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1. Introduction
Vaccines are an unequivocal public health success. The advent 
of immunization against infectious diseases such as diphtheria, 
measles, smallpox, and others reduced associated deaths over 
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Traditional bolus vaccines often fail to sustain robust adaptive immune 
responses, typically requiring multiple booster shots for optimal efficacy. 
Additionally, these provide few opportunities to control the resulting sub-
classes of antibodies produced, which can mediate effector functions relevant 
to distinct disease settings. Here, it is found that three scaffold-based vac-
cines, fabricated from poly(lactide-co-glycolide) (PLG), mesoporous silica 
rods, and alginate cryogels, induce robust, long-term antibody responses to 
a model peptide antigen gonadotropin-releasing hormone with single-shot 
immunization. Compared to a bolus vaccine, PLG vaccines prolong germinal 
center formation and T follicular helper cell responses. Altering the presenta-
tion and release of the adjuvant (cytosine-guanosine oligodeoxynucleotide, 
CpG) tunes the resulting IgG subclasses. Further, PLG vaccines elicit strong 
humoral responses against disease-associated antigens HER2 peptide and 
pathogenic E. coli, protecting mice against E. coli challenge more effectively 
than a bolus vaccine. Scaffold-based vaccines may thus enable potent, 
durable and versatile humoral immune responses against disease.
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99% from the pre-vaccine era to the mid 
2000s.[1] It is estimated that from 2000 to 
2019, widening vaccine access has saved 
over 37 million lives in low- and middle-
income countries, predominantly in 
young children for whom the mortality 
rate has declined by 57%.[2]

Vaccines typically aim to trigger specific 
immune responses against pathogens. To 
do so, vaccines deliver pathogen-associated 
antigen, which can be formulated in sev-
eral ways including live-attenuated, inac-
tivated, toxoid, protein subunit/conjugate, 
viral vector, or nucleic acid.[3] For non-live 
(particularly subunit) vaccines, adjuvants 
are often co-administered to augment the 
immune response. Once injected, vac-
cine components are taken up by antigen-
presenting cells (APCs) and/or drain to 
local draining lymph nodes (LNs) where B 
and T cells detect antigen and initiate the 
adaptive immune response.[4] Activated 

follicular B cells proliferate rapidly in germinal centers (GCs), 
and repeated cycles of expansion and T cell-based selection 
generate B cells capable of producing high-affinity antibodies 
with isotypes dependent on the phenotype of T cell help.[5,6] For 
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example, type-1 T helper (Th1) CD4+ T cells producing inter-
feron gamma (IFNγ) can induce IgG2a class switching, while 
type-2 T helper (Th2) cells producing type-2 cytokines including 
interleukin (IL)-4 and IL-5 direct an IgG1 isotype.[7] GC-matured 
B cells can differentiate into plasma cells, producing high levels 
of antibodies, and memory cells, which potentiate long-term 
responses. The germinal center reaction is critical for effective 
humoral immunity and protection against a variety of diseases, 
including SARS-CoV-2.[8,9]

Despite the success of vaccination, traditional vaccine formu-
lations present several challenges. Standard vaccines are often 
hindered by low magnitude and persistence of the humoral 
immune response, and typically require several booster shots 
for optimal efficacy.[3] Multi-dose vaccine schedules compli-
cate immunization in regions with reduced healthcare access, 
and introduce additional pain, inconvenience, and cost.[10] The 
Centers for Disease Control estimate that in 2019, 5.9 mil-
lion children initiated but did not complete the three-dose 
diphtheria-tetanus-pertussis vaccine series; these “underim-
munized” children are more susceptible to mortality from pre-
ventable disease.[11] Even with the two-dose mRNA vaccines 
against SARS-CoV-2, a significant proportion of recipients 
missed the second shot, reducing the effectiveness of the vac-
cines and complicating the inoculation protocol.[12,13] Further-
more, standard vaccines provide little opportunity to tune the 
resulting antibody isotypes, which may have important implica-
tions for effector function.[14] A growing knowledge of adjuvant 
effects and APC subtypes provides a basis to better engineer 
these outcomes.[15,16] For example, the cationic polymer polyeth-
ylenimine (PEI) can control the release of negatively charged 
adjuvants, such as the Toll-like receptor 9 (TLR9) agonist cyto-
sine-guanosine oligodeoxynucleotide (CpG), from biomatrices, 
but presents its own intrinsic immunogenicity and adjuvan-
ticity which may affect the quality of immune response.[17,18]

Biomaterial-based vaccines can enable controlled release 
of antigen and adjuvant in a manner mimicking infection or 
multiple bolus doses, and provide a tunable platform to influ-
ence the phenotype of immune response.[19,20] Polymeric for-
mulations, especially poly(lactide-co-glycolide) (PLG), have 
been heavily explored due to their biocompatibility, extensive 
history of safe clinical applications, and tunability of release.[21] 
Although these delivery vehicles have primarily been investi-
gated in particulate form, scaffold-based vaccines that can both 
release biomolecules in a controlled manner and provide a niche 
for immune cell recruitment and education have also been 
explored.[22,23] Previously, porous PLG scaffolds loaded with 
granulocyte-macrophage colony stimulating factor (GM-CSF), 
CpG, and tumor antigen in the form of tumor lysates mediated 
control of melanoma tumors.[17,24] However, B cell and antibody 
responses were not characterized. More recently, a macroscale 
biomaterial self-assembled by inorganic mesoporous silica rods 
(MSR) elicited potent and long-lived GC responses and higher 
antibody titers than a bolus injection against various antigens, 
including the reproductive hormone gonadotropin-releasing 
hormone (GnRH), nicotine, and a cancer HER2 epitope.[25] This 
same material system protected mice and pigs against E. coli-
induced sepsis, and induced strong antibody production against 
methicillin-resistant Staphylococcus aureus (MRSA) antigen.[26] 
These results suggest that macro-scale vaccine scaffolds may 

serve as a robust and versatile platform for inducing antibody 
responses against a variety of target antigens.

To explore whether a scaffold vaccine strategy based on dif-
ferent materials systems can be broadly useful, here we fabri-
cated three types of biomaterial scaffold vaccines (PLG, MSR, 
and alginate cryogel) and compared their capability to elicit 
antibody responses against a model antigen GnRH. GnRH is 
a peptide hypothalamic hormone that controls gonadotropin 
release and eventually spermatogenesis and ovarian follicle 
development. Vaccination against GnRH has been shown to 
reduce testosterone levels in patients with advanced prostate 
cancer and decrease reproductive capability in feral animals 
as a humane alternative to surgical castration.[27–30] Here, 
GnRH was conjugated to the carrier protein ovalbumin (OVA) 
because previous studies have shown that carrier proteins con-
taining T-helper cell epitopes can increase antibody responses 
against GnRH.[25] These scaffold vaccine systems all accumu-
late host antigen presenting cells (APCs) and program them in 
situ by presenting antigens and immunostimulants to induce 
effective adaptive immunity (Figure S1, Supporting Informa-
tion).[24,25,31,32] However, there has not been a direct compar-
ison of their capabilities to elicit humoral immune responses. 
Using PLG scaffolds, we also examined whether the resultant 
GC formation, T follicular helper (Tfh) cell responses, and IgG 
subclasses could be tuned by controlling the presentation and 
release of CpG adjuvant. In addition, the potential utility of 
PLG vaccines against other disease-associated antigens, HER2 
peptide and a pathogenic E. coli strain RS218, was investigated.

2. Results

2.1. Biomaterial Scaffold Vaccines Generate Strong and  
Persistent Humoral Immune Responses against GnRH Peptide

To evaluate whether different scaffold vaccines targeting the 
same peptide antigen can induce robust antibody responses, 
we fabricated porous PLG scaffolds,[24] MSR vaccines,[25,31] 
and alginate cryogels (Cryogel),[32,33] and inoculated C57BL/6 
mice (Figure S2a, Supporting Information). The three scaf-
fold vaccines all contained the same quantity of model antigen 
GnRH-ovalbumin conjugate (OVA-GnRH) (Figures S3 and 
S4, Supporting Information, and Table 1). GM-CSF was incor-
porated into the three scaffold vaccines as an APC-recruiting 
factor, and free CpG (for MSR and Cryogel) or PEI-condensed 
CpG (for PLG) were used as adjuvants based on previously 
established formulations (Table  1).[24,25,32] Previously, it was 
demonstrated that PEI binds to CpG and forms nanoparticles 
during condensation, which slows the release of CpG from 
PLG scaffolds. This was found to be helpful to enhance cell-
mediated immunity against melanoma tumors for PLG cancer 
vaccines.[17] This PLG vaccine formulation will be referred to as 
PEI-CpG in subsequent experiments.

All three scaffold vaccines generated robust anti-GnRH 
IgG1 titers that persisted over a year with a single inocula-
tion, while a soluble bolus vaccine (without a biomaterial 
scaffold) containing the same quantity of antigen, CpG, and 
GM-CSF as the PLG vaccine induced a substantially lower IgG1 
response (Figure 1a and Figure S5a, Supporting Information). 

Adv. Funct. Mater. 2022, 32, 2110905



www.afm-journal.dewww.advancedsciencenews.com

2110905 (3 of 11) © 2022 Wiley-VCH GmbH

Interestingly, although the three types of scaffolds are based 
upon different materials, they elicited comparable levels of anti-
GnRH IgG1 antibody for the majority of the 14-month study. 
In contrast, only the MSR and Cryogel vaccines induced robust 
IgG2c antibodies against GnRH, while this formulation of PLG 
and the bolus vaccines led to low titers of anti-GnRH IgG2c 
antibody (Figure  1b and Figure S5b, Supporting Information). 
No antibody response was detected against a negative control 

Table 1. Quantity of GM-CSF, CpG, and OVA-GnRH in scaffold vaccines.

Scaffold vaccine 
platform

APC chemoattractant 
(GM-CSF) [µg]

Adjuvant (CpG) [µg] Antigen  
(OVA-GnRH) [µg]

PLG, PEI-CpG 3 300 300

PLG, Free CpG 3 300 300

Cryogel (2x) 3 70 300

MSR 1 100 300

Figure 1. PLG vaccines generate strong and persistent humoral immune responses against GnRH peptide, with antibody subclasses dependent on CpG 
formulation. In (a) and (b), C57BL/6 mice were immunized with PLG, MSR, or Cryogel vaccines containing OVA-GnRH peptide and compared to PBS-
injected controls. Serum was collected up to 400 d after vaccination. a) IgG1 and b) IgG2c titers against GnRH. Data represent mean ± SD; n = 8 biologically 
independent animals per group, sampled longitudinally. IgG1 titers are not significantly different (ns) between the three scaffold vaccine groups. For IgG2c 
titers in (b), α indicates p < 0.05 between PLG and Cryogel vaccine groups, β indicates p < 0.05 between PLG and MSR vaccine groups. c) Photographs 
(above) and scanning electron microscope images (below) of PLG scaffolds containing PEI-CpG or free CpG. d) In vitro release of CpG, incorporated in 
free form or with PEI condensation, from PLG scaffolds. Differences are statistically significant (1 h, p = 0.005; 6 h, p = 0.009; 24 and 72 h, p = 0.008; 168 
and 336 h, p = 0.007). For (e)–(g), C57BL/6 mice were immunized with PLG vaccines containing PEI-CpG or free CpG and compared to naïve controls. 
Serum was collected up to 336 d after vaccination. e) IgG1 and f) IgG2c titers. Data represent mean ± SD; n = 5 biologically independent animals per 
group, sampled longitudinally. * indicates p < 0.05 between PEI-CpG PLG vaccine group and free CpG PLG vaccine group. g) Immunohistochemistry of 
B220, IgG1, and IgG2c in axillary lymph nodes six weeks after vaccination. Naïve, PLG PEI-CpG, and PLG free CpG lymph nodes are depicted (left scale 
bar = 500 µm) and higher magnification of a free CpG lymph node (different section of the same node, right scale bar = 150 µm).
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protein (BSA) not delivered in the vaccines (Figure S6a,b, Sup-
porting Information). It should be noted that IgG2a (expressed 
by some mouse strains such as BALB/c) is replaced by the 
allelic variant IgG2c in certain mouse strains such as C57BL/6, 
NOD, and SJL. IgG2a and IgG2c are generally considered to 
have equivalent function.[34–36]

To investigate whether differences in CpG presentation and 
release contributed to the minimal IgG2c antibody production 
in C57BL/6 mice treated with the PLG vaccine, PLG vaccines 
incorporating either free or PEI-condensed CpG were next 
compared. Altering the form of incorporated CpG did not affect 
the scaffold structure, antigen incorporation or release profile, 
but markedly changed the release kinetics of CpG (Figure 1c,d; 
Figure S7a,b, Supporting Information). C57BL/6 mice inocu-
lated with PLG vaccines containing either free or PEI-CpG 
exhibited a robust anti-GnRH IgG1 response, with high 
titers persisting over the course of the study for both groups 
(Figure  1e). While the PLG with PEI-CpG again induced low 
IgG2c titers, the free CpG PLG vaccine elicited a strong IgG2c 
response that persisted over ten months (Figure  1f). Vaccine-
draining inguinal LNs were harvested at six weeks post-vacci-
nation and stained for IgG1 and IgG2c. Consistent with serum 
titers, immunohistochemistry of inguinal LNs from mice 
treated with the PLG free CpG vaccine group showed a much 
stronger IgG2c signal than the PLG vaccine with PEI-CpG 
(Figure 1g).

2.2. PLG Vaccines Elicit Durable Germinal Center  
and Tfh Responses

To examine potential mechanisms underlying the observed dif-
ferences in antibody response between vaccine formulations, 
C57BL/6 mice were implanted with PLG scaffolds containing 
OVA-GnRH, GM-CSF, and free or PEI-condensed CpG, or 
injected with a soluble bolus vaccine, and GC development was 
compared to naïve controls (Figure S2b, Supporting Informa-
tion; Figure 2a). In axillary nodes, naïve mice showed no GC 
activation, while all three vaccine groups demonstrated GC 
formation by two weeks (Figure S8, Supporting Information). 
By six weeks, GC activity was only observed in mice implanted 
with PLG scaffolds, most strikingly in the free CpG PLG group 
(Figure  2b, Figure S9, Supporting Information). In inguinal 
LNs, GCs were detected in PLG vaccine groups by two weeks, 
and were maintained to six weeks in mice treated with the free 
CpG vaccine (Figure S9, Supporting Information). Compared 
to naïve mice, LNs from vaccinated mice had increased num-
bers of total cells and B cells, which declined between one and 
six weeks, and were most significantly elevated with the free 
CpG PLG vaccine (Figure S10a,b, Supporting Information). 
Analysis of the number of GL7+ peanut agglutinin (PNA)-
expressing B cells revealed elevated numbers only in PLG con-
ditions, as early as one week after immunization (Figure  2c; 
Figure S11, Supporting Information). GC B cells peaked at two 
weeks, and only the free CpG PLG vaccine maintained a sig-
nificant increase after three weeks. CD4+ T cell numbers in LNs 
of vaccinated mice peaked at day seven, subsequently declined, 
and were significantly elevated only in the PLG vaccine with 
free CpG (Figure S10c, Supporting Information). Numbers of 

CXCR5+PD-1+ Tfh cells increased in both PLG vaccine groups 
out to two weeks (Figure 2d; Figure S11, Supporting Informa-
tion). Notably, only the free CpG PLG vaccine sustained this 
response three weeks post-immunization. The proportions of 
Tfh and GC B cells in PLG were similarly elevated at later time-
points (>2 weeks) compared to naïve mice, but not bolus-vacci-
nated mice (Figure S12a,b, Supporting Information).

2.3. PLG Formulation Can Bias toward a Th1-Type Immune 
Response

To determine if the elevated IgG2c titer observed with the 
free CpG PLG vaccine resulted from an elevated Th1-type 
response,[6,37] cytokine levels at the vaccine site and draining 
lymph node were characterized. Analysis of explanted PLG 
vaccines containing free or PEI-CpG revealed high concentra-
tions of GM-CSF, TNFα, and IL-12p70, among other cytokines, 
indicative of immune activation (Figure S13, Supporting Infor-
mation). Notably, PLG vaccines with PEI-CpG had elevated con-
centrations of Th2-type cytokines compared to PLG with free 
CpG (Figure 2e). PLG vaccines with PEI-CpG induced a robust 
IL-5 response at the earliest time point, which declined over 
time, followed by a rise in IL-10 which remained significantly 
higher out to six weeks than in the free CpG vaccine group.

To investigate whether the Th2-type response could be due to 
the controlled slow release of CpG, or the presence of PEI itself, 
C57BL/6 mice were implanted with PLG scaffolds that con-
tained either no adjuvant, PEI alone, or PEI + CpG both in a free 
form (i.e., not condensed together). In the latter, PEI and CpG 
were loaded into PLG vaccines separately and in lyophilized 
form; through this approach, rapid CpG release was decoupled 
from the presence of PEI. Without GM-CSF and antigen in 
the scaffolds, no IL-5 response was detected (Figure S14a, Sup-
porting Information). With the addition of GM-CSF and OVA, 
PLG vaccines containing no adjuvant induced an intermediate 
IL-5 response, which was enhanced with PEI, and abrogated 
with the inclusion of free CpG (Figure 2f).

Finally, LNs and spleens were collected from these mice and 
stained for Th1 and Th2-type transcription factors (Tbet and 
GATA3, respectively) in CD4+ T cells. PLG vaccines containing 
free CpG induced stronger Th1-type CD4+ T cell responses 
compared to PLG vaccines with PEI alone (Figure  2g). Such 
differences were not observed without GM-CSF and antigen in 
the vaccines (Figure S14b, Supporting Information). These data 
suggest that the IgG2c response in the free CpG PLG vaccine is 
due to reduced Th2-type cytokines in the vaccine site as a result 
of rapid CpG release, leading to systemic Th1-type immunity 
against the vaccine antigen.

2.4. Free CpG PLG Vaccine Improves Humoral Response against 
HER2+ Breast Cancer and RS218 Infection

The ability of PLG vaccines to generate humoral responses 
against HER2+ cancer was next assessed. PLG vaccines were 
loaded with GM-CSF, free or PEI-condensed CpG, and antigen 
in the form of a peptide from the Trastuzumab-binding domain 
of HER2 linked to a CD4+ T cell epitope from measles virus 

Adv. Funct. Mater. 2022, 32, 2110905
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fusion protein (MVF-HER2), as developed in previous studies 
(Figure 3a,b).[25,38] The different CpG formulations did not alter 
MVF- HER2 loading in PLG vaccines (Figure S15, Supporting 
Information). Both formulations of the PLG vaccine elicited 

strong anti-HER2 IgG1 titers in BALB/c mice (Figure 3c). Con-
sistent with the prior IgG2c results in the C57BL/6 OVA-GnRH 
model, here the free CpG PLG vaccine increased anti-HER2 
IgG2a titers compared to the PEI-CpG formulation (Figure 3d). 

Figure 2. Free CpG PLG vaccines promote durable germinal center activation, Tfh response, and Th1-type immunity. a) Experimental timeline and vaccine 
conditions. C57BL/6 mice were immunized with PLG (PEI-CpG or free CpG) or bolus vaccines containing OVA-GnRH on day 0, and compared to naïve 
controls. Draining lymph nodes and the PLG scaffold site were collected 7, 14, 21, and 42 d after vaccination. b) Immunohistochemistry of axillary lymph 
nodes to assess germinal centers six weeks after immunization. Scale bar = 1 mm. Flow cytometry analysis of c) germinal center B cells (B220+ GL7+ peanut 
agglutinin+) and d) T follicular helper cells (CD3+ CD4+ CXCR5+ PD-1+) within pooled axillary and inguinal lymph nodes. e) Concentrations of cytokines IL-5 
(left) and IL-10 (right) within tissues formed in PLG scaffolds. For (c)–(e), data represent mean ± SD; n = 4 biologically independent animals per group per 
timepoint. f,g) C57BL/6 mice were immunized with PLG scaffolds containing no adjuvant (Blank), PEI alone, or PEI + CpG in a free form (not condensed), 
and scaffolds, lymph nodes, and spleens were extracted after 7 d. f) Concentration of IL-5 in scaffolds and g) ratio of Th1 (Tbet+) to Th2 (GATA3+) CD4+ T 
cells in lymph nodes (left) and spleens (right). Data represent mean ± SD; n = 6 biologically independent animals per group.

Adv. Funct. Mater. 2022, 32, 2110905
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To determine whether these antibodies could recognize HER2 
antigen, their capacity to bind cancer cells expressing HER2 
receptors was examined. Serum antibodies from vaccinated 
mice bound HER2+ (TUBO) more strongly than HER2− (4T1) 
cancer cells, and mice treated with the PLG free CpG vac-
cine showed increased serum binding to HER2+ cells at all 
timepoints investigated (Figure  3e; Figure S16, Supporting 
Information).

We next investigated the vaccines’ ability to induce immu-
nity against a pathogenic E. coli strain RS218, originally isolated 
from a human neonate with meningitis.[39,40] BALB/c mice 
were vaccinated with PLG vaccines containing GM-CSF, micro-
bead-immobilized RS218 lysate antigen, and either free or PEI-
condensed CpG, and then challenged with an intraperitoneal 
injection of the pathogen 28 d after vaccination (Figure  4a). 
The bolus vaccine and both PLG vaccine formulations induced 

antibody responses against RS218, but only the free CpG PLG 
vaccine elicited a significantly higher IgG titer than the naïve 
control at four weeks post vaccination (Figure 4b). After RS218 
challenge, none of the unvaccinated (naïve) animals survived 
(Figure  4c). About two-third of the mice inoculated with the 
bolus vaccine survived the lethal RS218 challenge. Over 80% 
of the mice survived the challenge when immunized with PLG 
vaccines containing PEI-CpG, consistent with prior investiga-
tion in this infection model.[26] Strikingly, the free CpG PLG 
vaccine was able to protect 100% of the mice. Post-mortem 
quantification of bacteria within isolated organs revealed that 
mice immunized with PLG vaccines had significantly lower 
bacterial counts in the lung, liver, kidney, and spleen than the 
naive mice (Figure 4d). In addition, free CpG PLG vaccination 
reduced these numbers by ≈101–104 as compared to vaccination 
with PLG containing PEI-CpG or bolus vaccines.

Figure 3. PLG vaccines elicit humoral responses against HER2. a) Design of the peptide antigen to target HER2. b) Schematic of the experimental 
timeline. BALB/c mice were immunized with PLG (PEI-CpG or free CpG) or bolus vaccines containing MVF-HER2 and compared to naïve controls.  
c) IgG1 and d) IgG2a antibody titers against HER2. e) Binding of serum from immunized or control mice to HER2+ breast cancer cells. Data represent 
mean ± SD; n = 10 biologically independent animals per group.

Adv. Funct. Mater. 2022, 32, 2110905
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3. Discussion

The three scaffold vaccines studied here (PLG, MSR, and 
Cryogel) all elicited strong humoral immune responses, with 
anti-GnRH antibody titers orders of magnitude higher than 
those generated by a bolus vaccine (Figure 1a,b; Figure S5, Sup-
porting Information). Strikingly, these robust antibody titers 
persisted more than a year with a single immunization. It 
has previously been demonstrated that systems which deliver 
antigen in a sustained manner, mimicking natural infections, 
improve GC responses.[20,41] The scaffold-based vaccines studied 
here, which all continually release OVA coupled peptide anti-
gens on the order of weeks, likely continue to supply antigen 
to LNs when GC activity and high-affinity IgG production have 
been initiated.[42] These findings suggest one may in the future 
select vaccine material platforms based on desired physical or 
chemical properties instead of only their immunogenicity. For 
example, one may choose PLG scaffolds because of their bio-
degradability and safety record in clinical applications, or MSR 
for their injectability and ease of preparation.

A significant difference in antibody subclass profile in 
PLG vaccines was found with the distinct CpG formulations 
(Figure 1f). Relative to the free CpG PLG vaccine, PLG vaccines 
containing PEI induced type-2 cytokines (e.g., IL-5 and IL-10) 
and a Th2-biased immune response (Figure  2e–g). Because 
no IL-5 was detected in PLG scaffolds lacking GM-CSF or 

antigen, the cells recruited to the vaccine site through GM-CSF 
likely contribute to this cytokine signaling (Figure S14a, Sup-
porting Information). We propose that mechanistically, PEI 
in the PEI-CpG PLG vaccine drives local type-2 cytokine sign-
aling (both intrinsically and by slowing the release of CpG), 
pushing CD4+ T cells to a Th2 phenotype and skewing GC B 
cells away from IgG2a/c. However, free CpG can promote a 
type-1 immune response and IgG2a/c production. These dif-
ferences may have profound impacts on vaccine functionality, 
given the different effector functions of IgG subclasses.[14] For 
example, the IgG2a/c subclass in mice binds all activating Fc-
gamma receptors, and mediates complement activation and 
antibody-dependent cellular cytotoxicity (ADCC) and phagocy-
tosis, critical to resisting viral and bacterial infection.[36,37,43,44] 
Our findings may provide new strategies to control and tune 
the elicited antibody subclasses without fundamentally altering 
vaccine design.

A variety of mechanisms could underlie these findings and 
present opportunities for additional investigation. For example, 
the relative release rates of antigen and adjuvant could influence 
vaccine outcomes. It was previously demonstrated that rapid 
(compared to slow) release of a TLR7/8 agonist from a depot vac-
cine induced poorer IgG1 and IgG2c responses in immunized 
mice.[45] In our work, faster CpG release from PLG vaccines 
instead increased IgG2a/c antibody titers. This difference could 
potentially be due to the choice of TLR agonist, as free CpG can 

Figure 4. Prophylactic free CpG PLG vaccine protects against infectious disease. a) Schematic of the experimental timeline. BALB/c mice were immu-
nized with PLG (PEI-CpG or free CpG) or bolus vaccines containing microbead-immobilized RS218 lysate and compared to naïve controls. Mice were 
challenged with RS218 E. coli 28 d after immunization. b) Total IgG antibody titer against RS218 E. coli. Data represent mean ± SD; n = 6 (vaccines) or 
4 (naïve) biologically independent animals per group. c) Survival and d) endpoint organ bacterial burden of mice challenged with RS218 E. coli. Data 
represent mean ± SD; n = 8 (vaccines) or 6 (naïve) biologically independent animals per group.
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induce TLR9 signaling in B cells and promote IgG2a/c produc-
tion.[37,46] It is also possible that the differential CpG release 
affected early immune cell recruitment and cytokine/chemokine 
profiles in the vaccine microenvironment, which could impact 
the lymph node response. Additional studies to elucidate cel-
lular dynamics in PLG vaccines would likely support our under-
standing of the antibody outcomes. Furthermore, the use of PEI 
to control CpG release presents an additional consideration, as 
PEI has been used as a vaccine adjuvant capable of improving 
DC antigen presentation, mixed-Th1/Th2 responses, and IgG 
antibody titers.[18,47–49] PEI has also been shown to stimulate 
type-2 immunity and secretion of IL-5 and IL-10, among other 
cytokines.[49–51] These reports are broadly consistent with our 
finding that PLG scaffolds containing GM-CSF, OVA, and PEI 
alone (without CpG) induced an IL-5, Th2-biased response 
(Figure  2f,g). Moreover, vaccination against glycoprotein anti-
gens using PEI alone as an adjuvant led to higher IgG1/IgG2a 
antibody ratios than with CpG alone or PEI complexed with 
CpG.[47,49] These results support the observed bias of PEI-con-
taining PLG vaccines toward IgG1 responses in our work, where 
we expect that PEI provides both immunogenicity and a means 
of controlling CpG release. It is likely that PEI-sequestered CpG 
remains accessible to infiltrating cells, based on prior reports of 
cellular activation within PEI-CpG PLG vaccines.[17] Additional 
studies to pinpoint the adjuvant role of PEI in the PLG vaccine 
microenviroment would support a mechanistic understanding of 
the observed differences in antibody profiles.

In both the PEI-CpG and free CpG PLG vaccine groups, 
robust GC responses remained detectable up to six weeks after 
vaccination, significantly longer than the bolus vaccine. However, 
only the mice treated with free CpG PLG vaccines showed sig-
nificantly elevated GC B cell and Tfh cell numbers at three weeks 
compared to the naïve group (Figure 2c,d). Although GL7+PNA+ 
(GC) B cell numbers in the PLG vaccine groups had declined by 
six weeks with flow cytometry analysis, persistent GC activity was 
detected at this time through a GL7 stain in the axillary lymph 
nodes (Figure S8, Supporting Information). It is possible that the 
more restrictive identification of GC B cells through flow cytom-
etry (B220+ GL7+PNA+) versus immunohistochemistry/IHC 
(B220+ GL7+) resulted in this difference. Additionally, the flow 
cytometry experiments were conducted on pooled axillary and 
inguinal lymph nodes, and it is likely that the two nodes did not 
receive equal drainage from the PLG vaccine site (Figure S2b, 
Supporting Information). IHC analysis, conducted separately, 
found that GC activity was maintained longer in the axillary  
than inguinal lymph nodes, suggesting this may be the case 
(Figures S8 and S9, Supporting Information). Labeling studies 
to trace the path of drainage from scaffold-based vaccines 
could identify which LNs serve as the primary drainage sites.[52] 
Broadly, the maintenance of GC activity to later timepoints is 
consistent with prior reports in depot-based vaccines, including 
the MSR system explored in this work.[25,53] Altogether, the 
robust and long-lived GC response likely contribute to the 
enhanced and persistent antibody generation, and are impor-
tant for future applications of this biomaterial-based system. For 
example, high-affinity antibodies and GC activation are critical in 
effective SARS-CoV-2 response.[8,9]

PLG vaccines elicited robust humoral responses against 
the cancer-associated antigen HER2 (Figure  3) and conferred 

 protection against pathogenic E. coli RS218 (Figure 4). Against 
HER2, only the free CpG PLG vaccine improved IgG2a titers 
over the bolus, along with binding HER2+ cancer cells over 
HER2− controls. Trastuzumab, a HER2-targeting monoclonal 
antibody, has an extensive clinical history targeting HER2+ 
breast cancers, but presents several challenges including 
cost, need for repeated dosing, biodistribution, and cardiotox-
icity.[38,54] Induction of strong anti-HER2 antibody responses 
through single-dose PLG vaccination could overcome many 
of these concerns. Furthermore, an IgG2a-based antibody 
response against HER2 could support elimination of HER2+ 
cancer cells through an ADCC-dependent mechanism.[54–57] In 
the RS218 E. coli model, only the free CpG PLG vaccine elicited 
a significantly higher IgG titer than the naïve control. However, 
the RS218 bolus vaccine also induced high titer in this model, 
which may potentially be attributed to its highly immunogenic 
antigen; in contrast to endogenous GnRH antigen, pathogen-
associated molecular patterns (PAMPs) are known to activate 
innate immunity and B cell responses.[58–60] Nevertheless, the 
PLG vaccines were still more effective in providing immune 
protection against RS218. A single inoculation with free CpG 
PLG vaccine was able to achieve complete protection against 
the RS218 challenge and significantly decrease bacterial loads 
in various organs. Taken together, these results demonstrate 
the advantages of the scaffold vaccine strategy in eliciting 
robust, functional humoral responses against cancer and infec-
tious disease.

4. Conclusion

Overall, these results highlight the advantages of biomaterial 
scaffold vaccines for producing robust humoral immunity. 
During pandemics such as COVID-19, multi-dose vaccine 
schedules can complicate the vaccination process and cause 
missed shots, which may delay reaching optimal immunity 
and reduce vaccine effectiveness.[12,13] The scaffold vaccine 
strategy may help to overcome such limitations. Further, the 
ability to tune the antibody subclass by simply modulating the 
release of adjuvant from scaffold-based vaccines may achieve 
more precise control of the humoral immune response. Addi-
tional studies may consider the use of scaffold-based vaccines 
to elicit antibody isotypes other than IgG, which was primarily 
investigated here. In addition, exploration of alternative adju-
vants and mechanisms of their controlled release may expand 
the antibody subclass tunability afforded by scaffold-based vac-
cines. Better understanding the influence of vaccine adjuvant 
presentation and release on human immune responses would 
support translation of this strategy, and could suggest relevant 
therapeutic contexts for its application. The ability of the PLG 
vaccines to produce robust humoral responses against various 
types of antigens, ranging from an endogenous hormone pep-
tide to a tumor-associated antigen and bacterial lysate, indicates 
a potentially broad utility of biomaterial scaffold vaccines.

5. Experimental Section
PLG Vaccine Fabrication: PLG vaccines were formed as previously 

described.[17] Briefly, 18 mg of ≈30 µm 85:15 PLG microspheres containing 
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GM-CSF (Phosphorex #LG30-8515-MGMC) per scaffold were mixed 
with adjuvant and antigen, frozen in liquid nitrogen, and lyophilized. In 
free CpG vaccines, CpG-ODN 1826 (5′-TCCATGACGTTCCTGACGT-3′, 
Integrated DNA Technologies) was added directly. In PEI-CpG vaccines, 
polyethyleneimine (Millipore Sigma #P3143) was condensed with CpG in 
a 7:1 charge ratio: CpG solution was added dropwise into a vortexing PEI 
solution and rested before adding a 50% sucrose solution. OVA-GnRH 
was prepared by reducing cysteine-GnRH peptide (CEHWSYGLRP, 
Peptide 2.0) with twofold molar excess TCEP Bond Break solution 
(0.5 m, Pierce, VWR #PI77720). Separately, OVA protein (Invivogen 
Endofit) was reacted with 30-fold molar excess sulfosuccinimidyl 
4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC, Pierce 
#22322), purified with desalting columns, and then mixed overnight 
with reduced C-GnRH prior to desalting again (ZebaSpin 7K MWCO, 
Fisher #89883). MVF-HER2 antigen was prepared in a similar manner. 
In RS218 studies, Dyabead MyOne (Thermo Fisher Scientific) conjugated 
with biotinylated Fc-mannose-binding lectin captured 15 PAMP units of 
E. coli lysate for antigen as previously described.[26] After lyophilization of 
PLG, antigen, and adjuvant, 130 mg sieved sucrose (≈250–425 µm) was 
added per vaccine as a porogen and mixed vigorously. The mixture was 
compression molded at 1500 psi for 45 s into 8 mm discs using a Carver 
Press (Model 3850). Discs were placed in a pressure vessel and exposed 
to 800 PSI CO2 overnight before storage at –20 °C.

Cryogel Vaccine Fabrication: Ultrapure MVG sodium alginate was 
purchased from NovaMatrix (Sandvika, Norway) and methacrylated 
using 2-(N-Morpholino)ethanesulfonic acid hydrate (MES), sodium 
chloride (NaCl), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride (EDC), N-hydroxysuccinimide (NHS), hydroquinone 
(all purchased from Sigma-Aldrich; Atlanta, GA) and 2-aminoethyl 
methacrylate hydrochloride (AEMA; Polysciences; Warrington, PA) 
as previously reported.[32] Briefly, MVG alginate was dissolved to 
0.6%  wt  vol−1 in MES buffer (0.1 m MES, 0.3 m NaCl, pH ≈ 6.5) with 
0.05 mg mL−1 hydroquinone. Per 1.2 g alginate, 3.36 g EDC and 1.56 g 
NHS were added and mixed before adding 2.688 g AEMA. The mixture 
was stirred at room temperature for 17 h; MA-alginate was then 
precipitated in 10× excess ethanol, collected, and dried in a vacuum 
chamber for 1–2 d. To prepare cryogels, MA-alginate was dissolved to 
1.5% (wt vol−1) in DI water and GM-CSF (PeproTech; Rocky Hill, NJ), 
CpG, and OVA-GnRH were incorporated. The MA-alginate solution 
was mixed with 0.5%  wt  vol−1 N,N,N′,N′- tetramethylethylenediamine 
(Sigma) and cooled at 4  °C for 10 min before adding 0.25%  wt vol−1 
ammonium persulfate (Sigma). The mixture was quickly pipetted 
into cold Teflon molds and frozen at −20  °C overnight. The next day, 
cryogels were thawed and soaked in a bath containing 200 × 10−3 m  
calcium chloride (Sigma) and 50 × 10−3 m  4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES, Sigma) (pH 7.1) for 10 min. Gels 
were placed into a 16G needle and attached to a 1 mL  syringe loaded 
with 250 µL PBS for injection.

MSR Vaccine Fabrication: MSR vaccines were prepared as previously 
described.[25,31] In brief, 4 g  of Pluronic P123 surfactant (average 
Mn  ≈  5800, Sigma) was dissolved in 150 g  of 1.6 m HCl, mixed with 
8.6 g tetraethyl orthosilicate (TEOS, Sigma) at 40 °C for 20 h, and stirred 
at 100  °C for another 24 h. Pluronic P123 was removed in 1% ethanol 
in HCl at 80 °C for 18 h and MSRs were filtered and dried at 65 °C. To 
prepare MSR vaccines, 4 mg of MSRs were dissolved in PBS; 2 mg each 
was incubated with OVA-GnRH or CpG and shook for 8 h at room 
temperature before lyophilization. The next day, 1 mg  of MSRs were 
loaded with GM-CSF for 1 h at 37 °C while shaking. The MSR mixtures 
were dissolved in PBS and combined before injection.

Bolus Vaccines: CpG, GM-CSF, and the relevant antigen (OVA-GnRH, 
MVF-HER2, or microbead-immobilized RS218 lysate) were mixed in PBS 
to obtain a total volume of 150 µL per dose.

Animal Studies: All animal studies were performed in accordance 
with guidelines set by the National Institutes of Health and Harvard 
University Faculty of Arts and Sciences’ Institutional Animal Care and 
Use Committee (IACUC). Prior to implantation, PLG vaccines were 
leached in 10  mL DI H2O until floating (≈4 h) to remove porogen, 
then rinsed in 70% ethanol and sterile PBS. Vaccines were surgically 

implanted subcutaneously on the left flank. 6-to-8-week old, female 
C57BL/6J or BALB/cJ mice purchased from Jackson Laboratory (Bar 
Harbor, ME) were used in OVA-GnRH and MVF-HER2 immunization 
experiments, respectively. 8-to-10-week old, male and female BALB/c 
mice purchased from Charles River Labs (Wilmington, MA) were used in 
RS218 E. coli vaccination experiments.

SEM Imaging: Structural analysis of the PLG vaccines was performed 
using scanning electron microscopy (SEM). The scaffolds were first 
leached in DI H2O for ≈4 h, rinsed in ethanol, and dried under vacuum 
for at least 2 d. The scaffolds were then attached to aluminum pin mounts 
using conductive carbon tape, sputter-coated with gold, and imaged with 
a Tescan Vega GMU SEM at an accelerator voltage of 20 keV.

Antigen Loading Quantification: After porogen leaching, PLG scaffolds 
were completely digested in 1 m NaOH overnight and neutralized 
with HCl. OVA-GnRH or MVF-HER2 in the digestion solution was then 
quantified using a standard micro-BCA assay (Pierce, Thermo Fisher 
Scientific #23235). For Cryogels, the gels were dissolved in alginate lyase 
solution (Sigma) overnight. OVA-GnRH or MVF-HER2 was then quantified 
using micro-BCA assay (Pierce, Thermo Fisher Scientific #23235).

Release Quantification: After porogen leaching, PLG scaffolds were 
incubated in PBS at 37  °C on a shaker and solution was periodically 
collected and replaced. To assess CpG release, samples were incubated 
with a 3.2 mg mL−1 heparin solution and flowed through an XTerra MS 
C18 column (Waters #186000494) on an Agilent High Performance Liquid 
Chromatography (HPLC) 1100 system. Mobile phase consisted of 0.1 m 
triethylammonium acetate (TEAA, EMD Millipore #625718) and 10% 
0.1 m TEAA/90% acetonitrile (J.T. Baker #JT9012-3). CpG was quantified 
relative to a standard curve of known concentrations (R2  >  0.99). At 
endpoint, scaffolds were digested by shaking with DMSO overnight 
and centrifugation to collect supernatant. To assess OVA-GnRH release, 
total protein was quantified using a standard micro-BCA assay (Thermo 
Fisher). At endpoint, scaffolds were digested by shaking with 1 m NaOH 
overnight, neutralization with 2 m HCl, and centrifugation to collect 
supernatant.

Antibody ELISAs: Peripheral blood was collected from mice following 
vaccination, coagulated for 30 min at room temperature and centrifuged 
at 2200×g for 10 min  to separate serum. High-binding 96-well plates 
(Costar 2592, Cole-Palmer #EW-13020-00) were coated overnight at 4 °C 
with 30 µg  mL−1 of GnRH or HER2 peptide in Dulbecco’s phosphate-
buffered saline (DPBS, pH 7.4). Alternatively, wells were functionalized 
with mannose-binding lectin 2 protein (Sino Biological Inc. #10405-
HNAS-50) binding RS218 E. coli lysate for relevant experiments. Wells 
were blocked with ELISA diluent (BioLegend #421203) and incubated 
with serum at a range of dilutions. Respective wells were incubated 
with biotin-anti-mouse IgG1 (BD Biosciences #550331) or IgG2a (BD 
Biosciences #553388) followed by streptavidin-HRP (BD Biosciences 
#554066) and TMB substrate (BioLegend #421101). The R19-15 antibody 
clone (BD Biosciences #553388) was used to detect mouse IgG2a (for 
BALB/cJ mouse experiments) and IgG2c (for C57BL/6J experiments) 
according to the vendor’s document and published studies.[61,62] It does 
not react with other Ig isotypes. Plates were aspirated, washed 3× with 
0.1% Tween in DPBS, and blotted dry between steps. Absorbance was 
measured at 450 nm, subtracting background at 540 nm.

Immunohistochemistry  of  Germinal  Centers: After vaccination, mice 
were euthanized at pre-defined timepoints and vaccine-draining axillary 
and inguinal lymph nodes were collected (one mouse per group per 
timepoint to supplement the flow cytometry studies). Lymph nodes were 
fixed in paraformaldehyde, equilibrated in 30% sucrose, and embedded 
in molds in Tissue-Tek OCT (VWR) to produce 20 µm cryo-sections that 
were stored at −20  °C. Sections were blocked in natural goat serum 
(Fitzgerald #88R-NG001) and bovine serum albumin, then stained 
with FITC-conjugated anti-CD45R/B220 (BioLegend #103206), biotin-
conjugated anti-GL7 (BioLegend #144616), Alexa Fluor 647-conjugated 
anti-mouse IgG1 (Invitrogen #A21240), and/or biotin-conjugated anti-
mouse IgG2a (BioLegend #407103). The RMG2a-62 antibody clone 
used here (BioLegend #407103) reacts with IgG2a and IgG2c in BALB/c 
and C57BL/6 mice, respectively, per the manufacturer. When relevant, 
samples were incubated with AlexaFluor 594-conjugated streptavidin 
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(Invitrogen #S32356). Stained sections were mounted with ProLong 
Gold Antifade Mountant with DAPI (Invitrogen #P36931) and imaged on 
a Zeiss 710 Confocal system.

Flow Cytometry of Germinal Centers and T Helper Responses: Spleens 
and vaccine-draining lymph nodes were collected and digested to obtain 
single-cell suspensions. Following standard flow cytometry protocols, cells 
were blocked with anti-CD16/CD32 (eBiosciences #14-0161-81) and stained 
with FITC-conjugated anti-CD45R/B220 (eBiosciences #11-0452-82), 
Alexa Fluor 647-conjugated anti-GL7 (BioLegend#144606), rhodamine-
conjugated Peanut Agglutinin (Vector Laboratories #RL-1072), PE/Cy7-
conjugated anti-CD3ε (BioLegend #100320), APC-conjugated anti-CD279/
PD-1 (BioLegend #135209), eFluor 450-conjugated anti-CD4 (eBiosciences 
#48-0042-82), PE-conjugated CXCR5 (BD Biosciences #551959), Alexa 
Fluor 647-conjugated anti-Tbet (BioLegend #644804), AlexaFluor 
488-conjugated GATA3 (BioLegend #653808), PE-conjugated FoxP3 
(BioLegend #320008), and eFluor 780 fixable viability dye (eBioscience 
#65-0865-14) in separate panels. Samples were run on BD LSRII or BD 
LSR Fortessa flow cytometers and analyzed using FlowJo software.

Cytokine Analysis of Scaffold Site: Vaccine sites were explanted 
from immunized mice after sacrifice. PLG scaffolds were cut into 
<1  mm  pieces using a razor blade and placed in Tissue Protein 
Extraction Reagent (T-PER, Fisher Scientific #PI78510) containing a 
protease inhibitor cocktail (Promega #G6521), vortexed, and sonicated. 
The solution was centrifuged at 13 000×g for 5 min and supernatant was 
collected and stored at −80 °C. A panel of cytokines (Bio-Plex Pro Mouse 
Cytokine Th1/Th2 Assay, BioRad #M6000003J7) was assessed using a 
BioPlex 3D system. Alternatively, IL-5 was assessed using an IL-5 ELISA 
kit (Invitrogen #88-7054-22).

Cell Culture: TUBO cells (HER2+ breast cancer) were cloned from a 
spontaneous mammary tumor in a BALB/c neu-Tg mouse and were kindly 
provided by Dr. Yang-Xin Fu (University of Texas Southwestern Medical 
Center).[63,64] TUBO cells were cultured in Dulbecco’s modified Eagle 
medium (DMEM) + 10% fetal bovine serum (FBS). 4T1 cells (ATCC, triple-
negative mouse breast cancer) were cultured in DMEM + 10% FBS + 1% 
penicillin/xstreptomycin. Both were cultured at 37 °C with 5% CO2.

Serum Binding Assay: Mice were immunized with PLG vaccines against 
HER2 peptide and serum was collected at several timepoints. HER2+ 
(TUBO) and HER2− (4T1) breast cancer cells were added to 96-well 
plates, blocked with anti-CD16/CD32 (eBiosciences #14-0161-81), and 
incubated with 1:100 diluted serum or trastuzumab as a positive control. 
After washing to remove unbound antibody, cells were incubated with 
PE-conjugated anti-mouse IgG (Invitrogen #P-852) and 7-AAD viability 
staining solution (Invitrogen #00-6993-50), run on a BD LSR Fortessa 
flow cytometer and analyzed using Flowjo software.

Infectious Disease Model: Mice were prophylactically vaccinated with 
PLG vaccines and challenged intraperitoneally with 5 × 106  colony 
forming units of RS218 E. coli as previously described.[26] Mice were 
monitored several times daily for mortality and humane criteria and 
euthanized when moribund. To determine organ bacterial burden, lungs, 
kidneys, liver, and spleen were collected, fragmented, and plated to 
quantify colony forming units.

Statistical Analysis: Statistical analyses were performed using 
GraphPad Prism v8 software. For normally distributed samples, analysis 
between two groups was performed using a two-tailed Student’s t-
test, or a Mann-Whitney U test otherwise. Multiple comparisons were 
conducted using a one-way analysis of variance (ANOVA) with Tukey’s 
post hoc test when normally distributed, or a Kruskal-Wallis test with 
Dunn’s post hoc test otherwise. All data are depicted as mean ± SD. 
Sample sizes of 4–10 biologically independent animals per group 
were used for in vivo studies, determined empirically based on results 
from prior publications along with approval from Harvard University’s 
Institutional Animal Care and Use Committee.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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