
Antibody Responses Against HIV-1 Vaccine 
Candidates

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:39947215

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available 
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you.  Submit a story .

Accessibility

http://nrs.harvard.edu/urn-3:HUL.InstRepos:39947215
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA
http://osc.hul.harvard.edu/dash/open-access-feedback?handle=&title=Antibody%20Responses%20Against%20HIV-1%20Vaccine%20Candidates&community=1/1&collection=1/4927603&owningCollection1/4927603&harvardAuthors=23e86ed01fb20646abe08c6166dae358&departmentMedical%20Sciences
https://dash.harvard.edu/pages/accessibility


Antibody responses against HIV-1 vaccine candidates 

 

 

 

A dissertation presented  

by  

Zi Han Kang 

to  

The Division of Medical Sciences 

 

 

 

in partial fulfillment of the requirements  

for the degree of 

Doctor of Philosophy 

in the subject of 

Virology 

 

 

 

 

Harvard University 

Cambridge, Massachusetts 

August 2018 

  



	

 

©  2018 Zi Han Kang 
All rights reserved 



	 iii	

Dissertation Advisor: Dr. Dan H. Barouch Zi Han Kang 

 
Antibody responses against HIV-1 vaccine candidates 

Abstract 

The elicitation of protective antibody responses is likely to be important in developing a 

successful human immunodeficiency virus type 1 (HIV-1) vaccine. As HIV-1 infection in 

humans is predominantly transmitted via the mucosal route, it is thus likely that a 

prophylactic vaccine will need to elicit protective antibody responses at mucosal sites of 

infection. While studies have shown that vaccine-elicited immunoglobulin G (IgG) responses 

are important in preventing simian/human immunodeficiency virus (SHIV) transmission in 

rhesus monkeys, IgA’s role and function in protection, and whether it is in fact beneficial or 

detrimental, remain poorly defined. In this thesis, we investigated the relationship between 

mucosal and systemic vaccine-elicited IgG and IgA antibody responses in rhesus monkeys 

that were intramuscularly immunized with candidate HIV-1 vaccine vectors. Systemic and 

mucosal antibody responses exhibited similar kinetics, and the isotype, functionality, and 

epitope specificity of mucosal IgG responses were further shown to be similar to those of 

systemic IgG responses. This suggests that mucosal and systemic responses are likely to be 

immunologically coordinated. IgG and IgA responses, in terms of magnitude of antibody 

responses and antibody specificities against linear HIV-1 epitopes, were also shown to be 

correlated and immunologically related. Mucosal and systemic antibody responses were 

similarly observed to be correlated in mice immunized with microspheres encapsulating the 

HIV-1 envelope protein (Env). Non-traditional vaccine delivery modalities have long been 

investigated as a way to improve vaccination coverage and immunogenicity. We developed 

multiple biodegradable poly(lactic-co-glycolic acid) (PLGA) microsphere formulations 

containing HIV-1 Env and different adjuvants, and evaluated their effects on the antibody 

response in a mouse model. Microspheres containing HIV-1 Env elicited comparable or 
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higher antibody responses in both the systemic and mucosal compartments, and also 

generated a more diverse antibody response that targeted more linear Env epitopes, when 

compared to similar amounts of soluble Env. These data help to improve our understanding 

of mucosal and systemic antibody responses following immunization, and could help 

improve future vaccine design. 
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STATE OF THE HIV-1 PANDEMIC 

AIDS history and scale of HIV-1 epidemic 

The human immunodeficiency virus type 1 (HIV-1) was first identified as the causative 

agent for acquired immunodeficiency virus syndrome (AIDS) in 1983-1984 (1-5). Previously 

healthy patients, usually young male homosexuals and intravenous drug users, were 

presenting with symptoms of immune dysfunction, characterised by opportunistic infections 

(usually Pneumocystis jirovecii pneumonia) and viral-associated cancers (such as Kaposi’s 

sarcoma and non-Hodgkin’s lymphoma) from the late 1970s and 1980s. Since then, it has 

expanded to affect more than 70 million people worldwide.  

In 2016, there were 36.7 million HIV-1 positive individuals. 25.5 million live in the 

sub-Saharan region of Africa (6), of which women and girls account for more than half of the 

total number of people living with HIV.  In the USA, there are about 1.1 million people 

living in HIV, and men who have sex with men (MSM) account for the majority (68%) of all 

new diagnoses (7). 

 

AIDS pathogenesis  

The most common cause of HIV-1 transmission worldwide is due to sexual 

transmission, with the greatest risk happening in the men who have sex with men population. 

Parenteral transmission, either during blood transfusions or through needle sharing/needle 

sticks, as well as mother to infant transmissions are also other modes of HIV-1 transmission.  

HIV-1 infects and kills cells that are important for effective immune responses, leading 

to immune suppression. In the early stages of acute infection, high numbers of CD4+ T cells 

are infected, and are subsequently lost. Many of these cells are found in the gut-associated 

lymphatic tissue (GALT), and are important for maintaining the integrity of the mucosal 

barrier. The subsequent loss of epithelial integrity allows gut-associated microbial products to 
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be translocated into the systemic circulation, resulting in systemic and chronic immune 

activation. Chronic antigenic stimulation eventually results in T cell exhaustion – T cells 

important for adaptive immune responses become dysfunctional and lose effector functions 

(such as being able to secrete multiple cytokines or kill infected target cells). With the decline 

in CD4 T cell counts and exhaustion of the CD8 T cells, the resulting immune dysfunction 

results in the multiple opportunistic infections and malignancies seen in HIV-1 patients with 

advanced disease. HIV-1 is also suggested to accelerate the ageing process, and has been 

associated with increased risk of cardiovascular disease, neurological dysfunction, 

nephropathy and loss of bone mineral density (reviewed in (8)). 

 

Consequences of the AIDS epidemic 

Beyond shortening life expectancy and increasing morbidity in infected populations, 

HIV/AIDS has additional consequences. It negatively impacts economic growth in 

developing countries, severely reducing the growth of the gross domestic product, and 

prolongs poverty by generating substantial medical, funeral and legal costs. The number of 

children orphaned by AIDS totaled 13.4 million in 2015 (9) and many more have their 

education curtailed by the lack of funds available for school fees or having lost their teachers 

to HIV/AIDS. These forces result in regional instability and deplete national infrastructures 

and human resources in the worst-affected countries (10). 

Antiretroviral therapy (ART) involves antiviral drugs that have been developed to treat 

HIV-1 infection. These are usually taken in combination, and include reverse transcription 

inhibitors, protease inhibitors, integrase inhibitors, and entry inhibitors. They block different 

stages of the HIV-1 viral replication cycle, lower viral loads, maintain CD4 T cell counts, and 

reduce the risk of transmission. However, they have toxic side effects and are expensive – 

especially for patients in developing nations where HIV-1 is the most prevalent. The 
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complexity of pill regimens and poor tolerability also result in poor adherence, all of which 

could foster the development of drug-resistant HIV-1 strains.  

 

Current state of the AIDS epidemic 

While the annual number of new HIV-1 infections and AIDS-related deaths are 

declining with a global effort to strengthen HIV-1 prevention and treatment programmes and 

a scale up of ART, there were still 1.8 million new HIV-1 infections and 1 million AIDS-

related deaths in 2016 (6). This rate of decline is still far too slow to reach the target set by 

the United Nations General Assembly of having fewer than 500,000 new infections by 2020.  
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HIV-1 GENOME AND REPLICATION 

HIV-1 Genome 

HIV-1 is a lentivirus in the Retroviridae family, with a single-stranded, positive-sense 

RNA genome. The HIV-1 genome contains 3 primary genes encoding structural proteins or 

enzymes (gag, pol, and env), as well as several other open reading frames (ORFs) (Figure 

1.1A). These 3 primary genes are initially translated into polyprotein precursors, which are 

subsequently processed, post-translation, by either host or viral proteases, into mature 

proteins. The Gag precursor is cleaved into the matrix (MA – p17), capsid (CA – p24), 

nucleocapsid (NC – p7), p6, as well as 2 spacer proteins (SP1 and SP2). The Gag-Pol 

polyprotein is cleaved to form the protease (PR), reverse transcriptase (RT) and integrase 

(IN) proteins, and the envelope (Env) precursor (Env gp160) is cleaved to form the gp120 

surface subunit and gp41 transmembrane subunit (TM).  Vif, Vpr, Tat, Rev, Vpu, and Nef, 

are translated from spliced messenger RNAs (mRNAs). Tat and Rev are regulatory proteins 

essential for viral replication, while accessory proteins Vif, Vpr, Vpu and Nef are necessary 

for viral replication in vivo (11). The functions of the different viral proteins are summarised 

in Table 1.1.  

 

Molecular biology of HIV-1 replication 

HIV-1 replication begins with viral entry, with the binding of Env gp120 (via the C3 

and C4 domains) on the viral particles to host CD4 molecules on susceptible cells (including 

activated CD4+ T lymphocytes). Interaction of Env (via the V3 loop, along with other highly 

conserved domains) with a co-receptor, usually CXCR4 or CCR5, is also important and 

necessary for viral entry (12-14). Binding to both receptor and co-receptor results in 

conformational changes in gp41 that subsequently lead to fusion of the viral and cellular 

membranes. Upon entry, the virion is partially uncoated, and the viral nucleoprotein complex 
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(consisting of viral RNA, RT, CA, NC, IN, and Vpr) enters the cytosol, where reverse 

transcription is initiated.  

Reverse transcription is initiated from the 3’-OH end of a primer tRNA that is annealed 

near the 5’ end of the viral genome, and minus-strand DNA synthesis proceeds to the 5’ end 

of the genome. RNaseH digests the RNA portion of the RNA-DNA hybrid, exposing the 

short single stranded DNA fragment, allowing it to bind to the 3’ end of the viral RNA 

genome. Minus-strand synthesis then proceeds again to the 5’ end of the viral genome, 

accompanied by RNaseH-mediated degradation of the viral RNA. Fragments of RNA that 

were not degraded by RNaseH serve as primers for plus-strand synthesis, terminating at the 

end of the minus strand. RNaseH also degrades the tRNA annealed to the viral genome. 

Reverse transcription ultimately results in a double stranded DNA molecule that is 

subsequently integrated into the host cell chromosome in the nucleus. 

Integration of viral DNA is catalyzed by integrase, which assembles with the viral 

DNA, and cleaves it at the 3’ end of both strands of the viral DNA. Integrase also cleaves the 

cellular target DNA, and subsequently catalyzes DNA strand transfer, where the 3’ recessed 

ends of the viral DNA is joined to the 5’ overhanging ends of cellular DNA. The cellular 

repair machinery then repairs the gap, resulting in the ligation of viral DNA into the host 

genome. The host RNA polymerase subsequently catalyzes the transcription of viral RNA, 

which is upregulated several hundredfold by Tat (15). The cellular transcriptional factors: 

NF-κB, nuclear factor of activated T cells (NFAT), and AP-1, are also important for virus 

replication and viral RNA synthesis. During the early post-integration phase of the viral 

replication cycle, most of the viral RNAs exported to the cytoplasm consist of multiply 

spliced viral mRNAs that lack introns. As the transcription of viral proteins progresses, the 

viral protein Rev is transported through the nuclear pore via importins into the nucleoplasm, 
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where it binds to the high affinity RRE sites on HIV-1 pre-mRNA, thereby promoting the 

nuclear export of intron-containing viral RNA (16, 17). 

Following viral RNA replication and production of viral proteins, viral assembly 

occurs, with the incorporation of the viral RNA genome, Env glycoproteins, and Gag-Pol 

polyprotein precursor into immature virus-like particles (VLPs). NC binding to viral RNA is 

important for promoting Gag multimerisation. MA regulates membrane binding, and is 

essential in directing Gag to the viral membrane, via a myristic acid moiety (18-20). Host 

cellular membrane and protein trafficking proteins are involved with HIV-1 assembly, 

including AP-1, -2, and -3 complexes, and SNAREs (soluble NSF attachment protein 

receptors). After viral budding from the infected cell, PR cleaves the Gag and Gag-Pol 

polyproteins to form MA, CA, NC and p6, along with SP1 and SP2. This processing 

catalyzes a major structural and morphological rearrangement, resulting in the formation of 

mature HIV-1 virions. The accessory proteins Vif, Vpr, Vpu and Nef, interact with host 

restriction factors, assisting in viral replication (Table 1.1). 

 

Env 

The viral protein Env is the only HIV-1 protein that is expressed on the surface of the 

virus and is required for binding and entry into host cells, as well as for determining host cell 

tropism. Env is found as a trimer on the viral membrane (21, 22) (Figure 1.1C), and the 

gp160 precursor is cleaved by the protease furin to form two cleavage products gp120 and 

gp41 that are non-covalently linked to form a single subunit. For Env to be functional and to 

be able to facilitate viral fusion and entry, the gp160 precursor has to be cleaved.  

gp120 is found on the outside of the viral membrane, and is organised into five 

conserved regions (C1-C5) and five variable loops (V1-V5) (Figure 1.1B). Most of the 

sequence diversity of Env is found in the V loops of gp120, with the sequence changing 1-2% 
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per year, and this is mostly driven by immune escape (reviewed in (23)).  The V1, V2, V4, 

and V5 loops are the main targets for host antibodies.  

The primary receptor for HIV-1, CD4, binds to conserved regions of gp120 on either 

side of V4, resulting in a series of conformational changes in gp120. CD4 is found on many 

different cells types, including T cells, monocytes, and macrophages. Binding of gp120 to a 

co-receptor is also required for viral entry, and different co-receptors can be utilised by HIV-

1, with CCR5 and CXCR4 being the most important. The co-receptor bound determines viral 

tropism. Viruses using CCR5 as a co-receptor are commonly found in recently infected 

patients during the asymptomatic phase and infect memory CD4 T cells (CCR5 is exclusively 

expressed in memory CD4 T cells in vivo), while CXCR4-using viruses emerge during the 

symptomatic phase and predominantly infect naïve and memory CD4 T cells.  

The surface of Env is also heavily glycosylated, shielding the surface of the protein 

from exposure to antibodies (24, 25).  These glycans are also essential for the correct folding 

of Env and viral assembly, and as they originate from the host, they act as decoys to the 

immune system, eliciting autoreactive antibodies. They also stearically block antibodies from 

binding to more conserved sites on Env. 
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Figure 1.1 – Genomic organization of HIV-1 and the HIV-1 Env gp160 protein 
 
(A) The HIV-1 genome contains 3 primary genes encoding structural proteins or enzymes 
(gag, pol, and env), as well as several other open reading frames (ORFs). These 3 primary 
genes are initially translated into polyprotein precursors, which are subsequently processed, 
post-translation, by either host or viral proteases, into mature proteins. 
 
(B) The full length Env gp160 contains a surface subunit (gp120) and transmembrane 
spanning region (gp41) after cleavage by furin. The gp120 subunit contains five constant 
regions (C1-C5), five variable loops (V1-V5). The gp41 region contains a fusion peptide 
(FP), heptad repeats 1 and 2 (HR1 and HR2), the C-C loop, the membrane proximal external 
region (MPER), and the transmembrane docking regions including the transmembrane 
domain (TM) and cytoplasmic tail (CT).  
 
(C) In the viral membrane, Env exists as a trimer. 
 
Figure modified from: (11) and (28) 
 
  

!
! !

41!

 

 

 

 

Figure 1.6. Modified gp140Fd protomer for vaccine constructs. The gp140Fd vaccine 
construct utilized in this dissertation terminates at the MPER with the removal of the 
transmembrane domain and cytoplasmic tail. A foldon (Fd) trimerization tag followed by a six-
histidine tag is added to the C-terminus of the protein. This results in a soluble Env trimer that 
consists of three gp140Fd protomers. References for HIV-1 envelope as described in the 
corresponding introductory section. Figure modified from (62). 
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Table 1.1 – HIV-1 viral proteins and their functions 

 

  

Env 

Cleaved to form gp120 and gp41. 
gp120: binds to CD4 and other co-receptor  
gp41: exposed upon gp120 conformation change, and helps mediates fusion 
Contains the RNA response element 

Pol 

Pol polyprotein encodes the following components: 
 
Reverse transcriptase (Rev): transcribes viral RNA into viral DNA 
Integrase (IN): integrates viral DNA into host’s genome 
Protease (PR): cleaves polyproteins 
RNaseH: mediates degradation of the viral RNA during reverse transcription 

Gag 

Gag polyprotein is cleaved by PR to form the following components: 
 
Matrix (MA): Myristoylation of MA helps target Gag polyprotein to lipid rafts 
Implicated in the nuclear import of the HIV pre-integration complex (PIC) 
Capsid (CA): forms the viral capsid 
Nucleocapsid (NC): forms the viral nucleocapsid 
p6: recruits TSG101 to initiate viral budding  

Rev 
Regulates viral gene expression via binding to the Rev response element 
Inhibits viral RNA splicing and promotes nuclear export of incompletely spliced viral 
RNAs 

Tat 
Binds the trans-activation response element and increases transcription of HIV double 
stranded DNA together with host cyclin T1 and CDK9 
Antagonises the CXCR4 receptor, promoting macrophage-tropic HIV strains 

Vif Inactivates the APOBEC family of cytidine deaminases, which are involved in antiviral 
activity 

Vpr 

Promotes G2 cell cycle arrest 
Nuclear import of HIV PIC 
Transcriptional transactivation of viral and cellular promoters 
Apoptosis 

Vpu 
Enhancement of particle release 
Counteracts tetherin 
Promotes CD4 degradation 

Nef 
Down-regulates surface CD4, MHC-1, CD3, CD28 
Enhances virus infectivity 
Alters cellular activation pathways 
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HIV-1 global distribution 

HIV-1 is extremely genetically diverse, with heterogeneity observed in isolates from 

different geographical regions (26), and even within a single HIV-1 infected individual (27). 

Most of this variability occurs within the Env protein. Reverse transcription is highly error-

prone (resulting in mutation rates of 5 X 10-5 mutations/nucleotide/replication cycle), and 

also result in high recombination frequencies, when an individual is infected with 2 different 

viral strains (superinfection), or after sequence diversification has occurred. Viral replication 

in infected individuals is high, which also contributes to this high mutation rate. All these 

factors result in a pool of heterogenic and constantly changing virus populations in an 

infected individual.  

HIV-1 is divided into four distinct groups: M (main), O (outlier), N, and P. Group M is 

further divided into 9 clades (A, B, C, D, F, G, H, J, and K), which are phylogenetically 

equidistant from each other. Env sequences between different clades differ by 20-30%, while 

Env sequences within a clade differ by 5-12%. All 9 clades are present in Africa. Clade C 

was found to be the most prevalent subtype globally, accounting for about half of all 

infections, while Clade B is most prevalent in Europe, North America, and Australia. There 

are additionally 49 circulating inter-clade recombinant forms (CRFs), due to the intermixing 

and recombination of genetically different strains within a single infected cell, which 

resemble a patchwork of juxtaposed HIV-1 subtype segments. These CRFs account for about 

20% of global HIV-1 strains, and are the most common in regions where multiple HIV-1 

subtypes coexist – Africa, South America, and South-East Asia. HIV-1 group O is rare, and is 

found in Cameroon, Gabon and Equatorial Guinea, while HIV-1 group N and group P strains 

are rare groups found mainly in Cameroon (Figure 1.2). 

This large genetic diversity of HIV-1 presents a huge challenge, both in terms of 

treatment, as well as in the development of a single vaccine. Rapid mutation leads to the 
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selection of drug resistant variants, and aids viral escape from the immune system. Sequence 

diversity also complicates the choice of immunogens for a vaccine, as a successful vaccine 

would have to be able to elicit highly cross-reactive broadly neutralizing antibody responses 

that would be protective against multiple HIV-1 clades.  
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Figure 1.2  – global distribution of HIV-1 clades and circulating recombinant forms 
 
Each colour represents a distinct clade or circulating recombinant form. There are 9 clades in 
group M (A, B, C, D, F, G, H, J, and K), which are phylogenetically equidistant from each 
other. Clade C is the most prevalent global subtype, while Clade B is most prevalent in 
Europe, North America, and Australia. There are 49 circulating inter-clade recombinant 
forms (CRFs), and these are the most common in regions where multiple HIV-1 subtypes 
coexist (Africa, South America, and South-East Asia). 
 
Figure adapted from (11). 
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HIV-1 VACCINATION STRATEGIES 

Completed HIV-1 vaccine trials 

There are many methods and programmes being implemented to prevent and slow the 

spread of HIV-1 infections. These include programmes encouraging condom use, and 

circumcision to minimise the risk of transmission, the use of ART in infected individuals, and 

the use of oral pre-exposure prophylaxis (PrEP). An effective HIV-1 vaccine would help 

reduce the rate of HIV-1 transmissions and AIDS-related deaths. 

To date, there have only been 6 phase IIb/III HIV-1 vaccine efficacy trials, using 4 

different vaccine modalities (summarised in Table 1.2). Only one of these 6 trials – the 

RV144 Thai trial – demonstrated vaccine-mediated protection, with a 31.2% efficacy rate 

(29). RV144 was a double-blinded, placebo-controlled, vaccine efficacy trial that was 

conducted in Thailand, in 16,402 healthy participants who were mainly at risk of 

heterosexual transmission. Participants were vaccinated 4 times (at weeks 0, 4, 12, 24) with a 

recombinant canarypox vector vaccine (ALVAC-HIV vCP1521 expressing gag, pol, gp41 

transmembrane domain and gp120 env), and then boosted twice (at weeks 12, 24) with a 

recombinant gp120 subunit vaccine (AIDSVAX B/E) (29).  

 

Correlations of protection 

32 different antibody, T-cell, and innate immunity assays were performed and 

evaluated in a correlates analysis, and 6 primary variables were chosen for assessment as 

correlates of infection risk. They were: (i) IgG binding to V1V2 in Env, (ii) avidity of IgG 

binding to Env, (iii) ADCC activity, (iv) IgA binding to Env, (v) neutralizing antibody titers, 

(vi) Env-specific CD4+ T cells. Of these, IgG binding to V1V2 region of Env was inversely 

correlated with infection, while composite IgA binding to a set of 14 different Env was 

directly associated with infection risk (30). Subsequent analysis showed that the breadth of 
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the IgG response against the V1V2 Env region was significantly correlated with decreased 

infection risk (31). Env-specific IgG3 responses were also found to correlate with decreased 

HIV-1 risk (32), and these were highly coordinated with Fc effector functions (33). The IgG3 

subclass is associated with highly functional antibody responses, including increased 

neutralization activity, complement binding, ADCC (34), and antibody dependent cellular 

phagocytosis (ADCP) (35). Plasma IgA binding to the C1 region of Env was found to 

correlate with increased risk (36), and this was thought to be due to IgA competing with and 

blocking functional IgG responses that mediate ADCC (37) and also bind to the C1-C2 

region of Env (36, 38, 39). IgG antibodies against different Env epitopes were also observed 

to synergise with each other for neutralization, virion capture, and ADCC (40). Finally 2 

polyfunctional CD4+ T cell subsets were also observed to correlate with decreased risk (41). 

These primary and secondary analyses of correlates of protection in RV144 suggest that 

their nature is complex, and that there could potentially be multiple factors that act together 

to protect against HIV-1 acquisition and transmission in vaccinated individuals (42, 43). 

Furthermore, while the above-mentioned factors have been observed to be statistically 

correlated, there is no evidence that they have any direct mechanistic effect on protection. 

Indeed it has been suggested in a study that analysed the humoral responses elicited in 

RV144 via system serology that it was unlikely that IgA directly contributed to impaired 

humoral immune responses, and was likely just a marker for a less functional response (44). 

Finally, all 6 of the vaccine efficacy trials have tested preventative vaccination strategies by 

the administration of a combination of viral vectors and protein subunits. Other approaches 

that are currently undergoing early clinical trials involve the prophylactic delivery of broadly 

neutralizing antibodies (bnAbs), either passively, or by vectored immunoprophylaxis 

(immune gene transfer via viral vectors) (45).   
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Table 1.2 – Completed Phase IIb/III HIV-1 vaccine efficacy trials   

Trial Vaccine description Outcome 

VAX003 
Protein:  
AIDSVAX B/E gp120 (subtype B MN and 
CRF01_AE CM244) 

No efficacy 

VAX004 
Protein: 
AIDSVAX B/B gp120 (MN and GNE8 subtype 
B) 

No efficacy 

HVTN 502 
(STEP Trial) 

DNA-Ad5: 
Adenovirus type 5 Clade B gag/pol/nef  

No efficacy, increased 
infection risk 

HVTN 503 (Phambili 
Trial) 

DNA-Ad5: 
Adenovirus type 5 Clade B gag/pol/nef  

No efficacy, increased 
infection risk 

RV144 

Pox-Protein: 
ALVAC-HIV (recombinant canarypox vector)/ 
vCP1521 
AIDSVAX B/E rgp120 

31.2% efficacy after 
42 months 

HVTN 505 

DNA-Ad-5: 
DNA Gag, Pol, and Nef from HIV-1 subtype B  
Env from subtypes A, B, and C 
rAd5 subtype B Gag-Pol and Env A, B, and C 

No efficacy 
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THE HUMORAL IMMUNE RESPONSE 

Antibody structure 

Immunoglobulins are made up of two heavy (H) chains and two light (L) chains, where 

the L chain consists of either a κ or λ chain. Each chain contains one NH2-terminal variable 

(V) domain, and one or more COOH-terminal constant (C) domains. Each V or C domain is 

made up of about 110-130 amino acids (12,000-13,000 kDa). While the Ig L chains contain 

only 1 C domain, the Ig H chains contain three to four C domains. H chains with 3 C domains 

usually include a spacer hinge region between the first (CH1) and second (CH2) domains.  

Antigen recognition and binding occur within the paired V domains of the 

immunoglobulin, while the C domains of the H chain determines the effector function of the 

immunoglobulin. Each CH region folds into a consistent structure consisting of a three strand-

four strand beta sheet covalently linked by a disulphide bond. There are 5 different antibody 

heavy chain isotypes – IgD, IgM, IgA, IgG, IgE, which confer different properties to the 

antibody. IgD, IgA and IgG consist of 3 H chain constant domains, while IgM and IgE have 

an additional domain. The Fc region (consisting of CH2-CH3 or CH2-CH4) defines the 

antibody isotype and subclass, and mediates effector function by binding to Fc receptors 

(FcR) on cells or activating other immune mediators, such as complement, and can also affect 

the affinity or kinetics of antigen binding.  

Glycosylation of immunoglobulins, especially to the Fc region, are also known to affect 

antibody function. Glycosylation varies by isotype, with IgA being the most heavily 

glycosylated. Glycosylation can affect binding to Fc receptors on effector cells, as well as 

immune mediators, and elimination of glycosylation of IgG was shown to reduce or 

ameliorate entirely its binding to its Fc receptor (46).  
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IgG subclass structure and distribution 

IgG is one of the most abundant proteins in human serum, making up 10-20% of 

plasma proteins. Humans and non-human primates encode for four different IgG subclasses 

(IgG1, IgG2, IgG3, and IgG4), which are more than 90% identical in their primary protein 

structure, but differ in antigen binding and effector functions (47). Most of the variation 

between the different IgG isotypes is found in the hinge region and the N-terminal CH2 

region. Different IgG isotypes vary widely in the length and flexibility of their hinge region – 

while IgG1 has a very flexible 15 amino acid long hinge region, the hinge region of IgG2 is 

only 12 amino acids long, and is very inflexible due to a poly-proline helix that is stabilised 

by disulphide bridges. IgG3 has the longest hinge region of up to 62 amino acids, while IgG4 

has a hinge region of 14 amino acids (48, 49). IgG1 is the most abundant subclass, and is 

typically induced in response to soluble protein antigens (47). IgG2 is typically induced 

against bacterial capsular polysaccharide antigens (50, 51). Viral infections result in the 

induction of IgG3 (as well as IgG1), which is a short-lived antibody that is very effective in 

inducing effector responses (51). IgG4 is typically induced following exposure to allergens, 

or following continual antigen exposure in a non-infectious setting (52). There are additional 

modifications on IgG, via glycosylation sites, which can subsequently affect effector function 

(49). 

 

IgG function in viral infections 

IgG is an important component of the systemic immune response against 

microorganisms, including viruses, and IgG from serum may contribute to the antibody 

responses on mucosal surfaces. Different IgG subclasses have different effector mechanisms 

– IgG1 and IgG3 are strong triggers of effector mechanisms, while IgG2 and IgG4 induce 

more subtle responses.  
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One of the main functions of IgG is virus neutralization by preventing the binding of 

microorganisms to cellular receptors of entry, as well as prevent fusion and entry of the virus 

to the host cell (53, 54). Binding of IgG to antigen/microorganisms (opsonisation) also 

enhances endocytosis of the antigen by phagocytic cells, including macrophages, neutrophils, 

cDCs and pDCs (55), with the binding of IgG in the IgG-antigen complex to FcγR on 

phagocytic cells. This leads to subsequent degradation of the virus by specific lysosomes. 

Antigen-bound IgG also mediates antibody-dependent cell-mediated cytotoxicity (ADCC), 

by binding to FcγRIIc or FcγRIIIa receptors on NK cells (56). Activated immune cells, 

including NK cells, monocytes, and macrophages, mediate ADCC lysis of virus-infected 

cells by degranulation of effector cells (57). 

 

IgA subclass structure and distribution 

Humans, chimpanzees, gorillas, and gibbons have 2 α heavy-chain constant region Cα 

genes that encode 2 different IgA subclasses (IgA1 and IgA2), while most other mammals 

possess a single Cα gene (58-60).  The main difference between IgA1 and IgA2 lies in the 

hinge region. The hinge region in IgA1 consists of 19 amino acids and O-linked 

oligosaccharides (61, 62), while the hinge region in IgA2 is only 6 amino acids long and 

lacks glycosylation (63). This results in a more open ‘T-shaped’ structure between the Fab 

regions in IgA1, with the distance between Fab regions measuring about 16nm (64, 65), and a 

more ‘Y-shaped’ structure for IgA2, with a distance of about 10nm (64-66) (Figure 1.3A). 

The differences between structure and glycosylation could result in different biological 

activities between IgA1 and IgA2, although it is not currently known if this is the case. 

However, there is a different susceptibility of IgA1 and IgA2 to bacterial IgA1 proteases. 

Further heterogeneity occurs with dimeric (dIgA) and polymeric IgA. (pIgA)  A 15kDa 

joining chain (J chain) links monomers together at the Fc region via disulphide linkages 
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between the carboxy-terminal extension of one of the heavy chains of each monomer (Figure 

1.3B).  

Secretory IgA (SIgA) is the major form of IgA in mucosal fluids. The secretory 

component (SC) is added to dIgA during its passage through the epithelial layer into the 

mucosal compartment (Figure 1.3C). dIgA is secreted by mucosal plasma cells in the lamina 

propria below the epithelium, and then binds to the polymeric immunoglobulin receptor 

(pIgR), via the J chain (67, 68). The dIgA-pIgR complex is then endocytosed and transported 

across the epithelial cell in a vesicle. The dIgA-pIgR complex is then released into the lumen 

of the mucosal compartment, where proteases cleave off part of the pIgR,  resulting in free 

dIgA molecules containing part of the pIgR – the SC region.  

Serum IgA in humans consists of about 90% IgA1 and 10% IgA2, and is mainly 

monomeric (80%-99%). The ratio of IgA1 and IgA2 is more variable in different mucosal 

compartments: vaginal and rectal secretions contain approximately 60% IgA2, nasal fluids 

and male genital secretions contain about 80-90% IgA1, saliva contains about 60% IgA1 

(69).  
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Figure 1.3 – structure of the different IgA subclasses  
 
(A) There are 2 different IgA subclasses, IgA1 and IgA2. The hinge region in IgA1 consists 
of 19 amino acids, while the hinge region in IgA2 is only 6 amino acids long. This results in a 
more open ‘T-shaped’ structure (about 16nm between the Fab regions) in IgA1, and a more 
‘Y-shaped’ structure (about 10nm between the Fab regions) for IgA2. 
 
(B) IgA monomers are joined together by a 15kDa joining chain (J chain) at the Fc region via 
disulphide linkages between the carboxy-terminal extension of one of the heavy chains of 
each monomer, forming dimers or polymers. 
 
(C) The secretory component is added to dIgA during its passage through the epithelial layer 
into the mucosal compartment, and subsequently secreted by mucosal plasma cells in the 
lamina propria below the epithelium. It binds to the polymeric immunoglobulin receptor via 
the J chain 
 
Figure adapted from (65).  

A

B

C
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Protective Mechanisms of IgA  

SIgA is an important component of mucosal protection (70, 71). SIgA inhibits 

adherence of microorganisms to mucosal surfaces, including the pharyngeal, intestinal and 

genitourinary tract epithelial. This is due to (i) the hydrophilic and negatively charged nature 

of the SC region in SIgA, (ii) pIgA and SIgA agglutinating microorganisms via the Fc region 

and via their carbohydrate chains (glycans) on SIgA. SIgA also inhibit enzymes and toxins, 

including IgA proteases and superantigens from group A streptococcus.  

SIgA can directly also neutralize antigens and microorganisms. They are important in 

immune exclusion (72) – a phenomenon where virions and other microbial pathogens are 

retained in the lumen of the mucosal compartment, via agglutination, entrapment in mucus, 

and/or clearance by peristalsis (73, 74). SIgA is thought to associate with mucins in the 

mucus layer overlying mucosal epithelium (75), and this entraps IgA-bound antigens and 

microorganisms in the mucus layer. The mucus trapping ability is considerably greater when 

IgA is complexed with the SC region, probably due to the association of the oligosaccharide 

side chains of SC with mucus (76). However, when neutralizing monoclonal antibodies 

(mAb) in the form of dIgAs were given directly into the rectal lumen, in a passive 

immunization study, they protected monkeys from SHIV acquisition, even though they did 

not contain the SC region, although they may have associated with free SC in mucosal 

secretions (77).  

Intracellular neutralization is another method by which non-neutralizing IgA mAbs is 

thought to bind to viral antigens in endocytic vesicles during transepithelial transport, 

preventing viral assembly (78-80).  It has also been hypothesized that antigen-bound dIgA 

complexes are transported via pIgR binding from the apical to the luminal side. Immunized 

mice with strong mucosal antigen-specific IgA responses were subsequently administered the 

administered antigen intravenously. The antigen was detected within epithelial cells of the 
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small intestinal crypts and villi, but not in control animals immunized with a irrelevant 

antigen, suggesting that antigen was transported by epithelial cells from the basolateral side 

only in the presence of IgA-antigen complexes (81). In an in vitro system, mAb-HIV immune 

complexes were placed in the bottom chamber in transwell plates that were overlaid with a 

tight epithelial layer expressing pIgR on the basolateral surface. Transport of HIV particles 

was detected in the upper chamber culture fluid that overlayed the apical side, and was 

correlated with the virion binding ability of IgA, as well as to pIgR expression (82).  

Anti-HIV IgA responses have been linked to protection in both humans and in the non-

human primate (NHP) model. In HIV-exposed, persistently seronegative people (HEPS), IgA 

purified from sera were shown to bind HIV-1, to conserved epitopes in the MPER of HIV-1 

gp41 (83), while IgA purified from sera, vaginal secretions and saliva, were shown to 

mediate cross-clade neutralization of HIV-1 (84). Contrary to the observations of these 

studies, HIV-1 specific mucosal responses were absent or detectable in low amounts in a 

small proportion of (HEPS) in other cohorts (85-88), although this could be due to the use of 

different methods of IgA isolation, assay sensitivity and other differences in IgA purification 

and mucosal fluid collection (89). 

In mice that were intravenously injected with pIgA, mIgA, or IgG1 mAb against the H1 

hemaglutinin of influenza, and subsequently challenged, only pIgA was protective (90). In 

NHPs that were immunized with a truncated gp41-derived peptide, and which developed 

systemic and mucosal antibody responses, they were protected against a SHIV challenge, and 

blocked transcytosis of HIV in vitro. Depletion of IgA ameliorated this inhibition of 

transcytosis of HIV (91). In NHPs that were passively immunized with dIgA1, dIgA2 and 

IgG1 versions of a mAb HGN194, only dIgA1 provided the best protection (83% protection) 

against a intrarectal SHIV challenge, even though all 3 isotypes had a similar neutralizing 

activity in vitro (77).    
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Anti-HIV IgA responses may be harmful 

In vitro studies have implied that HIV-1 infection could be enhanced by serum derived 

IgA, possibly mediated by the FcαR (92, 93). Enhancement of HIV-1 infection was blocked 

by either pre-incubating cells with an anti-FcαR (92), or by pre-treating cells with IgA 

isolated from HIV-seronegative individuals. However, it is unknown how physiologically 

relevant these observations are to mucosal HIV-1 transmission.  

In the RV144 clinical trail, plasma anti-HIV Env IgA was linked to an increased risk of 

HIV-1 infection (30). Vaccine-induced plasma IgA, specific for the C1 region of Env, was 

reported to compete with and block the binding of ADCC-mediating IgG1 (36). One of the 

factors associated with beneficial outcomes was plasma IgG-mediated ADCC activity (30). 

Env-specific monomeric IgA mAb isolated from the plasma of a RV144 participant was also 

shown to inhibit the IgG-mediated ADCC activity of NK cells to kill HIV-1 infected CD4+ T 

cells (36). However, it has also been suggested that these Env-spcific HIV-1 IgA responses 

may not have a direct mechanistic effect on protective humoral responses, but is rather a 

marker of correlates of risk of infection (44).  

 

Class switching 

Mature naïve B cells co-express both IgM and IgD on their surface. During an immune 

response or vaccination, in the presence of antigen, mature B cells undergo class switch 

recombination, substituting the heavy chain constant regions of IgM and IgD (Cµ and Cδ 

respectively) with the heavy chain constant regions of IgG, IgA, and IgE (Cγ, Cα, and Cε 

respectively). This takes place in the germinal centre of secondary lymphoid follicles, and is 

an irreversible DNA recombination event that diversifies antibody isotypes (and subsequently 

effector functions) with similar antigen specificities. Repetitive DNA sequences consisting of 
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G-rich non-template strands, known as switch regions (S regions), are found upstream of 

each of the immunoglobulin C-region genes, and switching is initiated at these regions with 

transcription at upstream promoter regions, resulting in extended regions of single-stranded 

DNA. These serve as substrates of activation-induced deaminase (AID), which deaminates 

cytosine residues on both strands of the S regions, generating clustered lesions which are 

ultimately  processed into double stranded DNA breaks by uracil DNA glycosylase (UNG) 

and apurinic/apyrimidinic endonuclease (APE). DNA-PK and other repair proteins initiate 

double-strand break repair and fuse the 2 switch regions, and excise the intervening 

sequences to form an extra-chromosomal switch circle. Class switch recombination is an 

irreversible and one-way process – class switching to an antibody isotype renders it unable to 

switch to any isotype upstream of it. As such, the order of heavy chain exons is at follows: 

IgM > IgD > IgG3 > IgG1 > IgA1 > IgG2 > IgG4 > IgE > IgA2 (Figure 1.4).  

Cytokines and other molecules regulate class switching and the selection of the 

antibody isotype. For example, in mice, IL-4 induces class switching to IgG1 and IgE, IFN-γ 

induces class switching to IgG3 and IgG2a, while TGF-β induces class switching to IgG2b 

and IgA. CD40L cooperates with TGF-β to induce IgA class switching, but can only do so in 

combination with other cytokines (e.g. IL-2, IL-4, IL-5, IL-6, and IL-10) (94). These 

cytokines are produced by T cell-dependent responses to antigens. T cell-independent 

antigens can also initiate class switching – for example, lipopolysaccharide (LPS – a 

component of gram negative bacteria that induces a strong immune response) activates B 

cells through toll-like receptor (TLR) signalling pathways, while polysaccharides signal 

through the B-cell receptor (BCR) (94). T cell-independent IgA class switching can also be 

regulated through BAFF and APRIL, in the presence of TGF-β.  
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Figure 1.4 – Diagram of mechanism of class switch recombination  
 
The IgH locus undergoes class switch recombination (CSR) from IgM to IgA.  
 
(A) Activation-induced cytidine deaminase (AID) deaminates dC residues in both strands of 
the transcriptionally active switch regions (S regions), generating clustered lesions. This is 
eventually processed by intrachromosomal deletion into double-strand DNA breaks (DSBs). 
 
(B) Repair proteins initiate double-strand break repair and fuse the 2 switch regions  
 
(C) The intervening sequence is excised to form an extra-chromosomal switch circle, and the 
IgH locus is class switched to IgA 
 
Figure adapted from (159). 
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Affinity maturation in the germinal centre 

Upon exposure to an antigen, antigen specific antibodies undergo affinity maturation – 

a phenomenon where the affinity of the antibodies to the antigen increases over time (95, 96). 

This process occurs in the germinal centre (GC), and is a result of iterative rounds of 

selection of high affinity mutants generated by somatic hypermutation (SHM) that is driven 

by AID (97-99). Multiple rounds of selection and subsequent proliferation result in an 

antibody population that binds with high affinity to the antigen (95, 96).  

The formation of GCs begin with resting B cells encountering and capturing antigen 

(100, 101). The mature GC has 2 different compartments – the dark zone, consisting of 

proliferating B cells, and the light zone, consisting of GC B cells, follicular dendritic cells 

(FDCs), infiltrating naïve B cells (102), and T follicular helper (Tfh) cells (103, 104). 

Proliferation and hypermutation occur in the dark zone, while antigen-driven selection of 

high affinity B cells occur in the light zone, and cells migrate between both zones in iterative 

cycles known as cyclic re-entry during affinity maturation (105, 106). AID is expressed in B 

cells in the dark zone, where it inserts point mutations in the V regions of the heavy and light 

chains of immunoglobulins (97, 98). The chemokine receptor CXCR4 is important for 

ensuring that GC B cells remain in the dark zone. After many cycles of proliferation, CXCR5 

is upregulated, allowing B cells to migrate to the light zone (107-109). B cells in the light 

zone of GCs capture and internalise antigen, held on FDCs, and subsequently present 

captured antigen to Tfh cells (100, 101). Different amounts of peptide-MHCII complexes are 

present on the surface densities of different B cells, depending on the affinity to the ligand, 

and the strength of its interaction with Tfh cells drives selection of higher affinity B cells (99, 

107, 109). This is mediated by pro-survival cytokine BAFF, B cell cytokines IL-4 and IL-21, 

as well as through the upregulation of feed-forward loops (such as ICOSL on B cells and 

CD40L on T cells), that promote survival of B cells with high affinity mutations (110). B 
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cells with low affinity mutations do not survive in the light zone. T cell help also triggers 

cyclic re-entry into the dark zone.  

The GC reaction can take 1-2 weeks (soluble protein) to multiple months (infections) 

(111), and the life span of the GC varies depending on the immune stimulus.  After affinity 

maturation, high affinity B cells interrupt cyclic re-entry and differentiate into either plasma 

cells or memory B cells. Studies have suggested that higher affinity B cells differentiate into 

plasma cells (112-114), while lower affinity B cells preferentially differentiate into memory 

B cells (115). B cell fate choice is also dependent on the course of the antibody response – 

memory B cells are generated earlier, during the pre-GC and early GC periods, while plasma 

cells are generated later on in the antibody response (116). 

Recent studies in HIV-1 infected individuals who develop broadly neutralizing 

antibodies (bnAbs) show that these bnAbs are developed through extreme amounts of SHM, 

with as many as 30% of nucleotides in the V region of the bnAbs differing from their original 

germline sequence (117), and have additional gene modifications such as nucleotide 

insertions and deletions (118). It is thus unsurprising that these bnAbs are rare, and only 

occur in 1-2% of HIV-1 infected individuals. A challenge in the development of a HIV-1 

vaccine would thus be how to increase SHM by vaccination, in order to accumulate the high 

numbers of mutations necessary for broad neutralization, as most GCs induced by 

vaccination are short-lived and disappear after 3-4 weeks (119). 

 

Antibody receptors 

Fc receptors (FcRs) bind to immunoglobulins, and are expressed on hematopoietic 

cells. Binding of antibody immune complexes to FcRs activates effector cells, leading to 

antibody-mediated immune responses that link humoral and cellular responses. Fc receptors 
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are present for all immunoglobulin classes (Table 1.3). In humans, IgG associate with the 

FcγR family, while IgA associate with FcαRI. 

Three classes of Fcγ receptors have been described – FcγRI, FcγRII (FcγRIa, FcγRIIb, 

FcγRIIc), and FcγRIII (FcγRIIIa, FcγRIIIb). FcγRI, FcγRIIa, FcγRIIc, and FcγRIIIa are 

activating receptors. FcγRIIa and FcγRIIc contain the activatory signal transduction ITAM 

motif, while FcγRI and FcγRIIIa interacts with the ITAM-containing FcRγ or T-cell receptor 

ζ (for FcγRIIIa only) for signaling. Binding of IgG immune complexes to activating Fcγ 

receptors result in the binding of src family kinases to the tyrosines in the ITAM motif and 

their subsequent phosphorylation. Different kinases bind depending on the particular cell type 

activated by the Fcγ receptor - FcγRIIIA activates lck in NK cells, and lyn and hck in 

monocytic and mast cells (120, 121). This triggers downstream signaling pathways, including 

the activation of PI3 kinase and the recruitment of PH domain-containing molecules, 

including Tec kinases (e.g. Btk, Itk, and Emt) (122). The binding of monomeric IgG to 

FcγRIIa may also result in the suboptimal phosphorylation of the ITAM motif, resulting in 

the generation of inhibitory signals (123).  

FcγRIIb is an inhibitory receptor, and contains an immunoreceptor tyrosine-based 

inhibitory motif (ITIM). ITIM recruits SHIP1 (SH2 domain-containing inositol 5� -

phosphatase 1) and SHP-2, which are phosphatases, and subsequently leads to the 

dissociation of PH domain containing proteins, and the inhibition of ITAM-triggered calcium 

release (124, 125). FcγRIIb also influences B-cell selection and subsequently antibody 

affinity maturation. Engagement of FcγRIIb exclusively on B cells induces pro-apoptotic 

signals, while co-ligation of FcγRIIb with the B-cell receptor attenuates these signals. The 

remaining FcγRIIIb receptor contains no signaling component, and is thought to act 

synergistically with other receptors like FcγRIIa, or integrins, and uses their signaling 

apparatus for signal transduction and cell activation. FcγRIIIb has been reported to activate 
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complement receptor dependent inflammatory pathways.  Different Fcγ receptors have 

different affinities towards different IgG subclasses (Table 1.3).  

The ITAM or ITIM-mediated signaling eventually influences the cytotoxicity of 

effector cells, including phagocytosis, induction of ADCC, induction of respiratory burst, and 

the degranulation of cells such as eosinophils, which are dependent on calcium release. (126) 

They also modulate immune responses directly by affecting different leukocyte populations, 

such as modulating the differentiation and activation of APCs, modulating the release of 

cytokines and chemokines, enhancing the uptake of antigen and its presentation on APCs, 

regulating T cell activation by APCs, modulating affinity maturation, and plasma cell 

survival and regulation of antibody production (127). IgG and Fc receptors also interact with 

the complement system, helping to remove opsonized inflammatory and infectious agents 

and enhancing immune responses (reviewed in (128)) 

FcαRI is expressed on cells of the myeloid lineage, including neutrophils, monocytes, 

macrophages and eosinophils (129-133). Unlike the FcγR family, FcαRI does not contain any 

known signaling motifs in its cytoplasmic tail, and has to associate with the 2 FcγR subunits 

for signal transduction (134). Binding of FcαRI by polymeric IgA result in activating signal 

transduction pathways. IgA immune complexes bind FcαRI, resulting in cross-linking, and 

the association of FcαRI with the FcRγ subunit, which contains an immunoreceptor tyrosine-

based activation motif (ITAM). The Src protein tyrosine kinase Lyn phosphorylates the 

tyrosines within the ITAM, which serve as docking sites for Syk, another tyrosine kinase 

(135-137). This triggers the activation of multiple downstream targets, including 

Phosphoinositide 3-kinase (PI3K), Raf-1-MEK-MAP kinases, and eventually calcium and 

cytokine release (135, 138, 139). FcαRI also relocates to sphingolipid-cholesterol membrane 

rafts following cross-linking (135). The activatory properties of FcαRI include the induction 

of phagocytosis in polymorphonuclear leukocytes, the induction of respiratory burst activity, 
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ADCC, and the release of inflammatory mediators and cytokines. FcαRI also facilitates 

antigen presentation (129, 140).  

Monomeric IgA interacts only transiently with FcαRI, FcαRI predominantly associates 

with polymeric IgA (141); complement receptor 3 (Mac-1) is crucial for dimeric or polymeric 

SIgA binding of FcαRI (142). FcαRI is a bi-functional receptor, and the low valency of 

monomeric IgA binding instead results in inhibitory ITAM signaling through the FcαRI- 

FcγR chain complex (143). The inhibitory molecule SHP-1 (Src homology region 2 domain-

containing phosphatase-1), a tyrosine phosphatase, is recruited by Syk, and dephosphorylates 

and downregulates activating receptors (143, 144). FcαRI also binds IgA in the absence of 

the FcRγ chain, protecting them from degradation, and recycling internalized serum IgA 

(145, 146). 

Both IgG and IgA also bind to other receptors. IgA binds to asialoglycoprotein receptor 

that may be involved in clearing IgA from the blood, in particular IgA2 (147, 148). 

Transferrin receptor selectively binds IgA1 (149). The secretory component receptor binds 

the secretory component and SIgA (150), but not serum IgA, triggering the degranulation of 

eonsinophils and basophils (150-152).  

TRIM21 binds to the Fc domain of IgG, and acts as an immunological sensor, targeting 

IgG-opsonized microorgansims for antibody-dependent intracellular neutralization by the 

ubiquitin-dependent proteasome (153-156). DC-SIGN binds to the CH2–CH3 interface of the 

Fc domain of IgG due to charged sialic acid (47), and is thought to upregulate expression of 

the inhibitory FcγRIIb (157). Fc receptor-like proteins, FCRL4 and FCRL5, was found to 

bind some IgG subclasses and IgA, and is thought to be involved in negative feedback 

inhibition through antigen-specific IgG and IgA (158). CD23 binds to sialylated IgG Fc, and 

regulates IgG affinity maturation and responses, by inducing FcγRIIb on B cells. 
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Table 1.3 – Human Antibody/Fc receptor binding 
 
The number of (+) symbols represent the affinity of respective antibody-Fc receptor binding. 
The greater the number of (+) symbols, the higher the binding affinity. 
 

 IgM IgD IgG1 IgG2 IgG3 IgG4 IgA1 IgA2 IgE 
Serum 

concentration 
(mg/mL) 

1.5 0.03 9 3 1 0.5 3 0.5 10-4 

 
Half life (days) 

 
5 3 23 23 8 23 6 6 2.5 

          
Antibody/FcR binding affinity 

FcγRI (CD64) - - ++++ - ++++ +++ - - - 
          

FcγRII (CD32)          
FcγRIIa (R131) - - ++ + ++ +/- - - - 
FcγRIIa (H131) - - ++ ++ ++ - - - - 

FcγRIIb - - ++ + ++ ++ - - - 
          

FcγRIII (CD16)          
FcγRIIIa - - ++ (+/-) (+/-) (+/-) - - - 
FcγRIIIb - - ++ ? ++ ? - - - 

          
FcεRI - - - - - - - - ++++ 

FcεRII (CD23) - - - - - - - - ++ 
          

FcδR - + - - - - - - - 
          

FcαR (CD89) - - - - - - + + - 
          

PolyIg + - - - - - ++ ++ - 
          

FcRn  
(placental 
transfer) 

- - + + + + - - - 
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COMPARISON OF THE HUMORAL IMMUNE SYSTEM BETWEEN MICE, 

RHESUS MACAQUES, AND HUMANS 

The following section is a comparison of the differences in the antibody responses 

between these different species, to be able to put the humoral response following vaccination 

in different animal models in perspective.  

 

Comparison of mouse and humans IgG and IgA antibody responses  

The murine subclasses include IgG1, IgG2b, IgG2a or IgG2c, and IgG3. The C57BL/6, 

NOD, and SJL strains of mice contain the gene for IgG2c, but not IgG2a, while BALB/c 

mice and mice of many other strains contain the gene for IgG2a, but not IgG2c (160). The 

binding of mouse IgG subclasses to mouse Fcγ receptors are different from humans as well, 

and will be discussed further in the section below. Furthermore, class switching from IgM to 

the IgG subclasses in mice is different to humans, in that in mice, IgM class switches directly 

to each of the four IgG subclasses early on in the antibody response, before SHM, and there 

is generally little class switching between the different IgG subclasses (160).  

Mouse IgA is mostly polymeric in serum, while it is predominantly monomeric in 

human serum (129), and it does not bind to SSL7 (Staphylococcal Superantigen-like 7) (161), 

unlike human and macaque IgA (162, 163). 

 

Comparison of rhesus macaque and humans IgG and IgA antibody responses  

While there are also four different IgG macaque subclasses, IgG1, IgG2, IgG3, and 

IgG4, not much is known about their properties, and how they compare to the human IgG 

subclasses. Different studies have shown contradictory results into the functions of primate 

IgG subclasses – an early study observed similar subclass activities between 

cynomolgus/rhesus macaque and human IgG (164, 165), while a more recent study showed  
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divergent activity profiles between macaque and human IgG subclasses (166). Sequence 

alignment of the four Indian rhesus macaque (macaca mulatta) subclasses suggest that the 

IgG subclasses were more similar to each other than to any human subclass, and most 

macaque IgG subclasses were the most similar to human IgG – for both the CH2 region 

(responsible for FcγR recognition), and also for the Fc region (167). Compared to human IgG 

subclasses, the rhesus macaque subclasses possessed a more uniform binding and functional 

profile, with IgG1 exhibiting the highest activity, followed by IgG2, then IgG3/IgG4 (167). 

This corresponded to observations that cynomolgus macaque IgG subclasses are more 

uniformly active than human IgG subclasses (166, 168). The IgG-FcγR binding activity of 

humans IgG is not well matched to that of macaques. The less functional human IgG2 and 

IgG4 are not extremely similar to macaque subclass variants, while human IgG3, which has 

superior activity in cell-based functional assays, is not structurally similar to any macaque 

IgG subclass.  The four macaque IgG subclasses generally exhibit uniform FcγRI and FcγRII 

binding and phagocytosis activity profiles in assays using human cells, different from their 

nominal human IgG counterparts. In serum of rhesus macaques, IgG1 (both in terms of 

transcript expression and antibody) was the predominant subclass, followed by IgG2 and 

IgG3, while IgG4 was of the lowest prevalence (165, 167, 169).  

One of the main differences between human and macaque IgA is that human IgA 

consists of two IgA subclasses, IgA1 and IgA2 (as described earlier), while macaque IgA 

only consists of one subclass. Furthermore, there is a high level of intraspecies heterogeneity 

in the Cα chain (58, 60, 170), with hinge regions containing different numbers of proline 

residues, suggesting that rhesus macaque IgA be of variable structure and sequence (171). 

This variability could contribute to the contradictory information available on the 

susceptibility of rhesus macaque IgA molecules to bacterial proteases (171-173). It is thus 

possible that macaque IgA may have different effector functions, and may have additional 
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protective IgA mechanisms. Purified IgA from vaccinated and SIV-infected rhesus macaques 

have been shown to have multifunctional effector activities, including phagocytic, 

neutralizing, and transcytosis-inhibiting activities (162).   

 

Comparison of mouse and humans IgG and IgA Fc receptors  

Four classes of Fcγ receptors have been described for mice: the activating FcγRI, 

FcγRIII, FcγRIV, and the inhibitory FcγRIIb. The three activating mouse FcγRs need to 

associate with an ITAM-bearing FcRγ for signal transduction, while FcγRIIb contains an 

ITIM in the cytoplasmic tail (Table 1.4). Amino acid sequence comparisons between mice 

and human FcγRs show that there are orthologous proteins between the two species. The 

orthologous mouse and human Fcγ receptors, as well as the main differences between the 

two, are detailed in Table 1.4. No homologous mouse receptors exist for human FcγRIIc and 

FcγRIIIb. Mouse Fcγ receptors also bind human IgG subclasses, while human Fcγ receptors 

do not bind to mouse IgG subclasses – allowing human antibodies with potential therapeutic 

applications to be evaluated using mouse models (174, 175).  

There are no orthologous mouse receptors for human FcαRI, however, mouse Fcα/µR 

binds to both IgA and IgM, and is expressed on B lymphocytes and macrophages (176, 177).  

 

Comparison of rhesus macaque and humans IgG and IgA Fc receptors  

Three classes of Fcγ receptors have been found for macaques: FcγRI, FcγRII (FcγRIIa 

and FcγRIIb), and FcγRIII. The Fcγ receptors for both species are very similar in amino acid 

sequences, although macaque Fcγ receptors are very polymorphic in terms of genetic 

heterogeneity, as well as in potential N-linked glycosylation sites (175). The orthologous 

macaque and human Fcγ receptors, as well as the main differences between the two, are 
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detailed in Table 1.4. The orthologous macaque receptor for human FcαRI is macaque FcαRI 

(178-180).  

While macaque FcαRI remains poorly identified, it is highly homologous to its human 

orthologous form, but share similar cellular expression patterns on different cell types. 

Despite the heterogeneity in IgA hinge sequences in macaques, macaque IgA still appears to 

bind to the recombinant form of macaque FcαRI (178). 
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PARENTERAL IMMUNIZATION INDUCES MUCOSAL IMMUNE RESPONSES 

The generation of a strong immune response at mucosal sites following vaccination is 

important for protection against infection against microorgansims invading the body via 

mucosal surfaces. It has been reported that immunization via the mucosal route elicits the 

greatest mucosal immune responses at both local and distal immune mucosal sites in other 

mucosal tissues, and this has been frequently referred to as the ‘common mucosal system’ 

(181), where the lymphatic system and blood serve as a conduit for precursor cells to migrate 

from inductive sites to distal mucosal tissues and glands (182, 183). To that end, much 

research has been focused on developing vaccines for administration via the mucosal route, 

rather than conventional parenteral injections (reviewed in (184-187). Successful mucosal 

vaccines that are currently licensed for human use are usually administered via the oral or 

nasal route, and include the live-attenuated poliovirus vaccine administered via the oral (188-

190), live attenuated influenza vaccine (FluMist) administered via the nasal route (191), oral 

vaccines against typhoid fever (192), cholera (193-195) and rotavirus gastroenteritis (196, 

197). However, in general, mucosal vaccination has its limitations. Immunization via the oral 

route runs the risk of the vaccine antigen degrading in the gastrointestinal tract (e.g. by 

gastric acid, mucins and digestive enzymes), or being cleared by peristalsis and mucus 

secretion, before they even reach the mucosal immune system. Additionally, tolerance 

against the vaccine antigen may likely be induced by mucosal immunizations, especially 

since a homeostatic condition is needed at mucosal sites, where they encounter many 

beneficial antigens (e.g. via ingestion of food or commensal microbiota) (198). 

While parenteral immunization has long been thought to by unable to induce protective 

immune responses at mucosal surfaces, there have been increasing number of studies that 

suggest that some systemically administered vaccines are in fact capable of eliciting mucosal 

immune responses, and there are multiple licensed vaccines administered via a parenteral 
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route that do induce mucosal immunity and are protective against infection by viruses that 

enter the body through various mucosal sites (199, 200) (Table 1.5). Additionally, there have 

been multiple in vivo studies in animal models which demonstrate that immunizations via a 

systemic route are able to induce a mucosal immune response (reviewed in (199)). 

While most parenteral immunizations predominantly induce IgG responses, IgA 

antibody secreting cells (ASCs) in systemic circulation have been reported to be induced by 

parenteral immunization. Polymeric IgA have been observed in serum following vaccination 

(201), and antigen-specific IgA detected in saliva as well (202, 203). It is thought that 

systemic antibodies induced by vaccination find their way to the mucosal compartment, 

either by constitutive transcellular/paracellular transport of IgG from the systemic 

compartment and other specific transport mechanisms, or by transudation from the systemic 

compartment to the mucosal compartment. 

A well-known example of a licensed vaccine administered via the parenteral route that 

protects against virus replication in the mucosa is the inactivated polio vaccine. It has been 

hypothesized that the high levels of IgG induced post vaccination were transudated to the 

nasopharyngeal surface, and antigen-specific IgA has also been detected in milk, saliva and 

nasopharyngeal surfaces (reviewed in (204)). The pertussis vaccine protects against infection 

of the respiratory mucosal surface by Bordetella pertussis (205). The conventional influenza 

vaccine is also administered systemically, with studies showing that it produces antibody 

responses in mucosal secretions (90, 206-208), although it is debatable as to whether the 

antibody response is serum-derived or induced by local cellular responses (209, 210). There 

are many other instances where parenteral immunization does induce protection against 

infection and disease in the mucosal compartments, such as the gastroenteric and 

nasopharyngeal tracts (Table 1.5). Mucosal surfaces represent the main portals of entry for 
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HIV-1, and as such, it is likely that any prophylactic HIV-1 vaccines administered 

systemically will need to induce a substantial mucosal antibody response. 

While it has been argued that a mucosal vaccine is required to elicit strong mucosal 

responses, many studies, both in animal models and in humans have shown that a systemic 

immunization is capable of eliciting a strong mucosal immune response, and indeed, there 

have been multiple licensed systemic vaccines that are targeted against viruses that are 

transmitted via the mucosal route, and are able to elicit strong mucosal responses (211). 
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Table 1.5 – licensed vaccines administered via a systemic route that induce mucosal 
antibody responses against viruses transmitted via a mucosal route  
 
Reviewed in (200) 

Vaccine Efficacy Transmission 
route Disease Site Inhibition of mucosal 

replication? 
Inactivated 
polio vaccine 

~ 95% Faecal-oral and 
oral-oral 

Systemic  (central 
nervous system - 
CNS) 

Yes (respiratory tract 
(RT) and 
gastrointestinal tract) 

Haemophilus 
influenzae 

~ 95% Respiratory Systemic (CNS) 65% (RT) 

Pertussis 85-95% Respiratory Respiratory mucosae Unknown 
Meningococcal 
polysaccharide 

~ 85% Nasopharyngeal Systemic (CNS) 50% (RT) 

Influenza 
subunit 

~ 65% Respiratory Mucosae/Systemic 90% (RT) 

Cholera ~ 50% Faecal-oral Mucosae Unknown 
Typhoid 50-75% Faecal-oral Mucosae/Systemic Unknown 
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MICROPARTICLES AS A VACCINATION AND DRUG DELIVERY STRATEGY 

Advantages of using controlled release as a vaccination strategy 

The use of controlled release as a vaccination strategy/modality could potentially 

reduce the need for multiple administrations of the vaccine. This is especially advantageous 

in the developing world, where patients may have limited access to healthcare, and may not 

return for a full vaccination regimen with multiple immunizations. This has an additional 

economic benefit, where the costs related to vaccination programmes – including costs 

related to personnel and management required to administer the vaccine – would be 

significantly lowered (212).  

The antigen is dispersed throughout a matrix of biodegradable polymer, and upon 

polymer degradation, it is released into the local microenvironment. Modifications of the 

polymer composition and formulation method would change the release kinetics of the 

encapsulated antigen, enabling control of when antigen can be delivered. 

 

PLGA as a polymer and adjuvant 

There are several biodegradable polymers that have traditionally been tested for 

controlled release formulations, these include natural materials like starch and alginate, which 

degrade via enzymes found in the body, as well as synthetic materials like hydrogels, 

polyanhydrides and polyesters, which degrade by chemical or enzymatic hydrolysis. 

Synthetic materials have better reproducibility and are available in multiple different 

compositions, allowing alterations during polymer processing to achieve the desired release 

kinetics, while natural materials have more inherent variability, and are more difficult to alter 

(213)  (Sterilization, toxicity, biocompatibility and clinical applications of polylactic 

acid/polyglycolic acid copolymers.).  
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The most common biodegradable polymer used in these formulations is poly(lactic-co-

glycolic acid) (PLGA). It is well characterised, is Food and Drugs Administration (FDA) 

approved, has been used as an absorbable suture material since 1974 (214, 215), and has been 

widely used in many different drug delivery studies, including for vaccines, antibiotics, 

analgesics, anti-inflammatory drugs and chemotherapeutics (216) .  

PLGA degradation in vivo occurs by the hydrolysis of ester linkages within the PLGA 

polymer, resulting in lactic and glycolic acid. As the polymer degrades down to a certain size 

(about 15 monomer units in length), it becomes soluble and diffuses out of the matrix, 

resulting in the release of the encapsulated antigen, and a resulting loss of structure. 

Changing the molecular weight of PLGA used, the composition of lactic:glycolic acid, and 

adding an end cap  (e.g. a carboxylic acid end group) will change the release kinetics and 

how fast the polymer degrades. Microparticles can be formulated to continuously deliver 

antigen after an initial burst, or to exhibit pulsatile release to mimic more traditional bolus 

injections in a vaccination regimen. Antigen can be released over a period days, weeks, or 

months, depending on the formulation method and polymer used (212).    

Encapsulation of antigen in PLGA microparticles have been found to enhance both the 

T cell and antibody responses (217, 218), as well as subsequent memory antibody responses 

(219), when compared to bolus immunizations. Recent studies have suggested that 

microspheres activate the NACHT, LRR and PYD domains-containing protein 3  (NALP3) 

inflammasome in dendritic cells (220).  

While there are many papers in the field studying the immunogenicity of microspheres, 

most use Bovine Serum Albumin (BSA), or the tetanus toxoid as a model antigen. Few 

studies have investigated the immunogenicity of encapsulating the HIV-1 Env protein (221). 
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OVERVIEW 

The correlates of protection of RV144 suggest that vaccine-elicited antibody responses 

are likely to be important for a successful HIV-1 vaccine. Furthermore, as HIV-1 

transmission typically occurs at mucosal sites, vaccine-elicited mucosal antibodies are 

probably important as well. It is thus important to evaluate IgG and IgA responses to HIV-1 

vaccine candidates, as well as to develop alternatives to existing HIV-1 vaccination 

strategies, such as by microparticle-based vaccine delivery strategy.  

In this dissertation, I evaluated systemic and mucosal antibody responses against 

different HIV-1 vaccine candidates. I hypothesize that HIV-1 vaccine candidates 

administered via the parenteral route can induce coordinated mucosal and systemic immune 

responses, and that we can improve the induction of these antibody responses via novel 

delivery methods. In chapter 2, I investigated the common features of mucosal and peripheral 

antibody responses following parenteral immunization of rhesus monkeys with Adenovirus 

ad Env HIV-1 vaccine candidates, focusing on the IgG response. Chapter 3 of this 

dissertation further investigates the relationship between mucosal and peripheral antibody 

responses, as well as the relationship between vaccine elicited systemic IgG and IgA in 

rhesus monkeys that were parenterally immunized with an Adenovirus/Env vaccine regimen. 

Finally, in Chapter 4, I evaluated the immunogenicity of a controlled antigen release 

vaccination regimen in a mouse model, using biodegradable poly (D, L-lactic-co-glycolic 

acid) (PLGA) microparticles encapsulating HIV-1 Env as a vaccine delivery modality, where 

antigen was continuously released over a period of weeks. We evaluated vaccine-induced 

IgG and IgA responses in the peripheral and mucosal compartments.  
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ABSTRACT 

Human immunodeficiency virus type 1 (HIV-1) vaccines that elicit protective antibody 

responses at mucosal sites would be highly desirable. Here, we report that intramuscular 

immunization of candidate HIV-1 vaccine vectors and purified Env proteins elicited potent 

and durable humoral immune responses in colorectal mucosa in rhesus monkeys. The 

kinetics, isotypes, functionality, and epitope specificity of these mucosal antibody responses 

were similar to those of peripheral responses in serum. These data suggest a close 

immunological relationship between mucosal and systemic antibody responses following 

vaccination in primates. 
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INTRODUCTION 

Human mucosal surfaces represent the major portal of entry for human immunodeficiency 

virus type 1 (HIV-1) (1). Thus, a prophylactic vaccine will likely need to elicit protective 

antibody responses at mucosal sites of virus exposure. However, mucosal humoral immune 

responses following vaccination are poorly characterized. The RV144 clinical trial suggested 

that vaccine-elicited HIV-1 envelope (Env) -specific humoral immune responses may have 

contributed to the partial protection observed for vaccines (2), but mucosal immune responses 

were not assessed in that trial. In contrast, previous studies have shown that immunization 

with peptide, DNA, protein, or attenuated bacterial or viral vector-based vaccines through 

parental or mucosal routes may elicit antigen-specific humoral immune responses at mucosal 

sites in mice, nonhuman primates, and humans (3-7). However, the characteristics, 

functionality, and epitope specificity of vaccine-elicited mucosal antibody responses have not 

been fully explored. Moreover, whether mucosal antibody responses reflect distinct 

populations compared with those for peripheral antibody responses remains to be determined. 

We therefore assessed the magnitude, durability, isotype, neutralizing activity, and epitope 

specificity of mucosal and peripheral antibody responses in rhesus monkeys elicited by 

adenovirus (Ad) vector-based and protein- based HIV-1 vaccine candidates. 
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MATERIALS AND METHODS 

Elution of Weck Cels 

300uL of elution buffer (1X PBS, 0.25% w/v BSA, 0.5% v/v Igepal, 1XProtease 

inhibitor cocktail) was incubated with thawed Weck Cel sponges in a Spin-X filter column 

(Corning Costar) for 5 minutes on ice. The filter column was centrifuged for 5 minutes at 

16,000g at 4°C. This process was repeated again with another 300uL of elution buffer.  

The average volume of eluates from 8 experimental (used) and 8 unused Weck Cel 

sponges were calculated respectively. To calculate the dilution factor of eluted colorectal 

secretions, we used the following formula: 

!"#$%"&' !"#$%& = !"#!$%&!'()* !"#$%& !"#$%! !"#$%&
!!"#$%&#'( !"#$%& !"#$%! !"#$%&!!"!#$% !"#$%& !"#$%! !"#$%& 

 

ELISA 

Quantitative IgG and IgA concentration – Total IgG or IgA concentrations were determined 

using monkey IgG or IgA enzyme-linked immunosorbent assay (ELISA) kits respectively  

(Alpha Diagnostic International). 

  

Serum Env-specific IgG – Serum binding IgG antibody titers against HIV-1 Env were 

determined by endpoint ELISAs as previously described. (8). Briefly, 96-well Maxisorp 

ELISA plates (Thermo Fisher Scientific) were coated overnight with 100 uL per well of HIV-

1 Env at a concentration of 1 ug/mL in PBS, and subsequently blocked for 4 h with PBS 

containing 2% BSA (Sigma) and 0.05% Tween-20 (Sigma). Serum was serially diluted and 

incubated for 1 h at room temperature. Plates were washed 3 times with PBS containing 

0.05% Tween-20 and were incubated for 1 h with HRP-conjugated anti-IgG (Jackson 

ImmunoResearch Laboratories Inc.). The plates were washed 3 times and developed with 

SureBlue tetramethylbenzidine microwell peroxidase (KPL Research Products), stopped by 
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the addition of stop solution (KPL research Products), and analyzed at 450nm/550nm on a 

Spectramax Plus ELISA plate reader (Molecular Devices) using Softmax Pro-4.7.1 software.  

  

All other Env-specific ELISAs – For all other ELISAs, following sample incubation, plates 

were incubated with a biotin-conjugated secondary antibody (IgG and IgA: Alpha Diagnostic 

International; IgG1 and IgG3: NIH Non-human Primate Reagent Resource) for 1 h at 37C, 

washed 3 times, incubated with streptavidin-HRP for 1h before developing.  

 

IgA α chain-specific and secretory component- (SC-) specific ELISAs – Plates were coated 

with an anti-IgA antibody (Alpha Diagnostics International). Following incubation with 

sample, plates were incubated with a biotin-conjugated α-specific or SC-specific antibody for 

1 h at 37C, washed 3 times, incubated with streptavidin-HRP for 1h before developing. 

 

Neutralizing Antibody Assay in TZM.bl Cells 

Neutralizing antibody responses against SIVmac251.15 Env pseudovirions were measured 

using luciferase-based virus neutralization assays in TZM.bl cells (8-13). These assays 

measure the reduction in luciferase reporter gene expression in TZM.bl cells following a 

single round of virus infection. The ID50 was calculated as the serum dilution that resulted in 

a 50% reduction in relative luminescence units compared with the virus control wells after 

the subtraction of cell control relative luminescence units. Threefold serial dilutions of serum 

samples were performed in duplicate (96-well flat-bottomed plate) in 10% DMEM growth 

medium (100 uL per well). Virus was then added to each well and the plates were incubated 

for 1 h at 37°C. TZM.bl cells were then added (1 × 104 per well in 100 uL volume) in 10% 

DMEM growth medium containing diethylaminoethyl- dextran (Sigma) at a final 
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concentration of 11 ug/mL. Murine leukemia virus (MuLV) was used as a negative controls 

in all assays.  

 

Peptide microarrays 

Microarray slides were incubated with purified antibody (14). Serum was diluted 1/200 

in SuperBlock T20 (TBS) Blocking Buffer (Thermo Scientific), and incubated for 1h at 30°C 

with the peptide microarray slide. Slides were then washed with 5mL of TBS-Buffer + 0.1% 

Tween-20 for 3 min on a shaker at room temperature for 5 washes. Next, slides were placed 

in the individual chambers of a Sarstedt Quadriperm Dish and incubated with Alexa-Fluor 

647-conjugated AffiniPure Mouse Anti-Human IgG (H+L) (Jackson ImmunoResearch 

Laboratories) for 1 hour at room temperature. Slides were then washed 5 times with TBS-

Buffer + 0.1% Tween-20 and 5 times with deionized water. To dry, slides were placed in a 

50mL Falcon tube, and spun at 1400rpm for 5 minutes. A control slide incubated with 

secondary antibodies alone without sample was also ran to determine background.  

 

Microarray image analysis 

Slides were scanned with a GenePix 4300A scanner (Molecular Devices), using 635nm 

and 532nm lasers at 500 PMT and 100 Power settings. Images were saved as TIF files. The 

fluorescence intensity for each feature (peptide spot) was calculated using GenePix Pro 7 

software and GenePix Array List (GAL) file. We then calculated the mean fluorescent 

intensity across the triplicate sub-arrays using a custom- designed R script and R software 

package 2.15.2. The threshold value used to define a minimum positive fluorescent intensity 

was calculated for each slide using the computational tool rapmad and a custom-designed R 

script. Data from each individual slide was combined with data from the control slide to 
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create two distributions of data (noise and signal). The threshold values for positivity were 

defined as 5 standard deviations above the mean of the noise distribution (SD.noise*5).  

 An antibody epitope was defined to be 5-15 amino acid long (with the minimum 

epitope for antibody binding to be 5 amino acids long), the breadth to be the number of 

amino acid regions within any given HIV-1 protein (e.g. Env, Gag, Pol) region (e.g. V1, V2 

etc. for HIV-1 Env) spanning an 11 amino acid stretch. We defined the depth to be the 

number of unique sequences within an overlapping region of 5 to 15 amino acids (14). 
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RESULTS 

Total IgG and IgA antibody responses in serum and mucosal secretions elicited 

following protein or Adenovirus vector immunization 

We first collected blood and colorectal mucosal secretions using Weck-Cel sponges 

from 8 healthy adult rhesus monkeys. Using sera and mucosal secretions eluted from Weck-

Cel sponges (15), we assessed the amount of total IgG and IgA. As expected, we found that 

the amount of IgG in serum was significantly higher than that of IgA (P = 0.0039; paired t 

test), whereas the amount of IgA in colorectal mucosal secretions was significantly higher 

than that of IgG (P = 0.0337; paired t test) (Fig 2.1A). Nevertheless, the total amounts of both 

IgG and IgA in mucosal secretions were substantially lower than those found in serum. To 

confirm that the antibodies collected from mucosal sites actually represented mucosal 

antibodies, we assessed mucosal and serum IgA for the IgA α-chain (α-specific responses) 

and IgA secretory component (SC-specific responses). The α-specific responses represent 

both monomeric and polymeric IgA, whereas SC-specific IgA is only found in secretory IgA 

(sIgA) in mucosal secretions (7, 16). Serum samples showed high α-specific IgA and no 

detectable SC-specific IgA, as expected. In contrast, mucosal secretions showed both ︎ α-

specific and SC-specific IgA (Figure 2.1B). SC-specific anti-IgA antibody proved specific for 

sIgA, with minimal cross-reactivity to monomeric and polymeric IgA (Figure 2.1C). These 

results confirm that the IgA from mucosal secretions was largely sIgA and not serum 

contamination. 
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Figure 2.1 – Total mucosal IgG and IgA in rhesus monkeys 
 
Sera and colorectal mucosal secretions were collected from 8 healthy adult rhesus monkeys.  
 
(A) The amount of total IgG and IgA was determined by quantitative ELISA.  
 
(B) The amount of serum and mucosal IgA containing the α-chain (α-specific) or the 
secretory component (SC-specific) was also determined. Means and standard deviations (SD) 
of endpoint titers are shown.  
 
(C) Responses of α-specific and SC-specific anti-IgA antibodies to recombinant monomeric 
and dimeric IgA, as well as the sIgA standard, were determined by ELISA. Means and SD of 
the optical density (OD; 450 nm) from 4 replicates are shown.  
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Env-specific serum or mucosal IgG and IgA antibody responses elicited following 

protein or Adenovirus vector immunization 

 We next assessed Env-specific IgG and IgA responses in colorectal secretions and 

sera from 24 rhesus monkeys immunized with candidate HIV-1 vaccines. Sixteen adult 

rhesus monkeys were immunized intramuscularly (i.m.) with 2 X 1010 viral particles of 

adenovirus serotype 35 (Ad35) at week 0 and 2 X 1010 viral particles of Ad26 (10) at week 

24 (Ad/Ad). Both Ad vectors encoded simian immunodeficiency virus SIVSME543 Env-Gag-

Pol antigens (17). Eight additional adult rhesus monkeys were immunized i.m. with 0.25 mg 

recombinant HIV-1 clade C CZA97.012 Env gp140 (18) with adjuvant at weeks 0, 4, 8, 12, 

16, and 20. IgG and IgA responses specific to SIV Env (SIVmac251 gp120; Immune 

Technology Corp.) and HIV-1 clade C CZA97.012 Env gp140 (8) were determined for both 

sera and colorectal mucosal secretions by ELISA 2 to 4 weeks and 20 to 24 weeks following 

the final immunization. Responses were defined as positive if the absorbance was greater 

than the mean plus 3 standard deviations of the absorbance of negative controls. The cutoff 

absorbance was generally 0.05 for IgG responses and 0.1 for IgA responses. Both Ad/Ad and 

protein immunizations elicited high titers of Env-specific IgG and IgA responses in sera and 

mucosal secretions at the peak time point (P < 0.01; paired t test), and these responses 

declined by approximately 0.5 log (range, 0.17 to 0.57 log; median, 0.54) by 20 to 24 weeks 

following the final immunization (Figure 2.2A). Consistent with prior reports (5), mucosal 

antibody titers were 1 to 2 logs lower than those found in serum. Moreover, Env-specific IgG 

titers were approximately 1.5 logs (range, 1.29 to 1.69 logs; median, 1.59) higher than Env-

specific IgA titers in both serum and mucosal secretions. Env-specific IgA in mucosal 

secretions but not in serum exhibited SC-specific responses (data not shown), consistent with 

the data shown in Figure 2.1B. Env-specific mucosal IgG and IgA responses correlated with 

Env-specific systemic IgG and IgA responses at both the peak time point (P = 0.002 for IgG; 
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P = 0.0001 for IgA) and later time points (P = 0.02 for IgG; P = 0.03 for IgA) (Figure 2.2B 

and C), suggesting that intra-muscular immunization of Ad-vectored and protein HIV-1 

candidate vaccines elicited immunologically coordinated antibody responses in the periphery 

and at mucosal sites.  
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Figure 2.2 – Vaccine-elicited mucosal antibody responses in rhesus monkeys  
 
Rhesus monkeys were immunized i.m. with Ad35 (at week 0) and Ad26 (at week 24) 
encoding SIV Gag-Env-Pol (Ad/Ad; n = 16 monkeys) or recombinant HIV-1 Env protein 
trimer at weeks 0, 4, 8, 12, 16, and 20 (Protein; n = 8).  
 
(A) Env-specific IgG and IgA antibody titers were determined for both serum and colorectal 
mucosal secretions by ELISA at baseline and 2 to 4 weeks (Ad/Ad: week 26; Protein: week 
24)  and 20 to 26 weeks (Ad/Ad: week 52; Protein: week 44) after the final immunization. 
Means and standard deviations of endpoint ELISA titers are shown.  
 
Correlations between Env-specific IgG (left) and IgA (right) responses in sera and mucosal 
secretions at (B) 2 to 4 weeks and (C) 20 to 26 weeks after the final immunization were 
analyzed using Spearman rank-correlation tests. Filled circles, monkeys from the Ad/Ad 
group; open circles, monkeys from the protein group.  
 
(figure on next page)  
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Figure 2.2 – Vaccine-elicited mucosal antibody responses in rhesus monkeys (continued)  
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Evaluation of Env-specific IgG subclasses and neutralizing activity of vaccine-elicited 

and serum mucosal antibodies 

Follow-up studies of RV144 suggested that vaccine-elicited Env-specific IgG3 titers 

may correlate with protective efficacy (19, 20). Rhesus IgG1, IgG2, IgG3, and IgG4 

sequences are 88.0% to 90.1% identical to the corresponding human IgG subclasses, although 

our understanding of the biology of rhesus IgG subclasses remains incomplete (21). To 

dissect subclasses of Env-specific IgG responses elicited in rhesus monkeys, we performed 

ELISAs for 6 monkeys from each group using secondary antibodies specific for rhesus IgG1 

and IgG3 (kindly provided by K. Reimann, NIH Non-human Primate Reagent Resource). 

Both Ad/Ad and protein vaccines elicited IgG1 and IgG3 responses in serum and mucosal 

secretions. The Ad vectors elicited comparable titers of IgG3 and IgG1 responses in both sera 

and mucosal secretions, whereas the protein vaccine elicited approximately 1 log higher titers 

of IgG3 than IgG1 (Figure 2.3A and B), although mucosal responses were lower than serum 

responses for both subclasses. The anti-IgG1 and anti-IgG3 monoclonal antibodies exhibited 

minimal cross-reactivity to the other rhesus IgG subclasses (Figure 2.3E).  

To determine if vaccine-elicited mucosal antibodies were functional, we performed 

neutralization assays using mucosal secretions collected at 2 weeks after the final 

immunization from monkeys that received the Ad/Ad vaccines compared with eight 

additional control monkeys that received a sham vaccine. Mucosal secretions and sera from 

vaccinated monkeys exhibited significantly greater neutralizing activity against the TCLA 

strain of SIVmac251.15 compared to that of the sham group (P < 0.001 for sera and P < 0.01 for 

mucosal secretions; unpaired t test) (Figure 2.3C and D). Thus, these vaccine vectors elicited 

functional neutralizing antibodies in colorectal secretions, although titers in mucosal 

secretions were around 2 logs lower than those found in serum. These data suggest that IgG 

isotypes and functionality of vaccine-elicited, Env-specific mucosal antibody responses are 
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similar to those of antibodies in peripheral blood, despite the overall predominance of IgA in 

mucosal secretions.  
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Figure 2.3 IgG subclasses and neutralizing activity of vaccine-elicited mucosal 
antibodies  
 
(A) Env-specific IgG1 and IgG3 titers were determined for sera from Ad/Ad (left)- and 
protein (right)-immunized monkeys by ELISA.  
 
(B) Env-specific IgG1 and IgG3 titers were also determined for mucosal secretions.  
 
(A and B): ns, not significant; **: P < 0.01 (paired t test).  
 
(C) Pseudovirus neutralizing assays were performed using tissue culture-adapted strain 
SIVmac251.15. The 50% infective dose (ID50) titers were determined for sera from monkeys 
immunized with Ad/Ad at 2 weeks after the final immunization.  
 
(D) ID50 titers were also determined for mucosal secretions from these monkeys. Samples 
from sham-immunized monkeys were used as controls.  
 
(C and D): **: P < 0.01; ***: P < 0.001 (unpaired t test).  
 
(E) Reactivity of anti-IgG1 and anti-IgG3 monoclonal antibodies to recombinant rhesus 
IgG1, IgG2, IgG3, and IgG4 were determined by ELISA. Means and SD of the OD (450 nm) 
from 6 replicates are shown.  
 
(figure on next page)  
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Figure 2.3 – IgG subclasses and neutralizing activity of vaccine-elicited mucosal 
antibodies (continued) 
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Mapping of linear Env epitopes bound by mucosal and serum IgG following vaccination 

To determine if vaccine-elicited antibodies at mucosal sites had epitope specificities 

similar to those of vaccine-elicited antibodies in serum, we assessed paired mucosal and 

serum samples for Env-specific IgG linear epitope profiling from 5 monkeys immunized with 

the Env protein using peptide microarrays (JPT Peptide Technology). As a negative control, 

we also evaluated mucosal and serum samples from two naive unvaccinated monkeys, the 

results of which proved negligible (22, 23). Microarrays consisted of 3 identical subarrays 

containing 3,882 linear Env peptides covering 57% of global HIV-1 Env sequences in the 

Los Alamos National Laboratory database (24). Mucosal and serum samples were incubated 

with microarrays and a labeled secondary antibody, and the signal intensity (SI) of peptide 

binding was measured by a Genepix 4300A scanner. The threshold value used to define a 

minimum positive signal was calculated for each slide using the computational tool rapmad 

(robust alignment of peptide microarray data) (25) and was established as 5 standard 

deviations above the mean of the noise distribution. To calculate the breadth of antibody 

responses, we evaluated the number of Env peptide responses for each animal, and we 

aligned the reactive peptide sequences to eliminate overlap. If any reactive peptide sequences 

shared 5 or more amino acids, we assumed that the peptides were recognized by the same 

antigen-binding site on a single antibody; these overlapping sequences were conservatively 

defined as a single positive “binding site.” If the first and last overlapping peptide in a string 

of overlapping peptides shared 4 or fewer amino acids, we assumed that the peptides were 

recognized by a minimum of two antibody binding sites. To calculate the depth of antibody 

responses, we evaluated the overlapping sequences of each binding site and determined the 

number of unique sequence variations for each binding site. We then calculated the median 

number of variations/binding site for each animal.  
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The pattern of IgG binding to linear Env peptides appeared strikingly similar between 

serum and mucosal samples, with both serum and mucosal antibodies binding predominantly 

to V3 linear peptides, followed by V1/V2 and V4 peptides (Figure 2.4A and B). Within 

compartments, there was some variability between animals in the binding to V1/V2 peptides, 

but V3 binding was universal (data not shown). For individual monkeys, a mean of 97% of 

serum responses overlapped by ≥ 5 amino acids with mucosal responses, whereas a mean of 

81% of mucosal responses over- lapped by ︎5 amino acids with serum responses. There was a 

significant positive correlation between the mean signal intensity of mucosal and serum IgG 

peptide binding (P < 0.0001, Spearman rank-correlation test) (Figure 2.4C). Of note, both 

mucosal and serum IgG from protein-immunized monkeys showed binding to peptides within 

the V1/V2 region of Env (positions 120 to 204) (2). In addition, there was no difference 

between the breadth and depth of IgG binding to linear Env peptides between the mucosal 

and serum compartments (Figure 2.4D). These results suggest that Env-specific mucosal and 

serum IgG generally share similar epitope specificities.  
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Figure 2.4 Mucosal and serum IgG binding to linear Env peptides by peptide 
microarrays  
 
IgG binding to 3,882 linear Env peptides was assessed by peptide microarrays using serum 
and mucosal secretions from 5 monkeys immunized with the Env protein vaccine 16 weeks 
after the final immunization as well as 2 naive control monkeys.  
 
(A) Mean signal intensity of binding is plotted by the peptide gp140 start position for serum.  
 
(B) Mean signal intensity of binding is plotted for mucosal samples.  
 
(C) Mean signal intensity of mucosal peptide binding is plotted against mean signal intensity 
of serum peptide binding for the 5 immunized monkeys. Correlations were analyzed using 
the Spearman rank-correlation test. 
 
(D) The breadth (number of binding sites) and depth (median number of epitope 
variants/binding site) for each immunized monkey are plotted for serum and mucosal 
samples. Mean responses and standard errors of the means (SEM) are depicted. 
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DISCUSSION 

HIV-1 infects humans primarily through mucosal surfaces, and therefore it is likely that 

a prophylactic vaccine would elicit protective antibodies both at mucosal surfaces and in the 

systemic circulation. For optimal induction of mucosal immune responses, several studies 

have suggested that vaccines should be administered through mucosal routes (3, 26). 

However, other studies have demonstrated that vaccines given parentally can also induce 

mucosal antibody responses in certain settings (27, 28). A comparative evaluation of 

intranasal (i.n.) and parental (i.m.) immunization of an HIV-1 peptide-based immunogen with 

adjuvant in cynomolgus monkeys showed that antibody responses at the nasal and genital 

mucosa were highest in animals immunized parentally (29). Individual mucosal 

compartments also display differences with respect to antibody isotypes and densities, as well 

as origins of cells involved in innate and adaptive immunity.  

In this study, we demonstrate that intramuscular immunization with both Ad-vectored 

and protein-based candidate HIV-1 vaccines elicited potent and durable Env-specific 

antibody responses in colorectal mucosa and that the kinetics, isotype, functionality, and 

epitope specificity of mucosal antibodies generally mirror those found in serum. These data 

suggest that vaccine-elicited peripheral and mucosal humoral immune responses are likely 

immunologically coordinated. The remarkable degree of similarity also raises the possibility 

that mucosal and peripheral antibodies elicited by vaccination may originate from the 

common B cell populations, although a detailed study of mucosal B cells is beyond the scope 

of this study. Previous studies suggest that mucosal IgA is largely synthesized locally and 

transported through epithelial cells into the lumen (30). The degree to which mucosal IgG 

and IgA elicited by vaccination reflects peripheral versus local B cells requires additional 

investigation.  
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ABSTRACT 

Vaccine-elicited immunoglobulin G (IgG) has been shown to be important for protection 

against simian/human immunodeficiency virus (SHIV) infection in rhesus monkeys. 

However, it remains unclear whether vaccine-elicited IgA responses are beneficial or 

detrimental for protection. In this study, we evaluated the kinetics, magnitude, breadth, and 

linear epitope specificities of vaccine-elicited IgG and IgA responses in serum and mucosal 

secretions following intramuscular immunization with Ad26 prime, Env protein boost 

vaccination regimens. The systemic and mucosal antibody responses exhibited similar 

kinetics but lower titers than serum antibody responses. Moreover, IgG and IgA responses 

were correlated, both in terms of the magnitude of responses and in terms of antibody 

specificities against linear HIV-1 Env, Gag and Pol epitopes. These data suggest that IgG and 

IgA responses are highly coordinated in both peripheral blood and mucosal compartments 

following Ad26/Env vaccination in rhesus monkeys. 

  



	 93	

INTRODUCTION 

HIV-1 infection in humans is mainly transmitted via the mucosal route (1). It is 

therefore likely that a prophylactic vaccine will need to elicit protective antibody responses at 

the mucosal sites of infection (2). However, mucosal IgG and IgA responses following 

vaccination remain poorly characterized. Cervico-vaginal secretions generally contain higher 

levels of IgG than IgA, whereas gastrointestinal secretions and saliva typically contain more 

IgA (3, 4).  

The RV144 vaccine trial demonstrated 31.2% efficacy in preventing HIV-1 infection 

(5). Follow-up studies showed that while plasma IgG directed against the variable loop 1 and 

2 (V1/V2) region in Env correlated directly with protection, plasma IgA binding to Env 

inversely correlated with protection (6). It has been hypothesized that IgA directed against 

the C1 region of Env, may have interfered with the antibody-dependent cellular cytotoxicity 

effector (ADCC) function of the protective IgG responses (7).  

However, HIV-specific IgA responses have also been previously linked to protection in 

certain models.  In HIV-1 exposed, persistently seronegative individuals, HIV-specific IgA 

antibodies were detected in both the serum and mucosal secretions (8-11), and mucosal and 

plasma IgA purified from these seronegative individuals inhibited HIV mucosal transcytosis 

in vitro (8, 9). In rhesus macaques that were passively immunized with IgA1, IgA2, and IgG1 

versions of a neutralizing monoclonal human antibody HGN194, IgA1 provided the best 

protection against a SHIV challenge, and only IgA1 blocked transcytosis of cell-free virus 

across the epithelial layer in vitro, even though all three versions had similar neutralizing 

activities (12).  

Thus, it remains unclear whether vaccine-induced peripheral and mucosal IgA 

responses are beneficial or detrimental for protection against infection. The Ad26 prime, Env 

protein boost (Ad26/Env) vaccine has previously been shown to provide partial protection 
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against SIVmac251 and SHIV-SF162P3 challenges (13), and this vaccine has recently been 

advanced into a phase 2b proof-of-concept study in humans (HVTN705, HPX2008). In this 

study, we evaluated the magnitude and epitope specificity of IgG and IgA elicited by 

Ad26/Env vaccination in rhesus monkeys.  
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MATERIALS AND METHODS 

Animals and immunizations  

20 adult rhesus monkeys (Macaca mulatta) were housed in the Alphagenesis Inc. 

Animal Research Facility. All studies were approved by the Alphagenesis Inc. Institutional 

Animal Care and Use Committee (IACUC). Priming immunizations at weeks 0 and 12 

involved IM injections of 1X1010 viral particles (v.p.) of non-replicating recombinant 

adenovirus 26 (Ad26) vector expressing HIV mosaic Gag, Pol, and Env immunogens 

(Ad26.Gag-Pol and Ad26.Env) (14, 15). Animals were subsequently boosted IM at weeks 24 

and 48 with either clade C gp140Fd trimer protein immunogen alone (250ug/animal), or in 

combination with Ad26.Gag-Pol and Ad26.Env (1X1010v.p./animal). Clade C gp140 trimer 

protein immunizations were adjuvanted with either Adju-Phos (850ug) or Matrix M (60ug). 

The antigens were formulated in a dose volume of 500uL, and administered via IM injections 

in the quadriceps muscles. Immunization regimens are detailed in Table 1.  

 

Antibody purification 

IgG purification – IgG was purified from serum using a protein G-agarose column (2mL of 

protein G-agarose beads). Columns were washed with Protein G IgG binding buffer (Thermo 

Scientific #21019) and bound IgG was subsequently eluted with 0.1M glycine (pH 2-3) and 

immediately neutralized with 1M Tris (pH 8). The different IgG eluate fractions were then 

pooled together and buffer exchanged with 1X PBS using a Amicon Ultra 10K Device Spin 

column.  

 

IgA purification – IgA was purified from IgG-depleted serum with a peptide M-agarose 

column (2mL of peptide M-agarose beads). Columns were washed with Peptide M IgA 

binding buffer (10mM sodium phosphate, 150mM sodium chloride, pH7.2), and bound IgA 
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subsequently eluted with 0.1M glycine (pH2-3) and immediately neutralized with 1M Tris 

(pH 8). The different IgA eluate fractions were then pooled together, run over a protein G-

agarose column again to remove any contaminating IgG, and subsequently buffer exchanged 

with 1X PBS using a Amicon Ultra 10K Device Spin column.   

 

ELISA 

Serum IgG and IgA – Serum binding antibody titers against HIV-1 Env were determined by 

endpoint ELISAs as previously described. (16). Briefly, 96-well Maxisorp ELISA plates 

(Thermo Fisher Scientific) were coated overnight with 100 uL per well of HIV-1 Env at a 

concentration of 1 ug/mL in PBS, and subsequently blocked for 4 h with PBS containing 2% 

BSA (Sigma) and 0.05% Tween-20 (Sigma). Serum serially diluted and incubated for 1 h at 

room temperature. Plates were washed 3 times with PBS containing 0.05% Tween-20 and 

were incubated for 1 h with HRP-conjugated anti-IgG (Jackson ImmunoResearch 

Laboratories Inc.), or biotin-conjugated anti-IgA (Alpha Diagnostic International). Plates 

incubated with biotin-conjugated anti-IgA were washed 3 times and subsequently incubated 

with streptavidin-HRP. The plates were washed 3 times and developed with SureBlue 

tetramethylbenzidine microwell peroxidase (KPL Research Products), stopped by the 

addition of stop solution (KPL research Products), and analyzed at 450nm/550nm on a 

Spectramax Plus ELISA plate reader (Molecular Devices) using Softmax Pro-4.7.1 software.  

 Total IgG and IgA concentrations were determined using a kit from Alpha Diagnostic 

International. 

 

Mucosal IgG and IgA – For monkey mucosal secretion ELISAs, plates were instead 

incubated with a biotin-conjugated secondary antibody (Alpha Diagnostic International) for 1 

h at 37°C, washed 3 times, incubated with streptavidin-HRP for 1h before developing. 
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ELISA endpoint titers were defined as the highest reciprocal serum or mucosal secretion 

dilution that yielded absorbance greater than 2-fold background (IgG responses) or 3-fold 

background (IgA responses).  

 

Neutralizing Antibody Assay in TZM.bl Cells 

Neutralizing antibody responses against HIV-1 Env pseudovirions were measured 

using luciferase-based virus neutralization assays in TZM.bl cells (16-19). These assays 

measure the reduction in luciferase reporter gene expression in TZM.bl cells following a 

single round of virus infection. The ID50 was calculated as the serum dilution that resulted in 

a 50% reduction in relative luminescence units compared with the virus control wells after 

the subtraction of cell control relative luminescence units. Threefold serial dilutions of serum 

samples were performed in duplicate (96-well flat-bottomed plate) in 10% DMEM growth 

medium (100 uL per well). Virus was then added to each well and the plates were incubated 

for 1 h at 37°C. TZM.bl cells were then added (1 × 104 per well in 100 uL volume) in 10% 

DMEM growth medium containing diethylaminoethyl- dextran (Sigma) at a final 

concentration of 11 ug/mL. Murine leukemia virus (MuLV) was used as a negative controls 

in all assays. HIV-1 Env pseudoviruses, including clade A (DJ263.8), clade B (SF162.LS and 

BaL.26), and clade C (MW965.26) isolates were prepared as previously described (19) 

 

Peptide microarrays 

Microarray slides were incubated with purified antibody (20). 1ug/mL of purified IgG 

and 5ug/mL of purified IgA was diluted 1/10 in SuperBlock T20 (TBS) Blocking Buffer 

(Thermo Scientific), and incubated for 1h at 30C with the peptide microarray slide. Slides 

were then washed with 5mL of TBS-Buffer + 0.1% Tween-20 for 3 min on a shaker at room 

temperature for 5 washes. Next, slides were placed in the individual chambers of a Sarstedt 
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Quadriperm Dish and incubated with Alexa-Fluor 647-conjugated AffiniPure Mouse Anti-

Human IgG (H+L) (Jackson ImmunoResearch Laboratories) and biotin-conjugated anti-

Monkey IgA (Alpha-Diagnostics International) for 1 hour at room temperature. Slides were 

then washed 5 times with TBS-Buffer + 0.1% Tween-20. Cy3-conjugated Strepavidin 

(Jackson ImmunoResearch Laboratories) was added to the slide and incubated in the dark for 

1 h at room temperature. Slides were then washed 5 times with TBS-Buffer + 0.1% Tween-

20 and 5 times with deionized water. To dry, slides were placed in a 50mL Falcon tube, and 

spun at 1400rpm for 5 minutes. A control slide incubated with secondary antibodies alone 

without sample was also ran to determine background.  

 

Microarray image analysis 

Slides were scanned with a GenePix 4300A scanner (Molecular Devices), using 635nm 

and 532nm lasers at 500 PMT and 100 Power settings. Images were saved as TIF files. The 

fluorescent intensity for each feature (peptide spot) was calculated using GenePix Pro 7 

software and GenePix Array List (GAL) file. We then calculated the mean fluorescent 

intensity across the triplicate sub-arrays using a custom- designed R script and R software 

package 2.15.2. The threshold value used to define a minimum positive fluorescent intensity 

was calculated for each slide using the computational tool rapmad and a custom-designed R 

script. Data from each individual slide was combined with data from the control slide to 

create two distributions of data (noise and signal). The threshold values for positivity were 

defined as 5 standard deviations above the mean of the noise distribution (SD.noise*5). As 

different fluorophores and lasers were used to detect IgG and IgA, the mean signal 

fluorescent intensity (MFI) values of reactive peptides for each monkey were normalized to a 

scale of a 100. 
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 An antibody epitope was defined to be 5-15 amino acid long (with the minimum 

epitope for antibody binding to be 5 amino acids long), the breadth to be the number of 

amino acid regions within any given HIV-1 protein (e.g. Env, Gag, Pol) region (e.g. V1, V2 

etc. for HIV-1 Env) spanning an 11 amino acid stretch. We defined the depth to be the 

number of unique sequences within an overlapping region of 5 to 15 amino acids (20). 

 

Comparison of IgG vs IgA epitopes: To compare the common vs. unique linear epitopes 

targeted by IgG and IgA, we compared the lists of reactive peptides sequences targeted by 

both IgG and IgA (or both) within each animal.  The reactive peptide sequences for IgG and 

IgA in the same animal were aligned against each other to eliminate overlap. If any reactive 

peptide sequences shared 5 or more amino acids, we conservatively assumed that the peptides 

reflected the same epitopes. If the first and last overlapping peptide in a string of overlapping 

peptides shared 4 or fewer amino acids, we assumed that the peptides were recognized by a 

minimum of two antibody-binding sites. The list of unique linear epitope sequences for IgG 

was then compared to the list of unique sequences for IgA to determine which sequences 

were common (versus unique) to both IgG and IgA.  

 

Competition ELISA 

96 well Maxisorp plates were coated overnight with 1ug/mL of Mos1 (100uL per well). 

They were washed with PBS containing 0.05% Tween-20 and subsequently blocked for 3h 

with PBS containing 1% BSA and 0.05% Tween-20. Purified serum IgG and IgA were then 

added in serial dilutions (with a starting concentration of 1620ug/mL and 20ug/mL 

respectively) and incubated for 1 h at room temperature. The plates were washed and 

incubated for 1 h with biotinylated A32 (biotinylation kit: EX-Link Micro NHS-PEG4-

Biotinylation). The amount of A32-biotin added was previously determined by choosing a 
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concentration of A32-biotin with 0.28ug/mL of streptavidin-HRP that will give a OD of 

about 1. The plates were then washed and incubated with 0.28ug/mL of streptavidin-HRP for 

an hour, and developed with SureBlue tetramethylbenzidine microwell peroxidase (KPL 

Research Products), stopped by the addition of stop solution (KPL research Products), and 

analyzed at 450nm/550nm on a Spectramax Plus ELISA plate reader (Molecular Devices) 

using Softmax Pro-4.7.1 software.  
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RESULTS 

Vaccination regimens 

 We utilized a study originally designed to test five different Adenovirus 26 (Ad26) 

vector and Env protein immunization regimens (Table 3.1) for a detailed evaluation of IgG 

and IgA antibody responses. 20 rhesus macaques (Macaca mulatta) were primed 

intramuscularly (IM) with either a 3- or 4- valent Ad26 vector regimen at week 0 and 12, and 

then were boosted by Env gp140 protein at weeks 24 and 48, either alone or in combination 

with Ad26 vectors. Two groups (N=8) also received an additional Env gp140 boost at week 

76, whereas three groups (N=12) did not receive an Env gp140 boost at week 76. 

 These regimens all induced a similar magnitude of Env-specific binding antibodies by 

ELISA at weeks 28 and 53 (Figure 1A). To evaluate vaccine-induced IgG and IgA responses, 

we pooled animals that either did (N=8) or did not (N=12) receive the week 76 Env gp140 

boost for subsequent analyses. Animals that received different regimens shared similar 

magnitudes and kinetics of binding antibody responses within these two groups (Figure 

3.1A).  
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Table 3.1 – Immunization regimens of rhesus macaques  
 
1X1010 viral particles (v.p.) of Ad26 vectors, 250ug of a C97ZA012 gp140 (Clade C) 
envelope protein, 60ug of the adjuvant Matrix M, or 850ug of the adjuvant Adju-Phos, were 
administered intramuscularly (IM) in the quadriceps of rhesus macaques (n = 4 per group) as 
detailed in the table above. Animals were immunized on weeks 0, 12, 24, 48 and 76.  
 
Each Ad26 vector carries mosaic Gag-Pol transgene sequences and mosaic Env transgene 
sequences. These mosaic sequences have been bioinformatically designed to optimize 
cellular immunologic coverage of the global HIV-1 sequence diversity (14, 15).   
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Serum and mucosal binding antibody titers are correlated following vaccination 

 To assess Env-specific binding antibody titers from serum and colorectal secretions, 

we assessed samples from 4 weeks after each Env immunization (weeks 28, 53, 80) by 

ELISA. Consistent with our previous observations (21), Env-specific IgG and IgA responses 

were elicited in both serum and mucosal compartments, and the kinetics of mucosal antibody 

titers closely mimicked those in serum (Figures 3.1A, B). However, mucosal antibody titers 

were 1.5-2.0 logs lower than those found in serum (median: 2.051 logs for Mos1; 1.574 logs 

for C97), and Env-specific IgA titers were 0.5-1.0 log lower than Env-specific IgG titers 

(median: 0.953 logs for serum responses; 0.477 logs for mucosal responses). Antibody titers 

at week 80 were higher in the groups that received the additional week 76 boost compared 

with the groups that did not receive the week 76 boost (p<0.005 for all serum responses; 

p<0.05 for mucosal responses, except C97-specific IgG mucosal response: p=0.0516) (Figure 

3.1B).  

IgG versus IgA antibody titers were tightly correlated in both serum and mucosal 

compartments (serum: r=0.8427, mucosal: r=0.8285 for Mos1; serum: r=0.7908, mucosal: 

r=0.9095 for C97; p<0.0001, Spearman rank-correlation test) (Figure 2A). Serum IgG versus 

mucosal IgG antibody titers were also significantly correlated (r=0.2865, p=0.0265 for Mos1-

specific responses; r=0.4733, p=0.0001 for C97-specific responses), as were serum IgA 

versus mucosal IgA antibody titers (r=0.4824, p<0.0001 for Mos1; r=0.4998, p<0.0001 for 

C97) (Figure 3.2B). These data extend previous findings showing that Env-specific mucosal 

antibody responses correlated with the systemic antibody responses following vaccination 

(22). This correlation was observed at multiple time points (data not shown), suggesting that 

responses are immunologically coordinated.  
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To investigate whether the Env-specific IgA in colorectal secretions represented 

transudation of serum IgA into the colorectal mucosa, we assessed mucosal Mos1-specific 

IgA for the presence of IgA-containing secretory component region (SC region), which is 

present on secretory IgA in mucosal secretions (23). There was no detectable SC region in 

Mos1-specific IgA in colorectal samples (Figure 3.2C). However, total IgA containing the SC 

region was readily detected in colorectal secretions, while no SC-region specific IgA was 

detected in serum as expected (Figure 3.2D). The IgA:IgG ratio was different in the serum 

and mucosal compartments, suggesting that there was little to no contamination of these 

mucosal samples by serum. These data are consistent with a model in which the majority of 

Env-specific IgA in mucosal secretions reflects transudation of serum IgA rather than locally 

produced IgA.  
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Figure 3.1 – Envelope-specific IgG and IgA antibody responses elicited following IM 
vaccination in serum and colorectal secretions  
 
Rhesus monkeys were immunized IM with either a 3- or 4-valent Ad26 prime-boost regimen, 
as detailed in Table 3.1, on weeks 0, 12, 24 and 48. On week 76, animals were subsequently 
either sham boosted, or boosted with a clade C envelope protein (C97ZA012 gp140).  
 
Serum and colorectal (CR) samples were assessed for Env-specific IgG and IgA binding 
antibody responses by endpoint ELISA, using clade C (C97ZA012) and mosaic (Mos1) Env 
coating proteins at weeks 0, 28, 53, 76 and 80. Horizontal broken lines represent assay 
threshold. Serum samples from 24 naïve monkeys were used to establish a baseline for Env-
specific IgA responses in serum. 
 
(A) Antibody responses are shown for individual immunization regimen groups. Mean and 
standard error of mean (SEM) values are shown. 
 
(B) Antibody responses for animals that did (red, N=8) or did not (black, N=12) receive the 
week 76 Env protein boost were pooled together. Median for endpoint ELISA titers is shown. 
 
(figure on next page) 
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Figure 3.1 – Envelope-specific IgG and IgA antibody responses elicited following IM 
vaccination in serum and colorectal secretions (continued) 
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Figure 3.2 – Analysis of vaccine-elicited Env-specific IgG and IgA binding antibody 
responses in serum and colorectal secretions 
 
(A-B) Correlations between C97 or Mos1 Env-specific IgG and IgA binding antibody titers 
in serum and colorectal samples were evaluated for weeks 28, 53 and 80. (A) Correlations 
between C97 or Mos1 Env-specific IgG and IgA responses in serum (left) and mucosal 
secretions (right). (B) Correlations between C97 or Mos1 Env-specific serum and mucosal 
antibody titers for IgG (left) and IgA (right). Correlations were analyzed using the Spearman 
rank-correlation tests. 
 
(C-D) Week 80 serum and colorectal secretion samples from monkeys boosted 4 weeks 
earlier with the Env protein (n=3) were then evaluated for: (C) the presence of secretory 
component (SC) region in total and Mos1 Env-specific IgA  (D) Total IgG and IgA 
concentrations and the IgA: IgG ratio. Mean and SEM values are shown.   
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Neutralizing antibody titers are correlated with binding antibody titers following 

vaccination 

To determine the neutralizing capacity of antibodies elicited by the different 

immunization regimens, neutralizing antibody responses (NAb) from serum samples were 

analyzed across a panel of Tier 1A (highly sensitive) and Tier 1B (less sensitive) 

pseudoviruses using the TZM.bl neutralization assay (17, 18). As previously reported, these 

vaccines do not induce Tier 2 NAb responses (13). Higher neutralizing antibody titers were 

elicited against Tier 1A pseudoviruses (MW965.26 and SF162.LS) as compared to the Tier 

1B pseudoviruses (DJ263.8 and BaL.26), and neutralizing antibody responses generally 

increased in magnitude following each immunization (Figure 3.3A). At week 80, only those 

animals that were boosted at week 76 (red bars) showed an increase in the magnitude of their 

neutralizing antibody titers, as expected (Figure 3.3A). We were unable to assess neutralizing 

antibody responses in colorectal secretions due to insufficient sample volume. C97 and Mos1 

Env-specific mucosal and serum binding IgG and IgA titers correlated with the Tier 1A 

neutralizing antibody responses (Figure 3.3B and 3.3C, respectively; r>0.65, p<0.0001 for all 

IgG correlations; r>0.34, p<0.005 for all IgA correlations; Spearman-rank correlation tests). 

Weaker correlations between binding antibody titers and neutralizing antibody titers were 

observed against Tier 1B pseudoviruses  (data not shown), likely due to the low Tier 1B 

responses.   
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Figure 3.3 – Peripheral neutralizing antibody responses elicited by systemic IM 
immunizations.  
 
Rhesus monkeys were immunized IM with either a 3- or 4-valent Ad26 prime-boost regimen, 
as detailed in Table 1, on weeks 0, 12, 24, and 48. On week 76, animals were subsequently 
either sham boosted (black, n=12), or boosted with a clade C envelope protein (red, n=8).  
 
 (A) Serum neutralizing antibody responses were analyzed across a panel of Tier 1A 
(MW965.26 and SF162.LS) and Tier 1B (DJ263.8, BaL.26, TV1.21, ZM109F.PB4) 
pseudoviruses and the 50% infective dose (ID50) was determined. Murine Leukemia Virus 
(MuLV) was used as a negative control. Horizontal broken lines represent assay threshold. 
Median for neutralizing endpoint titers is shown. 
 
(B-C) Correlations between Mos1 Env-specific and C97 Env-specific binding IgG (B) and 
IgA (C) antibody responses in either serum (black) or mucosal (red) samples, and 
neutralizing antibody responses to MW965.26, SF162.LS pseudoviruses, for weeks 28, 53 
and 80 after the first immunization. Correlations were analyzed using the Spearman rank-
correlation tests.  
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IgG and IgA elicited by vaccination have similar linear antibody epitope breadth and 

depth  

IgG and IgA were separately purified from week 80 serum samples using a protein G-

agarose column (IgG), and a peptide M-agarose column (IgA), respectively (24). A 

SDS/PAGE gel was subsequently ran to determine the purity of samples (Figure 3.4A). 

Purified IgG showed similar reactivity as seen on ELISAs (data not shown). 

To determine the diversity of the linear epitopes targeted by vaccine-elicited IgG or 

IgA, purified IgG and IgA samples from week 80 serum were assessed by peptide 

microarrays containing 6564 HIV-1 15 amino acid long peptides as previously described 

(20), using the groups that were boosted at week 76, with the highest binding and neutralizing 

antibody responses.  

Purified serum IgG and IgA linear binding antibody responses were analyzed for Env, 

Gag and Pol. The pattern of IgG and IgA binding against linear Env peptides was overall 

similar, with both IgG and IgA responses predominantly directed against V1/V2, V3, C4, C5 

and HR2 epitopes, although there was more IgG binding to the V3 region, and more IgA 

binding to C4 region (Figure 3.4B). Only minimal IgA responses were directed to C1, which 

have been reported to be a target for IgA that interferes with IgG-mediated ADCC activity 

(7). There was also a correlation between the normalized mean signal fluorescent intensity 

(MFI) of IgG versus IgA (r=0.2856, p<0.0001; Spearman-rank correlation test) (Figure 

3.4C), consistent with the ELISA data (Figure 3.2A). The breadth and depth of IgG binding 

to linear Env, Gag and Pol peptides were similar to the breadth and depth of IgA binding to 

these regions (Figure 3.4D-F). IgG trended towards a slightly greater breadth of peptide 

binding than IgA, and its depth against Env linear epitopes was slightly higher than IgA 

(p=0.011) (Figure 3.4D), but overall IgG and IgA showed comparable profiles. 
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For individual Env regions, we similarly observed a trend of IgG recognizing a slightly 

greater breadth and depth of epitopes than IgA, particularly in the C1, C2 (breadth) and C1, 

C2, V2, V3 and HR2 regions (depth) (Figure 3.4D). However, these differences were 

sporadic and modest and likely reflects the overall higher magnitude of IgG responses. 

Similarly, we observed similar IgG and IgA breadth and depth of antibody responses within 

individual Gag (Figure 3.4E) and Pol (Figure 3.4F) regions. The protease region in Pol was 

not included in the Ad vectors, and thus no binding was observed for protease epitopes as 

expected (Figure 3.4F).  
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Figure 3.4 – Purified IgG and IgA binding to linear Env, Gag and Pol peptides by 
peptide microarray  
 
IgG and IgA binding to Env, Gag or Pol linear 15-mer peptides was analyzed by peptide 
microarray, using purified IgG and IgA from week 80 serum samples from monkeys boosted 
4 weeks earlier with a clade C Env protein (C97ZA012 gp140) (Groups 2 and 4, n=8).  
 
(A) Representative Coomassie-stained SDS-PAGE gels of purified IgG and IgA. Each lane 
represents purified IgG or IgA antibody from an individual animal.  
 
(B) The normalized mean fluorescence intensity (MFI) of the IgG (black, top) and IgA (red, 
bottom) responses against Env linear peptides is plotted against the Env peptide start position 
(HXB2 numbering).  MFI values for the IgG or IgA responses for each animal were 
normalized to a scale of 100 AU, based on the highest MFI value for each monkey. The MFI 
values of all 8 monkeys are depicted.  
 
(C) Correlation between IgG and IgA normalized MFI values for Env peptides. Correlations 
were analyzed using the Spearman rank-correlation tests.   
 
(D-F) The breadth (number of binding sites per region) and depth (the number of epitope 
variants per region) for each immunized monkey is plotted for purified IgG (black) and IgA 
(red) responses against (D) Env, (E) Gag, and (F) Pol linear peptides.  The breadth and depth 
of the antibody responses against peptides from the entire Gag, Pol or Env protein (left), or 
individual regions within each protein (right) are both depicted. Horizontal bars depict 
median for breadth or depth. Statistical significance was analyzed using the Mann Whitney 
test (*: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001). 
 
(figure on next page) 
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Figure 3.4 – Purified IgG and IgA binding to linear Env, Gag and Pol peptides by 
peptide microarray (continued)  
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IgG and IgA from vaccinated monkeys target similar linear epitopes  

We next explored the extent to which IgG and IgA targeted similar linear epitopes in 

Env, Gag, and Pol. IgG and IgA responses appeared to recognize similar linear Env, Gag and 

Pol peptides, with the majority of epitopes targeted by both IgG and IgA (Figure 3.5) (mean: 

Env: 67.1%, Gag: 67.33%, Pol: 69.5%). However, there was a minority of epitopes that were 

targeted uniquely by either IgG (mean: Env: 19.72%, Gag: 12.91%, Pol: 19.92%) or IgA 

(mean: Env: 4.31%, Gag: 19.76%, Pol: 10.57%). Unique epitopes are peptide sequences that 

differ by at least 1 amino acid, and are found across the antigen, in regions of high density of 

epitopes common to both IgG and IgA. There were slightly more unique linear Env 

(p=0.002) and Pol (p=0.0393) epitopes targeted by IgG compared with IgA (Figure 3.5). This 

finding is consistent with the observation that the breadth and depth of IgG responses were 

slightly higher than those of IgA responses (Figure 3.4D-F).  

  



	 115	

Figure 3.5 – Comparison of IgG and IgA linear epitope binding  

Env (V1-V5 and C1-C5 regions only), Gag, and Pol linear epitopes targeted by purified IgA 
and IgG from serum were compared for sequence similarity. Blue bars depict common 
sequences that are targeted by both IgA and IgG responses, while the black or red bars depict 
sequences that are uniquely targeted by either IgG or IgA respectively. Horizontal bars 
represent the median number of targeted sequences. Sequences were compared for individual 
regions within Env, Gag and Pol (right), as well as for each protein in general. Only the V1-
V5 and C1-C5 regions of Env were analyzed. Statistical significance was analyzed using the 
Mann Whitney test (*: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001). 
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Purified IgG from vaccinated monkeys only weakly targets the A32 epitope 

To determine whether purified IgA samples from this study bound the C1 

conformational epitope that was previously found to interfere with the ADCC function of IgG 

(7), a competition ELISA was performed using the monoclonal antibody (mAb) A32. A32 

binds a C1 conformational epitope (25), and was previously used to identify the C1 binding 

epitope of IgG-mediated ADCC in the RV144 trial (26). Using a competition ELISA against 

the Mos1 antigen, low concentrations of purified IgG (up to 6.67 ug/mL) did not compete 

with A32 binding, but,high concentrations of purified IgG competed with A32 binding. 

Purified IgA does not compete against A32 binding up to a concentration of 20ug/mL (Figure 

3.6). We were unable to use higher concentrations of IgA. These data demonstrate that IgA 

responses induced by the Ad26/Env vaccine were unable to compete with A32 binding.  
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Figure 3.6 – Competition ELISA with the A32 mAb 
 
Purified IgG and IgA (n=8) from week 80 serum samples from monkeys boosted 4 weeks 
earlier with a Clade C Env protein (C97ZA012 gp140) were used in a competition ELISA to 
block binding of the A32 mAb to Mos1 Env. A32 mAb was used as a positive control, and 
purified IgG and IgA from naïve monkeys (n=3) were used as a negative control. Mean and 
standard error of mean are shown. 
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DISCUSSION 

Mucosal surfaces represent the critical portals for HIV-1 entry, and thus it is likely that 

mucosal antibody responses will be required to be generated by a prophylactic HIV-1 

vaccine. While immunization via a mucosal route is optimal to generate mucosal antibody 

responses in certain models, it is also clear that parenteral immunizations can effectively 

induce both systemic and mucosal immune responses in animal models (27-29), and in 

humans (30-32).  

In this study, we showed that intramuscularly administered Ad26/Env vaccines induced 

both serum and mucosal Env-specific IgG and IgA antibodies in rhesus macaques. The 

kinetics and magnitude of mucosal antibody responses were similar to that of serum 

responses. Moreover, IgG and IgA responses were correlated in both anatomic compartments 

(Figures 3.1 and 3.2A). These data suggest that systemic and mucosal antibody responses are 

immunologically coordinated, with mucosal antibodies likely reflecting transudation of 

serum antibodies into mucosal compartments (21, 33, 34). These findings confirm and extend 

prior studies. In monkeys that were systemically injected with monomeric or dimeric IgA 

forms of the broadly neutralizing antibody b12, both forms of IgA were found in mucosal 

compartments (34). Bound polymeric immunoglobulin receptor (pIgR) is subsequently 

cleaved to form the secretory component (SC). It is possible that the Env-specific IgA found 

in colorectal secretions of our vaccinated monkeys are transudated from serum, given the 

absence of SC region-containing Env-specific IgA (Figure 3.2C).  

IgA is the major antibody isotype present in mucosal secretions (1), and is important in 

protective responses against viral infections. However, it remains unclear whether HIV-1-

specific IgA responses are beneficial or detrimental (35). Serum anti-Env IgA titers were 

inversely correlated with reduced acquisition risk in the RV144 clinical trial (6, 7), and the 

mechanism of this effect has been hypothesized to involve C1-specific IgA that reduces the 
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ADCC function of Env-specific IgG (7). However, it has so been suggested that Env-specific 

HIV-1 IgA responses are possibly markers of correlates of risk of infection, rather than have 

a direct mechanistic effect on protective humoral responses (36). Additionally, it is unlikely 

that IgA correlations from a canarypox ALVAC /gp120 monomeric Env immunization 

regimen would be expected to be relevant to an Ad26/Env immunization regimen. We 

utilized the high-throughput peptide microarray as a tool to study vaccine-elicited IgA 

antibody responses in greater detail, with the limitation that conformational epitopes are not 

evaluated in this assay. Peptide microarrays were utilized to assess antibody diversity against 

HIV-1 linear epitopes (6, 37). We detected consistent systemic and mucosal IgA responses, 

generally with lower titers than IgG responses. Purified IgG and IgA samples from our 

vaccinated monkeys bound to similar regions within the Env protein, predominantly in the 

V1-V3 and C4, C5 regions (Figure 3.4B), with minimal to no linear IgG and IgA responses 

directed against the C1 linear epitope. The mAb A32 blocks ADCC and binds a 

conformational C1 epitope (26, 38). By competition ELISA, high concentrations of purified 

IgG (above 20 ug/mL), but not IgA, blocked A32 binding (Figure 3.6).  

Class switch recombination is mediated by activation-induced cytidine deaminase, and 

results in the expression of one of the downstream isotypes (IgA, IgG, or IgE) from the 

expression of IgM or IgD on naïve B cells.  IgA is formed by class switching from either IgM 

or IgG intermediaries (39, 40), and it has been shown in vitro that IgA is preferentially 

formed by sequential switching through IgG intermediaries (41). Our results showing that 

IgG and IgA targeted similar Env, Gag and Pol linear peptide sequences (Figure 3.5), 

suggests that vaccine-elicited IgA and IgG reflected common B cell precursors, and it is 

possible that IgA could have been elicited via class switching through a IgG intermediary.  

As IgG and IgA class switching are regulated by the local microenvironment such as 

cytokines (42), these data raise interesting questions about how and when class switching 
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occurs following immunization, and how this may affect protection against subsequent 

infection.  

Our findings demonstrate that IgG and IgA responses in peripheral blood and colorectal 

secretions are tightly correlated following Ad26/Env vaccination, both in terms of overall 

magnitude as well as individual epitopes targeted. The Ad26/Env vaccine is currently being 

evaluated in a phase 2b clinical efficacy trial, and thus whether vaccine-elicited IgA 

contributes to, or detracts from, protective efficacy is an important question that warrants 

further evaluation.  
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CHAPTER 4:  

Evaluating novel delivery methods of vaccination that may improve induction of 

antigen-specific antibodies. 
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This chapter represents an on-going study with final experiments in progress for finalization of a 

manuscript at the time of thesis submission. 
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ABSTRACT 

Poly (D, L-lactic-co-glycolic acid) (PLGA) microspheres are widely studied as a delivery 

method for antigen. In this study, we formulated 8 different microsphere formulations, 

encapsulating the HIV-1 envelope trimer protein (Env), using 2 different formulation methods, 

and co-encapsulating 3 different adjuvants. These PLGA microsphere formulations degraded and 

released the encapsulated Env antigen over a period of about 5 weeks. We evaluated the 

immunogenicity of these microspheres in mice. Encapsulated Env induced significantly higher 

antibody responses than soluble protein with comparable doses, while empty PLGA 

microspheres did not appear to have a similar adjuvant effect. Furthermore, it appears that 

immunization with these encapsulated Env formulations could increase antibody diversity. 

Encapsulated Env formulations also induced higher neutrophil chemoattractants, and the levels 

of these cytokines were correlated with subsequent antibody titers. These data suggest that these 

PLGA formulations are effective vaccine delivery systems that warrant further investigation.  
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INTRODUCTION 

Biodegradable microspheres (size of between 1-1000um) have long been studied as a 

delivery system for vaccines. Biodegradable polymers, which can be either synthetic or natural, 

are coupled to the vaccine antigen. One of the more common polymers used is PLGA (poly (D, 

L-lactic-co-glycolic acid)), which is hydrolyzed to form lactic acid and glycolic acid, releasing 

the encapsulated antigen. The administration of vaccines via such systems is advantageous, as 

microspheres can be easily ingested or injected, and can be engineered such they target different 

organs or cell types, or to release the encapsulated antigen in a continuous or pulsatile fashion for 

periods of weeks to months. Encapsulation of the antigen could also protect it from degradation, 

increasing its half-life. Additionally, they have been reported to have an adjuvant effect on the 

immune system (1, 2). Modulation of the microparticle’s properties is done by changing the 

particle size, shape, and elastic properties, and these in turn are determined by the formulation 

conditions.  

Continuous antigen delivery has been suggested to induce a strong immune response (7). 

In particular, immunizations with encapsulated antigen have been shown to induce a stronger 

systemic antibody response, as compared to immunizations with soluble antigen alone (1, 8). 

Although it is possible that persistent expression of antigen might induce tolerance, this could be 

dose dependent (9). 

Two methods of formulating microspheres are the single spontaneous emulsification 

solvent diffusion method (3) and the double emulsion formulation method(4). The spontaneous 

emulsification method utilizes a single-phase solvent system, where both protein and polymer 

are soluble. The particles form spontaneously, circumventing the need for high energy mixing. 

This may reduce aggregation and improve protein stability (5). We also expect there to be a 
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homogenous distribution of protein within the microspheres, as the protein is in the same phase 

as the polymer, allowing a more continuous release of protein during degradation, without a 

large initial burst. It is also expected to be easily scaled up. Microspheres formed by the double 

emulsion process results in droplets that are dispersed within other droplets. They form spheres 

with a greater range in size. The formulation process also allows hydrophobic and hydrophilic 

molecules to be encapsulated (6).  

We aim to formulate microparticles that release encapsulated protein antigen continuously 

over a period of weeks. We hypothesize that immunizations with microspheres with a sustained 

antigen release profile would result in a more immunogenic profile compared to one that result 

from a traditional pulsatile (prime-boost) release profile. In particular, we hope that this would 

result in increased antigen-specific antibody responses at mucosal sites. 
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MATERIALS AND METHODS 

Protein production 

HIV-1 envelope C97ZA012.1 gp140Fd trimer (C97 Env) was produced as described in 

(10). Briefly, 293T cell lines stably transfected with the envelope construct were grown in 

DMEM containing 10% FBS to confluence, and the media was then changed to Freestyle 293 

expression medium (Invitrogen). Supernatant was harvested at 96-108 h after medium change. 

C97gp140Fd Env was purified from the supernatant by HisTrap Ni-NTA (Qiagen) columns. Ni-

NTA columns were washed with 20mM imidazole and protein was eluted with 300mM 

imidazole. Fractions containing Env were pooled, concentrated, and further purified using gel 

filtration chromatography on Superose6 (GE Healthcare). Purified proteins were concentrated 

using CentriPrep YM-50 concentrators (Millipore), flash frozen in liquid nitrogen, and stored at -

80°C.  

 

Microsphere fabrication 

Single emulsion microspheres 

Microspheres encapsulating C97 Env and Adju-Phos (Brenntag) were fabricated using a 

spontaneous single emulsion method. 200 uL of C97 Env (17.04 mg/mL) and 100 uL of Adju-

Phos (5.05 mg/mL), MPLA or CpG (1mg/mL) were added to 200 mg of PLGA RG 502H 

dissolved in 10mL of co-solvent (CH2Cl2:TFE : 1:4), forming a clear, single phase solution, 

which was then added to 200 mL of non-solvent (5% PVA). The emulsion formed spontaneously 

and was allowed to stir at room temperature for 3 h. The microspheres were collected by 

centrifugation, washed 3 times with distilled water and lyophilised. Microspheres were stored at 

4°C until use.  
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Double emulsion microspheres 

C97 Env and adjuvants (Adju-Phos, CpG, MPLA; or PBS for control) were co-

encapsulated in PLGA microspheres by the double emulsion method (as previously described in 

(11)). PLGA was dissolved in 100mg/mL dichloromethane (o1). C97 Env protein was then 

mixed with the adjuvant of interest in an aqueous solution (w1). The protein/adjuvant solution 

was then added to the PLGA solution. The mixture was then vortexed to form the first emulsion. 

The second emulsion was formed by adding heavy mineral oil with 3% Span 80 (o2) to the first 

emulsion at a 1:1 volumetric ratio of o1:o2 and vortexing at 3,500 rpm for 5 s. The emulsion was 

stirred at 250 rpm at room temperature in a stirring bath for 3 h to allow DCM evaporation. The 

hardened microspheres were then pelleted by centrifugation. The excess oil and surfactant were 

decanted, and the pellet was washed three times by resuspension in hexanes and centrifugation at 

200 × g for 3 min at 4°C. After decanting the supernatant after the final wash, all residual 

hexanes and water were removed under vacuum for 1 h at room temperature. Microspheres were 

stored at 4°C until use. 

 

Determination of encapsulation efficiency 

5-10 mg of microspheres were incubated with 0.5 mL of 1 M NaOH at 60°C for 2 h. 0.5 

mL of 1 M HCl was then added to neutralize the solution. The amount of protein released was 

quantitated using a micro BCA assay kit (Pierce). Samples were run in triplicate. 

 

Determination of total amount of C97 Env released in vitro  

Microsphere release studies were carried out in phosphate buffered saline (PBS, pH 7.2) at 
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37°C. 10 mg of microspheres were incubated with 1 mL PBS in capped tubes and placed on a 

rotator. At fixed time points, samples were centrifuged at 1500 RCF for 5 min, after which the 

supernatant was collected and stored at -80°C until analysis. Samples were then suspended in 1 

mL of fresh PBS and returned to the incubator until the following time point.  

 

Quantitative C97 Env ELISA  

The amount of C97 Env in the supernatant was determined using a quantitative ELISA. 96-

well Maxisorp ELISA plates were coated overnight with 100 uL per well of 5F3 monoclonal 

antibody (Polymun) at a concentration of 0.3 mg/mL in PBS. Plates were then washed and 

blocked in PBS containing Casein (ThermoScientific) for 2 hours at room temperature. Plates 

were then washed and 100 uL per well of pan-gp120 IgG monoclonal antibody added and 

incubated at room temperature for 1 h. Plates were washed and 100 uL per well of anti-mouse 

IgG-HRP added, and incubated at room temperature for 1 h. Plates were washed and then 

developed with 100 uL of SureBlue tetramethylbenzidine microwell peroxidase (KPL Research 

Products) for 3 min, and subsequently stopped by the addition of stop solution (KPL Research 

Products), and analyzed at 450 nm/550 nm on a Spectramax Plus ELISA plate reader (Molecular 

Devices) using Softmax Pro-4.7.1 software. All washes were performed 4 times with PBS 

containing 0.05% Tween-20 (Sigma). All samples were run in triplicate. 

 

Animals and immunizations 

Female C57B/6 mice  (Jackson Labs) were housed at the Animal Research Facility of Beth 

Israel Deaconess Medical Centre under protocols approved by the Institutional Animal Care and 

Use Committee. Mice were immunized by bilateral intramuscular injections in the upper 
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quadriceps with soluble or microsphere-encapsulated C97 Env with or without adjuvant (Adju-

Phos, MPLA, or CpG) at 10 or 12 week intervals (weeks 0 and 10, or weeks 0 and 12). Serum 

samples were obtained by submandibular bleeding of anesthetized animals. Colorectal (CR) 

secretions were obtained by placing an approximately 0.1mm by 0.9mm piece of Weck-Cel® 

cellulose sponge (Beaver-Visitec) in the rectal compartment of an anesthetized mouse for 5 min. 

CR secretions were eluted using a Corning Co-star Spin-X centrifuge tube filter (pore size: 

0.45um), centrifuged at 16000g for 5 minutes at 4C, in 150uL of extraction buffer (PBS, 0.25% 

v/v BSA, 0.5% v/v Igepal CA-630 (Sigma), 0.1% v/v protease inhibitor cocktail (Sigma)). 

 

Serum ELISAs 

C97 Env-specific total IgG endpoint ELISAs 

C97-specific IgG titers in serum and CR secretions were determined by endpoint ELISAs 

as previously described. (12). Briefly, 96-well Maxisorp ELISA plates (Thermo Fisher 

Scientific) were coated overnight with 100 uL per well of HIV-1 Env at a concentration of 1 

ug/mL in PBS, and subsequently blocked for 3-4 h with PBS containing 2% BSA (Sigma) and 

0.05% Tween-20 (Sigma). Serum or eluted mucosal secretions was then added in serial dilutions 

and incubated for 1 h at room temperature. The plates were washed 3 times with PBS containing 

0.05% Tween-20 and were incubated for 1 h with a 1/1000 dilution of a HRP-conjugated IgG 

(Jackson ImmunoResearch Laboratories) for mouse serum, mouse eluted mucosal secretion 

ELISAs. The plates were washed 3 times and developed with SureBlue tetramethylbenzidine 

microwell peroxidase (KPL Research Products), stopped by the addition of stop solution (KPL 

research Products), and analyzed at 450nm/550nm on a Spectramax Plus ELISA plate reader 

(Molecular Devices) using Softmax Pro-4.7.1 software.  
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Peptide microarrays 

Peptide microarray slides were used as described in (13). Briefly, mouse serum was diluted 

1/200 in SuperBlock T20 (TBS) Blocking Buffer (Thermo Scientific), and incubated for 1h at 

30°C with the peptide microarray slide. Slides were then washed with 5mL of TBS-Buffer + 

0.1% Tween-20 for 3 min on a shaker at room temperature for 5 washes. Next, slides were 

placed in the individual chambers of a Sarstedt Quadriperm Dish and incubated with Alexa-Fluor 

647-conjugated AffiniPure Anti-Mouse IgG (H+L) (Jackson ImmunoResearch Laboratories). 

Slides were then washed 5 times with TBS-Buffer + 0.1% Tween-20 and 5 times with deionized 

water. To dry, slides were placed in a 50mL Falcon tube, and spun at 1400rpm for 5 minutes. A 

control slide incubated with secondary antibodies alone without sample was also ran to 

determine background.  

 

Microarray image analysis 

Slides were scanned with a GenePix 4300A scanner (Molecular Devices), using 635nm 

and 532nm lasers at 500 PMT and 100 Power settings. Images were saved as TIF files. The 

fluorescent intensity for each feature (peptide spot) was calculated using GenePix Pro 7 software 

and GenePix Array List (GAL) file. We then calculated the mean fluorescent intensity across the 

triplicate sub-arrays using a custom-designed R script and R software package 2.15.2. The 

threshold value used to define a minimum positive fluorescent intensity was calculated for each 

slide using the computational tool rapmad and a custom-designed R script. Data from each 

individual slide was combined with data from the control slide to create two distributions of data 

(noise and signal). The threshold values for positivity were defined as 5 standard deviations 
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above the mean of the noise distribution (SD.noise*5). The mean signal fluorescent intensity 

(MFI) values of reactive peptides for each mouse were normalized to a scale of a 100. 

An antibody epitope was defined to be 5-15 amino acid long (with the minimum epitope 

for antibody binding to be 5 amino acids long), the breadth to be the number of amino acid 

regions within any given HIV-1 protein (e.g. Env, Gag, Pol) region (e.g. V1, V2 etc. for HIV-1 

Env) spanning an 11 amino acid stretch. We defined the depth to be the number of unique 

sequences within an overlapping region of 5 to 15 amino acids (13). 

 

Comparison of reactive IgG epitopes between encapsulated and bolus groups: To compare the 

common vs. unique linear epitopes targeted by the different groups, we took the average of 

reactive Env peptides sequences targeted within each group. Reactive peptides were very similar 

between animals within the same group. Reactive peptide sequences between the encapsulated 

and bolus groups were aligned against each other to eliminate overlap. If any reactive peptide 

sequences shared 5 or more amino acids, we conservatively assumed that the peptides reflected 

the same epitopes. If the first and last overlapping peptide in a string of overlapping peptides 

shared 4 or fewer amino acids, we assumed that the peptides were recognized by a minimum of 

two antibody-binding sites. The list of unique linear epitope sequences for the encapsulated 

group was then compared to the list of unique sequences for the bolus group to determine which 

sequences were common (versus unique) to both groups. 
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Luminex assays 

Serum samples were prepared using the Milliplex Mouse 32-plex premix (Millipore), according 

to the manufacturer;s protocol. Data was acquired on a Magpix instrument running xPONENT 

4.2 (Luminex), with an 80% to 120% standard acceptance range. 

  



 138 

RESULTS 

Encapsulation of Env has an adjuvant effect, while immunization with empty microspheres 

does not 

We first tested the immunogenicity of single emulsion (SE) microspheres in mice. Single 

emulsion microspheres containing either a clade C envelope protein ((C97ZA012.1 gp140Fd; 

from here on denoted as C97 Env) (microsphere is denoted as SE (C97)) or Adju-Phos (SE 

(Adju-Phos)) alone, or co-encapsulating both C97 Env and Adju-Phos (SE (C97+Adju-Phos)), 

were fabricated. Empty SE microspheres were also fabricated (SE (empty)). Mice were then 

immunized with 11 different combinations of soluble and/or encapsulated C97 Env and/or Adju-

Phos (as described in Figure 4.1A). The amount of soluble C97 Env used for immunizations was 

matched to the amounts of C97 Env that was rencapsulated by 5mg of SE (C97 + Adju-Phos) 

microspheres (Table 4.1), while the amount of soluble Adju-Phos used was calculated by 

assuming a similar encapsulation efficiency for Adju-Phos as C97 Env. As a positive control, 

mice were immunized with 50ug soluble C97 Env and 100ug soluble Adju-Phos, which is a 

typical protein and adjuvant dose that is used in mice (Figure 4.1A).  

Peak C97 Env-specific IgG responses were then evaluated at 6 weeks post-immunization. 

Mice that were immunized with encapsulated C97 Env, whether they were encapsulated alone, 

or co-encapsulated with Adju-Phos (Groups 1-4, range of log IgG titers: 2.11-2.47), elicited IgG 

titers that were comparable to mice that were immunized with the positive control (Group 12, log 

IgG titer: 2.23). Mice that were immunized with soluble C97 Env elicited no or low IgG 

responses (Groups 5-9, range of log IgG titers: 1.40-1.63). Additionally, the presence of empty 

microspheres did not have an adjuvant effect on soluble C97 Env (Groups 6, 7, 9).  
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Figure 4.1 – Antibody responses elicited following IM immunizations with different 
combinations of encapsulated or soluble C97 Env and Adju-Phos 
 
(A) C57B/6 mice were IM immunized at weeks 0 with 12 different groups of soluble or SE 
encapsulated C97 Env (C97) or Adju-Phos (AP). The values shown in parenthesis in each SE 
microsphere group represent the estimated amount of antigen and adjuvant that was released by 
the amount of microsphere injected into each mouse (n=4 per group) 
 
(B) Peak serum C97 Env-specific IgG responses elicited 6 weeks post immunization was 
analyzed by endpoint ELISA. Horizontal broken lines represent assay threshold.  

 

 

  

Group SE Microsphere administered 
(per mouse) 

Soluble protein or adjuvant 
administered (per mouse) 

1 5mg SE (4ug C97 + 0.6ug AP) - 
2 5mg SE (4ug C97) 0.6ug AP 
3 5mg SE (4ug C97) - 
4 2.5mg SE (2ug C97) +  

2.5mg SE (0.3ug AP) 
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5 - 4ug C97 +  
0.6ug AP 

6 5mg SE (empty) 4ug C97 +  
0.6ug AP 

7 5mg SE (0.6ug AP) 4ug C97 
8 - 4ug C97 
9 5mg SE (empty) 4ug C97 
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Encapsulated HIV-1 Env, in mice immunized with SE (Adju-Phos) elicited larger and more 

diverse antibody responses than soluble HIV-1 Env 

We next investigated the diversity of the linear epitopes targeted by vaccine-elicited IgG 

antibodies. Mice were IM immunized at weeks 0 and 10 with either (i) 5mg SE (C97 + Adju-

Phos) or with (ii) soluble 50ug C97 Env + 100ug Adju-Phos (Figure 4.2A). Comparable serum 

C97 Env-specific IgG responses were elicited in both groups (5mg SE (C97 Env + Adju-Phos): 

4.10 logs; 50ug C97 + 100ug Adju-Phos: 4.74 logs) at 36 weeks post prime (Figure 4.2B), even 

though the amount of C97 Env that was released in vitro is significantly less (2ug of C97 Env) 

(Table 4.1).      

To determine the diversity of Env linear epitopes targeted by IgG, week 36 serum was 

assessed peptide microarrays slides containing 6564 HIV-1 15 amino acid long peptides (JPT 

Peptide Technologies) as previously described (13, 14). The binding pattern of antibodies 

generated following immunization to linear HIV-1 Env peptides was then analyzed.  

The pattern of IgG binding to linear Env peptides was mostly similar between the 2 groups, 

with most responses generated against the V1/V2, V3, C3, V4, FP, and CC/HR2 regions of Env. 

In general there was more epitope binding across all regions for the encapsulated group (Figure 

4.2C). IgG from mice immunized with encapsulated C97 Env resulted in a more diverse antibody 

response that targets significantly greater breadth (mean: encapsulated Env: 49.0, soluble Env: 

34.3; p=0.0007) and depth (mean: encapsulated Env: 419.3, soluble Env: 253.0; p=0.0043) of 

linear Env peptides. For individual Env regions, we similarly observed that encapsulated Env 

generated greater breadth and depth, especially in the C1, C2, and HR1 regions (breadth), and 

the C1-C5, V1, V3, V4, HR1, and MPER regions (depth). Immunization with encapsulated or 
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soluble C97 Env generated the greatest depth of antibody responses in the V2 region of Env, 

followed by the V3 region (Figure 4.2D).  

We next explored the extent to which IgG from both groups targeted similar linear Env 

epitopes. Most of the epitope diversity generated by soluble C97 Env immunizations is a subset 

of, and similar to, that generated by encapsulated C97 Env immunizations. There were very few 

epitopes that were uniquely targeted by IgG from the soluble C97 Env group. Immunization with 

encapsulated C97 Env generated an antibody response that targeted more unique epitope 

variants, especially in the V1, V2 and V3 regions, that were not targeted by the antibody 

response from soluble C97 Env immunizations (Figure 4.2E).  
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Figure 4.2 – Evaluation of breadth and depth of antibody responses elicited following IM 
immunization with encapsulated or soluble C97 Env + Adju-Phos by peptide microarray  
 
(A) Immunization regimen – C57B/6 mice were IM immunized at weeks 0 and 10, with 5mg SE 
(C97 Env + Adju-Phos), or with soluble 50ug C97 Env + 100ug Adju-Phos (a typical protein and 
adjuvant dose used in mice). N = 3 for each group 
 
(B) Serum C97 Env-specific IgG responses elicited at week 36 were analyzed by endpoint 
ELISA.  
 
(C) The normalized mean fluorescence intensity (MFI) of the IgG from the encapsulated C97 
Env (red) and from the soluble C97 Env (black) groups against Env linear peptides is plotted 
against the Env peptide start position (HXB2 numbering).  MFI values for each animal were 
normalized to a scale of 100 AU, based on the highest MFI value for each mouse. The MFI 
values of all 3 mice from each group are depicted. 
 
(D) The breadth (number of binding sites per region) and depth (number of epitope variants per 
region) for each mouse is plotted for serum IgG responses against Env linear peptides (n=3). The 
breadth and depth of the antibody responses against peptides from individual regions within Env 
(left), or from the entire Env protein (right) are both depicted.  
 
Means and SEMs are shown for (C) and (D). Statistical significance was analyzed using the t-
test (*: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001).  
 
(E) Linear Env epitopes targeted by serum IgG in encapsulated or soluble Env immunized mice 
were compared for sequence similarity. Blue bars depict common sequences targeted by both 
groups, while the red or black bars depict sequences that are uniquely targeted in the 
encapsulated or soluble Env groups respectively. The average depth response for each group was 
plotted.  
 
(figure on next page) 
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Figure 4.2 – Evaluation of breadth and depth of antibody responses elicited following IM 
immunization with encapsulated or soluble C97 Env + Adju-Phos by peptide microarray 
(continued)  
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Formulation and in vitro characterization of microspheres 

We then decided to expand our evaluation on the immunogenicity of encapsulated Env in 

biodegradable PLGA microspheres, by using different formulation methods and having different 

adjuvants co-encapsulated. 8 different formulations of PLGA microspheres  C97 Env were 

fabricated using either a spontaneous single emulsion (SE) process, or a double emulsion (DE) 

process (Table 4.1). The formulations contained either C97 Env alone, or had a co-encapsulated 

adjuvant (Adju-Phos, MPLA, or CpG).  

 

The double emulsion formulation process increases encapsulation efficiency: 

The encapsulation efficiency was determined using a micro bicinchoninic acid (BCA) 

assay, after dissolving the PLGA microspheres in 1M NaOH. The double emulsion formulation 

process encapsulated more C97 Env antigen, as compared with the single emulsion process. 

There was also a greater range of encapsulation efficiencies between different formulations in 

the microspheres that were fabricated using the single emulsion process. Double emulsion 

formulations have encapsulation efficiencies between 86.38% to 101.35%, while the 

encapsulation efficiencies of single emulsion formulations were lower, at a range of 4.94% to 

81.08% (Table 4.1).  

The type of adjuvant that was co-encapsulated with C97 Env affected the encapsulation 

efficiencies as well, especially in microspheres formulated using the single emulsion process 

(encapsulation efficiency for SE(C97+Adju-Phos): 4.94%; SE(C97+CpG): 35.19%; 

SE(C97+MPLA): 81.08%) (Table 4.1).   
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Greater amounts of HIV-1 C97 Env is released during degradation of double emulsion 

microspheres 

In vitro release kinetics from these formulations were determined with a quantitative Env 

ELISA using antibodies against a linear gp41 epitope (5F3) and a conformational gp120 epitope 

(pan-gp120 IgG).  

All microsphere formulations degraded within 7 weeks, with an initial burst of protein 

released in the first 2 days. Small amounts of C97 Env were continuously released over the next 

3 weeks, after which the rate of protein release increased (Figure 4.3A). The total amount of C97 

Env released is higher in double emulsion microspheres. Double emulsion microspheres co-

encapsulating CpG had the highest amount of C97 Env released – 11.14ug of C97/mg of 

microsphere (Table 4.1). The cumulative percentage of C97 Env released was also less than the 

encapsulation efficiency, suggesting that some protein may have been degraded or denatured 

during the encapsulation process. 

 

Double emulsion microspheres are smaller in size than single emulsion microspheres 

Microspheres were imaged using a scanning electron microscope (SEM). Double emulsion 

microspheres were smaller in size, and ranged from 1-5 microns to about 20-30 microns. Single 

emulsion microspheres were larger, ranging from about 15-20 microns to about 40-50 microns. 

The larger size of the microspheres suggests that they are unlikely to be travelling far from the 

injection site. Additionally, the double emulsion microspheres appear to be very porous, 

although porosity did not appear to affect the encapsulation efficiency (Figure 4.3B).  
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Figure 4.3 - In vitro characterization of single emulsion and double emulsion microspheres  
 

Microspheres encapsulating C97 Env were formulated without adjuvant, with Adju-Phos, MPLA 
or CpG, using the single emulsion (SE) or double emulsion (DE) formulation method.  
 
(A) The in vitro release kinetics was determined by allowing microspheres to degrade in PBS at 
37C on a rotator. The amount of intact Env released was determined using a quantitative Env 
ELISA.  
 
(B) SEM images of microspheres were taken at 150 and 700 times magnification. 
 
(figure on next page) 
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Figure 4.3 - In vitro characterization of single emulsion and double emulsion microspheres 
(continued) 
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Double emulsion microspheres co-encapsulating HIV-1 C97 Env and CpG are the most 

immunogenic 

Female C57B/6 mice were IM immunized with decreasing doses (0.5mg, 0.05mg) of the 8 

microsphere formulations, as well as corresponding soluble amounts of C97 Env and adjuvant 

(matched to the amounts of C97 Env and adjuvant loaded). Groups were also immunized with 

empty SE or DE microspheres, or PBS, as negative controls (Figure 4.4A).  

The humoral immune response to each microsphere formulation was then assessed by 

ELISA. At 4-6 weeks post prime, C97 Env-specific IgG responses were elicited by all 8 

formulations of microspheres, at both 0.5mg and 0.05mg doses. In comparison, only the highest 

dose of soluble C97 Env (8.5ug) elicited any detectable IgG titer (1.77-2.14 logs) (Figure 4.4B).  

Antibody titers elicited by immunization with DE or SE microspheres co-encapsulating 

Adju-Phos, MPLA, or no adjuvant, were comparable to each other. DE (C97 + CpG). 0.5mg DE 

(C97 + CpG) elicited 1.5-2 logs higher IgG titers, compared to 0.5mg SE (C97 + CpG). 

Antibody titers generated by double emulsion microspheres co-encapsulating CpG also peaked 

later, at week 6, instead of week 4 for single emulsion microspheres or soluble C97 Env 

immunizations (data not shown).  

After 4-6 weeks post boost, C97 Env-specific IgG responses increased by 1-2 logs for all 

groups, except for the lowest dose of soluble C97 Env + adjuvant. Animals immunized with 

empty SE or DE microspheres, or PBS, did not elicit any C97 Env-specific IgG response. It 

appears that antibody titers elicited by SE microspheres co-encapsulating Adju-Phos, MPLA or 

PBS elicited higher Env-specific IgG titers than the DE microspheres co-encapsulating the same 

adjuvant. DE microspheres co-encapsulating CpG continued to elicit higher Env-specific IgG 

titers than single emulsion microspheres. Overall, both SE and DE microspheres elicited 
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significantly higher antibody responses than their comparator soluble C97 Env + adjuvant bolus 

group.  

Overall, DE (C97 Env + CpG) microspheres are the most immunogenic, generating peak 

endpoint antibody titers of around 5.5 logs post prime, and 7 logs post boost. This could be due 

to the higher encapsulation efficiency and cumulative release that was observed in vitro for this 

formulation (Table 4.1).  

Mucosal binding antibody responses from immunized mice 12 weeks post prime were also 

assessed. No C97 Env-specific IgG responses were observed in the vaginal secretion (data not 

shown). In general, colorectal IgG responses at 12 weeks post prime were 1-2 logs lower than 

serum IgG responses 6 weeks post prime. Soluble C97 Env + adjuvant did not elicit any 

detectable IgG responses. DE (C97 Env + CpG) also elicited the highest Env-specific colorectal 

IgG responses post prime, reflecting the high IgG responses observed in serum responses (Figure 

4.4C). Serum and mucosal IgG responses were correlated  (r=0.7011, p<0.0001, Spearman rank 

correlation test) (Figure 4.4D). 

Antigen-specific IgA and IgG subclasses (IgG1 and IgG2a) antibody responses were also 

evaluated (Figure 4.4E). Serum from weeks 4-6 and 16-18 (4-6 weeks post prime and boost) 

were used to evaluate binding IgG1, IgG2a and IgA responses against C97 Env. IgG1 is the 

predominant antigen-specific IgG subclass generated by immunization with either soluble or 

encapsulated C97 Env, regardless of the adjuvant that is co-encapsulated with it. No C97 Env-

specific IgA and IgG2a responses were observed in serum (Figure 4.4E), and C97 Env-specific 

IgA responses were not observed in the colorectal secretions as well (data not shown). The 

differences in C97-specific IgG1 concentrations between the different groups were similar to 

those observed for C97-specific total IgG titers at both time points post prime and boost, with the 
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DE (C97 Env + CpG) formulations eliciting the highest concentrations of IgG1 (Figure 4.4B and 

E). The high IgG1 to IgG2a ratio suggests a Th2 biased response.  
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Figure 4.4 – Antibody responses elicited in mice following IM immunization with SE and 
DE microspheres encapsulating C97 Env and different adjuvants  
 
(A) C57B/6 mice were intramuscularly (IM) immunized at weeks 0 and 12, with decreasing 
doses of single (SE) or double (DE) emulsion microspheres (formulations 1-8 from table 1), or 
with decreasing amounts of soluble protein and antigen. The values shown in parenthesis in each 
SE or DE group represent the amount of antigen and adjuvant that was loaded in the amount of 
microsphere injected into each mouse. Empty SE or DE microspheres, as well as PBS were used 
as negative controls. Comparator groups with similar amounts of loaded protein and adjuvant are 
shown in similar colors. 
 
(B) Peak serum C97 Env-specific IgG responses elicited 4-6 weeks post-prime and post-boost 
were analyzed by endpoint ELISA. Horizontal broken lines represent assay threshold.  
 
(C) Colorectal (CR) C97 Env-specific IgG responses elicited 12 weeks post-prime were analyzed 
by endpoint ELISA. Horizontal broken lines represent assay threshold. 
 
(D) Correlations between C97 Env-specific IgG titers in serum and colorectal samples were 
evaluated for week 12. Correlations were analyzed using Spearman rank-correlation tests. 
 
(E) Peak serum C97 Env-specific IgG1, IgG2a and IgA binding antibody responses were 
evaluated by endpoint ELISA 4-6 weeks post-prime and post-boost.  
 
Means and standard errors of the mean (SEM) antibody concentrations are shown. Statistical 
significance was analyzed using the Mann Whitney test. 
 
(figure on next page) 
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Figure 4.4 – Antibody responses elicited in mice following IM immunization with SE and 
DE microspheres encapsulating C97 Env and different adjuvants  
 
(continued on next page) 
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Figure 4.4 – Antibody responses elicited in mice following IM immunization with SE and 
DE microspheres encapsulating C97 Env and different adjuvants  (continued) 
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Innate immune responses 8 hours post vaccination  

We next assessed the systemic innate cytokine response 8 hours following immunizations 

with 0.5mg of SE or DE microspheres (Formulations 1-8, Table 4.1), or with comparable bolus 

(soluble) formulations (8.5ug C97 Env + 1.3ug of adjuvant), using a Luminex assay.  

Of the 32 cytokines tested, 4 cytokines were not induced above the limits of detection of 

the assay (GM-CSF, IFN-γ, IL-3, IL-4).  Five cytokines were induced by all groups (G-CSF, IL-

6, KC, MIP-1α, and MIP-1β), above the levels induced by PBS (Figure 4.5A). Of these 5 groups, 

G-CSF, IL-6, KC and MIP-1α were significantly induced by SE or DE formulations, compared 

to their bolus groups using the same adjuvant, and DE formulations appear to induce higher 

responses than their respective SE formulations co-encapsulating the same adjuvant (Figure 4.5A 

and Supplemental Figure 4.S1).  Eotaxin, IL-10, and TNF-α appear to generally be suppressed 

by all groups, as compared to the PBS group.  

To assess whether any of the innate cytokines and chemokines induced 8 hours post 

vaccination had an impact on subsequent C97 Env-specific IgG titers at a peak time point (week 

6), we evaluated the correlations between cytokine/chemokine concentrations and IgG endpoint 

titers. Induction of the chemokine KC (r=0.5539, p≤0.0001) was shown to be strongly positively 

correlated with subsequent IgG titers, and G-CSF (r=0.4402, p≤0.0001), IL-6 (r=0.4157, 

p≤0.0001), and MIP-1β (r=0.3565, p=0.0018) were moderately positively correlated with 

subsequent IgG titers (Figure 4.5B). When these data were further analyzed based on the 

adjuvant that was contained within each group, correlations were strongest in groups containing 

MPLA (data not shown).   
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Figure 4.5 – Innate immune responses 8 hours post vaccination (continued)  
 
Induction of cytokines and chemokines in mice following vaccination with SE and DE 
microspheres. Mice (n=4-5 per group) were I.M. immunized with 0.5mg of SE or DE 
microspheres (Formulations 1-8, Table 4.1), or with comparable amounts of soluble protein and 
adjuvant (8.5ug of C97 Env and 1.3ug of Adju-Phos, MPLA, CpG, or no adjuvant). Sera was 
collected at 8h post vaccination, and systemic levels of cytokines and chemokines were 
measured by luminex.  
 
(A) Mean fold induction of cytokine responses relative to the PBS group 8h post vaccination. 
Data are log fold changes over the averaged cytokine levels in the PBS group (Empty, Bolus). 
Cytokines that were not bolded did not have any induction above the limit of detection of the 
assay. 
 
(B) Correlation between log concentrations of selected cytokines with C97 Env-specific log 
endpoint IgG titers at week 6. Squares represent animals immunized with SE formulations, 
circles represent DE formulations, and triangles represent bolus (soluble) protein and adjuvant 
groups. Orange symbols represent groups with no adjuvant co-encapsulated, green symbols 
represent groups with Adju-Phos co-encapsulated, red symbols represent groups with MPLA co-
encapsulated, blue symbols represent groups with CpG co-encapsulated. Correlations were 
analyzed using the Spearman rank-correlation test.  
 
(figure on next page) 
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Figure 4.5 – Innate immune responses 8 hours post vaccination (continued) 
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DISCUSSION 

PLGA microspheres have been widely studied as a vaccine delivery modality that could 

enhance the immune response (1, 15). Encapsulation prevents the antigen from degrading. 

Recent studies have also suggested that microspheres activate the NACHT, LRR and PYD 

domains-containing protein 3  (NALP3) inflammasome in dendritic cells (16). While there are 

many papers in the field studying the immunogenicity of microspheres, most use Bovine Serum 

Albumin (BSA), or the tetanus toxoid as a model antigen. Few studies have investigated the 

immunogenicity of encapsulating the HIV-1 Env protein (17). We aimed to investigate 

biodegradable PLGA microparticle-based delivery methods of vaccination, with the HIV-1 Env 

protein antigen, to improve the induction of systemic and mucosal antibodies. 

We first investigated the immunogenicity of single emulsion (SE) particles co-

encapsulating Adju-Phos, a suspension of aluminum salt. Alum is the only Food and Drug 

Administration (FDA) approved adjuvant in use. Encapsulation of C97 Env antigen, whether 

alone or with Adju-Phos, were immunogenic, and elicited higher antibody responses compared 

to bolus C97 Env (Figure 4.1). We also showed that PLGA itself did not have an adjuvant effect, 

as bolus C97 Env with empty microspheres did not elicit high antibody responses.  

Immunization with SE encapsulated C97 Env also appeared to result in an expanded 

antibody response, resulting in a greater depth and breadth of linear Env epitopes targeted by 

vaccine-elicited IgG (Figure 4.2C, D). Most of the reactive linear Env epitopes targeted by both 

soluble and bolus groups were similar, suggesting that the additional breadth and depth we see 

elicited by the SE encapsulated C97 Env group was due to expansion of the antibody response 

(Figure 4.4E). This was an interesting observation as comparable binding antibody titers were 

elicited by either regimen. While it has been argued that persistent antigen exposure may result 
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in tolerance (18, 19), this is probably dependent on the antigen dose and local environment, as 

antigen persistency has also been suggested to periodically stimulate precursor B cells such that 

they differentiate into antibody-secreting plasma cells, thereby eliciting effective immune 

responses (20). It has also been suggested that continual antigen persistence, especially with 

increasing dosages over time, could mimic a pathogenic viral infection, resulting in induction of 

strong cellular and antibody responses (8, 21). It is possible that the sustained release of 

encapsulated Env could have expanded the diversity of the elicited antibody response, due to the 

continued stimulation of the immune system.   

We next decided to encapsulate other adjuvants, MPLA and CpG, Toll-like receptor 4 

(TLR4) and TLR9 agonists respectively, as well as use different formulation methods. Co-

delivery of antigen with TLR agonists have been shown to synergistically increase the 

immunogenicity of the antigen, possibly by activating both the TLR and inflammasome 

signaling pathways (22, 23). The encapsulation efficiency, as well as the percentage of antigen 

released, varied between formulations and adjuvants (Table 4.1). Adju-Phos had the lowest 

encapsulation efficiency and percentage of antigen released, possibly due to the suspension 

nature of the adjuvant co-encapsulated, although it elicited comparable immune responses to the 

other formulations (Figure 4.4B).  Double emulsion (DE) formulations co-encapsulating CpG 

elicited the highest antibody responses after prime and boost, possibly due to its high 

encapsulation release and amount of intact antigen released. CpG is also a small string of 

nucleotides that could possibly be more easily encapsulated.  

The inflammatory environment induced after immunization attracts immune cell infiltrates 

and subsequently shapes the antigen-specific adaptive immune response. We observed that G-

CSF, IL-6, KC (CXCL1), and MIP-1β (CCL4), were all strongly correlated with subsequent 
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peak antibody titers (Figure 4.5). IL-6 mediates neutrophilic inflammation, and also modulates 

the shift from innate to adaptive immune responses, while KC has a similar neutrophil 

chemoattractant ability. G-CSF mediates neutrophil survival, proliferation and differentiation, 

and MIP-1β is a chemoattractant for natural killer cells and monoctyes. These findings were 

similar to a previous study where G-CSF was shown to be strongly induced following a protein 

immunization, with KC and IL-6 induced to a lesser degree (24). There was no induction of the 

inflammatory cytokine IL-1β, which is induced by the NALP3 inflammasome (16, 25), although 

this could possibly be induced at an earlier or later time point.  

Our findings demonstrate that encapsulating the HIV-1 Env antigen in either single or 

double emulsion formulations is more immunogenic than a comparable bolus immunization, and 

of these formulations, the double emulsion formulations co-encapsulating CpG was the most 

immunogenic. This increase in humoral immune response appears to be tied to the induction of 

certain cytokines that are chemoattractants for innate immune cells, including neutrophils, 

natural killer cells, and monocytes, and which mediate the survival and proliferation of these 

innate immune cells. Furthermore, encapsulation appears to expand the vaccine-elicited antibody 

repertoire. This suggests that co-encapsulating HIV-1 Env with CpG in biodegradable PLGA 

microspheres using the double emulsion formulation may warrant further investigation as a 

vaccine delivery method. 
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Parenteral immunization results in vaccine-elicited antibody responses that appear to 

be transudated from serum 

We saw in Chapters 2 and 3 that I.M. immunizations with Adenovirus vectors (Ad) 

and/or HIV-1 envelope (Env) elicited both IgG and IgA responses in the colorectal 

compartment, and that these mucosal antibody responses appear to be immunologically 

coordinated with serum antibody responses. Vaccine-elicited mucosal IgG and IgA responses 

largely correlated with serum responses in monkeys that were immunized with Ad35/Ad26, 

Env/Env, or Ad26/Env regimens. The isotype, distribution, functionality, and the linear 

epitope specificities of vaccine-elicited mucosal IgG mirror those found in serum IgG, 

suggesting that these Env-specific mucosal IgG responses appear to reflect transudation of 

serum antibodies into mucosal compartments. IgG and IgA binding responses in both 

mucosal and systemic compartments were also shown to be correlated with sera neutralizing 

responses. SC-region containing Env-specific IgA was not detected in the mucosal 

compartment, suggesting that Env-specific IgA was also transudated from serum, rather than 

transported across the epithelial layer via interaction with pIgR. We also observed correlation 

between systemic and mucosal responses in systemically immunized mice in Chapter 4, 

further corroborating our earlier observations in non-human primates. 

Transudation of systemic antibodies into the mucosal compartment has been widely 

suggested as the route by which vaccine-elicited antibodies in serum reach the mucosal 

compartment, especially after parenteral immunization (1-3). However, it has been difficult 

to show mechanistically how it happens. It has been suggested that high amounts of serum 

IgG induced by systemic immunization may subsequently find their way to the mucosal 

compartment, either by constitutive transcellular/paracellular transport of IgG from the 

systemic compartment and other specific transport mechanisms, or by transudation from the 

systemic compartment to the mucosal compartment, which could be promoted by 
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inflammatory processes triggered early during immunization (4). The transudation of 

antibodies into the mucosal compartment can be tangentially calculated through the 

transudation rate of serum proteins (e.g. albumin) into the mucosal compartment (5). 

However the most definite proof of transudation of serum antibodies into mucosal 

compartments is via passive transfer studies with monoclonal antibodies, and subsequent 

detection of the transferred antibodies in mucosal compartments. Passively transferred pIgA 

against influenza hemagluttanin (HA) via the intravenous route was detected in the nasal 

compartment of immunized mice, and was protective against a subsequent infection of 

influenza with a homologous HA (6). In monkeys that were systemically injected with 

monomeric or dimeric IgA forms of the broadly neutralizing antibody b12, both forms of IgA 

were found in mucosal compartments (7). This supports our hypothesis that the vaccine-

elicited immunoglobulins we observed in the mucosal compartment of immunized mice and 

rhesus monkeys were passively transferred via transudation from the systemic compartment. 

While we did not detect any SC-region containing Env-specific IgA in the mucosal 

compartment, it is possible that it may be present at low levels, below the limits of detection 

of the assay To further determine if vaccine-elicited antibodies in the mucosal secretion could 

perhaps be contributed by local production and subsequent transport across the epithelial 

lumen of antibody, a B cell ELISPOT could be used to determine the presence of antigen-

specific antibody-secreting cells from mucosal biopsies, along with the detection of Env-

specific plasma cells using flow cytometry.  

A possible way of increasing vaccine-elicited immunity in mucosal compartments 

would be to include Vitamin A or its metabolite, retinoic acid, as an adjuvant. Vitamin A has 

been shown to be important for vaccine-elicited immune responses in the gastrointestinal 

tract (8), and studies have shown that retinoic acid increases the expression of the gut-homing 

markers α4β7 and CCR9 on T cells in mice (9). Furthermore, using retinoic acid as an 
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adjuvant in a mouse model has been shown to induce T and B cell homing to the gut 

following vaccination (10), and to increase the T cell response and mucosal protection from 

viral challenge by recombinant vaccinia virus expressing the vaccine antigen (11). Finally, 

human patients who were given retinoic acid as an adjuvant to the oral typhoid vaccine had 

enhanced specific IgA responses compared to those who were not given retinoic acid (12). It 

would be worth exploring the use of Vitamin A or retinoic acid as an adjuvant to increase the 

mucosal antibody response. 

One of the main limitations of studying mucosal immune responses is the difficulty in 

obtaining mucosal samples – while obtaining samples from the male genital tract is 

straightforward (13), obtaining samples from the female genital tract and rectal secretions 

usually involve lavage (13) or the use of an absorbent material of some kind, such as Sno-

strips (14), cellulose acetate wicks (15), or Weck Cels (16), as was used in this dissertation. 

Collection of samples by lavage or Sno-strip typically involve anoscopy, limiting the number 

of willing human participants. Additionally, lavage introduces unknown dilution factors into 

the collection of secretions. While it has been argued that the use of small absorbent wicks or 

spears such as Weck Cels are less invasive and traumatic, and more accurate (16), there is 

still inherent variability in sample collection, for example due to the positioning of the 

material, and the amount of mucosal sample collected is limited. The limited amount of 

mucosal sample prevented us from studying the mucosal responses in more detail. An 

interesting experiment to perform would be to evaluate the breadth and depth of mucosal IgG 

and IgA responses to linear Env, Gag and Pol peptides using peptide microarray. This would 

allow us to compare these responses to those in serum and to help confirm if these mucosal 

IgG and IgA are transudated from sera, or produced locally at mucosal sites. However due to 

the limited amounts of mucosal samples available, we were unable to purify sufficient 

amounts of mucosal IgG and IgA required for these experiments. Similarly, it would have 
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been interesting to be able to determine whether vaccine elicited mucosal antibodies were 

able to elucidate neutralizing antibody responses in Chapter 3, and if that correlated with 

mucosal and systemic binding antibody responses.  

  

Relationship between IgG and IgA 

In chapter 3, we showed that vaccine-elicited IgG and IgA targeted similar Env, Gag, 

and Pol linear peptide sequences (mean: Env: 67.1%, Gag: 67.33%, Pol: 69.5%), although 

both IgG and IgA had their own unique reactive linear peptide sequences. This suggests that 

a population of IgG and IgA could share common B cell precursors. It is thus possible that 

the majority of vaccine-elicited IgA could have been switched via an IgG intermediary, while 

the remaining were directly switched from IgM.  

Class switch recombination diversifies antibody isotypes from the IgM and/or IgD that 

naïve B cells express on their surface. Studies have suggested that class switching is 

sequential and occurs in a stepwise manner. The downstream IgG subclasses IgG2 and IgG4 

often contain parts of upstream switch regions, and their variable regions have more 

extensive mutations and higher antigen affinity than IgG1 and IgG3 that are upstream (17). 

Furthermore, in vitro, it has been shown that IgA is preferentially formed by sequential 

switching from IgM through IgG intermediaries (18-20). Antigen selection analysis between 

IgG and IgA subclasses in a Papua New Guinean population also suggested that IgA1 may 

arise from IgG1 class-switching, while IgA2 may arise from IgG2 class switching (17). In a 

study measuring antibody class switching using antibody repertoire sequencing, the authors 

determined a hierarchy of class switching pathways, which suggested that IgM frequently 

switched to IgG1, IgG2, and IgA1, while IgG1 had a 92% probability of switching to IgA1 

and IgA2 (21).  
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While one could try to elucidate how and when class switching occurs following 

immunization with respect to our studies (via antibody repertoire sequencing), a more 

pertinent question would be whether these antibody isotypes would contribute to protection 

from HIV-1 transmission and infection. To that end, the neutralizing potency of purified 

serum IgG and IgA could be tested in TZM.bl neutralization assays. For example, purified 

serum IgG and IgA from our study in Chapter 3 could be tested against the easily neutralized 

Tier 1A viruses MW965.26 and SF162.LS. It is possible that serum IgA might have a limited 

contribution to the serum neutralizing antibody response in Chapter 3, as was suggested in an 

earlier study (22). However in the aforementioned study, the purified IgG and IgA antibodies 

were obtained from SIV-infected rhesus monkeys, and it is possible that vaccine-elicited IgA 

may have a greater contribution to neutralizing antibody responses. The functionality of 

vaccine-elicited IgA could also have been further investigated, and compared to that of 

vaccine-elicited IgG, via assays to measure antibody-mediated phagocytosis. 

Another experiment that could be performed would be to compare the binding of IgG 

and IgA to linear Env, Gag and Pol peptides in vaccinated rhesus macaques challenged with a 

simian/human immunodeficiency virus (SHIV) that were subsequently protected or infected 

(23). While protection is likely connected to a complex immune profile, such as antibody 

dependent cellular phagocytosis (ADCP), antibody dependent cellular cytotoxicity (ADCC), 

and antibody dependent complement deposition (ADCD) activity (24), it would still be 

interesting to dissect and compare the IgG and IgA profiles in protected and infected rhesus 

monkeys that were challenged with SHIV, especially since an effective vaccine-induced IgA 

response may be required to prevent HIV-1 infection.  

It has been suggested that while the immune-correlate analysis of the RV144 trial 

showed that anti-Env IgA from plasma was correlated to increased risk of HIV-1 acquisition 

(25), and that this was potentially mediated by IgA interfering with ADCC activity mediated 
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by C1-binding IgG, IgA responses may just be a marker for a less functional immune 

response, rather than having a direct causal effect to impaired humoral protection (24). 

Furthermore, HIV-1 specific IgA antibodies have been isolated from a RV144 trial 

participant that have demonstrated in vitro antiviral activity, by mediating phagocytosis by 

monocytes (26). In our experiments in Chapter 3, we did not observe any IgA competition 

with A32 binding to its C1 conformational epitope, and it is unlikely that IgA correlations 

from a canarypox ALVAC /gp120 monomeric Env immunization regimen would be expected 

to be relevant to an Ad26/Env immunization regimen. 

 

Encapsulation of antigen enhances the humoral response 

Poly (D, L-lactic-co-glycolic acid) (PLGA) microparticles have been widely studied as 

a potential vaccine delivery modality that enhances the immune response (reviewed in (27-

29)). Encapsulation of the antigen in microparticles protects the antigen from degradation, 

while the adjuvant properties of microparticles have been attributed to enhanced phagocytosis 

of encapsulated antigen. Smaller microparticles (less than 10um) are directly phagocytosed 

by antigen presenting cells (APCs) including macrophages (30, 31), monocyte-derived 

dendritic cells (DCs) (32, 33), and plasmacytoid DCs (34). Larger microparticles are not 

phagocytosed, but still enhanced antibody responses (35, 36); it has been observed that 

microparticles that were not phagocytosed were found attached to the surface of macrophages 

(37). More recently, studies have suggested that nano- and micro-particles (ranging from 

430nm to 32um in size) activate dendritic cells via the NACHT, LRR and PYD domains-

containing protein 3 (NALP3) inflammasome, enhancing T cell responses, but not antibody 

responses, in immunized mice (38). The impact of how size might affect the cellular and 

humoral immune responses are varied and contradictory (37, 38), but this could be attributed 

to the difference in polymer composition, encapsulated antigen, and formulation method. 
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However what is certain is that they have been found to enhance both the T cell and antibody 

responses (39, 40), as well as subsequent memory antibody responses (41), when compared 

to bolus immunizations. We have indeed observed that antibody responses were enhanced, or 

at least comparable, in mice immunized with encapsulated Env, when compared to similar 

amounts of bolus immunization in Chapter 4. Additionally, at least in the single emulsion 

formulations, it appears that while encapsulated antigen in microparticles has increased 

immunogenicity compared to soluble antigen, this was due to the encapsulation of the antigen 

itself, and not the presence of PLGA microparticles. This increase in peak vaccine-elicited 

antibody responses was shown to be correlated to the induction of the cytokines G-CSF, IL-6, 

KC, and MIP-1β, at 8 hours post vaccination. These cytokines are chemoattractants for 

neutrophils, natural killer cells, and monocytes, as well as mediate their survival and 

proliferation. We did not observe any induction of the IL-1β cytokine, which is induced by 

the NALP3 inflammasome (30, 31),  although this could be induced at an earlier or later time 

point. We could investigate the cytokine response by luminex at other earlier or later time 

points, such as at 4 hours, and 24 hours post vaccination, as well as at 2 weeks post 

vaccination. We hypothesize that certain inflammatory cytokines may still be elicited at 

higher levels in mice that were immunized with encapsulated Env 2 weeks post vaccination, 

compared to sham or bolus vaccinated mice, due to the continual release of antigen and 

degradation of the PLGA shell.  

 

Incorporation of adjuvant, together with the antigen, into microparticles could increase 

immunogenicity 

Incorporating adjuvants into vaccine regimens help to enhance immune responses and 

improve vaccine efficacy, potentially reducing the amount of antigen and doses that may be 

required (42, 43). Many experimental adjuvants are toll-like receptor (TLR) agonist that bind 
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to TLRs and stimulate corresponding signaling pathways (43), although the only licensed 

adjuvants are aluminum-based (alum and AS04) or emulsions (MF59 and AS03), that are 

thought to trigger inflammasomes or local tissue inflammation respectively (42, 44, 45). 

Multiple groups have shown that encapsulating different adjuvants, especially TLR 

agonists, together with antigen, in micro- or nano- particles, would be advantageous by 

eliciting quantitatively and qualitatively better immune responses (46, 47). Co-delivery of 

antigen together with TLR agonists has been observed to synergistically increase 

immunogenicity versus a comparable amount of separate components (42). This is the case 

regardless of whether the antigen is coupled together with the TLR agonists (48-50), or 

associated together in micro- or nano- particle formulations (51). Most studies involving co-

encapsulation of a TLR agonist together with antigen, use CpG (TLR9 agonist) (27, 52, 53), 

amongst many others), although Monophosphoryl Lipid A (MPLA; TLR4 agonist) has also 

used as well (54-56).  

It is postulated that co-encapsulating TLR agonists and adjuvant in biodegradable 

microparticles synergistically enhances immune responses by activating both the TLR and 

inflammasome signaling pathways (27, 57, 58). Co-encapsulating a TLR agonist with the 

antigen could also selectively target it to APCs, enhancing its interaction with cellular TLRs 

(59). This also ensures that both adjuvant and antigen are taken up by the same APC, 

enhancing immune responses (60-62). Additionally, encapsulated delivery of TLR agonists 

increases its safety profile, as it results in a transient induction of innate immune responses 

that is localized, preventing off-target toxic effects (63). This results in increased vaccine-

antibody responses (64), as well as cytotoxic T lymphocyte (CTL) responses (53). Increased 

activation of dendritic cells (DCs) with the upregulation of MHC class II molecules and 

CD86 markers was also observed (56).  
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 In chapter 4, we chose to test the immunogenicity of 3 different adjuvants – Adju-Phos 

(an alum-based salt suspension), CpG, and MPLA – when co-encapsulated with a HIV-1 Env 

antigen. While we did not observe enhancement of antibody response in mice immunized 

with some formulations containing co-encapsulated adjuvant and antigen, compared with 

encapsulated antigen alone, as described by other groups (42, 51), this could be due to 

different adjuvant, dosage, or formulation method used. The exception was the double 

emulsion formulation co-encapsulating CpG which elicited much higher antibody responses 

of 1-2 logs in both systemic and mucosal compartments. As we had compared 

immunogenicity of the different formulations based on the input (amount of antigen loaded), 

it is possible that if we compared the immunogenicity of the different formulations based on 

the amount of antigen actually encapsulated, we would observe that the single emulsion 

formulation co-encapsulating Adju-Phos would elicit a significantly higher antibody 

response, compared to formulations encapsulating antigen alone. Furthermore, most 

adjuvants used in co-delivery studies in the literature involve CpG, MPLA, or some other 

TLR agonist, and not an alum-based adjuvant. This could be because of the mechanism of 

action of alum-based adjuvants. We have shown that co-delivery of Adju-Phos results in 

similar antibody titers as other TLR-based adjuvants, despite its much lower encapsulation 

efficiency. 

 To further expand the scope of our evaluation and comparison into the 

immunogenicity of microparticles as novel delivery methods of vaccination, we could 

characterize the B cell and germinal center T follicular helper cell (Tfh) responses following 

prime and boost. Flow cytometry can be ran on cells isolated from the spleen, inguinal 

(draining) and iliac lymph nodes to identify and compare B cell subsets (activated B cells, 

plasma cells, memory B cells) as well as germinal center B and Tfh cells.  



 174 

Mice could be immunized with both SE and DE formulations, and at a timepoint with 

peak antibody responses following immunization, as well as at a later time point, at the 2 

week mark, animals could be euthanized, and the tissues harvested and characterized with 

flow cytometry as described above. Histology could be performed to compare the size and 

number of germinal centers in mice immunized with either microparticle formulation with 

those from animals immunized with bolus protein. We expect that animals immunized with 

SE, DE microparticles would have peak GC responses at a later time point, but not those 

immunized with bolus protein, and they could also have expanded GC responses as well. 

 

Antigen persistence and its effect on the immune system 

A major concern of continuous release vaccination regimens is the induction of 

tolerance. Indeed some studies have suggested that continuous antigen delivery would result 

in tolerance induction (65, 66). However, it is possible that this is dose dependent. Indeed, 

there have been multiple studies with continuous antigen delivery involving either 

microparticles and osmotic pump devices where a high humoral response of long duration 

was induced (39-41). Antigen persistency has been suggested to elicit effective immune 

responses by periodically stimulating precursor B cells such that they differentiate to form 

antibody-secreting plasma cells (67).  

Two separate studies explored the influence of antigen kinetics on humoral and cellular 

immune responses in mice. Mice were immunized with a fixed cumulative dose of either 

peptide or protein antigen by repeated injections following different kinetics, and in both 

cases, repeated injections with increasing doses resulted in greater CD8 T cell responses and 

antibody responses respectively (39, 68). It was hypothesized that increasing doses of 

vaccination mimicked a pathogenic viral infection, resulting in the induction of a strong 

immune response. While the in vitro release kinetics for our microparticle formulations in 
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Chapter 4 was not one that followed an increasing dosage profile, we still observed a 

significant increase in antibody titers compared to soluble immunizations. It is possible that 

this is due to the prolonged presence of antigen along with the presence of adjuvant used, 

possibly leading to better antigen capture in the germinal center, as postulated in one of the 

aforementioned papers (39). It is possible that the increased antibody diversity, in terms of 

the breadth and depth of reactive linear Env peptides, observed in mice immunized with 

single emulsion formulations containing Env and Adju-Phos, represented an increase in 

affinity maturation. This is interesting and bears further investigation, especially in light of a 

study in non-human primates, where adjuvants together with Env protein vaccines increased 

binding antibody titers, but that did not necessarily translate to an increase in somatic 

hypermutation and affinity maturation (69). We would determine if this increase in antibody 

diversity (via peptide microarray) really translates into an increase in affinity maturation, by 

analysis of the degree of somatic hypermutation. This could be done by sequencing and 

analysis of antibodies pre and post vaccination with encapsulated Env. 

The prolonged presence of antigen has also been suggested to be necessary for a 

sustained B cell memory response (67, 70), and a study investigating the memory responses 

following microparticle vaccination suggest that persistent antigen release result in a long-

lasting and enhanced memory response (41). To be able to better investigate how sustained 

release from our microparticle formulations might affect humoral immune responses, 

memory B cell responses in immunized mice can be assessed. B cell ELISPOTs analyzing 

antibody secreting B cell frequencies can be performed in immunized mice following 

challenge, and also by flow cytometry using panels containing memory B cell markers.  

We could expand the analysis of the diversity of the antibody elicited against linear Env 

peptides using peptide microarrays from just a SE (Adju-Phos) regimen to all regimens. It is 

possible that we will see the expansion of antibody diversity for all formulations. It will be 
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interesting to compare the breadth and depth of antibody diversity between the different 

formulations and adjuvants.  

 

Summary 

The unifying theme of this dissertation is the evaluation of mucosal and systemic 

antibody responses induced against Adenovirus and Env HIV-1 vaccine candidates that were 

administered via a parenteral route. I hypothesized that HIV-1 vaccine candidates 

administered via the parenteral route can induce coordinated mucosal and systemic immune 

responses, and that we can improve the induction of these antibody responses via novel 

delivery methods.  

Chapter 2 of this dissertation described the common features between mucosal and 

peripheral antibody responses following parenteral immunization of rhesus monkeys with 

Adenovirus and Env HIV-1 candidate vaccines. We showed that IgG isotypes, functionality, 

and pattern of IgG binding to linear Env peptides were similar between serum and mucosal 

samples.  Chapter 3 of this dissertation further investigated the relationship between mucosal 

and peripheral responses, as well as the relationship between vaccine elicited systemic IgG 

and IgA in immunized rhesus monkeys. We showed that IgA responses are tightly 

coordinated with IgG following Ad26/Env vaccination and mucosal IgG and IgA responses 

largely reflect transudation from serum.  

In Chapter 4, I evaluated the immunogenicity of a controlled antigen release 

vaccination regimen in a mouse model, using biodegradable PLGA microparticles 

encapsulating HIV-1 Env as a vaccine delivery modality, where antigen was continuously 

released over a period of weeks. Encapsulation of antigen elicited higher serum and mucosal 

antibody responses, compared to bolus immunizations, with or without co-encapsulated 

adjuvant. Encapsulated Env immunizations generated greater antibody diversity in terms of 
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breadth and depth. Double emulsion formulations have greater encapsulation efficiency, and 

a double emulsion formulation with CpG appear to be the most immunogenic  

 Humoral responses are likely to be important for the development of a prophylactic 

vaccine. These data show that vaccine-elicited antibodies are present in mucosal sites 

following parenteral immunization, and are immunologically coordinated with the systemic 

response, which is important as mucosal surfaces are a major portal of entry for HIV-1. 

Furthermore, PLGA microspheres appear to be a promising candidate for vaccine antigen 

delivery, as they are more immunogenic than traditional bolus immunizations.  
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Supplemental Figure 4.S1 – Concentration of selected cytokines 8 hours post 
vaccination.  
 
Mice (n=4-5 per group) were I.M. immunized with 0.5mg of SE or DE microspheres 
(Formulations 1-8, Table 4.1), or with comparable amounts of soluble protein and adjuvant 
(8.5ug of C97 Env and 1.3ug of Adju-Phos, MPLA, CpG, or no adjuvant). Sera was collected 
at 8h post vaccination, and systemic levels of cytokines and chemokines were measured by 
luminex 
 
Cytokine concentrations of SE (red) and DE (blue) microsphere groups were compared to the 
soluble protein group, for each adjuvant. Statistical significance was analyzed using the 
Mann-Whitney test (*: p ≤ 0.05, **: p ≤ 0.01). Mean and SEM values are shown.  
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