with CPDI-02 and in-

creased pulmonary delivery increase titers of short-term and long-term systemic IgG sub-

classes against encapsulated LPS-free OVA in naïve female C57BL/6 mice after intranasal 

administration. Vehicle alone (PBS [50 µL]; white squares) or vehicle containing an equiv-

alent dose of LPS-free OVA [50 µg] encapsulated in PLGA 50:50 microparticles (~1 µm 

diam.) modified with surface-conjugated, inactive scrambled CPDI-02 (scCPDI-02-MP [50 

µL]; white circles) or CPDI-02 (CPDI-02-MP in 10 µL; white triangles or CPDI-02-MP in 

50 µL; black circles) through 2 kDa PEG linkers at 0.4 wt% (Table 1) was intranasally ad-

ministered to ~8-week-old naive female C57BL/6 mice (n=5 or 10 mice) on Days -14, -7, 

and 0. Average OVA-specific titers ± SD (n=3 replicates per mouse) of Th2 IgG1 antibodies 

(A, E) and Th1 IgG2b (B, F), IgG2c (C, G), and IgG3 (D, H) antibodies in the serum were 

determined 14 days (A-D) and 90 days (E-H) post-treatment by ELISA, normalized to ve-

hicle alone by statistical endpoint titer analysis, and compared by Kruskal-Wallis nonpar-

ametric one-way ANOVA with uncorrected Dunn’s post-test. Outliers identified by the 

ROUT method (Q = 1%) were omitted. Titers below the positive titer cutoff threshold are 

shown as 100. Data combined from two independent studies. 

3.6 Preliminary assessment of long-term lung inflammation in healthy young mice after respira-

tory immunization with CPDI-02-MP 

 To provide a preliminary assessment of long-term lung inflammation after respira-

tory immunization with CPDI-02-MP, we intranasally administered vehicle alone (50 μL), 

inactive scCPDI-02-MP in 50 μL IAV, CPDI-02-MP in 10 μL, or CPDI-02-MP in 50 μL IAV 

as before but compared the extent of lung inflammation 90 days post-immunization (104 

days post-prime) by blinded histology grading (Fig.6). CPDI-02-MP in 50 μL IAV (Fig.6, 

black circles) had similar scores of normal to mild inflammation as vehicle alone (Fig.6, 
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white squares), inactive scCPDI-02-MP (Fig.6, white circles), and CPDI-02-MP in 10 μL 

IAV (Fig.6, white triangles). Thus, respiratory immunization with CPDI-02-MP causes 

mild long-term inflammation in the lungs of healthy young mice under the current exper-

imental conditions. 

Figure 6. Comparison of long-term lung inflammation in naïve female C57Bl/6 mice after 

IN administration of vehicle, inactive scCPDI-02-MP, or CPDI-02-MP. Vehicle alone (PBS 

[50 µL]; white squares) or vehicle containing an equivalent dose of LPS-free OVA [50 µg] 

encapsulated in PLGA 50:50 microparticles (~1 µm diam.) modified with surface-conju-

gated, inactive scrambled CPDI-02 (scCPDI-02-MP [50 µL]; white circles) or CPDI-02 

(CPDI-02-MP in 10 µL, white triangles or CPDI-02-MP in 50 µL, black circles) through 2 

kDa PEG linkers at 0.4 wt% (Table 1) was intranasally administered to ~8-week-old naive 

female C57BL/6 mice on Days -14, -7, and 0 (Figs.3&5). On Day 90, median scores of lung 

inflammation (single-blind) ± range (n=4 mice) were determined by blinded histology 

grading (1=normal, 2=mild inflammation, 3=moderate inflammation, 4=obvious inflam-

mation, 5=severe inflammation) and compared by nonparametric Kruskal-Wallis one-way 

ANOVA with uncorrected Dunn's test. 

4. Discussion 

Our study provides evidence that surface modification of biodegradable microparti-

cles with CPDI-02 significantly increases long-term mucosal and systemic antibodies 

against encapsulated protein antigen in young naïve mice after respiratory immunization 

without long-term toxicity in the lungs. We found that IN administration of LPS-free OVA 

protein encapsulated in ~1 μm PLGA 50:50 MP surface modified with 0.4 wt% CPDI-02 

(CPDI-02-MP) through 2 kDa PEG linkers (Table 1) to naïve female C57BL/6 mice in 50 

μL of vehicle (“respiratory immunization”) greatly increased titers of IgA in NLF and 

BALF (Fig.2), total IgG in BALF (Fig.2), and serum titers of IgG1, IgG2b, IgG2c, and IgG3 

(Fig.5) against encapsulated LPS-free OVA and showed similar signs of mild inflamma-

tion in the lungs 90 days post-immunization (104 days post-prime) (Fig.6) compared to 

LPS-free OVA protein encapsulated in MP surface modified with 0.4 wt% inactive scram-

bled scCPDI-02. 
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 Our study also provides evidence that increasing microparticle delivery to the lungs 

increases long-lived mucosal and systemic antibodies against encapsulated protein anti-

gen in young naïve mice. We found that IN administration of CPDI-02-MP (Table 1) to 

naïve female C57BL/6 mice in an IAV of 50 μL expected to deposit microparticles primar-

ily in the nasal cavity and lungs of mice (“respiratory immunization”) [57] greatly in-

creased titers of OVA-specific IgA in NLF and BALF (Fig.2), total OVA-specific IgG in 

BALF (Fig.2), and serum titers of OVA-specific IgG1, IgG2b, IgG2c, and IgG3 (Fig.5) 90 

days post-immunization (104 days post-prime) compared to CPDI-02-MP in an IAV of 10 

μL expected to deposit microparticles in the nasal cavity alone [57]. This is consistent with 

a previous report that increasing the IAV from 10 μL to 50 μL increases titers of IgA and 

IgG in the BALF of BALB/c mice against tetanus toxoid encapsulated in ~1.8 μm PLA mi-

croparticles [55]. 

 Surface modification of biodegradable microparticles with CPDI-02 may signifi-

cantly increase long-lived mucosal and systemic antibodies against encapsulated protein 

antigen by initially increasing MP localization to MALT in the nasal cavities and lungs 

through increased affinity for C5aR1 receptors expressed on the surface of microfold / 

membrane cells (M cells) within follicle associated epithelium (FAE) [73]. A similar mech-

anism has been proposed for M cell-targeted oral vaccines that use ligands to increase 

affinity for C5aR1 [73,74] or other M cell surface proteins [75]. The extent of NALT in-

volvement in mice remains unclear given that using an IAV that deposits MP in the nasal 

cavity generated no or very little mucosal or systemic antibodies against encapsulated 

protein antigen. Whether nonspecific affinity of MP for M cells already maximizes the rate 

of M cell transcytosis into MALT or potential activation of C5aR1 by CPDI-02 has any 

additional effect on M-cells also remains unclear. CPDI-02-MP in the subepithelial com-

partment of MALT could then (i.) prolong the local release of encapsulated protein anti-

gen for sustained activation of naïve B-cells in the MALT and MALT-draining LN (ii.) 

activate DC and macrophages in MALT and DC in MALT-draining LN through C5aR1 to 

create a cytokine microenvironment that supports the generation of long-lived memory 

B-cells and T-cells and (iii.) be phagocytosed by activated DC for sustained antigen 

presentation and activation of naïve Th cells that support the expansion of activated naïve 

B-cells. 

5. Conclusions 

 In summary, our study indicates that surface modification of biodegradable micro-

particles with CPDI-02 through 2 kDa PEG linkers is likely to greatly increase long-lived 

mucosal and systemic antibodies against encapsulated protein antigen after respiratory 

immunization and may be an effective incorporation strategy for other routes of mucosal 

immunization. 
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