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Abstract 

A central focus in the pursuit of an effective vaccine against HIV-1 is the 

induction of broadly neutralizing (bNt) antibodies (Abs). However, these Abs are rarely 

elicited in natural infection and the immunological processes that drive this occurrence 

are not clearly defined. Modulation of the immunological environment during the chronic 

phase of infection provides a plausible mechanism by which bNt Abs are elicited and 

also advances the possibility that vaccine design should account for the immune 

response specific to this phase. Thus, the work presented here seeks to characterize the 

chronic phase of the humoral immune response to gain insight into the immunological 

mechanisms that generate bNt-Ab responses.  

First, disturbances in B-cell distribution in HIV+ individuals were evaluated using 

a computational algorithm, flowType, compared to a manual-analysis tool. In addition to 

yielding similar results to manual analysis, flowType revealed dysregulation of novel B-

cell subsets in HIV, providing a representation of the global extent of HIV-associated B-

cell dysregulation.  

Second, changes in B-cell distribution and serum reactivity were compared 

between HIV+ individuals who followed different clinical courses and individuals with the 

autoimmune disease, systemic lupus erythematosus (SLE). B-cell dysregulation was 

evident in both cohorts, though more extensive in HIV. Sera from HIV+ individuals with 

increased viral load, as well as SLE patients, displayed significant polyreactivity as 

compared to HIV+ sera from those controlling their infections. These results illustrate that 

despite similarities in cellular perturbations, the Ab response against HIV is antigen 

driven rather than autoimmune. In addition, immunogenetic analyses of B-cell 
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repertoires of HIV+ individuals demonstrated perturbations within antigen-inexperienced 

naïve B cells as well as increased somatic-mutation levels, which were observed in the 

effector B-cell subpopulations.  

Finally, a murine model for chronic infection was developed using immunization 

with filamentous bacteriophage as a model virus-like particle. Functional analyses of 

CD138+ plasma cells showed that a single immunization elicited innate-like and type-1 

T-cell independent (TI-1) B-cell responses, and prolonged immunization resulted in 

perturbations reminiscent of those observed in chronic infections (i.e., plasma-cell 

exhaustion). Preliminary data from transcriptomic analyses of plasma cells from different 

time points after immunization suggests immunophenotypic differences within the 

population, indicating either developmental changes, or selection from different 

precursor populations. Collectively, the data provide deeper insight into changes 

occurring in short-term and chronic humoral immune responses, as well as establishing 

a functional animal model that may be used to probe these features further. 

 

Keywords:  HIV; B cells; chronic infection; immunophenotype; murine model; 
transcriptome  
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1.   Introduction 

1.1. Thesis Format 

In this thesis, I characterize the chronic humoral immune response in order to 

gain insights into the evolution of the broadly neutralizing (bNt) antibody (Ab) response 

against human immunodeficiency virus type 1 (HIV). The work here is presented in 

“finished manuscript” format in which each chapter with experimental data (Chapters 2-

5) contains its own introduction; materials and methods; results and discussion. In this 

chapter, I provide the background for my thesis work, focusing on characterizing the 

humoral immune response during chronic infection. Much of this chapter will serve as 

the basis for an invited-review article for Frontiers in Immunology. Chapter 2, currently in 

preparation for submission to PLoS One, explores the utility of a high-throughput 

computational immunonophenotyping algorithm in identifying HIV-associated B-cell 

perturbations relative to a more commonly used manual analysis method. Chapter 3, as 

a sequel to Chapter 2, begins with the use of this computational algorithm to determine 

differences in cellular dysregulation in HIV+ vs. individuals with systemic lupus 

erythematosus (SLE). This work also includes serological and immunogenetic analyses 

of the humoral immune response in HIV and is in preparation for submission to Journal 

of Infectious Diseases. Chapters 4 and 5 both outline the development of a murine 

model for tracking B-cell responses to persistent antigen and are in preparation for 

submission to Journal of Immunology and European Journal of Immunology, 
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respectively. Lastly, the dissertation is completed with an overview of the conclusions 

and future research directions (Chapter 6).  

1.2. Summary of my contributions 

The experiments presented in this dissertation were not exclusively the results of 

my own work. I had direct involvement in the execution of the experiments in the 

healthy-control cohort in Chapter 2 whereas samples from the HIV+ cohort were 

obtained from the laboratory of Dr. Susan Moir at the NIAID/NIH. I carried out the 

manual data analyses and with the help of my PhD supervisor, Dr. Jamie Scott, and our 

collaborator, Dr. Ryan Brinkman at the BC Cancer Agency, I conceptualized and 

executed the computational analysis of the flow cytometry data from both cohorts. The 

immunophenotyping analyses in Chapter 3 were executed in the same manner and I 

was also responsible for sorting the individual B-cell subsets for high-throughput VH 

sequencing; the immunogenetic analyses along with the serological analyses for this 

study were completed by Dr. Kevin Henry or under his and Dr. Scott’s supervision. Dr. 

Scott, Dr. Henry and I conceptualized the mouse model presented in Chapters 4 and 5. 

The starting filamentous phage variant was a result of previous work conducted by Dr. 

Nienke Van Houten. In Chapter 4, I was directly responsible for the entire study, with the 

exception of the: (i) immunizations which were carried out by Animal Care Facilities at 

SFU, and (ii) immunogenetic analyses and serological assays that were similarly 

conducted by Dr. Henry or under his and Dr. Scott’s supervision. I conducted all the 

experiments in Chapter 5 except RNA hybridization on the expression arrays and raw 

data output, which were conducted at the Center for Translational and Applied 

Genomics by Sarah Padilla. Analyses of gene-expression data were performed with the 
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help of Robert Bell at the Vancouver Prostate Center, with advise from Amir Foroushani 

and Dr. Fiona Brinkman. I was responsible for the subsequent interpretation of the data 

and synthesis of the final results.  

1.3. A brief overview of the current state of the global HIV-1 
pandemic  

Despite the characterization of HIV as the etiological agent causing acquired 

immunodeficiency syndrome (AIDS) three decades ago, an effective vaccine is yet to be 

developed. Thus far, highly active antiretroviral therapy (HAART) is the most effective 

tool in the armamentarium against HIV and improvements in drug combinations have 

led to a drastic reduction in AIDS-related fatalities in parts of the developed world. In 

addition, implementation of HAART has been proposed as a means of controlling 

transmission due to the decline, and maintained suppression of viral load, particularly 

with early induction of drug therapy, which effectively lowers the rate of infection through 

sexual transmission and injection drug use (1-5). However, the global infection burden in 

2012 was 35.5 million people (6) and skewed towards developing countries because of 

socio-economic factors that raise hurdles such as drug affordability and inadequate 

adherence to drug regimens. These uncertainties, along with concerns regarding the 

emergence of drug-resistant transmitted viral strains underscore the limitations of drug 

therapies as a vehicle towards eliminating the pandemic (1, 7, 8); thus, a cost-effective 

prophylactic vaccine still presents the most effective means of complete eradication of 

HIV.  

Unfortunately, the conventional vaccine paradigm founded on mimicking the 

generation of protective immunity during or following natural infection is inapplicable to 
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HIV given the inability of the host immune system to successfully control or clear the 

infection (reviewed in (9)). Importantly, although the natural correlate of protection is 

currently undefined, broadly neutralizing (bNt) antibodies (Abs) (described in Section 

1.7.2) have been proven to confer sterilizing immunity in animal-challenge experiments 

(10-17) and as a result, elicitation of such Abs is a key goal in HIV-vaccine research. 

However, the immunological processes by which these responses develop are not 

clearly defined and as a result of this, a vast amount of resources have been devoted 

towards further characterization of the humoral immune response against the HIV 

infection to facilitate deeper insights into the origin of bNt Abs.  

1.4. HIV immunopathogenesis 

HIV is a fusogenic Lentivirus (slow replicating) from the Retroviridae (RNA virus) 

family whose genome consists of two copies of positive-strand RNA, which encode 

majority of the main and accessory viral proteins (18). Upon transmission, the founder 

virus forms a ‘focus of infection’ comprising low-level propagation and traverses the 

epithelial layer, into the lamina propia, via Langerhan cells as well as other dendritic 

cells (DCs) (19, 20). Here, the virus further infects resting CD4+ T cells through 

attachment at the CD4 binding site (CD4BS) of the heterotrimeric HIV envelope 

glycoprotein (Env) that comprises a surface unit gp120 non-covalently linked to the 

transmembrane gp41 subunit (21, 22). The gp120 glycoprotein is highly glycosylated 

and consists of a conserved domain bearing the CD4BS as well as five variable loops 

(V1-V5), which along with hyperglycosylation, play a role in evading host immunological 

mechanisms (23, 24). In addition to the CD4+ T-cell tropism, the virus also weakly 

targets other antigen-presenting cells (e.g., DCs and macrophages) that contribute to 
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spread the virus to CD4+ T cells through cell-to-cell interaction (reviewed in (25)). 

Subsequently, the virus spreads into the draining lymph nodes and gut-associated 

lymphoid tissue (GALT) resulting in the rapid depletion of CD4+ T cells, which is one of 

the hallmarks of an HIV infection particularly at this site (26-28).  

As categorized by Fiebig et. al., progression of infection occurs in 6 distinct 

stages based on the observation of viral components using PCR to detect viral RNA as 

well as western blot immunoassays and ELISA to detect viral proteins and Abs against 

the virus in infected individuals (Figure 1.1A) (29). Due to the absence of an effective 

cell-mediated or humoral immune response, most of the acute phase of infection 

(stages I through IV) is typified by intensive viral replication and the absence of escape 

mutations (30, 31). This stage also likely offers the final window to effectively prevent 

establishment of the infection given that in 80% of infection cases, only a single founder 

virus forms the ‘focus of infection’ despite the number of quasispecies present at the 

transmission event (31-33). Gnanakaran et. al. further observed that Env amino acids 

from the virus in acutely infected patients featured: (i) reversion to shorter hypervariable 

loops; (ii) less glycosylation and (iii) the exposure of a signal protein that is commonly 

mutated to escape neutralization (34). Furthermore, the fitness cost of escape mutations 

is depicted by the inability of cloned Envs from the chronic-infection stage to confer 

infectivity when used to pseudotype viruses in experimental assays (35). Altogether, 

these findings highlight a possible threshold of viral fitness that necessitates reversion of 

accumulated mutations in order to establish infection and therefore a point of viral-

vulnerability during or shortly after transmission. Therefore, although sterilizing immunity 

remains the highly sought after goal in vaccine research, the window within which the 
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virus can be effectively targeted and neutralized may extend briefly into the very early 

stages of infection.  

 
Figure 1.1. Schematic of HIV immunopathogenesis and effect on the humoral 

immune response 
The time-course of an HIV infection can be classified into 6 stages as outlined by the Fiebig 
model (29); these stages are characterized by the changes in the antigens that can be detected 
through enzyme immunoassays as the infection progresses. The bottom panels illustrate the 
changes in the Ab response and B-cell aberrations in the acute (pink panel) and chronic (green 
panel) phases of infection.  
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The establishment of infection is marked at approximately 21 to 28 days (stage 

IV), which is concomitant with the aforementioned CD4+ T-cell depletion at the site of 

infection along with the peak of plasma-viral load (36). This stage also features the 

formation of latent viral reservoirs in gut-associated, and other lymphoid tissues that 

arise from the reverse transcription of viral RNA genome into DNA, and its integration 

into the host genome (27, 37); however, emerging evidence suggests that these latent 

viral reservoirs are formed prior to the detection of viremia in SIV (38). Of note, despite 

HAART-induced viremia suppression in the peripheral blood, low levels of viral 

replication may be observed at these sites throughout the course of infection (39-41) 

and current therapies are unable to successfully clear these latent reservoirs (42, 43). 

The final stages of the acute phase, Stage IV and V, feature a distinct decline in viral 

load and although this has been attributed to the emergence of Gag protein-specific 

CD8+ cytotoxic T lymphocytes (CTLs) at 3-8 weeks post infection, the exact cause of 

the decrease is unresolved (44, 45). This decline lasts for 12- 20 weeks leading to the 

viral set point (46, 47) as well as the emergence of viral escape mutations in Gag and 

Env, which are driven by selection pressure levied by: (i) the emergent CTLs and (ii) 

weakly binding Nt Abs (observed at 8-12 weeks), respectively (45, 48-50). Thereafter, 

the rate of progression towards AIDS is determined by the variability in host immune 

responses as well as viral fitness predicated on the genome of the founder virus and 

resultant mutations that are driven by the host-immune responses (43).  

The inability of the host immune system to effectively clear the HIV infection and 

the resultant hurdles towards successful vaccine design are attributable to a number of 

viral-escape ‘strategies’ (reviewed in (51)). First, conserved viral epitopes are transiently 

exposed and masked by the aforementioned ‘glycan shield’ as well as hypervariable 
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loops, which effectively obscure these sites from immunological surveillance (52-56). 

Driven by the emergence of CTL and Nt Ab responses, the virus also exhibits 

tremendous mutational capacity, which can attain up to 20% divergence from the 

founder virus within a single individual (reviewed in (57)) and typically occurs at 

immunodominant sites (48, 49, 58-61). Lastly, the virus possesses prolific replication 

competency that generates approximately 1010 viruses daily (62). Therefore, in the 

absence of successfully targeting the immunorecessed conserved viral epitopes, 

vaccine-design would have to account for an exponential range of global variation. 

Notably, although natural protection or excellent viremia control are observed in rare 

cases, the immunological bases of these instances are also yet to be well understood. 

1.5. HIV vaccine-trials: a brief overview 

To date, only four vaccine-clinical efficacy trials have been carried out to 

completion. The initial attempt, launched in 1998, comprised VAX003 and VAX004 

vaccines based on recombinant gp120 and despite eliciting Nt Abs, these vaccines did 

not exhibit any efficacy in protection between the placebo-control and vaccinated groups 

(63). In 2005, a second attempt was initiated using an adenovirus 5 vector-based 

vaccine in the STEP trial targeted towards a CTL-mediated response. Similarly this trial 

failed to show any efficacy and moreover, it was discontinued upon observation of a 

transient increase in susceptibility to infection within the vaccination groups compared to 

placebo-control group (64). Thus far, the most promising vaccine study has been the 

RV144 trial whose vaccine consisted of a canary pox-vector prime and subsequent 

recombinant gp120 boosts; an efficacy of 31.2% reduction in infection was observed in 

this trial, which consisted of 16,402 at-risk men and women in both the vaccine and 
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placebo-control arms of the study (65). Although this vaccine did not elicit effective bNt 

or CTL responses, vaccine efficacy was reportedly conferred by mechanisms such as 

Ab dependent cell-mediated cytotoxicity (ADCC) and Ab dependent cell-mediated viral 

inhibition (ADCVI) (9, 65-67). Despite the promise of results in this study, however, the 

protection was only marginal and the robustness of the data reported from the trial is 

contentious (68). Nevertheless, further vaccine studies are underway to build on the 

outcomes attained in this attempt. Lastly, the recently completed HVTN505, comprising 

an adenovirus 5 vector-boost after a DNA based prime, showed no significant increase 

in Nt Abs, CTL responses or efficacy, and was consequently discontinued in April 2013 

(69). Currently, a new clinical trial, the SAV CT 01, based on modified killed whole virus 

is in progress but data on its modality is not yet available since the trial is still in the 

nascent stages of clinical testing.  

1.6. The humoral immune response  

This arm of the immune response is mediated by Abs secreted by B cells that 

originate from hematopoietic stem cells in the liver, during fetal development, and the 

bone marrow (BM), postnatally. Diversity in the Ab repertoire is initially generated during 

lymphocyte development wherein B cells, at the progenitor (pro) B-cell stage, undergo 

germline rearrangement of variable (V), diversity (D) and joining (J) gene segments 

encoded at the heavy-chain (igh) gene locus, followed by the precursor (pre) B-cell 

stage in which B cells proliferate and undergo V-J recombination at the light chain 

(kappa and lambda) loci. The recombination of the gene segments results in a highly 

variable region, the third complementarity determining region of immunoglobulin heavy 

and light chains, CDR-H3 and CDR-L3, respectively; CDR-H3 forms the most variable 
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region of the Ab due to the combination of the three gene segments, imprecise joining 

that adds palindromic nucleotides (p) from the joining ends of gene segments, 

nucleotide excision, and addition of non-templated nucleotides (n) during the 

recombination event (70-72). Immunoregulatory control by central tolerance 

mechanisms also occurs in these early developmental stages within the BM. At this 

step, B cells that bind strongly to self antigens are culled from the repertoire through 

apoptosis or B-cell receptor (BCR) rearrangement, whereas most cells that bind weakly 

to self-antigen are rendered anergic or possibly translocate to the peritoneal cavity ((73, 

74), reviewed in (75)). Thereafter, these immature transitional B cells migrate into the 

periphery, particularly the spleen, where they complete the maturation process ((76), 

reviewed in (77)). 

The mature B-cell and resultant Ab response can be divided into 3 distinct 

phases: innate-like, early-induced and adaptive, based on their characteristics of 

activation and role in the humoral immune response (78). As shown in Figure 1.2, 

plasma cells, which differentiate from functionally, immunophenotypically and 

ontogenically distinct B-cell subsets mediate all three stages. The earliest phase, as 

identified in mice, features B-1a cells that are: (i) primarily found in the peritoneal cavity, 

(ii) present before birth, (iii) self-renewing, and (iv) emergent from a different progenitor 

cell from other B-cell subsets. Additionally, these innate-like B cells constitutively 

secrete the so-called “natural Abs”: polyreactive IgM, IgG and IgA bearing long CDR-

H3s, and mainly participate in mucosal immunity (reviewed in (79, 80)). Although such a 

subset has been recently characterized in humans (81, 82), there is still considerable 

debate regarding the true nature of this newly defined subpopulation (83-85).  



 

11 

The early-induced B-cell response, which contributes marginally to 

immunological memory, is mediated by the peritoneal cavity-resident B-1b cells, as well 

as marginal zone (MZ) B cells, which are primarily found in the marginal sinus of the 

spleen where they respond to blood-borne pathogens ((86), reviewed in (87)). Notably, 

it has been illustrated that MZ B cells can arise from immature B cells that are positively 

selected for weakly binding to self antigen; the weakly self-reactive clones are censored 

from lymphoid follicles but sequestered to the MZ of the spleen (88). Collectively, these 

two B-cell subsets are responsible for bridging the gap between innate and adaptive 

immunity, by rapidly responding to T-cell independent (TI) antigens (e.g., non-protein 

antigens bearing highly repeated epitopes) (89, 90).  

 
Figure 1.2. Outline of the 3 phases of the humoral immune response.  
Figure used with permission from reference (91) 

The 3rd stage of the humoral immune response is very well characterized and 

mediated by the conventional B-2 cells (follicular B cells) that are commonly localized 

within lymphoid follicles; activation of these cells, mostly by protein antigens, occurs in a 
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T-cell dependent (TD) manner in a cascade of events. Beginning with activation at the 

site of infection, DCs migrate to the paracortex and present antigen in the context of an 

MHCII:peptide complex to naïve CD4+ T cells (92-94). Similarly, within lymphoid 

follicles, mature naïve B-2 cells are partially activated by binding their cognate antigen, 

which results in antigen presentation in the context of MHCII as well (95, 96). In 

chemotactic-guided egress, the activated B cell subsequently leaves the follicle, 

entering the paracortex in search of a CD4+ T cell specific for the MHCII:peptide 

complex displayed on the B-cell surface. Upon encounter, the B cell is further activated, 

resulting in the formation of a primary focus. Here, higher-affinity B-cell clones mature 

directly into short-lived plasma cells forming part of the “extra-follicular” B-cell response 

(97) and although the majority of extra-follicular responses generate short-lived plasma 

cells, a minority of these cells constitute part of the long-lived plasma-cell population that 

ultimately resides in the BM or other secondary lymphoid tissues (98). Conversely, other 

offspring of an activated B-cell clone return to the follicle with their cognate T-cell and 

interact with other cell types such as CD4+ follicular T helper (Tfh) cells and DCs, 

resulting in the formation of the germinal center (GC). The GC response is the hallmark 

of the adaptive B-cell response and involves isotype switching, somatic hypermutation 

(SM) of expressed Ab-genes and affinity maturation resulting in the production of higher 

affinity Abs; this process also results in the maturation of antigen-specific naïve B cells 

into memory B-cell subsets that remain in circulation, as well as long-lived plasma cells 

(reviewed in (99, 100)). In addition, this follicular compartment also serves as another 

important site for tolerogenesis, given that previously non-self-reactive B cells may gain 

polyreactive or autoreactive specificities during the processes of SM and affinity 

maturation; thus, peripheral tolerance mechanisms within these lymphoid compartments 

censor such specificities from the repertoire (reviewed in (101)). 
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1.7. The humoral response against HIV-1 infection.  

1.7.1. The antibody response to HIV-1 infection 

Upon infection, the first detectable Abs are in the form of Ab-virion immune 

complexes 8 days after seroconversion (Fiebig Stage II, Figure 1.1B) followed by anti-

gp41 IgM Abs ~13 days after seroconversion (Fiebig Stage III, Figure 1.1B). IgG and 

IgA specificities emerge at different times thereafter, with specificities against p24 and 

p55 at 18 days, p17 at 31 days, and p31 at 53 days after seroconversion (102). Of note, 

these early Ab responses are non-Nt and therefore do not generate viral escape 

mutants. The initial Nt Ab response emerges in the latter stages of the acute phase of 

the infection (Fiebig Stage V, Figure 1.1B). This response comprises “strain-specific” 

anti-gp120 Abs targeted against a mostly autologous virus population whose Env is 

mostly homogeneous resulting in the clearance of the initial viral population as well as 

the emergence of viral escape mutants (50, 103). Indicative of the specificity of the 

autologous Nt Ab response, viral mutations are typically observed in the V1/V2 and V3 

loops of gp120 (24, 58, 104-109); in addition, although less clearly defined, mutation at 

other sites, such as the C3-V4 and V5 regions, have also been attributed to this 

response (58, 60). As a result of the synchronous emergence of both new Nt Abs and 

subsequent viral variants at this stage, the host immune response is rendered into a 

perpetual state of ‘catch-up’ in which neutralization against earlier virus is more potent 

compared to contemporaneous viral variants (49, 50, 61). The autologous Nt response 

extends into the early chronic phase of the infection (Fiebig Stage VI) and, although 

rare, limited cross-neutralization breadth, featuring weakly binding Abs against 

heterologous viruses, has been observed as early as one year after infection ((49), 

reviewed in (36)) (Figure 1.1B). More commonly, however, as reported by Mikell et. al., 
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heterologous cross Nt responses develop after 2.5 years and in this particular study, 

these responses were recorded in only 41% of the samples analyzed (110).  

Notably, in addition to the importance of the Nt Ab response, the significance of 

non-Nt Abs has also emerged based on the potential protective properties of processes 

such as ADCC and ADCVI, as discussed for the RV144 trial. With respect to this 

possibility, Bonsignori et. al. discovered that, in comparison to the placebo arm of the 

RV144 study, ADCC activity was significantly higher in vaccinees at 26 weeks post-

immunization (111). Upon further characterization of this ADCC-mediated response, 

they observed Abs that displayed similar activity to the A32 monoclonal (M) Ab, which 

was previously shown to potently activate ADCC activity (111, 112). Likewise, the role of 

non-Nt Ab responses had also been previously proposed in both HIV and simian 

immunodeficiency virus (SIV) in which the emergence of such responses inversely 

correlated to disease progression (67, 113-118). Importantly, although these studies 

suggest that “pre-Nt” Ab responses may offer a novel direction for research into the 

development of vaccines that exploit this mode of action, induction of Nt Ab responses 

still remains the core focus of vaccine-design research. 

1.7.2. The broadly neutralizing antibody response  

Elicitation of bNt Abs through vaccination is the holy grail of vaccine design 

endeavors. The breadth of these responses is facilitated by Ab-specificity against 

conserved regions on Env, such as the CD4BS and the CD4 inducible (CD4i) site on 

the gp120 subunit (119-123); the membrane-proximal external region of gp41 (MPER) 

(124-129); conformational epitopes on the Env trimer (130, 131) and the glycan shield 

(131, 132) (Figure 1.3). As identified by mapping bNt MAb-epitopes, these sites 
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delineate regions of viral vulnerability and thus are ideal targets for immunogen design. 

It is worth noting the incapacity and delay in the development of breadth from 

autologous to heterologous Nt responses is further evident in the progression to bNt 

responses, which are only observed in 10% to 30% of infected patients (110, 133-136). 

Furthermore, due to the preceding pathogenic events and delayed emergence of Nt 

Abs, development of bNt responses bears negligible impact on the host’s progression 

towards AIDS (137, 138). Interestingly, that almost all autologous, heterologous and bNt 

Ab responses are circumvented by viral-escape mutations reflects the “one-off” nature 

of Nt Ab responses in general; typically a single Nt Ab arises at a time and can be 

feigned off by viral escape mutations.  

 
Figure 1.3. Conserved neutralizing antibody epitopes 
Locations of epitopes highlighted on surface representation of electron microscopy structure of 
Env trimer (139) Red-CD4BS, Blue- V3 loop/Asn332 Ab epitope, Green- V1/V2 loop/Asn160 Ab 
epitope, Yellow- MPER epitope. N-linked glycans are shown as gray sticks and were added to all 
potential N-linked glycosylation sites. Figure used with permission from reference (140).  

In addition to the paucity and delayed emergence of these responses, bNt MAbs 

commonly bear unique features such as: (i) high levels of SM; (ii) unusually long CDR-
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H3s; and (iii) predilection towards particular gene-family usage (141). The significance 

of each of these features in attaining Nt breadth and potency are not clear given that 

some bNt MAbs e.g., VRC01, do not bear long CDR-H3s yet exhibit remarkable breadth 

and potency (123). Nevertheless, these features are a focal point of research efforts; 

thus, a number of theories have been put forward to reconcile the general rarity of these 

Abs with their somewhat rare attributes (discussed in Section 1.8).  

Another noticeable feature in the development of these responses is the 

sequential adjustment over time in the epitopes that are targeted by the humoral 

response and the manner in which they are targeted. This shift in epitope targeting is 

reminiscent of “epitope spreading”, which was originally identified and more typically 

characterized in some autoimmune diseases. Despite the pathogenic role played by this 

process in diseases such as SLE (142), epitope spreading is, by virtue, an evolutionarily 

conserved mechanism that allows the immune response the flexibility to counter 

pathogenic escape mechanisms (143). Thus, this process plays a protective role by 

driving the emergence of Abs that bind “immunorecessive” epitopes as opposed to the 

immunodominant epitopes targeted by initial or preceding Ab responses (143). 

Importantly, in the case of persistent infection/ antigen, prolonged shift in targeted 

epitopes increases the probability of the immune system gaining access to 

immunorecessive sites on the antigen. Moreover, this process is likely as a result of a 

TD humoral immune response processes (reviewed in (144)) (Figure 1.4A); can also 

involve both CD4+ and CD8+ T-cell responses (142); and has been characterized in 

other diseases such as Hepatitis B infection (145). In particular, against HIV, this shift is 

conspicuously synchronous with the broadening of binding specificities that are 

observed over time (146). In a recent study, Wibmer et. al. illustrated this immunological 
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process by delineating the successive increase of bNt capacity from initial anti-V2 loop 

specificity to a more potent bNt response against an undefined quaternary epitope (147) 

(Figure 1.4B). It is plausible that although this host mechanism is likely overwhelmed by 

the rate of HIV replication in the acute (Fiebig Stage I- V) and early chronic (Fiebig 

Stage VI) phases of infection, it may eventually, drive the development of bNt responses 

(140).  

 
Figure 1.4. Changes in targeted epitopes over the course of HIV infection 
(A)The change in targeted epitopes over time is caused by the presence of persistent antigen, 
which drives several rounds of SM and affinity maturation, which are T-cell driven GC processes 
(B) This evolution of Ab specificity during the course of infection results in the development of 
increased breadth in the Nt activity. Initial Nt-Ab specificity shifts from immunologically acessible 
sites e.g. V2 loops (red) to the more immunorecesed sites e.g., the CD4BS (purple) and 
eventually to an unknown quartenary epitopes (green). Figure used with permission from 
reference (140).  

1.7.3. Aberrancies in the B-cell subpopulations during HIV.  

Perturbations in the B-cell response, such as hyperactivation and depletion of 

particular subsets, are a significant result of HIV immunopathogenesis and to date, have 
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been primarily characterized in the context of B-2 cell responses. B-cell dysregulation, 

initially identified by Lane et. al., is primarily caused by indirect effects such as virus–

mediated lymphadenopathy (148) that results in disruption of GC and lymph-node 

architecture (149, 150). Similarly, early events in viral immunopathogenesis drive a 

highly pro-inflammatory milieu (reviewed in (151)) which causes B-cell hyperactivation, 

with subsequent decline of naïve and memory B cells as well as increase in transitional 

and plasmablast subpopulations (152, 153). However, there is also evidence of 

aberrancies caused by direct interaction via binding of complement-HIV-virion 

complexes to CD21 (154) and the superantigen effect of gp120 on B cells expressing 

BCRs encoded by the IGVH3-family of gene segments (155, 156). These perturbations 

result in HIV-mediated humoral-immunopathogenesis signatures including: (i) 

hypergammaglobulinemia (148, 157, 158); (ii) aberrant class-switching and non-HIV 

specific polyclonal activation (159-161); and (iii) B-cell malignancies (162) (Figure 

1.1C).  

 More recently, studies by Moir et. al. further delineated B-cell perturbations with 

discovery of the expansion of “tissue-like” memory B cells in the chronic phase of 

infection. This cell-subpopulation exhibits a higher level of HIV specificity; is refractory to 

activation signals; and features increased cellular expression of inhibitory markers (e.g., 

FcRL4 and Siglec 6), which is indicative of a homeostasis mechanism that is driven by 

hyperactivation (163, 164). Although initiation of HAART reduces viremia and 

hyperactivation, only partial normalization of cellular subpopulations is attained given 

that the memory B-cell compartment does not fully rebound from the depletion observed 

in the early stages of the infection (164-167). It is conceivable therefore, that these 
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extensive and in some respects, irreparable perturbations may contribute to the delay 

and rarity in effective Ab-mediated responses. 

1.8. Hypotheses on the origin of bNt Abs and implications 
for vaccine design  

Various theories have been proposed to explain the origin of bNt Abs. Initially, 

only a handful of bNt MAbs had been characterized: b12, 4E10, 2F5 and 447-52D. 

However, as listed in Table 1.1, recent advances in screening and cloning methods 

(123, 168, 169), have led to a surge in the number of isolated MAbs some of which 

display outstanding neutralization potency and breadth. Collectively, identification of 

these MAbs provides important perspectives into the origin of bNt responses and 

conserved regions on infectious viral-spike trimers.  

1.8.1. The ‘autoantibody’ hypothesis 

The ubiquity of long CDR-H3s observed among bNt MAbs is anomalous since B-

cell clones producing polyreactive Abs bearing long CDR-H3s are typically edited from 

the B-cell repertoire during tolerogenesis (170, 171). This feature, along with reported 

autoreactivity of the 4E10 MAb to endogenous cardiolipin and ribonucleoprotein; and 

the 2F5 MAb to histones (172-174) led to the conclusion that bNt Abs such as these 

derive from an autoimmune ontogeny.  
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Table 1.1. HIV-1 bNt antibodies 

MAb(s) 
Site of Ab 

epitope  Method of Ab isolation 
Year 

described Reference 

b12 CD4BS 
Screening of phage 
displayed Fab libraries 1994 (120) 

VRC01- VRC03 CD4BS 

Screening of Abs cloned 
from RSC+b IgG+ 
memory B cellsd 2010 (123) 

HAADSa: (3BNC117, 
3BNC55, 12A12, 8ANC195, 
NIH45, NIH46)  CD4BS 

Screening of 2cc+c, 
gp140+, IgG+ memory B 
cellsd 2011 (175) 

CH103 CD4BS 
Screening of RSC+b IgG+ 
memory B cellsd 2013 (122) 

2F5 MPER 
Screening of PBMC-
derived hybridomas  1993 (176) 

4E10 MPER 
Screening of PBMC-
derived hybridomas  2001 (177) 

10E8 MPER 
Screening of IgG+ 
memory B cellsd 2012 (178) 

2G12 Glycan shield 
Screening of PBMC-
derived hybridomas  1996 (132) 

PG9/PG16 

V1/V2 loop 
(quartenary 
epitope)  

Screening of Abs cloned 
from IgG+ memory B 
cellsd  2009 (131) 

CH01-CH04 V1/V2 loop 

Screening of Abs cloned 
from IgG+ memory B 
cellsd 2011 (179) 

PGT 121-123 
V3 loop, 
glycan shield Screening of Abs cloned 

from IgG+ memory B 
cellsd 

2011 (131) 

PGT 125-128, 130, 131 
PGT 135-137 

PGT 141-145 

V1/V2 loop 
(quartenary 
epitope)  

a Highly-active agonistic anti-CD4BS Abs 
b Resurfaced stabilized core-stabilized gp120 core lacking V1-V3, and part of the carboxy and amino 
termini. 
c gp120 stabilized in the CD4-bound conformation and lacking the V1-V3 
d Abs are cloned from HIV+ individuals whose sera are broadly neutralizing. 
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In pursuit of this line of investigation, Verckoczy et. al. evaluated ontogenesis of 

BM B cells in a chimeric 2F5 VH knock-in murine model. Here, they observed that 

maturity from the small pre-B cell to immature, transitional B-cell stage featured 

decreases in number of B cells expressing chimeric murine-human 2F5 Ab genes 

(comprising the human VH-CH1 and hinge regions and murine CH2-CH3 regions so as to 

mediate BCR signaling in the mouse). Similar results were also observed in analyses 

using 4E10 knock-in mice in which the number of mature splenic B cells was 

significantly lower and ablation in the pre-B cell to B-cell transition within the BM was 

observed in transgenic animals relative to wildtype (180). From these studies, it was 

deduced that this depletion was due to central tolerance blockades similar to B cells 

expressing autoreactive Abs that are likely removed by tolerogenesis mechanisms. As 

follows, it was concluded that 2F5 and 4E10 expressing B-cell clones in humans are 

subjected to the same fate (181, 182). 

This theory asserts that the elicitation of bNt Abs, being autoAbs, requires a 

breach of tolerance since the effective deletion of autoreactive B-cell clones prohibits 

the selection of bNt B-cell clones. Thus, an effective vaccine would have to break 

tolerance, and allow the emergence of autoreactive B cells, among which would be the 

precursors of bNt Abs. This approach would have far-reaching consequences, as a 

protective Ab response would be acquired at the expense of triggering or risking 

autoimmune disease (174). In line with this hypothesis, it is also conceivable that the 

precursors to the bNt Abs are only mildly autoreactive, and thus would only require 

lowering of the tolerogenesis threshold; in this regard, the partial breach of tolerance 

mechanisms would prevent the deletion of the mildly autoreactive cells and therefore 

facilitate the maturity of bNt precursors while still retaining a level of immunological 
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tolerance. However, such precision in modulating tolerance mechanisms would likely 

pose a significant challenge and thus either scenario presents a considerable 

impediment to vaccine design. 

It is important to note that, findings delineating the autoimmune ontogeny of bNt 

Abs are inconclusive since subsequent work has shown that bNt Abs, though varyingly 

polyreactive, are not pathogenically autoreactive akin to actual autoAbs (183). Singh et. 

al., in a microarray analysis comparing binding activity of 2F5, 4E10 and 2G12 MAbs to 

pathogenic autoAbs on connective tissue autoantigens, showed that these bNt Abs had 

distinctly different binding profiles from Abs elicited during active SLE (184). Further, it 

was shown that a low level of autoreactivity, mediated by SM upon B-cell activation and 

class switching, is present in memory B cells and, at a lower percentage, the plasma-

cell population (185-187). This finding argues that autoreactivity and/ or polyreactivity 

observed for some of the bNt Abs is likely due to mechanisms that are general to the 

humoral immune response and not depictive of a breach of tolerance.  

1.8.2. The ‘hole-in-the-germline’ hypothesis 

In an effort to characterize the putative predecessors from which bNt Abs 

originate, Xiao et. al. hypothesized that the paucity of effective bNt Ab responses was 

due to ‘germline-holes’, meaning that the B cells whose BCRs, in their germline, 

unmutated form (as naïve B cells), recognize conserved regions on Env, bind too 

weakly to signal or are absent altogether (188). Upon reverting b12, 2G12, and 2F5, to 

their ‘germline-like’ predecessors they found that these Abs indeed lose their Env 

binding activity. Thus, it was theorized that successful bNt Ab responses were driven by 

polyspecific Ab responses that are originally targeted against non-HIV antigens, and 
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which, after accumulation of SMs, can be recruited into the anti-viral Ab response, 

during which they mature into bNt Abs (188). These conclusions have also been further 

supported by similar studies showing that reversion of bNt Abs to their ‘germline-like’ 

sequences resulted in the loss of binding activity to HIV (189, 190).  

In these analyses, however, consideration should be given to the complexity in 

accurately identifying the original “germline” sequence of a bNt MAb as produced by its 

naïve B-cell precursor. First, it can be difficult to identify the correct VH allele of these 

Abs, as they are heavily mutated. Second, the difficulty is even worse for the long CDR-

H3 regions that often exist in bNt Abs, as unmutated N-nucleotide precursor sequences 

are impossible to deduce from their mutated counterparts (71). And finally, heavy 

mutation can make it difficult to identify the correct D region(s) or to distinguish P 

nucleotides. This theory is also challenged by our preliminary analysis which illustrated 

that interaction between the critical binding residues on Env and the paratopes of three 

bNt Abs: 2F5, 4E10 and 447-52D, comprised direct contact between Env and germline 

encoded VH regions of these Ab side-chains. Similarly, other bNt MAbs e.g., PG9, 

VRC01 and 10E8 displayed a significant amount of critical interaction mediated by 

germline-encoded VH regions (Figure 1.5) (Lepik, K, Montero, M and Henry, K, 

unpublished results); characterization of the complete list of MAbs in Table 1.1 would 

further determine the frequency of this occurrence in bNt Abs. In addition, the inability of 

reverted germline Abs to bind to their epitopes may be a reflection of inaccuracies in the 

experimental Env proteins that are used in the various assays rather than a true ablation 

of binding capacity rendered by reversion.Nonetheless, the “hole-in-the-germline” theory 

posits that vaccines would have to elicit a similar response whereby polyspecific 

responses are initiated and modulated into cross-reactive, bNt responses. The likelihood 
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of eliciting such an HIV-Nt, cross-reactive Ab response during natural infection, nicely 

explains the rarity of bNt Ab responses. Likewise, this presents considerable difficulty in 

immunogen and vaccine design due to the seemingly arbitrary and undefined nature of 

the initial cross-reactive antigen, and the low probability that with accumulating SM, it 

will elicit a cross-reactive Ab with Nt potential. 

 

 
Figure 1.5. Mutational status of broadly-neutralizing antibody-paratope 

residues.  
Percent of paratope critical binding residues (CBRs), whose side chains interact directly with 
antigen, that are encoded by germline V, D or J genes, or have arisen by SM and amino acid 
substitution by either a very similar, similar, dissimilar or very dissimilar residue. CBRs were 
defined as paratope residues contacting antigen, that when either they themselves or their 
epitope residues are mutated ,result in a 90% or greater drop in binding and/or neutralization 
without compromising Ab or antigen structure. Note that CBRs cannot be assigned with absolute 
certainty for conformational epitopes. Residues that could not be compared to germline (e.g., 
residues in the CDR-H3 or encoded by an insertion or deletion) were disregarded for this 
analysis. 
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1.8.3. The ‘chronic immune response’ hypothesis 

Natural progression of the TD humoral immune response in the face of 

persistent antigen, also presents a process by which bNt Abs are elicited. This is 

supported by evidence that the aforementioned unique Ab features observed for bNt 

MAbs (i.e., long CDR-H3s, high levels of SM, and a predilection for particular VH gene-

segment usage) are also characteristic of non-Nt anti-Env Abs elicited during HIV 

infection, as well Abs elicited during other chronic viral infections (141, 191). These 

observations suggest a chronic infection-mediated mechanism in which Abs with these 

features are selected, e.g., the recruitment and activation of B-cell clones expressing 

Abs with long CDR-H3s that consequently accumulate SM. This would also be 

consistent with recent evidence that suggests that B-cell clones bearing Abs with long 

CDR-H3s are present in the antigen-inexperienced naïve B-cell repertoire, albeit at a 

low frequency; such Abs likely occur due to rare Ab gene-recombination events e.g., the 

use of D-gene segments, D2 and D3, and JH6 gene segments, as well as the addition of 

N nucleotides during BCR development (192, 193). Further compelling evidence of a 

selection mechanism for B-cell clones with this particular Ab repertoire is also present in 

chronic hepatitis-C virus (HCV) infection, whereby the use of D2 and JH6 gene 

segments is elevated in the memory B-cell subset in comparison to naïve B cells (194).  

Abs with long CDR-H3s are known to be highly flexible (195), and as such, given 

an accommodating VH framework region (possibly encoded by a limited subset of VH 

genes), it may be that bNt Abs are simply selected from a pre-existing population of VH 

gene regions that are able to retain Env-binding activity and HIV-neutralizing activity 

under high levels of SM. The viability of this ‘framework-postulate’ is illustrated by Volpe 

et. al. in their description of Abs with ‘autoreactive potential’. In their study, they show 
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that gene segments with extensive N-nucleotide additions to the CDR-H3 region 

possess autoreactive potential; rather than autoreactive-germline segments, gene 

segments with this autoreactive potential subsequently develop into autoAbs upon 

accumulation of SM (195). Therefore, due to the density of N-nucleotides, such Abs 

bear a framework, which, through SM, results in autoreactive specificities. Accordingly, 

during chronic HIV, Abs with ‘neutralization potential’ may bear a framework that can 

withstand the SM level driven by chronic infection and still maintain functionality, which 

therefore results in bNt Abs. Thus, it is plausible that B cells bearing long CDR-H3 Abs, 

which are known to be present in the more innate B-cell subsets (141), are non-

specifically activated resulting in the accumulation of SMs in the (typically) extra-

follicular B-cell memory compartment. In this setting, these B-cell clones could serve as 

a diversified reservoir for recruitment into anti-Env, and rarely, Nt Ab responses. This 

scenario explains delayed broadening of Nt-Abs as relying on the accumulation of SMs 

in, and possibly proliferation of, the extra-follicular B-cell compartment, from which Env-

reactive B cells arise and are eventually recruited (196-199). This also explains why 

many Env-specific Abs with these features, and not just Nt Abs, arise in the chronic 

phase of viral infection. Importantly, it also describes how epitope spreading occurs by 

this process, with the recruitment of new B-cell clones and emergence by SM of new, 

extra-follicular responses that, by virtue of their VH frameworks and long CDR-H3s, can 

resist inactivation of Env reactivity by high levels of SM that are forced upon the Ab by 

repeated recruitment into the GC reaction by persistent virus.  

It is worth noting that dysregulation and dysfunction in the humoral immune 

response such as serum poly/autoreactivity, hypergammaglobulinemia and B-cell 

aberrancies have also been observed in other chronic infections, such as HCV (200, 
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201), malaria in endemic areas (202), and lymphocytic choriomeningitis virus (LCMV), 

clone 13, which causes a chronic murine infection (203, 204). Due to such 

perturbations, these features, common to HIV and other chronic infections, underscore 

an altered humoral microenvironment, which is likely driven by T-cell-B-cell interactions 

in a chronic-immune activation setting (163, 205). Strikingly, the B-cell disturbances 

discussed here have also been widely characterized in autoimmune conditions (e.g., 

SLE and rheumatoid arthritis (206-208)) and primary immunodeficiency conditions (e.g., 

common variable immunodeficiency (209)) in which persistent (self) antigen and 

hyperactivation are prevalent. Further still, the positive correlation between viral load 

and neutralization breadth has been well defined and indicates the requirement for 

persistent antigenic stimulation for the development of neutralization breadth (110, 126). 

Taken together, it can be surmised that the collective features outlined in the chronic 

phase of HIV infection and other chronic infections present a fourth, previously 

undefined “chronic phase” of the humoral immune response in addition to the three 

stages described in Section 1.6. In this chronic humoral immune response phase, the 

induction of “chronic-type” Abs is driven by antigen persistence and recruitment of 

atypical B-cell clones due to the altered immunological milieu. Similar to the two 

previous hypotheses, however, the requirement for persistent-antigen to drive bNt 

responses presents unique challenges in that successful vaccines would have to 

recapitulate the chronic-infection microenvironment in order elicit the desired bNt 

response.  

How many of these features are absolutely required to neutralize HIV? This is 

the question at hand. Although it is thought that the features of bNt Abs are required for 

their anti-viral activity, they instead may simply reflect the Env-specific B-cell repertoire 
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that finally hits on a bNt Ab through the process of epitope spreading as described in 

Section 1.7.2; i.e., the features of these Abs are due to the long time that it takes for the 

Ab repertoire to finally hit the highly conserved immunorecessive epitopes/ regions that 

mediate broad neutralization. This possibility is highlighted by the recent work of 

Georgiev et al. which revealed that most SMs in the heavily mutated VRC01 bNt MAb 

were not necessary since Env binding and Nt activity were not lost despite reversion of 

these mutations to their germline codons (210). Furthermore, the requirement of SM in 

normal epitope-spreading mechanisms is not clear and therefore new Ab specificities 

could be solely due to the recruitment of new clones, which is fostered by the lowered 

threshold for GC entry in the altered chronic immunological milieu.  

Another consideration is that perhaps B-cell clones available in the healthy B-cell 

repertoire could bind highly conserved epitope regions on Env in the event that the 

immunodominant epitopes that ‘distract’ the Ab response were to be shielded or 

removed. Such an approach is being pursued by several research groups such as: (i) 

using heterologous Env mixtures as immunogens (e.g., (211, 212)); (ii) shielding by 

targeted glycosylation (e.g., (213, 214)); and (iii) designing Env-based immunogens 

having reduced complexity (e.g., (123, 215, 216)). 

In light of these studies and divergent hypotheses, a final critical aspect to take 

into account is the dynamics of the B-cell response, which change significantly from the 

time of initial infection to the chronic stage of infection. This of interest given that the 

efficacy of the immunogen will likely be predicated on selecting the appropriate cells in 

order to initiate and facilitate development of protective immunity. The aforementioned 

epitope-spreading phenomenon is also intriguing in this respect because it mediates the 

recruitment of different B-cell clones into the response as the infection progresses, 
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which may result in the development of bNt Ab binding specificities. Note that in this 

setting, epitope spreading, through clonal recruitment, serves as an additional 

mechanism of increasing diversification of the immune response in addition to other 

putative processes such as combinatorial diversity during B-cell development and 

affinity maturation. As mentioned, the mechanism driving epitope spreading is unclear; 

yet, it likely should be considered in designing an immunization strategy. Thus epitope 

spreading adds yet another layer of complexity to the vaccine-development conundrum 

and advances the need for B-cell based approaches to determining the evolution of bNt 

responses. Fittingly, the significance of this aspect of the immune response is coming to 

fore as an important piece of the puzzle (reviewed in (217)).  

 Unfortunately, irrespective of the pathway towards development, it is difficult to 

precisely infer the evolution of the bNt response given that the resultant Abs emerge 

after prolonged co-evolution of virus and Ab response; thus the initial activation 

specificities may differ significantly from the conserved bNt epitopes that have been 

characterized. It is also worth considering that although most naturally occurring bNt 

responses are monoclonal/ oligoclonal and mainly target a single site on Env (218), 

emerging research asserts that greater breadth and potency (and perhaps vaccine 

efficacy) can be achieved by simultaneously targeting multiple bNt epitopes (131, 219-

223). The pursuit of such an approach would likely enhance vaccine efficacy given that 

it would mitigate chances of viral escape similar to current HAART cocktails that target 

multiple viral targets. However, different bNt MAbs may develop along distinct pathways, 

which suggests that different specificities may require different methods to elicit a 

successful response and furthermore, elicitation of polyclonal bNt Abs is beyond the 

typical monoclonal Ab response observed in natural infection.  
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In summary, a majority of the theories regarding the ontogeny of bNt Abs are 

fundamentally based on delineating the nature of the initial B-cell repertoire from which 

they are elicited. The ‘autoantibody’ and ‘hole in the germline’ hypotheses are both 

informative regarding the ultimate emergence of bNt Abs and outline reasons behind the 

rarity in these responses during natural infection. The former also explains the 

occurrence of epitope spreading given that this process was initially described in 

autoimmune diseases (142) and justifies the presence of Abs with long CDR-H3s, which 

were previously believed to be edited during tolerogenesis (171); based on originating 

from an autoimmune ontogeny, these features would therefore be prevalent in the 

development of bNt Abs development as well. The chronic infection hypothesis, 

however, goes further, given that it explains: (i) both the delay and rarity of the bNt 

response; (ii) the potential role of the altered immunological microenvironment observed 

in HIV-1 infection; as well as (iii) the epitope spreading processes.  

Intuitively, longitudinal analyses of Env-specific B cells from the activation event 

through to elicitation of bNt Abs should serve as the most accurate representation of the 

path that an Ab takes towards gaining breadth. As mentioned, the requirement for 

breach of tolerance, non-specific activation or chronicity may not be inherently 

necessary for bNt activity and as such, this approach would determine the significance 

of these features. While majority of current research focuses directly on the evolution of 

the bNt Ab response, the intermediate steps in the successive progression from the 

non-Nt Abs to autologous and heterologous cross-Nt response are incompletely 

understood and could be deeply interrogated using the longitudinal approach. 

Significant progress in this regard was made by Liao et. al. in analysis of the humoral 

response in an HIV-infected individual; by identifying Ab precursors at 4 weeks post 
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infection, to the emergence of a bNt Ab, producing those Abs and measuring their ability 

to bind Env from autologous virus, they were able to infer the developmental pathway of 

the bNt Ab and its co-evolution with virus (122, 147). An approach such as this, that also 

takes into account the B-cell subsets from which Nt and bNt specificities arise, could go 

a long way in revealing the cellular pathway taken to achieve broad neutralization.  

1.9. Animal models in HIV research 

Animal models have been invaluable in understanding immune responses to 

infection, vaccination and drug therapies, and have been used to make significant 

discoveries in demonstrating protection from infection by HIV-, or SIV-Nt Abs (172-

174)); and the pathogenesis of HIV (224, 225). To date, the animal model most 

commonly used to directly evaluate mechanisms of pathogenesis, correlates of infection 

or protection and drug efficacy are the rhesus macaques (Macaca mulatta) non-human 

primate (NHP) and ‘humanized’ inbred-mouse models. The NHP model is the most 

widely used, due to close similarities between the immune systems of the rhesus 

macaque and humans (226) as well as similarities in pathogenesis between HIV 

infection in humans and SIV or the chimeric SHIV infection in macaques (28). Other 

NHP models include the pig-tailed macaque (Macaca nestrina) and the cynomolgus 

macaque (Macaca fascicularis) (reviewed in (227)).  

Murine-based models have also been gradually gaining acceptance as viable 

options in HIV research with the advent of transgenic humanized mice, which are 

varyingly engrafted with human hematopoietic tissues (reviewed in (227, 228)). These 

specialized murine models are necessitated by the stringent requirements for infectivity 

such as cellular tropism, and viral replication in the human context ((229-231), (reviewed 
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in (232)). However, the practical advantages associated with most murine models are 

negated in humanized mice due to the difficulty in generating these transgenic animals 

and maintaining them in animal facilities. Moreover, the human-immune repertoires and 

responses generated in humanized mice are not altogether similar to humans 

(e.g.,(233)). However, history is also replete with examples in which more common 

murine models have been used to study the dynamics of infection and diseases, which 

are then applied to their human counterparts; HIV is not an exception to this (reviewed 

in (234)). In this respect, key insights into the pathogenic mechanisms, biology and 

immunological consequences of HIV infection have also been inferred using such 

models, e.g. the 2F5 and 4E10 knock-in mice to elucidate the maturation pathways of B 

cells expressing the respective bNt MAbs, (181, 182) and the LCMV acute- and chronic-

infection models to investigate the impact of chronic infection and antigen persistence 

on the immune response (reviewed in (235)). Thus, in addition to the more immediate 

conclusions that can be drawn using specialized model organisms, broader, yet salient, 

perspectives can be gained using more routine animal models.  

1.10. Thesis objectives and significance 

Elicitation of bNt Abs has been primarily characterized within the context of the 

chronic phase of HIV infection, and analyses of the immunological processes that 

precede and drive these responses are ongoing. As outlined, an instrumental 

component in this endeavor, which could clarify the validity of the various hypotheses 

regarding bNt-Ab ontogeny, is delineating the evolutionary pathways taken in eliciting 

these Abs during chronic infection. Moreover, these responses emerge in a profoundly 
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altered cellular-immunological environment and the role that these alterations play is not 

fully understood.  

Thus, the research presented here was conducted to further dissect the chronic 

immune response to gain deeper understanding of the molecular correlates at this stage 

of infection and consequently, the immunological environment within which “chronic 

type” Abs, including bNt Abs, arise. More specifically, my research goals were to: (i) 

determine the extent of B-cellular perturbations in the chronic phase of HIV infection 

alongside other parameters of the humoral immune response; (ii) compare these with 

the B-cell perturbations in chronic SLE; and (iii) explore the development of a general 

murine model for investigating B-cell responses under persistent antigenic stimulation. 

The significance of the former two objectives is based on the premise that the altered 

humoral milieu may result in the recruitment of atypical B-cell repertoires to drive the bNt 

response. Hence, in-depth characterization of cellular aberrancies may provide 

important insights into the nature of the B-cell response, and consequently inform and 

facilitate more detailed analyses of the resultant Ab features. Similarly, a mouse model 

is more amenable to invasive interrogation of the B-cell responses that occur during 

chronic infection, which could be extrapolated to humans, to provide a deeper 

understanding of cellular correlates during chronic infection. In this respect, my research 

was aimed at developing a simplified model for understanding the chronic phase of the 

humoral immune response and the impact of persistent antigenic stimulation by a virus-

like particle. In this model, I used immunization with filamentous bacteriophage, which is 

a convenient and adaptable system that can be used widely, as well as serving as a 

potential platform for vaccine development.  
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Chapter 2 compares use of the classical, manual-based method for analyzing 

flow-cytometry data, FlowJo to the high-throughput, unsupervised computer algorithm, 

flowType, in the evaluation of disparities in B-cell subset distributions between HIV+ 

individuals and their healthy controls. Both approaches achieved similar results in terms 

of putative B-cell immunophenotypes as previously illustrated (236). In addition, the 

automated algorithm revealed 22 new immunophenotypes some of which significantly 

differed between the two study groups. Inspired by previous work suggesting that some 

bNt Abs have an autoimmune ontogeny (172-174), Chapter 3 advances the use of 

flowType to compare immunophenoptypic differences between the B-cell subsets of 

individuals with chronic HIV infections vs. SLE. While the alterations in B-cell subset 

distributions were stronger in the HIV+ cohort, the SLE cohort displayed similar trends, 

which in both cases are likely driven by cellular hyperactivation that is present in both 

conditions. In a similar comparison, serological analyses revealed that despite the 

similarities at the cellular level, serum Ab responses were reflective of the etiology of the 

respective diseases, and further draws into contention the likelihood that chronic-type 

Abs emerge from an autoimmune background. Lastly, preliminary immunogenetic 

analyses of expressed VH genes from putative B-cell subsets in chronic HIV infection 

revealed that, whereas features such as high SM were observed in various subsets in 

comparison to healthy controls, the CDR-H3 lengths and biased gene usage associated 

with chronic-type Abs were not generally present. The absence of these features further 

highlights the rarity of this occurrence.  

Chapter 4 and 5 explore the development of a murine antigen-persistence model 

using a virus-like particle, the filamentous bacteriophage (phage), in two different 

immunization protocols: (i) a single immunization to capture the early characteristics of 
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the humoral immune response; and (ii) repeated immunization (hyperimmunization) to 

mimic antigen persistence similar to that occurring during chronic infection. In Chapter 4, 

consistent with the immunogenic determinants of phage, functional and serological 

analyses revealed a TI-1 and non TI-1 response after a single immunization. In addition, 

modulation of the humoral immune response emerged in the latter stages of the 

hyperimmunization as defined by changes in Ab secretion by Ab secreting cells in 

culture, clonal recruitment and tapering of the serum Ab titers. Chapter 5 describes 

transcriptomic analyses of CD138+ (plasma) cells, obtained from the different 

responses observed in Chapter 4. These data reveal unappreciated heterogeneity 

within this cellular subset that reflects the likely origin of the CD138+ cell subsets, as 

well as modulation in Ab secreting and signalling machinery that support the emergence 

of cellular perturbations during hyperimmunization. Upon further characterization, this 

model would facilitate tracking the evolution of the humoral immune response from the 

innate-like B-cell response, through to the emergence of chronic-type humoral immune-

response features.  

Taken together, the chapters in this dissertation reveal novel correlates of 

chronic infection using a combination of high-throughput methods, which offer a more 

global perspective into this yet undefined phase of infection in the clinical setting, as well 

as for a murine model. Based on this approach, currently unappreciated perturbations 

can be elucidated and applied towards a better understanding of the immunological 

microenvironment within which chronic-type and bNt Abs arise. Through their 

preliminary perspectives on the complexity of humoral immunity, these analyses serve 

as a foundation for future analyses into the immune response during chronic infection.  
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2.1. Abstract 

Current advances in the field of flow cytometry (FCM) support polychromatic 

analyses using up to 20 parameters. Although this has led to increased generation of 

multiparametric, high-dimensional data, analyses are primarily performed using manual 

analysis tools. These methods are susceptible to user bias in assigning gates to define 

pre-determined populations, and are increasingly tedious due to the high dimensionality 

of the data. Thus, a variety of computational tools have been developed to overcome 

these limitations whereby events in FCM data files are computationally interrogated 

based on statistical or density distributions of fluorescence intensities. Here, the 

flowType and RchyOptimyx software packages available from Bioconductor were used 

to algorithmically evaluate the extent of dysregulation of B-cell subsets in thirteen HIV+ 

individuals compared to thirteen healthy controls, using a six-color immunophenotyping 

panel. In addition to the identification of putative immunophenotypes by flowType, which 

were compared to manually generated results as proof-of-concept, this computational 

approach revealed different levels of cellular dysregulation by applying individual marker 

analysis, and yielded a total of 243 immunophenotypes. These results represent the 

entire ‘immunophenotypic space’ defined by the marker panel and may be important to 

the study of HIV infection in further defining correlates of the immune response. This 

study illustrates the utility of computational tools in analyzing FCM data, and 

furthermore, the capability to perform exploratory analyses.  
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2.2. Introduction 

Flow cytometric (FCM) analysis of peripheral blood mononuclear cells (PBMC) is 

an integral part of experimental and clinical research in immunology (237-239). Using 

this method, immunophenotyping, based on cytometric characteristics/markers, such as 

cell-surface proteins, intracellular proteins and nucleic acid composition, are used to 

define various cell sub-populations. Similarly, FCM-based analysis of differences in the 

distribution of known cell populations can be used to understand the correlates of 

disease pathogenesis and to gauge the effectiveness of treatment (240-243). 

Over time, the field of FCM has progressed from monochromatic and 2-color 

assays to multicolor (5-6 colors) and polychromatic (16-18 colors) assays. Due to 

changes in instrumentation and reagents, these advances have facilitated simultaneous 

analysis of multiple cellular parameters, which enable new insights into previously 

characterized immunophenotypic distributions (244). Currently, conventional FCM can 

be used to interrogate up to 20 dimensions concurrently, including forward light scatter 

(FSC) and side light scatter (SSC) (245). More recently, the emergence of CyTOF, 

which uses mass cytometry of transition elements in the place of fluorescent antibodies 

to measure up to 100 parameters simultaneously (246, 247), further enhances 

researchers’ ability to analyze various cellular parameters. Despite these improvements, 

however, polychromatic FCM analyses typically require manual gating of populations in 

an iterative and reductive pattern in which parameters are analyzed two at a time, in 

order to obtain the subset of interest (248); this impedes the analysis of high-dimension 

data, and limits the utility of these advances to researchers. Additionally, it is also time 

consuming, particularly with the advent of high-throughput generation of multiparametric 
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data (249). For example, a singular analysis using an 18-marker panel, assuming only 

positive or negative expression of each of these markers on or in the cell, would yield 

262,144 (218) possible immunophenotypes. The current practice of iterative and 

reductive manual analysis of data of this magnitude would be painstaking if the research 

objective is focused only on pre-determined cellular subset(s) of interest; exploratory 

analyses to evaluate undefined subsets would be exceedingly arduous. 

To this end, new computational methods for FCM analyses, based on density 

distributions and statistical modeling of cell populations identified by fluorescent labeling 

have emerged (249-251). Most of these techniques rely on initially defining populations 

using a binary strategy to determine positive and negative thresholds for each 

parameter, or automated clustering algorithms after which unsupervised interrogation of 

each cell is executed based on its markers. Contingent on the marker panel used in 

such analyses, these computational methods account for all possible marker 

combinations, and are therefore amenable to defining all the possible 

immunophenotypes within a sample (252). In this regard, automated methods using 

computational algorithms may be useful to define new subsets that may be revealed by 

polychromatic, multidimensional assays. 

Here, we use flowType analysis of a six-color immunophenotyping panel to 

interrogate changes in B-cell subset distributions in thirteen HIV+ individuals compared 

to thirteen healthy controls. flowType is an R package, available in Bioconductor 

(http://bioconductor.org/), that performs automated, multidimensional analysis, which is 

extrapolated from one-dimensional (1D) gates that represent individual markers within 

an immunophenotyping panel (253). In addition to confirming the similarity between 

manual and automated methods by comparing the distribution of 8 previously 
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characterized aberrancies to putative B-cell subsets (164), our analysis reveals 22 

other, six-marker immunophenotypes, and a total of 243 immunophenotypes 

(encompassing multiple subsets) of which some were significantly dysregulated in HIV+ 

individuals vis-à-vis healthy controls. The presence of putative B-cell dysregulation in 

the cohort of thirteen was confirmed by analyzing a separate cohort of thirty HIV+ and 

healthy individuals. In this report, we further demonstrate the utility of flowType in 

evaluating the significance of individual markers within an immunophenotyping panel at 

determining HIV-associated B-cell perturbations.  

2.3. Materials and Methods 

2.3.1. Subjects and sample collection 

As part of a larger study to evaluate the effects of chronic HIV infection, thirteen 

antiretroviral therapy-naïve, chronically infected HIV+ individuals (mean viral load = 

9,542 RNA copies/mL; TCD4 = 578; TCD8 = 840) were recruited at the National 

Institute of Allergy and Infectious Diseases (NIAID) at the National Institutes of Health 

(NIH) and thirteen HIV- healthy donors were recruited at Simon Fraser University (SFU). 

HIV+ individuals (9 men and 4 women) were between the ages of 22 and 51, and 

healthy individuals (9 men and 4 women) were between the ages of 19 and 65. A 

separate set of samples was collected from 8 healthy donors at SFU for cross-

institutional comparison of FCM data. In addition, FCM data from a separate set of 60 

samples, collected at the NIH from 30 HIV+ and 30 healthy individuals, was used in 

flowType analysis to confirm the observations made using the automated algorithm. 

Sample collection at the NIH was carried out using leukapheresis (400- to 500-mL 

equivalent volumes of blood) and performed in accordance with the protocol approved 
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by the Institutional Review Board of the NIH. Blood draw products (60 mL) at SFU were 

collected in citrated tubes and obtained from study subjects in accordance with a 

protocol approved by the Office of Research Ethics at SFU. All samples were collected 

with written informed consent with institutional oversight at the respective sites.  

2.3.2. Isolation of B cells and FCM 

PBMC were isolated from anonymized samples using density centrifugation in 

HistoPaque 1077 (Sigma-Aldrich, St. Louis, MO), and cryopreserved in 1-mL aliquots at 

a density of 5×106 - 107 cells/mL in pre-chilled Nunc Cryobank vials (Thermo-Fisher 

Scientific, Pittsburgh, PA) containing 90% (v/v) fetal bovine serum (FBS; Life 

Technologies, Carlsbad, CA) and 10% (v/v) tissue-culture grade dimethylsulfoxide 

(Sigma-Aldrich). Samples were preserved by step-wise freezing at -80°C overnight in a 

Nalgene® Mr. Frosty container (Thermo-Fisher Scientific). Cells were subsequently 

moved on dry ice to a -150°C freezer for long-term storage. For analysis, cryopreserved 

cells were gently agitated in a 37°C water bath until completely thawed, then transferred 

to a 15-mL conical tube (BD Biosciences, San Diego, CA). Five mL supplemented 

media [RPMI media (Sigma-Aldrich) containing 10% FBS, 100 U/mL of penicillin 

(Sigma-Aldrich) and 100 ȝg/mL of streptomycin (Sigma-Aldrich)], pre-warmed at 37°C, 

was added drop-wise to the samples, which were then incubated at room temperature 

for 15 minutes, centrifuged at 300 x g for 5 minutes to pellet cells, washed once and 

resuspended in supplemented media. Cells were stained in the dark for 30 minutes at 

4°C and washed two times before analysis. 

For the cross-institution comparison, PBMC were resuspended in 150 ȝL Hank’s 

buffered saline solution (Life Technologies) and fluorescently labeled using antibodies 
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against the markers listed in Table 2.1, and analyses were carried out using either a 

FACSCanto II instrument at the NIH, or a FACSAria II at the Biomedical Research 

Centre, University of British Columbia (UBC; Vancouver, BC). B cells from HIV+ and 

healthy individuals were first enriched from PBMCs using a custom-prepared negative 

magnetic bead-based selection kit (StemCell Technologies, Vancouver, BC). Magnetic 

beads bound cells with the following cell-surface markers: CD66b (granulocytes); CD36 

(thyroid precursors); CD123 (DCs, eosinophils, hematopoietic progenitors); CD42b 

(megakaryocytes); CD3 (T cells); CD14 (macrophages, monocytes); and CD16 (NK 

cells, neutrophils, macrophages). The remaining B cells (87-98% enriched) were 

pelleted and resuspended in 150 ȝL Hank’s buffered saline solution (Life Technologies), 

stained using the marker panel shown in Table 2.1, and multicolor FCM was performed 

using FACSAria II instruments located at both study sites. In both analyses, a single 

tube was labeled using the entire six-marker-panel, and six separate tubes were 

prepared for fluorescence-minus-one (FMO) compensation controls, along with an 

unstained tube for determining background fluorescence (254).  

Table 2.1. B-cell immunophenotyping panel 

Cell-surface 
marker  Fluorophore Staining 

volume Vendor 

CD21 Fluorescein isothiocyanate 
(FITC) ��ȝO Beckman-Coulter, 

Pasadena, CA 
CD10 Allophycocyanin (APC)  ��ȝO 

BD Biosciences, 
San Diego, CA CD20 APC-H7 ��ȝO 

IgG Phycoerythrin (PE)  ��ȝO 
CD27 PE-Cy7  ����ȝO 

eBioscience, San 
Diego, CA CD19 Peridininchlorophyllprotein-

cyanine 5.5 (PerCP-Cy5.5)  Ϯ͘Ϭ�ʅů 
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2.3.3. Data analysis 

FCM data (FCS) files 3.0 were obtained during immunophenotyping using 

FACSDiva software (BD Bioscience) in the following format: (i) Exclusion of data from 

dead cells and debris using FSC vs. SSC by gating out cells with low FSC-area and low 

SSC-area; (ii) Exclusion of doublets by gating out cells that were high in both FSC-width 

and SSC-width; (iii) Using FMOs, a compensation matrix was established per 

fluorophore and applied to each channel (254); (iv) identification of B cells through 

CD19 expression; (v) Exclusion of CD10+ cells and identification of the B-cell subsets 

listed in Table 2.2 by sequential gating on CD21, CD20, CD27 and IgG where 

applicable. Note that putative B-cell immunophenotypes in this study were identified as 

described in (164), and were functionally characterized in previous studies that used 

similar marker panels (255-257). The “IgG- naïve” nomenclature denotes that IgG 

expression was taken into account in describing the naïve B-cell immunophenotype. In 

addition, the plasmablast subpopulation was not gated on IgG due to cessation of cell-

surface Ig expression during differentiation of plasmablasts into plasma cells. 

Consequently, the IgG-expressing fraction within this subpopulation can only be 

ascertained using intracellular staining, which was not performed in this study. Initial 

comparison of the distribution of putative B-cell subsets between the HIV+ and healthy 

cohorts was performed using FlowJo software (Tree Star Inc., Ashland, OR). Analysis of 

a separate set of identical samples from healthy individuals was also independently 

conducted at the two sites participating in this study, to confirm the comparability of 

FCM data obtained from the respective sites, and to determine whether differences in 

flow-cytometer settings lead to spurious differences in the data (258).  
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Table 2.2. Putative B-cell immunophenotypes 

Cell Subset Immunophenotype 

IgG- Naïve B cells CD19+CD10-CD20+CD21+CD27-IgG- 
IgG+ Activated memory B cells CD19+CD10-CD20+CD21-CD27+IgG+ 
IgG+ Resting memory B cells CD19+CD10-CD20+CD21+CD27+IgG+ 
IgG+ Tissue-like memory B cells CD19+CD10-CD20+CD21-CD27-IgG+ 
Plasmablasts CD19+CD10-CD20-CD21-CD27+ 

Next, evaluation of FCM data from the HIV+ and healthy cohorts was performed 

using R-based programing at the Terry Fox Laboratory (BC Cancer Agency, Vancouver, 

BC). Here, FCS files were pre-processed by applying the compensation matrices built 

during data acquisition, and gating out dead cells as mentioned above. Data files were 

then transformed to the Logicle scale (259) and six individual 1D gates were assigned 

using density distribution of fluorescence for each marker in the immunophenotyping 

panel (Table 2.1). 

The flowType package was subsequently used to combine the six 1D gates and 

identify all possible immunophenotypes. For these analyses, individual markers were set 

to be: (i) positive or negative to reflect the expression or non-expression of each cell-

surface marker, and (ii) ‘neutral’ to allow the software to ignore a marker, therefore 

excluding it from the analysis. In addition to identifying all six-marker combinations (e.g., 

CD19+CD20+CD27+CD21-IgG+), the lattermost designation allows for extraction of 

immunophenotypes identified by all possible subgroups of the markers (253). For 

example, two subsets with the immunophenotypes, CD19+CD20-CD27+CD21-IgG+ 

and CD19+CD20-CD27+CD21-IgG-, are both subpopulations within the parent 

population, CD19+CD20- CD27+CD21- (CD19+CD20-CD27+CD21-IgGN, where N = 

neutral). Therefore, in this example, the designation of IgG as “neutral” allows the 
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software to ignore the IgG gate, resulting in extraction of the parent population; this 

allows a population hierarchy similar to that obtained using the sequential gating 

paradigm used with manual methods. As mentioned, in our analysis, the plasmablast 

subpopulation covers all Ig isotypes, being identified as CD19+CD20-CD27+CD21- (i.e., 

IgGN; see Table 2); therefore flowType-based identification of this subset is facilitated by 

the neutral-marker designation. 

Lastly, the contribution of individual markers to the B-cell dysregulation observed 

during HIV infection was conducted by analyzing all the different marker combinations 

that result in the putative immunophenotypes listed in Table 2.2. Similar to the 

immunophenotypic analysis, this was performed both manually as well as 

computationally using the RchyOptimyx algorithm available through Bioconductor (260). 

2.3.4. Statistical analysis 

Significant differences in cellular subsets between the two cohorts were 

evaluated using the Wilcoxon rank-sum test (164). Reported p-values were adjusted 

using the Benjamini-Hochberg method (261) to correct for false discovery rates. All 

statistical analyses were performed in R version 3.0.1. 

2.4. Results 

2.4.1. Comparison of FCM data from independent collection sites 

A common concern regarding FCM data collection at two different sites is the 

emergence of artefacts, known as batch effects, that are caused by differences in 

machine settings such as voltage-gain and mean/median fluorescence intensity settings 
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(258). To account for these artefacts, we analyzed the same samples from a separate 

cohort of healthy individuals at the two sites using FlowJo. As shown in Table 2.3 and 

Figure 2.1, despite differences in the fluorescence settings and position of the static 

gates used to demarcate the different B-cell subsets (Appendix A, Supplementary 

Figure S1), the immunophenotypic distributions of putative B-cell subsets were similar 

(p-values 0.46 - 0.87; Wilcoxon rank-sum test). The absence of significant differences in 

these p-values indicates that reliable conclusions can be drawn from the 

immunophenotypic comparison of HIV+ vs. healthy individuals conducted in this study.  

 
Figure 2.1. Comparison of immunophenotyping data across the respective 

study-sites. 
The five immunophenotypes listed in Table 2.2 are expressed here as a fraction of CD19+ cells. 
Box plots represent the upper limit (top whisker), 75th percentile, average, median, 25th 
percentile, and lower limit (bottom whisker). 
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Table 2.3. Cross-institutional comparison of immunophenotyping data  

Immunophenotype B-cell Subset ap-value 
Cell frequency (% of 

CD19+ B cells) 
UBC NIAID/NIH 

CD19+CD10-CD20+CD27-CD21+IgG IgG- Naïve  8.67E-01 4.88E+01 4.54E+01 

CD19+CD10-CD20+CD27+CD21-IgG+ IgG+ Activated 
memory  6.02E-01 1.57E-01 1.50E-01 

CD19+CD10-CD20+CD27+CD21+IgG+ IgG+ Resting 
memory  7.79E-01 4.77E+00 5.41E+00 

CD19+CD10-CD20+CD27-CD21-IgG+ IgG+ Tissue-Like 
memory  7.69E-01 6.38E-01 4.20E-01 

CD19+CD10-CD20-CD27+CD21- Plasmablasts 4.63E-01 1.34E+00 1.43E+00 
a p-value calculated using Wilcoxon rank-sum test 

2.4.2. Manual analysis of FCM data using flowJo 

Initial FCM analyses comparing B-cell subset distribution between HIV+ 

individuals and healthy controls were performed using FlowJo. Figure 2.2 shows 

representative dot-plots of FCM data from each cohort and illustrates the pre-processing 

stage of gating in lymphocytes, excluding doublets and identifying CD19+CD10- B cells. 

Next, pseudocolor plots illustrate the sequential gating strategy that was used to 

manually define the subsets in HIV+ and healthy individuals. Dot plots were used in the 

pre-processing illustrations in order to reduce the number of events in each plot 

whereby adjusting the event count to 100,000 per plot facilitates clear visualization of 

populations. Differences in distribution of putative B-cell immunophenotypes are shown 

in Figure 2.3. In agreement with previous reports comparing HIV+ to healthy individuals 

(164, 262, 263), IgG+ activated and tissue-like memory B cells as well as plasmablasts 

were elevated, whereas the IgG+ resting-memory and IgG- naïve B-cell subsets were 

contracted, in HIV+ individuals relative to their healthy controls (Table 2.4).  
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Figure 2.2. Manual sequential gating protocol used in FACSDiva and flowJo. 
Comparison of immunophenotypic distribution in HIV+ individuals vs. healthy controls was carried 
out using the gating paradigm described in Section 2.3.3. The dot plots represents pre-
processing identification of mature B cells and pseudo-color plots represent identification of the 
immunophenotypes listed in Table 2.2. 
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Figure 2.3. Immunophenotypic distribution in HIV+ individuals compared to 

healthy controls as identified using manual gating.  
Box plots illustrate the difference in the populations between the HIV+ cohort (n=13) and healthy 
(n=13) and represent the upper limit (top whisker), 75th percentile, average, median, 25th 
percentile, and lower limit (bottom whisker). **p-value <0.01 and * p-value > 0.01 and <0.05.  

Table 2.4. Manual analysis using FlowJo identifies differences in B-cell 
subsets between HIV+ and healthy cohorts. 

Immunophenotype B-cell Subset ap"value(
Cell frequency (% of 

CD19+ B cells) 
HIV+ Healthy 

CD19+CD10-CD20+CD27-CD21+IgG- IgG- Naïve  1.91E-04 4.03E+01 5.87E+01 

CD19+CD10-CD20+CD27+CD21-IgG+ IgG+ Activated 
memory  9.60E-03 1.06E+01 1.03E+00 

CD19+CD10-CD20+CD27+CD21+IgG+ IgG+ Resting 
memory  2.28E-04 4.19E+00 7.98E+00 

CD19+CD10-CD20+CD27-CD21-IgG+ IgG+ Tissue-Like 
memory  4.22E-04 6.75E+00 8.74E-01 

CD19+CD10-CD20-CD27+CD21- Plasmablasts 3.01E-04 6.77E+00 1.91E+00 
a p-value calculated using Wilcoxon rank-sum test 
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2.4.3. Automated analysis of FCM data using flowType 

To evaluate flowType, the algorithm was applied to the FCS files used in the 

manual analyses. Figure 2.4 shows the 1D gates, which were individually set based on 

the positive-fluorescence threshold of each marker, and used to establish downstream 

computational analyses using the algorithm. Since our analyses were focused on B 

cells, CD19- cells were gated out during pre-processing and therefore only five cell-

surface markers (i.e., CD21, CD20, CD10, CD27 and IgG) were considered in 

subsequent analyses. As mentioned, each marker was set to “positive”, “negative”, or 

“neutral”, for the extraction of immunophenotypes and thus flowType extracted 243 

immunophenotypes (35) (Appendix A, Supplementary Table S1). The differences in 

the distributions of putative B-cell subsets are shown in Figure 2.5 and Table 2.5. 

Similar to the manual analysis, previously characterized perturbations were observed in 

the IgG-naïve B cells, all three IgG+ memory B-cell subsets, and plasmablasts. Analysis 

of FCM data from an independent cohort of thirty HIV+ and thirty healthy individuals 

carried out using flowType is illustrated in Appendix A, Supplementary Figure S2 and 

as shown, similar trends in dysregulation were observed between the two groups. To 

further evaluate the similarities in the manual and automated analyses, the distribution 

of these cell subsets as a percentage of CD19+ cells obtained using either method was 

compared. As shown in Figure 6 and Appendix A, Supplementary Table S2, manual 

(FlowJo) and flowType analyses produced similar trends in the different cell 

subpopulations.  
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Figure 2.4. One-dimensional gates used in the flowType algorithm. 
After pre-processing with gating of lymphocytes and removal of doublets, events were used to 
manually establish the positive threshold for each marker. The tiles illustrate the 6 markers used 
in the immunophenotyping panel. The total number of events for each marker is expressed as a 
percentage of the total number of events that were in the FCS files after pre-processing. CD19+ 
cells defined 100% and this closely follows the number of cells shown by manual gating. This 
high level of B-cell purity is due to the negative-selection, B-cell isolation kit used. 
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Figure 2.5. Immunophenotypic distribution in HIV+ individuals compared to 

healthy controls identified using flowType. 
The manual analysis is replicated using the automatic algorithm and yields similar results. Only 
the six of the 243 phenotypes are shown here and expressed as a fraction of the CD19+ cells. 
Box plots represent the upper limit (top whisker), 75th percentile, average, median, 25th 
percentile, and lower limit (bottom whisker) **p-value <0.01 and * p-value > 0.01 and <0.05.  

Table 2.5. FlowType immunophenotyping data identifies differences in 
putative B-cell subsets between HIV+ and healthy cohorts. 

Immunophenotype B-cell Subset ap-value 

Cell frequency (% of 
CD19+ B cells) 

HIV+ Healthy 

CD19+CD10-CD20+CD27-CD21+IgG- IgG- Naïve  1.29E-04 3.73E+01 5.57E+01 

CD19+CD10-CD20+CD27+CD21-IgG+ IgG+ Activated 
memory  9.23E-03 8.64E+00 1.22E+00 

CD19+CD10-CD20+CD27+CD21+IgG+ IgG+ Resting 
memory 2.09E-04 2.14E+00 6.49E+00 

CD19+CD10-CD20+CD27-CD21-IgG+ IgG+ Tissue-Like 
memory 3.65E-04 6.01E+00 6.05E-01 

CD19+CD10-CD20-CD27+CD21- Plasmablasts 2.57E-04 5.26E+00 1.44E+00 
a p-value calculated using Wilcoxon rank-sum test 
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Figure 2.6. FlowJo and flowtype comparison for 5 putative B-cell 

immunophenotypes. 
Distribution of putative B cells observed using flowJo (FJ) and flowType (FT) was evaluated in a 
paired comparison wherein data from both methods yielded similar results with no statistically 
significant differences. This illustrates the ability of the flowType algorithm to faithfully replicate 
manual gating analysis. Box plots represent the upper limit (top whisker), 75th percentile, 
average, median, 25th percentile, and lower limit (bottom whisker).  

In addition to the IgG+ memory B-cell populations, putative immunophenotypes 

that lacked expression of surface IgG were also identified using both methods (with the 

exception of the IgG- naïve B cells and plasmablasts mentioned above); note that these 

may include B cells that have class-switched to non-IgG isotypes, as well as IgM+ cells 

(see Discussion). Here, as with their IgG+ counterparts, IgG- activated and tissue-like 

memory B cells were elevated in the HIV+ cohort, whereas the IgG- resting memory B-
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cell population was reduced, compared to healthy individuals (Figure 2.7 and Table 

2.6). These analyses demonstrate that both methods yield: (i) similar distributions of 

immunophenotypes identified from the HIV+ and healthy cohorts, and (ii) similar p-value 

scores reflecting differences in B-cell subset distributions between the two cohorts.  

 
Figure 2.7. Comparison of flowtype and manual analysis in the identification of 

B-cell subsets closely related to the six, previously identified 
subsets. 

IgG- B-cell immunophenotypes were also analyzed using both methods. The gating paradigm 
used in the manual gating of these subsets is illustrated in Figure 2.1 in the IgG- quadrants of 
the bottom panels. Box plots represent the upper limit (top whisker), 75th percentile, average, 
median, 25th percentile, and lower limit (bottom whisker). Plots show paired results of both 
cohorts and significant differences denoted by asterisks indicate statistically significant 
differences between the HIV+ and healthy cohorts. **p-value <0.01 and * p-value > 0.01 and 
<0.05.  
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Table 2.6. FlowType is similar to manual analysis in identifying differences in 
putative IgG- B-cell immunophenotypes between HIV+ and healthy 
cohorts. 

Immunophenotype  B-cell Subset 
ap-value 

Manual FlowType 
CD19+CD10-CD20+CD27+CD21-IgG- IgG- Activated memory  2.11E-02 1.02E-02 
CD19+CD10-CD20+CD27+CD21+IgG- IgG- Resting memory  1.30E-04 1.91E-04 
CD19+CD10-CD20+CD27-CD21-IgG- IgG- Tissue-Like memory  2.87E-03 2.64E-03 

a p-value calculated using Wilcoxon rank-sum test 

2.4.4. Further identification of B-cell immunophenotypes using 
flowType Analysis  

The 243 immunophenotypes extracted using flowType revealed 22 more B-cell 

immunophenotypes defined by various six-marker combinations (Table 2.7). Of note, 

immunophenotypes representing both IgG+ and IgG- plasmablasts (CD19+CD20-CD10-

CD21-CD27+IgG+/-) were significantly elevated in HIV+ individuals vs. healthy controls 

(p-values <0.05; Wilcoxon rank-sum test). Similarly, some of the other six-marker 

subsets also exhibited varying differential distributions between the two cohorts (Table 

2.7). Here, significant differences were observed in some subpopulations within the 

CD19+CD10+ compartment that defines both immature/transitional B cells, which are 

recent bone marrow emigrants (264), and germinal-center founder B cells (265); this is 

in agreement with previous studies that have reported HIV-related aberrancies in these 

subsets (266, 267). Altogether, these results provide a more complete assessment of B-

cell dysregulation during HIV infection as defined by the immunophenotyping panel 

used in these analyses. It is worth noting that some of the immunophenotypes extracted 

using flowType represent very small cellular subpopulations, and as such, may bear 

minimal physiological relevance, despite the observation of significant differences in 

distribution between the cohorts. 
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Table 2.7. FlowType identifies additional B-cell immunophenotypes that differ 
between HIV+ and healthy cohorts.  

Immunophenotype ap-value*  
Cell frequency (% of CD19+ B cells) 

HIV+ (n=13) Healthy (n=13) 
CD19+CD10+CD27+CD20+CD21+IgG- 3.49E-03 3.42E-01 4.25E-01 
CD19+CD10+CD27-CD20+CD21-IgG+ 4.22E-03 2.55E-02 5.38E-03 
CD19+CD10+CD27+CD20+CD21+IgG+ 6.08E-03 1.94E-01 3.21E-01 
CD19+CD10+CD27-CD20+CD21+IgG- 7.24E-03 5.29E+00 2.03E+00 
CD19+CD10-CD27-CD20-CD21-IgG- 8.60E-03 1.16E+00 2.33E-01 
CD19+CD10- CD27+ CD20- CD21-IgG+  1.30E-02 5.19E-01 1.45E-01 
CD19+CD10- CD27+CD20- CD21-IgG- 2.38E-02 4.18E+00 1.40E+00 
CD19+CD10-CD27-CD20-CD21-IgG+ 6.10E-02 4.65E-01 1.28E-02 
CD19+CD10+CD27+CD20+CD21+IgG- 7.25E-02 7.69E-04 2.38E-03 
CD19+CD10+CD27-CD20-CD21-IgG- 1.25E-01 2.38E-02 3.87E-02 
CD19+CD10+CD27+CD20-CD21-IgG- 1.98E-01 1.85E-03 2.31E-04 
CD19+CD10+CD27-CD20-CD21+IgG+ 2.23E-01 8.15E-03 1.68E-02 
CD19+CD10+CD27+CD20+CD21+IgG- 2.64E-01 2.13E+00 5.89E-01 
CD19+CD10+CD27+CD20+CD21-IgG- 3.36E-01 6.06E-01 7.92E-02 
CD19+CD10+CD27-CD20-CD21-IgG- 3.43E-01 3.08E-04 7.69E-04 
CD19+CD10+CD27+CD20-CD21-IgG- 4.12E-01 7.62E-03 7.77E-03 
CD19+CD10-CD27+CD20-CD21+IgG+ 5.11E-01 4.73E-02 1.34E-02 
CD19+CD10-CD27+CD20-CD21+IgG- 5.72E-01 1.62E-03 3.23E-03 
CD19+CD10+CD27+CD20+CD21-IgG+ 6.87E-01 1.87E-01 1.03E-02 
CD19+CD10-CD27-CD20-CD21+IgG+ 7.42E-01 9.67E-02 6.93E-02 
CD19+CD10+CD27-CD20-CD21+IgG- 7.56E-01 4.62E-03 8.92E-03 
CD19+CD10-CD27-CD20-CD21+IgG- 7.56E-01 1.61E+00 1.88E-01 
*double line (=) denotes significance p-value <0.05 
a p-value calculated using Wilcoxon rank-sum test 

2.4.5. Contribution of different immnunophenotypic-marker 
combinations in determining B-cell perturbations identified in 
HIV infection.  

To further analyze differences in B-cell dysregulation, we evaluated all B-cell 

marker combinations that were defined by flowType. Initially, we analyzed the 

distribution of each marker within the CD19, pan-B-cell subpopulation (see Appendix A, 



 

58 

Supplementary Table S1, 2-marker combinations and Appendix A, Supplementary 

Figure S3). Here, significant contraction of CD21+ B cells was observed in the HIV+ 

cohort compared to healthy control cohort (p-value <0.01), whereas IgG+ B cells were 

significantly elevated in the HIV+ cohort (p-value 0.04). These results corroborate 

previous findings of B-cell dysregulation during HIV infection (152, 268, 269) and reflect 

the B-cell percentages observed in the 1D gates used to identify positive/ negative 

expression in Figure 2.4. Although disparities in CD10+ and CD27+ B-cell 

subpopulations have also been characterized in HIV infection (152, 270, 271), our 

analyses did not reveal statistically significant differences between the two cohorts.  

Next, the relative contribution that each two-, three-, four-, five- and six marker 

combination made to the differential distribution of six-marker B-cell immunophenotypes 

observed between the HIV+ and healthy-control cohorts was assessed manually (listed 

in Appendix A, Supplementary Table S1). Figure 2.8A depicts the analysis of the 

variance of all immunophenotypes that are parent to the IgG- naïve B-cell 

immunophenotype (CD19+CD20+CD10-CD21+CD27-IgG-). Similar to the comparison 

of manual vs. flowType immunophenotypic analyses, the manually generated stratified 

analysis of the IgG- naïve B-cell immunophenotype to that generated using the 

automated RchyOptimyx algorithm, which yielded similar results (Figure 2.8B). By 

taking into account differential distributions of the parent immunophenotypes between 

the two cohorts, these analyses revealed the contribution of each marker to the 

dysregulation observed in the final immunophenotype.   
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Figure 2.8. Schematic showing individual marker analysis for naïve, 

CD19+CD21+IgG-CD27-CD10-CD20+ B cells. 
(A)Manual analysis and (B) RchyOptimyx analysis. All the parent immunophenotypes that 
contain the naïve B-cell subset were analyzed by evaluating all 2-, 3-, 4- and 5-marker 
combinations within the CD19+CD21+IgG-CD27-CD10-CD20+ subpopulation. Since all the cells 
in the analysis were initially gated on the CD19+ subpopulation, this marker is not included in the 
figure. The colors of the boxes represent the statistical significance of differences between HIV+ 
and healthy individuals in the respective immunophenotypes calculated using the Wilcoxon-rank 
sum test 
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These stratified analyses showed that the most significant dysregulation 

occurred in the immunophenotype defined by the combination: CD19+CD10-CD21+ (p-

value <0.0001) (Figure 2.8 and Appendix A, Supplementary Table S1). Further 

addition of markers to this immunophenotype results in the CD19+CD20+CD10-

CD21+IgG- subset, which is parent to both naïve B cells and IgG- resting-memory B 

cells (CD19+CD20+CD10-CD21+CD27+IgG-). These two putative immunophenotypes 

are differentiated by the presence of CD27, whose addition resulted in significant, albeit 

less robust, differences between the cohorts. Furthermore, CD27 expression did not 

significantly contribute to the dysregulation observed for the IgG- memory and naïve B-

cell subsets (both of whose p-values are <0.0001). On the contrary, CD27 marker-

expression further defined dysregulation in the CD19+CD20+CD10-CD21-IgG- 

immunophenotype that is parent to IgG- activated-memory B cells (CD19+CD20+CD10-

CD21-CD27+IgG-; p-value = 0.01) and IgG- tissue-like memory B cells- 

(CD19+CD20+CD10-CD21-CD27-IgG-; p-value = 0.002) (Supplementary Table S1).  

Interestingly, the expression of IgG, which as a singular marker was distinctly 

elevated in the B-cell compartment of the HIV+ cohort, enhanced the disparity observed 

for the resting-memory B-cell population (CD19+CD21+CD27+CD10-CD20+), but 

diminished differences observed in the activated-memory B-cell subsets (see Appendix 

A, Supplementary Figures S4 and S5 for schematic of IgG+ resting- and activated-

memory B cells, respectively). Similar to CD27, IgG expression also significantly 

affected the CD19+CD20+CD10+CD21-CD27- immunophenotype (p-value = 0.005); 

addition of the IgG marker, shows the likely origin of the difference of this 

immunophenotype in HIV+ vs. healthy individuals is within the IgG+ compartment 

(CD19+CD20+CD10+CD21-CD27-IgG+, p-value = 0.004) and not the IgG- subset 
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(CD19+CD20+CD10+CD21-CD27-IgG-, p-value = 0.2) (Appendix A, Supplementary 

Table S1).  

Taken together, these results show that the influence each marker has on an 

immunophenotype is multi-layered and occurs in the context of the other markers that 

are used to define particular subsets. Moreover, these analyses give us an in-depth 

perspective on the changes in distributions of B-cell immunophenotypes, and facilitate 

evaluation of both global and compartmentalized B-cell dysregulation. 

2.5.  Discussion 

Manual gating analyses using software such as FACSDiva and FlowJo have 

been a mainstay of FCM analyses, but computational methods for automated gating are 

coming to the fore due to rapid growth in the field (244, 272). In this study, we used 

flowType, an automatic gating algorithm, to characterize the “immunophenotypic space” 

defined by a six-marker panel. Here, six individual 1D gates were initially defined and 

computationally combined to elucidate and compare the distributions of all possible B-

cell immunophenotypes in HIV+ and healthy individuals. It is important to note that the 

1D gates used in flowType were defined manually in the pre-processing stage of the 

data analysis. While individual-marker thresholds were statistically generated but user 

defined in this study, unsupervised generation of positive/negative thresholds can also 

be generated in flowType using methods such as K-means clustering (236, 273). 

Similarly, other automated methods, such as flowMeans (236) and FLOCK (274) use an 

automated clustering algorithm to assign fluorescence thresholds and therefore are 

completely unsupervised. 
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These analyses illustrate parity between classic manual immunophenotyping 

and computationally automated methods whereby putative B-cell subsets are similarly 

identified. Using both methods, we observed contraction in the IgG- naïve and resting-

memory B-cell compartments that is likely due to chronic activation of the humoral 

immune system in treatment-naïve HIV+ individuals (266). Similar to previous studies 

(164, 257, 275), our analyses also showed an expansion of plasmablasts, activated and 

tissue-like memory B cells in HIV+ individuals. Importantly, the ubiquity of these 

perturbations, regardless of IgG expression, suggests that HIV-induced perturbations 

occur on a more “global” level in these subsets, rather than in the IgG+ compartment 

alone. This makes sense as the IgG- populations, like their IgG+ counterparts, may 

include class-switched B cells, and/or the recruitment of atypical subsets such as IgM 

memory B cells which have been shown to incur HIV-driven immunogenetic 

perturbations over the course of infection (276).  

In addition to these putative perturbations, stratified analysis of two-, three-, four-

, five-and six marker combinations facilitated evaluation of aberrant immunophenotypes 

defined by every marker combination captured by our marker panel. In agreement with 

previous studies, analysis of two-marker combinations revealed diminished cell 

populations in the CD19+CD21+ compartment in HIV+ individuals, whereas B cells in 

the CD19+IgG+ compartment were elevated (Appendix A, Supplementary Figure S3 

and Appendix A, Supplementary Table S1) (269, 270). However, although increases 

in CD19+CD10+ and decreases in CD19+CD27+ cells have also been reported in HIV 

infection, aberrancies in these subsets were not evident in our study (152, 270, 271). 

This is likely due to differences in virologic and immunologic parameters between the 

cohorts studied (277, 278). The assessment of marker impact revealed that in addition 
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to global dysregulation in some compartments, HIV-induced perturbations also occurred 

in more restricted compartments, such as CD19+CD20+CD10+CD21-CD27-, in which 

only the IgG+ subset within this immunophenotype was significantly elevated in HIV+ 

individuals. The ability to distinguish the level at which perturbations occur may be 

important in determining the origin of dysregulation within various B-cell compartments, 

as well as identifying changes on a systemic level.  

Inferences of the undefined immunophenotypes listed in Table 2.7, can be 

made, albeit cautiously, from reported trends in perturbations in B-cell distribution in 

HIV+ individuals. Of interest are some of the six-marker B-cell subsets within the 

CD19+CD10+ subpopulation, which are differentially expanded or contracted in the HIV+ 

cohort. In agreement with the range of global to compartmental immunophenotypic 

dysregulation, the CD19+CD10+ immunophenotype, which was not significantly 

different on a two-marker level of analysis, featured disturbances to subset distribution 

with additional markers. Conventionally, CD10 is used as a marker for immature B cells 

and germinal-center founder B cells (264, 279), both of which have been previously 

reported to exhibit aberrant distributions in the periphery during an HIV infection (266, 

267). Our results show that CD19+CD20+ CD10+CD21+CD27+IgG- and 

CD19+CD20+CD10+CD21+CD27+IgG+ cells are contracted in the HIV+ cohort. The 

presence of the CD27 marker on these cells indicates that they may originate from the 

germinal center (279), and thus may be diminished in HIV+ individuals as a result of 

ablation of peripheral lymphoid tissue architecture during the early stages of infection 

(257). As expected, some CD19+CD10+ subpopulations, such as the 

CD19+CD10+CD27-CD20+CD21+IgG- immunophenotype, are also significantly 

expanded in HIV+ individuals, and these may represent transitional B cells, due to the 
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absence of CD27. Admittedly, these conclusions are tenuous, due to unstable CD27 

expression on B cells and class switching during an HIV infection (164, 270).  

It is critical to consider that, despite the statistical significance observed for the 

various immunophenotypes identified here, the biological relevance of the disparities 

cannot be ascertained without further study. Typically, the consequence of B-cell 

dysregulation is inferred from systemic irregularities in the immune response, such as 

those observed in HIV (257) and systemic lupus erythematosus (280). However, the 

magnitude of disparity among B-cell subsets that is biologically relevant is not defined 

and may likely vary depending on the cell subset of interest; thus, the 

immunophenotypic disparities described here should be interpreted cautiously. Equally 

important is the impact of sample sizes on the statistical significance of dysregulation 

observed between cohorts (272). For example, in our study, the analysis of 30 samples 

per cohort (Appendix A, Supplementary Figure S2) featured increased statistical 

significance observed in some of the aberrant B-cell immunophenotypes; as such, the 

number of samples compared influenced the degree of dysregulation observed due to 

the increased power of the study upon analyzing 30 samples per cohort. 

A number of considerations should be made in the application of high throughput 

FCM data analyses. Importantly, upon identification of novel dysregulation, further 

characterization is necessary to ascertain the nature of the less-defined 

immunophenotypes. The challenge in classifying novel or undefined B-cell dysregulation 

is highlighted by the previous work performed to define the aforementioned IgG+ tissue-

like memory B cells (CD19+CD10-CD20+CD27-CD21-IgG+) (164). Upon observation of 

elevation of this particular subset, so named due to expression of the inhibitory cell-

surface protein, FCRL4, that is common to tonsillar tissue memory-B cells (281), Moir et. 
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al. further showed that these cells: (i) exhibited exhaustion due to functional anergy 

upon ex vivo stimulation and limited cellular proliferative capacity relative to classical 

memory B cells (164); (ii) are further distinguishable based on upregulation of inhibitory 

markers such as CD22 and CD85j (164); and (iii) could be functionally rescued using 

siRNA to limit the expression of the inhibitory markers that drive their loss of function 

(163). Thus, although CD27- memory B-cell subsets similar to these tissue-like memory 

cells had been previously described, albeit with different marker combinations (207, 

282), the identity of tissue-like memory B cells with respect to this particular marker 

panel was confirmed for HIV through follow-up characterization, and subsequently cells 

bearing this immmunophenotype were observed in other chronic-disease settings such 

as hepatitis C, and malaria where it is endemic (200, 202). In a similar regard, functional 

assays and further evaluations using marker panels common to the inferred 

immunophenotypes described in this study are required. In a related study, we 

confirmed the identity of the putative IgG- naïve B cells, IgG+ memory B cells and 

plasmablasts by next generation sequencing of expressed VH genes in FACS-sorted 

subsets (data not shown). As expected, low somatic-mutation levels were observed in 

the IgG- naïve B-cell repertoire along with increased somatic mutation levels in the 

memory and plasmablast populations, with the latter being consistent with germinal-

center processing in the antigen-experienced subsets (282-284) Similarly, 

immunogenetic analyses of expressed VH genes and transcriptomic profiling of the 

immunophenotypes would be useful, along with functional studies, in further 

characterizing the nature of B-cell subsets in Table 2.7. 

Another consideration is the standardization of instrument settings during data 

acquisition, reagents and even sample preparation so as to facilitate identification of real 
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differences among samples and avoid artefactual results (258). As shown in our 

analyses, minimal batch effects were present in the cross-institutional comparison 

despite using identical sample aliquots, matching markers and identical reagents, which 

therefore required manual pre-processing and 1D gate assignment for the HIV+ and 

healthy cohort samples. Additionally, the interpretation of our results with regard to other 

six-marker subsets is limited to the marker combination we used. Even though B-cell 

markers are generally well agreed upon, the combinations used by different research 

groups vary (164, 269, 275, 285-288). Consequently, this restricts comparability of data 

from different researchers, due to the likelihood of heterogeneity within cellular subsets 

identified using different marker combinations despite similar nomenclature (258). 

Furthermore, undefined dysregulation can only be accurately determined if identical or 

unified marker panels are applied across all studies. For example, the presence of 

CD10+ six-marker subsets suggested a transitional B-cell or germinal center-related 

immunophenotype, but this could not be confirmed without further analysis, partly due to 

the absence of markers, such as CD24 and CD38 (289), which are commonly used to 

identify these cellular subsets. In this respect, there is a growing trend towards 

establishing standardized marker panels for particular immunophenotyping analyses 

(258). Notably, optimization of marker panels such as these likely requires evaluation of 

several marker combinations, which can be performed expediently using flowType. 

In conclusion, our analyses depict the extent of dysregulation in the B-cell 

response during HIV infection more faithfully and collectively, these evaluations may 

further our understanding of mechanisms of pathogenesis. By defining the entire 

‘immunophenotypic space’ (contingent on the marker panel that is used), this FCM tool 

can be utilized to determine new correlates of disease such as: (i) unique B-cell related 
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signatures associated with different stages of HIV infection (acute vs. chronic) and/or 

the elicitation of antibodies with particular features or activities (e.g., broadened 

neutralization); (ii) markers of disease progression and immunopathogenesis within the 

B-cell pool (253) and (iii) markers of effectiveness of anti-retroviral therapy, as 

measured by normalization of B-cell subset distribution (257). Importantly, this approach 

can also be used in other diseases to characterize cellular subsets and biomarkers as 

well as identify correlates of disease progression and/or successful treatment. In the 

context of an increasing number of parameters that FCM instruments can read 

simultaneously, and emergent technologies (e.g., CyTOF) (246), automated analyses 

such as the one described here should be instrumental in exploring and identifying 

novel subsets that correlate with various diseases or responses to treatment. Upon 

identification, evaluation of such cellular subsets can be followed up by fractionation and 

application in downstream analyses, namely, functional, transcriptomic and 

immunogenetic characterization to further define the correlates of the physiological 

condition of interest.  
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3.1. Abstract 

To date, vaccine-design efforts aimed at eliciting broadly neutralizing (bNt) 

antibodies (Abs) against HIV have been unsuccessful. Despite evidence suggesting 

that some bNt Abs may be autoreactive and thus restricted by tolerance mechanisms, 

evidence has also shown that these Abs display minimal autoreactivity relative to 

immunopathogenic autoAbs. In addition, bNt Abs share features with the general Ab 

response observed in the chronic phase of an HIV infection and other chronic viral 

infections; some of these shared features are attributable to perturbation of 

immunogenetic characteristics of the B-cell response, which also exhibits aberrancies 

during chronic viral infection. Altogether, these factors suggest that bNt responses are 

part of a distinct chronic immune response and are not specific to autoimmune 

responses. Thus, further understanding of the chronic humoral immune response may 

be critical in determining features that predicate the induction of bNt Abs. Here, we 

characterize immunophenotypic and immunogenetic changes in B-cell subsets, and 

their associated serological features, during chronic HIV in comparison to SLE and 

healthy controls. We observe prominent perturbations in the B-cell response during HIV 

that are less extensive in SLE, and this convergence is likely driven in part by B-cell 

hyperactivation and antigen persistence. Serum-analyses, however, displayed distinct 

reactivity profiles that associated with the respective etiologies of chronic HIV infection 

and SLE. This study further elucidates features of the humoral immune 

microenvironment during chronic HIV that may be necessary for the development of 

chronic and bNt Ab responses.  
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3.2. Introduction 

Induction of broadly neutralizing (bNt) antibodies (Abs) against the type-1 

human immunodeficiency virus (HIV), which have been shown to confer protection in 

animal models (10, 12, 14, 15, 221, 290), remains the focus of vaccine design 

strategies. Initially, only a few of bNt monoclonal (M) Abs: b12, 4E10, 2F5 and 447-52D 

had been isolated but improvements in screening and cloning methods (123, 168, 169, 

175, 291) have resulted in the discovery of a plethora of new bNt MAbs, including 

PG9/16; VRC01 and VRC02; the 17 PGT and CH01-CH04 MAbs and others (reviewed 

in (292)). However, despite the burgeoning number of bNt MAbs isolated to date, the 

immunological processes that drive their elicitation are poorly understood. Generally, 

bNt-Ab responses are rarely elicited in natural infection with occurrence in only 10-30% 

of infections (133, 135) and mediated by Abs that in some cases bear unique features 

such as: (i) long CDR-H3 loops; (ii) high levels of somatic mutation (SM); (iii) varying 

poly- and auto-reactivity (reviewed in (292)); and (iv) bias towards usage of particular 

germline variable heavy chain (VH) gene segments (141). Notably, Nt breadth is 

attainable in the absence of some of these features such as the bNt MAb, VRC01, 

which displays remarkable breadth and potency in the absence of a long CDR-H3 loop 

(123). Furthermore, the emergence of these responses is associated with high viral load 

(133, 138) and occurs during the chronic stage of infection, typically 2-3 years after 

initial infection (61, 110).  

Prevalent hypotheses regarding the rarity of bNt Abs include the theory that 

elicitation of bNt Ab responses requires a breach of immunological tolerance 

mechanisms. This assertion is supported by evidence such as: (i) reported correlation 

between Ab specificity against autoantigens, e.g., cardiolipin (CL), and HIV 
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neutralization breadth (288, 293); (ii) presence of Abs with long CDR-H3s, which are 

more typical in autoreactive B-cell clones that are deleted during tolerogenesis (171); 

and (iii) reported autoreactivity by 4E10 and 2F5 bNt MAbs (172, 174, 294). However, 

relative to systemic lupus erythematosus (SLE) and anti-phospholipid syndrome, two 

primary autoimmune conditions, 2F5 and 4E10 exhibit only limited autoreactivity and it is 

unlikely that their anti-CL activity is physiologically relevant (184). Varying levels of 

polyreactivity are also commonplace in viral infections (185, 187, 295) suggesting that 

the reactivity profile displayed by these bNt Abs is part of a more typical immune 

response to viral pathogens.  

Of note, Breden et. al. found that Abs elicited during HIV infection, as well as 

other chronic viral infections, exhibit features similar to those displayed by the HIV-bNt 

MAbs (141). During HIV infection, chronicity is also linked to systemic dysregulation of 

the humoral immune response manifested by hypergammaglobulinemia and cytokine 

upregulation; expansion of plasmablasts/ plasma cells, activated and “tissue-like” 

memory B cells; and reduction of mature naïve and resting-memory B-cell populations 

(reviewed in (166)). The commonality between HIV and other chronic infections is 

further reflected by similarities in B-cell perturbations observed during hepatitis C virus 

and recurrent-malaria infections (200, 202, 296). Taken together, these findings indicate 

that bNt Abs are likely part of a general, “chronic-type” Ab response that is elicited by 

antigen persistence in an altered humoral milieu rather than a breach of tolerance 

mechanisms.  

A deeper understanding of this chronic-infection microenvironment, and its 

similarity to a systemic autoimmune condition, should reveal abnormal immunological 

processes that underpin chronic-type Ab responses, their relationship to autoimmune 
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responses, and perhaps, conditions that promote the emergence of bNt Abs. To this 

end, we sought to define the correlates of the chronic humoral immune response by 

investigating the immunophenotypic and immunogenetic profiles of B cells, as well as 

the serological profile in HIV infection compared to SLE and healthy controls.  

3.3. Materials and methods 

3.3.1. Subjects and sample collection 

Antiretroviral drug-naïve, chronically infected HIV+ individuals (mean viral load = 

9,542 RNA copies/mL; see Appendix B, Supplementary Table S1 for complete patient 

information) were recruited at the National Institute of Allergy and Infectious Diseases 

(NIAID) at the National Institutes of Health (NIH) in Bethesda, MD. Individuals with 

clinically active SLE (SLE Disease Activity Index (SLEDAI) (297) score <4; see 

Appendix B, Supplementary Table S2 for complete patient information) without 

immunosuppressive therapy at the time of the study, were recruited at St. Paul’s 

Hospital in Vancouver, BC and all healthy donors were recruited at Simon Fraser 

University (SFU) in Burnaby, BC. HIV+ individuals (9 men and 4 women) were between 

the ages of 22 and 51, and individuals with SLE (8 women) were between the ages of 

19 and 65. Control groups for each of these cohorts were gender- and age-matched 

whereby “HIV controls” comprised 9 men and 4 women and “SLE controls” comprised 

10 women within the given age range. Sample collection at the NIH was carried out 

using leukapheresis (400 - 500 mL equivalents of blood) and performed in accordance 

to the protocol approved by the Institutional Review Board of the NIH. Blood draw 

products (60 mL) at St. Paul’s Hospital and SFU were collected in citrated tubes and 

obtained from study subjects in accordance to protocol approved by the Office of 
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Research Ethics at SFU and Providence Healthcare Center under the auspices of the 

University of British Columbia (UBC), Vancouver, BC. All samples were collected with 

written informed consent with institutional oversight at the respective sites.  

3.3.2. Isolation of B cells  

Peripheral blood mononuclear cells (PBMCs) were isolated from anonymized 

samples using density centrifugation in HistoPaque 1077 (Sigma-Aldrich, St. Louis, MO) 

and cryopreserved in 1-mL aliquots at a density of 5×106 - 107 cells/mL in pre-chilled 

Nunc Cryobank vials (Thermo-Fisher Scientific, Pittsburgh, PA) containing 90% (v/v) 

fetal bovine serum (FBS; Life Technologies, Carlsbad, CA) and 10% (v/v) tissue-culture 

grade dimethylsulfoxide (Sigma-Aldrich) by step-wise freezing at -80°C overnight in a 

Nalgene® Mr. Frosty container (Thermo-Fisher Scientific). Cells were subsequently 

moved on dry ice to a -150°C freezer for long-term storage. For analysis, cryopreserved 

cells were gently agitated in a 37°C water bath until completely thawed, then transferred 

to a 15 mL conical tube (BD Biosciences, San Diego, CA).  Five mL of supplemented 

RPMI media (Sigma-Aldrich) containing 10% FBS, 100 U/mL penicillin (Sigma-Aldrich) 

and 100 ȝg/mL streptomycin (Sigma-Aldrich) pre-warmed at 37°C was added drop-wise 

to the samples, which were then incubated at room temperature for 15 minutes, 

centrifuged at 300 x g for 5 minutes to pellet cells, washed once and resuspended in 

supplemented RPMI media.  

B cells were enriched from PBMCs using a custom-prepared negative magnetic 

bead-based selection kit (StemCell Technologies, Vancouver, BC). Magnetic beads 

selected cells with the following cell-surface markers: CD66b (granulocytes); CD36 

(thyroid precursors); CD123 (DCs, eosinophils, hematopoietic progenitors); CD42b 
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(megakaryocytes); CD3 (T cells); CD14 (macrophages, monocytes); and CD16 (NK 

cells, neutrophils, macrophages). B cells (87-98% enriched) were resuspended in 150 

ȝL Hank’s buffered saline solution (Life Technologies), and stained using the marker 

panel shown in Table 3.1. A single tube was labeled using the entire six-color-panel and 

six separate tubes were prepared for fluorescence-minus-one (FMO) compensation 

controls along with an unstained tube for determining background fluorescence (254).  

Cells were stained in the dark for 30 minutes at 4°C, washed, immunophenotyped and 

sorted. Multicolor flow cytometry was performed using FACSAriaII instruments at the 

NIAID, NIH for samples collected at the NIH, and at the Biomedical Research Center, 

UBC for samples collected at the St. Paul’s Hospital and SFU.  

Table 3.1. B-cell immunophenotyping panel 

Cell surface 
marker  Fluorophore Staining 

volume Vendor 

CD21 Fluorescein isothiocyanate (FITC) 2.0 ȝO Beckman-Coulter, Pasedena, 
CA 

CD10 Allophycocyanin (APC)  ����ȝO 
BD Biosciences, San Diego, 

CA 
CD20 APC-H7 ����ȝO 

IgG Phycoerythrin (PE)  ����ȝO 

CD27 PE-Cy7  ����ȝO 
eBioscience, San Diego, CA 

CD19 Peridinin-ĐŚůŽƌŽƉŚǇůůƉƌŽƚĞŝŶ-
ĐǇĂŶŝŶĞ�ϱ͘ϱ�;WĞƌ�W-�Ǉϱ͘ϱͿ� Ϯ͘Ϭ�ʅů 

3.3.3. Gating strategy and B-cell sorting 

The B-cell subsets listed in Table 3.2 were sorted using fluorescence-activated 

cell sorting (FACS). Cell subpopulations were fractionated as follows: removal of dead 

cells and debris using forward scatter (FSC) versus side scatter (SSC) by gating out 

cells with low FSC-Area and low SSC-Area; exclusion of doublets by gating out cells 
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high in both FSC-width versus SSC-width and using FMOs, a compensation matrix per 

fluorescent channel was established and applied to each channel (254). CD19+ was 

used as a pan-B-cell marker and the B-cell subsets were identified thereafter by gating 

out CD10+ cells and sequential gating on CD20, CD27, CD21 and IgG.  

Table 3.2. Sorted B-cell subsets 

Cell Subset Immunophenotype 
IgG- Naïve CD19+CD10-CD20+CD21+CD27-IgG- 
IgG+ “Naïve”  CD19+CD10-CD20+CD21+CD27-IgG+ 
IgG+ Resting memory B cells CD19+CD10-CD20+CD21+CD27+IgG+ 
IgG+ Activated memory B cells CD19+CD10-CD20+CD21-CD27+IgG+ 
IgG+ Tissue-like memory B cells CD19+CD10-CD20+CD21-CD27-IgG+ 
Plasmablasts CD19+CD10-CD20-CD21-CD27+ 

3.3.4. Immunophenotypic data analysis 

Flow cytometry data (FCS) files 2.0 were obtained during sorting using 

FACSDiva software (BD Bioscience). Immunophenotypic comparison among cohorts 

was done computationally using R (version 3.0.1) programing language at the Terry Fox 

Laboratory (BC Cancer Agency, Vancouver, BC). Here, FCS files were pre- processed 

by applying the compensation matrices built during data acquisition, and gating out of 

dead cells as mentioned above. FCS files were transformed to the Logicle scale (298) 

and individual one-dimensional (1D) gates that were assigned using density distribution 

of fluorescence for each marker. The flowType package was used to combine the six 1D 

gates and identify all possible phenotypes. For these analyses, individual markers were 

set to be: (i) positive or negative to account for expression and non-expression of each 

cell-surface marker, and (ii) ‘neutral’ to allow the software to ignore a marker therefore 

excluding it from the analysis. In addition to identifying all six-marker combinations e.g. 
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CD19+CD20+CD21+CD27+IgG-, the lattermost designation allows for extraction of 

immunophenotypes identified by all possible subgroups of the markers (253). For 

example, the two subsets with the immunophenotype CD19+CD20+CD21+ CD27+ 

IgG+ and CD19+CD20+CD21+CD27+IgG- are both subpopulations within the parent 

population, CD19+CD20+CD21+CD27+ (CD19+CD20+CD21+CD27+IgGN). Therefore, 

in this example, the designation of IgG as ‘neutral’ (depicted by superscripted N) 

instructs the software to ignore the IgG gate, resulting in extraction of the parent 

population; this allows a population hierarchy similar to that obtained using the 

sequential gating paradigm used with manual methods. 

3.3.5. Principal component analyses 

Given the amount of immunophenotypic information extracted from high-

throughput analyses such as flowType, principal component analysis (PCA) is 

recommended as an effective means of capturing overarching trends in the data (299, 

300). PCA is an unsupervised method used to reduce dimensionality of multi-parametric 

data by generating fewer variables, known as principal components (PCs), that capture 

the maximal variation within a dataset (301). Each PC is representative of an amount of 

the total variance within the dataset whereby the dominant PCs represent most of the 

variation among the data. Here, to reduce the dimensionality of the data, 

immunophenotypes that are similarly dysregulated would be grouped together. In 

addition, a score is assigned to each sample within each PC, and therefore, using the 

distribution of scores, samples/ cohorts that contribute to the variation in each PC can 

be visualized. For example, if PC1 accounts for 0.03 (3%) of the variation within a data 

set (and in our case, only samples within the HIV+ cohort exhibit a distinctly variable 

profile in this PC, based on PC1), HIV+ individuals would be deemed different from the 
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rest of the sample-groups in our analysis. To perform this analysis, a data matrix based 

on the cell frequencies of all six-marker combinations was constructed for HIV, SLE and 

their respective healthy controls. In-house R (version 3.0.1.) programing scripts based 

on the “princomp” command were used to execute the PCA analysis and data are 

presented as: (i) a bar-plot illustrating the variance explained by each PC; (ii) a 

composite showing bar-plot representation of the distribution of samples within PC1, 2 

and 3; and (iii) scatterplots representing the distribution of each sample within PC1, 2, 

and 3. 

3.3.6. Serum polyreactivity ELISA 

Wells of EasyWash microtiter plates (Corning Inc., Corning, NY) FRQWDLQLQJ���ȝJ�

GV'1$�LQ����ȝ/�WULV-buffered saline (TBS��RU���ȝJ�&/�LQ����ȝ/�PHWKDQRO�ZHUH�GULHG�IRU���

hour at 55ºC, then other wells were coated overnight at 4ºC with recombinant HIVMN 

gp120 (50 ng), gp41 (50 ng) (ImmunoDiagnostics, Woburn, MA) 2F5 MN peptide 

(NH3+- EQELLELDKWASLWSGK(Biotin)GC-CONH2) (200 ng), 4E10 MN peptide 4E10 

peptide (NH3 - SLWNWFDITNWLWYISGK(biotin)GCCONH2) (200 ng) (UBC’s NAPS 

Unit Peptide Synthesis Laboratory); Escherichia coli lipopolysaccharide (LPS�� �� ȝJ��

Fluka, Buchs, Switzerland), ovalbumin (OVA�� �� ȝJ��� KHQ� HJJ� O\VR]\PH� �HEL�� �� ȝJ��

(Sigma- $OGULFK������7�FHOO�O\VDWH����ȝ/��HTXLYDOHQW�WR�a���ȝJ�WRWDO�SURWHLQ������QRQ-fat 

dried milk (NFDM) or 5% bovine serum albumin (BSA) (Sigma-Aldrich), all diluted in 

TBS. Except for the experLPHQWDO�FRQGLWLRQ�³QR�EORFNHU´��ZHOOV�ZHUH�EORFNHG�ZLWK�����ȝ/�

TBS containing 2% BSA at 37ºC for 1 hour. Sera were diluted 1:250 in one of: (i) TBS 

alone; (ii) TBS containing 0.1% (v/v) Tween-20 (TBST; GE Healthcare, Piscataway, NJ) 

and 1% (w/v) BSA (Ab diluent); (iii) 5% (v/v) FBS in TBS; or (iv) 5% NFDM in TBS. For 

sera diluted in TBS alone (denoted “no blocker”), a special ELISA protocol similar to 
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published assays that have been used to evaluate autoreactivity of HIV MAbs, was used 

(187). Here, after overnight incubation with antigens, wells were washed three times 

wLWK�ZDWHU��EORFNHG�IRU���KRXU�DW�URRP�WHPSHUDWXUH�ZLWK�����ȝ/�7%6�FRQWDLQLQJ���P0�

ethylenediaminetetraacetic acid (Na2EDTA) and 0.05% Tween-20 (TBSTE) but no BSA, 

washed again three times with water, then incubated with sera diluted in TBS for 2 

hours at room temperature. Wells were washed three times with water, incubated with 

secondary Ab diluted in TBSTE, then washed three times with water, once with TBSTE, 

and again, three times with water. Wells were incubated at room temperature for 45 

minutes with horseradish peroxidase (HRP)-conjugated goat anti-human IgG (Fc-

specific; Pierce, Rockford, IL��GLOXWHG���������LQ�$E�GLOXHQW��WKHQ�GHYHORSHG�ZLWK����ȝ/�RI�

����ȝJ�P/����¶-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) (ABTS; Sigma- Aldrich) 

solution containing 0.03% (v/v) H2O2 in citrate/phosphate buffer. After 30 minutes, 

absorbances at 405 and 490 nm were measured using a VersaMax Tunable Microplate 

Reader (Molecular Devices, Sunnyvale, CA) and reported as OD405-490.  

3.3.7. IGHV1-69 (51p1) capture ELISA 

Wells of microtiter plates were coated overnight at 4°C with 150 ng MAb G6 

(302) LQ����ȝ/�7%6��S+������WKHQ�EORFNHG�ZLWK�����ȝ/�7%6�FRQWDLQLQJ�����Z�Y��%6$�DW�

37°C for 1 hour, and washed three times with TBST. Serum samples were diluted in 35 

ȝ/�$E�GLOXHQW��DGGHG�WR�ZHOOV�DQG�LQFXEDWHG�DW�URRP�WHPSHUDWXUH�IRU���KRXUV��$IWHU�VL[�

washes with TBST, wells were incubated at room temperature for 45 minutes with HRP-

conjugated goat anti-human IgG (Fc-specific, Pierce) diluted 1:1,500 in TBSTE, and 

developed as described above. 
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3.3.8. RNA extraction and cDNA synthesis 

Sorted B cells were either immediately used for nucleic acid extraction, or stored 

overnight at 4°C in 1 mL RNAlater solution (Ambion, Austin, TX), or lysed and stored at 

-80°C in in 350 ȝL RLT buffer (QIAGEN, Carlsbad, CA) containing 1% (v/v) 2-

mercaptoethanol (Bioshop Canada, Burlington, ON). Total cellular RNA was extracted 

using 96 RNEasy Mini Kits (QIAGEN) following the manufacturer’s instructions, eluted in 

30 ȝL RNase-free TE buffer (Ambion), and stored at -80°C. First-strand cDNA libraries 

were reverse transcribed from 16 ȝL RNA at 42°C for 45 minutes with a combination of 

random hexamer and oligo(dT) primers using QScript cDNA supermix (Quanta 

Biosciences, Gaithersburg, MD), then stored at -20°C. 

3.3.9. Construction of VH amplicon libraries  

Amplicon libraries were constructed using an in-house protocol optimized for 

high-throughput sequencing from small B-cell subsets (276). Here, DNA encoding 

variable domains of VH (VHDs) were amplified using BIOMED-2 primers (303) containing 

universal tags for subsequent priming in a second round of PCR. All primers are listed in 

Appendix B, Supplementary Table S3. First round BIOMED-2 PCRs were conducted 

in 25-ȝL reaction volumes containing 1x ABI 97 Buffer II (Applied Biosystems, Foster 

City, CA), 1.5 mM MgCl2 (Applied Biosystems), 200 ȝM each dNTP (Fermentas, 

Burlington, ON), 5 pmol each primer (Integrated DNA Technologies, Coralville, IA, 

USA), 1 U AmpliTaq Gold DNA polymerase (Applied Biosystems), and 1 ȝL cDNA 

template, and cycled as follows on a GeneAmp 9700 thermal cycler (Applied 

Biosystems): 95°C for 7 minutes; 40 cycles of (94°C for 30 seconds, 58°C for 45 

seconds, and 72°C for 2 minutes); 72°C for 10 minutes. Second round “tagging” PCRs 
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were conducted in 25-ȝL reaction volumes containing 1x Phusion HF Buffer containing 

1.5 mM MgCl2 (Thermo-Fisher), 200 ȝM each dNTP (Fermentas), 10 pmol of each 

primer (Integrated DNA Technologies), 0.25 U Phusion High-Fidelity DNA polymerase 

(Thermo-Fisher), and 5 ȝL first-round PCR as template, and cycled as follows on a 

GeneAmp 9700 thermal cycler: 98°C for 30 seconds; 20 cycles of (98°C for 10 seconds, 

65°C for 30 seconds, and 72°C for 30 seconds); 72°C for 5 minutes. Primers for second 

round PCRs were purified using denaturing polyacrylamide gel electrophoresis (304). To 

assess library purity, quality control PCRs were conducted using Illumina P5/P7 

adaptors as primers in 50-ȝL reaction volumes containing 1x PCR Buffer comprising 2 

mM MgCl2 (Roche Applied Science, Branford, CT), 400 ȝM each dNTP (Fermentas), 10 

pmol each primer (Integrated DNA Technologies), 5 U FastStart Taq DNA Polymerase 

(Roche Applied Science), and 1 ȝL VHD library (2Å~108 molecules/ȝL) and cycled as 

follows on a GeneAmp 9700 thermal cycler: 94°C for 11 minutes; 20 cycles of 94°C for 

1 minute, 60°C for 1 minute, 72°C for 1 minute; and 72°C for 10 minutes. Quality control 

PCRs were treated with 10 U Exonuclease 1 (New England Biolabs, Ipswich, MA) at 

37°C for 30 minutes prior to analysis by agarose gel electrophoresis. First-round and 

second-round VHD libraries were purified using PureLink PCR Purification Kits (Life 

Technologies) with a 300 base pair cut-off and gel extraction (Bio Basic, Markham, ON).  

3.3.10. Illumina MiSeq sequencing and VH sequence analyses 

Libraries were quantitated using a dsDNA broad range assay on the Qubit 2.0 

fluorometer (Life Technologies), and sequenced using a 500-cycle reagent kit on a 

MiSeq instrument (Illumina, San Diego, CA) therefore generating 250 bp paired end 

reads. Clusters were quality filtered using the Illumina default chastity filter setting. Full-

length VH reads passing quality filtering were analyzed using IMGT/HighVQUEST (305). 
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IMGT output was analyzed using custom in-house R and Perl scripts, available from K. 

Henry by request. 

3.3.11. Statistical analysis 

Significant differences for immunophenotyping analyses between two cohorts 

were calculated using the Wilcoxon rank-sum test and comparison across all cohorts 

was performed using the Kruskall-Wallis test (164). Reported p-values were adjusted 

using the Benjamini-Hochberg method (306) to correct for false discovery rates. 

Differences in immunogenetic features between groups were evaluated using the two-

sample Welch’s t test. Differences in the distribution of VH gene family usage within 

groups were evaluated using Pearson’s Ȥ-squared test for goodness of fit with Yates’ 

correction for continuity. Germline VH gene families with frequencies less than five were 

set to five exactly. All statistical analyses were performed in R version 3.0.1. 

3.4. Results 

3.4.1. Characterization of B-cell perturbations in HIV infection and 
SLE 

Chronic HIV infection results in perturbations in the distribution of peripheral B-

cell subsets, and similar features have been described in SLE (307, 308). To further 

evaluate these perturbations we used the flowType algorithm to perform unsupervised 

immunophenotypic analyses of B cells in HIV+ vs. SLE compared to their healthy 

controls. Relative to healthy controls, IgG- naïve and IgG+ resting memory B-cell 

populations were contracted in HIV+ individuals, whereas IgG+ plasmablasts, activated 

and tissue-like memory B cells were expanded (Figure 3.1A). SLE-associated 
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perturbations are shown in Figure 3.1B where IgG- naïve and IgG+ resting memory B 

cells are contracted in SLE, relative to healthy controls, and IgG+ activated memory B 

cells are elevated. Interestingly, B-cell dysregulation in HIV was evident relative to SLE 

as well whereby IgG+ resting memory and naïve B cells were significantly contracted 

and IgG+ tissue-like memory B-cells were elevated (Figure 3.1C). Similarly, in the IgG- 

memory B-cell and plasmablast compartments among the different cohorts (Figure 

3.1D), a significant increase of IgG- tissue-like memory B cells in HIV, and to a lesser 

extent in SLE, was observed relative to healthy controls. This trend was reversed for 

IgG- resting memory B cells; HIV+ individuals presented a drastic decrease in this 

compartment whereas intermediate contraction was exhibited in the SLE cohort relative 

to healthy controls. Lastly, the IgG- activated memory B cell compartment was 

expanded in the HIV+ cohort only. (See Table 3.3 for a summary of these results.)  

Table 3.3. Summary of immunophenotypic perturbations among the different 
cohorts 

B-cell Subset   HIV+ vs. healthy 
controls*  

SLE vs. healthy 
controls* 

HIV+ vs. 
SLE* 

Naïve  contracted contracted contracted 
IgG+ resting memory  contracted contracted contracted 
IgG- resting memory  contracted contracted contracted 
IgG+ activated memory  elevated elevated unchanged 
IgG- activated memory  elevated unchanged elevated 
IgG+ tissue-like memory  elevated unchanged elevated 
IgG- tissue-like memory  elevated elevated elevated 
IgG+ plasmablasts elevated unchanged unchanged 
IgG-plasmablasts elevated unchanged elevated 

*Contracted and elevated differences are statistically significant (p<0.05, Wilcoxon rank-sum test) 
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Figure 3.1. Immunophenotypic distribution in B cell subsets as a percentage of 

CD19+ B cells in HIV+ individuals, SLE and their healthy controls 
All box plots represent the upper limit (top whisker), 75th percentile, average, median, 25th 
percentile, and lower limit (bottom whisker). Each subset was measured as a percentage of 
CD19+ cells and CD10+ cells were subsequently gated out for downstream analysis. (A) HIV+ 
individuals (n=13) vs. healthy controls (n=13) (B) individuals with SLE (n=8) vs. healthy controls ( 
n=10); B cells in HIV display more extensive perturbations compared to SLE. Significant 
differences represented by horizontal bars were calculated using the Wilcoxon rank-sum test **p-
value <0.01 and * p-value > 0.01 and <0.05. 

Continued next page 
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C) HIV+ individuals (n=13) vs. individuals with SLE (n=8). Significant differences represented by 
horizontal bars were calculated using the Wilcoxon rank-sum test. (D) Comparison of putative B-
cell subsets within the IgG- compartment in all 4 cohorts. Box plots show paired results of HIV 
and SLE vs. respective controls. Upper horizontal bars represent “family-wise” comparisons 
performed using the Kruskal-Wallis test to compare overall differences among the four IgG- B-
cell subsets; IgG- naïve B cells, which are compared in (A) and (B) were not included in this final 
comparison. Significant differences indicated by the lower horizontal bars were calculated using 
the Wilcoxon rank-sum test. **p-value <0.01 and * p-value > 0.01 and <0.05. 



 

86 

Our initial findings illustrate that despite similar trends in disturbances to putative 

B-cell subsets, HIV-related perturbations exhibited more extreme dysregulation relative 

to those observed in SLE, which were relatively intermediate. To further investigate the 

immunophenotypic dysregulation of B cells in HIV and SLE, we performed single 

marker-analyses of CD21, CD10, IgG, CD27 and CD20 within the CD19+ B-cell 

compartment. This assessment revealed that whereas CD19+CD20+ and CD19+CD21+ 

B cells were contracted in HIV, CD19+CD10+ and CD19+IgG+ B-cell 

immunophenotypes were expanded (Figure 3.2). Although CD19+CD27+ B cells were 

also elevated in HIV, the difference between the two cohorts was not significant. 

Frequencies of individual markers in HIV and SLE, relative to their respective controls, 

are shown in Appendix B, Supplementary Figure S1.  

Next, the entire immunophenotypic space defined by our marker panel was 

assessed by analyzing different marker-combinations. In addition to putative 

aberrancies, we observed significant dysregulation in previously uncharacterized 

immunophenotypes in both HIV and SLE (Appendix B, Supplementary Table S4 and 

S5). Furthermore, by tracking the contribution of individual markers to B-cell 

dysregulation, we observed that divergence in the naïve and memory B-cell 

immunophenotypes in HIV and SLE was likely due to global changes in the 

CD19+CD21+ compartment (Appendix B, Supplementary Figure S2 and S3); these 

changes were also discernible in HIV relative to SLE (Appendix B, Supplementary 

Table S6 and Supplementary Figure S4). Further perturbations were observed within 

the subsets to which the CD19+CD10+ compartment is parent; these suggest changes 

in the transitional immature or germinal-center (GC) founder B-cell subpopulations that 

have been previously characterized in both HIV (266, 267) and SLE (309). 
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Figure 3.2. Distribution of immmunophenotypes identified by 2-marker 

combinations in HIV+ individuals vs. SLE. 
Using the flowType algorithm, individual markers within the CD19+ B-cell subpopulation were 
compared between HIV+ individuals (n=13) and SLE (n=8). Heat maps represent B-cell subsets 
as a percentage of CD19+ cells. (See “2-marker combination” panel in Appendix B, 
Supplementary Table S4 for respective subset frequencies).  

To validate the extent of dysregulation in SLE and HIV relative to healthy 

controls, we performed PCA on the 32 immunophenotypes defined by six-marker 

combinations. As shown in Figure 3.3A, the majority of the immunophenotypic variance 

was captured by the first 2 PCs. Figure 3.3B and Appendix B, Supplementary Figure 

S5 depict the contribution of each cohort to the variance observed, and as shown, PC1 

mainly represented variance in the HIV+ cohort whereas PC2 represented variance in 

both HIV and SLE; these results show that the greatest divergence in 

immunophenotypic distribution in our dataset was due to SLE, and to a greater extent, 

to HIV. Although, HIV and SLE exhibited similar perturbations in peripheral B-cell 
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subsets in comparison to their respective controls, HIV exhibited more extensive 

dysregulation relative to SLE. 

 
Figure 3.3. Principal component analysis used to summarize B-cell 

immunphenotypes captured by 6-marker combinations in HIV+ 
individuals, SLE and their healthy controls 

(A) Bar plot showing the overall variance attributed to the first ten principal components (PCs); 
most of the variance is captured by the first six components. (B) Bar plot showing the scores of 
the different cohorts reduced to the first three PCs. Red bars (HIV controls), black bars (SLE 
controls), green bars (HIV) and blue bars (SLE) show the contribution by each cohort and 
subjects within the cohort to each of the PCs. x-axis represents individual subjects and y-axis 
represents scores assigned to the subjects within the dataset. Assignment of scores is based on 
the amount of variance each subject contributes to the respective PCs. 

Continued next page 
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3.4.2. Serum analysis of Ab polyreactivity and IGHV1-69 51-p1-
encoded Abs in HIV and SLE   

In a comparison of SLE monoclonal autoAbs to HIV-bNt MAbs, Singh et. al. 

showed that the latter displayed limited reactivity to autoantigens (184). Furthermore, 

the reactivity profiles of these bNt MAbs varied with ELISA conditions whereby more 

complex diluent and stringent blocking conditions diminished the extent of polyreactivity 

observed. This result was further shown for sera from HIV+ individuals compared to SLE 

and healthy controls (276). To determine whether the same was true for sera from the 

chronic HIV+ individuals in this study, we used the sera from HIV+, SLE, and healthy-

control individuals to perform ELISA under a variety of conditions against a panel of HIV 

antigens, autoantigens and antigens we typically use to assay polyreactivity.  



 

90 

 
Continued next page 



 

91 

 
Continued next page 



 

92 

 
Continued next page 



 

93 

 
Continued next page 



 

94 

 
Continued next page 



 

95 

 
Figure 3.4. Effect of assay conditions on polyreactivity of serum IgG responses 

in HIV+, SLE and healthy control individuals 
(A) represents HIV+ serum samples obtained in this study (see Materials and methods) and (B) 
represents serum samples and analyses conducted in a previous study (276). Each panel 
represents ELISA against a single self-antigen or non-specific antigen. For each serum group, 
assays were conducted using different conditions and diluents as indicated (see Materials and 
methods). 
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As illustrated in Figure 3.4A, HIV+ sera from this cohort, assayed along with SLE 

and control sera, exhibited indiscriminate polyreactivity against many antigens in the 

panel in the absence of a blocking agent. This was also true of HIV+ sera from a 

separate set of HIV+ cohorts that was assayed along with SLE and control sera in a 

previous set of experiments, shown in Figure 3.4B for comparison (276). Figure 3.4A 

shows that, under more restrictive ELISA conditions, HIV+ sera exclusively bound 

gp120, gp41 and the HIV peptides. On the other hand, under these conditions, SLE 

sera reacted with the expected autoantigen, dsDNA, and with cell lysate. Notably, all 

sera displayed varying polyreactivity to LPS and OVA irrespective of experimental 

conditions and it is unlikely that reactivity to these non-specific antigens represents 

immunopathogenic serum reactivity. These data illustrate that, under stringent blocking 

conditions, sera from this particular HIV+ cohort exhibited a reactivity profile, which is 

mostly similar to that observed from previously analyzed HIV+ cohorts (Figure 3.4B). 

However, whereas 2F5 and 4E10 peptide reactivity is absent in the previously analyzed 

HIV sera samples, the sera samples collected for this study illustrate significant binding 

reactivity to these HIV peptides. 

Based on the reported bias towards IGHV1-69 gene-usage in bNt, and chronic 

infection Abs (141), and our previous detection of serum Abs encoded by the IGHV1-

69(51p1) allele in HIV+ individuals, but not in SLE or healthy controls (276), we 

investigated whether this feature would be detected in the serum Abs of this HIV+ cohort. 

Here, we compared the serum levels of IgG Abs encoded by IGHV1-69 51p1 using an 

ELISA that captures the G6 anti-idiotype MAb for detection of serum IgGs bearing the 

51p1 idiotype. As shown in Figure 3.5, this idiotype was detected above baseline levels 

in all sera from the HIV+ cohort, whereas the sera from all other cohorts displayed only 
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baseline reactivity. This result confirms our previous result, and suggests overuse of the 

IGHV1-69 gene in the IgG fraction of HIV-related serum Abs. 

 
Figure 3.5. Levels of an IGHV1-69 51p1-encoded idiotype defined by MAb G6 in 

HIV+ individuals, SLE and respective healthy control sera. 
Black lines indicate median values, Dots denote the range of observations. Data are 
representative of three independent experiments.  

3.4.3. Immunogenetic characteristics of B-cell repertoires in HIV+ 

individuals versus healthy controls 

Similar to predilection towards IGVH1-69 gene usage, Ab responses during HIV 

infection are also associated with overuse of other genes such as IGVH4-34 and 

IGVH5-51 (288, 310-312). As mentioned, some bNt Abs, as well as HIV Abs in general, 

also bear long CDR-H3 loops and increased SM levels (141). Given that these features 

emerge in an altered humoral immune response milieu that is characterized by B-cell 

perturbations, we sought to define these immunogenetic properties in the context of 

different B-cell compartments. Next-generation sequencing (NGS) was used to evaluate 

germline VH gene usage among expressed Abs within sorted B-cell subsets that, as 

shown above, appear to be dysregulated during HIV infection as compared to their 
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healthy controls (Table 3.3 and Appendix B, Supplementary Table S5). The average 

number of full-length reads from each B-cell subset was approximately five times higher 

in the HIV+ (177,668 reads) vs. healthy-control (37,582 reads) cohort, which was likely 

due to differences in the starting sample amount in the respective cohorts (see Materials 

and methods).   

Note that the results described below are incomplete, as NGS of B-cell 

compartments within the SLE and its healthy-control cohort is currently in progress. 

Thus comparisons are missing between: (i) the SLE expressed VH gene (exVH) 

repertoires and those of their healthy controls; (ii) the healthy controls for the HIV+ and 

SLE cohorts; and (iii) the HIV and SLE cohorts. Also, with the impending arrival of a 

bioinformaticist, a full analysis of clonal expansion within all 4 exVH repertoires is 

planned. Nevertheless, an overarching view of the humoral immune response is 

beginning to emerge from this current analysis of B-cell immunophenotype distributions, 

and the serological and immunogenetic data gathered so far. 

In agreement with the increase of IGVH1-69 51p1 IgG Abs reported above, we 

observed an increase in the use of IGVH1-69 genes by HIV+ individuals, as compared to 

their healthy controls; however, this was observed in the “classical” naïve IgG- B-cell 

(CD19+CD10-CD20+CD21+IgG-) and the atypical IgG+ “naïve” B-cell (CD19+CD10-

CD20+CD21+IgG+) compartments (p<0.01, Welch’s t test; Figure 3.6A), and not 

among the “antigen-experienced” B-cell subsets (IgG+ resting- and activated-memory B 

cells, and all plasmablasts). Similarly, as shown in Figure 3.6B, higher frequencies of 

IGHV4-34 gene usage were also observed in the classical IgG- naive, and atypical IgG+ 

“naïve” B-cell repertoires, as well as among all plasmablasts from the HIV+ cohort 

(p<0.05, Welch’s t test). Despite the noted disparities in the usage of individual germline 
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VH gene segments, there were no major changes to the distribution of germline VH gene 

families used between HIV+ and healthy individuals (Figure 3.6C).  

 

 
Figure 3.6. Comparison of VH gene-segment usage between HIV+ and healthy 

control Ab repertoires 
(A) Frequency of Abs encoded by IGHV1-69, and by (B) IGHV4-34 in HIV+ and healthy 
individuals. Asterisks denote statistically significant differences in means (*p-value >0.01 and 
<0.05; **p-value <0.01). 

 Continued next page 
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(C) VH gene-family usage of each individual’s repertoire, presented as the percentage of all 
sequences in the repertoire. 

Next, we compared SM levels among sorted B-cell subsets as illustrated in 

Figure 3.7. The IgG+ resting- and activated-memory B-cell compartments and all 

plasmablasts exhibited increased SM levels in HIV+ individuals (p<0.01, Welch’s t test), 

whereas naïve and “tissue-like memory” B cells were similar between cohorts. 

Interestingly, the most striking difference between the two cohorts involved the IgG+ 

resting-memory B-cell subset, with an average SM level of 5 nucleotide changes in the 

healthy cohort compared to 17 nucleotide changes in the HIV+ one (Table 3.4). Despite 

these differences in SM levels and germline VH gene-segment usage, CDR-H3 

distributions in both cohorts were not significantly different as illustrated in Figure 3.8.  
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Figure 3.7. Distribution of somatic mutation levels among B-cell functional 

compartments in HIV+ individuals and healthy controls. 
For each cell type, sequences from all subjects were pooled to produce red and blue violin plots. 
Each individual’s repertoire was also considered separately: white lines represent each 
repertoire’s mean somatic mutation rate, black lines represent the mean somatic mutation rate of 
the B-cell subset, and the dotted line represents the overall mean somatic mutation rate for all 
repertoires. Asterisks denote statistically significant differences in means (p-value <0.001; 
Welch’s t test). 

Table 3.4. Mean SM levels in sorted B cells in HIV+ vs. healthy controls 

B-cell Subset HIV+* Healthy Control 

IgG- Naïve 6 7 
IgG+ Naïve 11 9 
IgG+ Resting Memory  17 5 
IgG+ Activated Memory 18 9 
IgG+ Tissue-like Memory 13 14 
Plasmablasts 21 12 

    * in nucleotides 

Taken together, the results show that chronic HIV infection involves 

immunogenetic perturbations that include increased SM levels at all stages beyond IgG- 

naïve B cells, and skewed germline VH gene usage. These immunogenetic changes 

likely reflect the physiological aspects of modulation within the B-cell compartment that 
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are present during the chronic phase of HIV infection. Whether similar effects occur in 

the dysregulated B-cell compartments occurring in SLE disease are to be determined in 

future. 

 
Figure 3.8. CDR-H3 length distributions of B-cell functional compartments in 

HIV+ individuals and healthy controls. 
For each cell type, sequences from all subjects were pooled to produce red and blue violin plots. 
Each individual’s repertoire was also considered separately: white lines represent each 
repertoire’s mean CDR-H3 length, black lines represent the mean CDRH3 length of the B-cell 
subset, and the dotted line represents the overall mean CDR-H3 length for all repertoires. There 
were no statistically significant differences among means (by Welch’s t test). 

3.5.  Discussion 

Emergence of HIV-bNt Ab responses in the chronic phase of infection are part of 

an antigen-driven, chronic humoral immune response as suggested by similarities 

observed between bNt Abs and Abs elicited in other chronic infections (141). 

Furthermore, it has been suggested that disruption in immunological tolerance is 

necessary for the development of bNt specificities, either by altering the primary, naïve 

B-cell repertoire (288, 293), or tolerance mechanisms in the GC or other responses to 
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persistent autoantigen (180-182, 313). Similarly, it is possible that B-cells encoding the 

unusual features required for the production of bNt Abs accumulate in the antigen-

experienced extrafollicular B-cell compartment, such as IgM+ memory cells, which 

slowly build up over time during chronic HIV infection, but without the necessity of 

breaking tolerance (314). To further delineate the immunological microenvironment that 

may be necessary for the emergence of bNt Abs, we evaluate features of the chronic 

humoral immune response, and define those that distinguish the humoral immune 

microenvironment during a chronic HIV infection and SLE.  

Our data revealed a depletion of naïve B cells and resting-memory B cells in HIV 

infection and SLE disease, which is likely due to increased differentiation of these 

subsets into activated-memory B cells, plasmablasts and plasma cells (269, 309), as 

some of these latter populations were also increased in our HIV and SLE cohorts 

(Figure 3.1). The presence of ongoing hyperactivation in both conditions is further 

supported by the global depletion of CD19+CD21+ B cells in SLE, and more extensively 

in HIV, as reflected by: (i) a decrease in the CD19+CD21+ marker combination, which is 

expressed on naïve and resting-memory B cells (Appendix B, Supplementary Figure 

S1A and B; Supplementary Table S4 and S5), and (ii) an increase in CD19+CD21- 

cells (Appendix B, Supplementary Figure S1A and B; Supplementary Table S4 and 

S5), which are characteristic of activated-memory B cells, plasmablasts and plasma 

cells (164, 315). Of note, CD21 is part of the complement receptor (CR) 2 complex on B 

cells, and ablation of CD21+ cells during HIV has been previously attributed to 

increased activation and differentiation (278, 316). In SLE, however, contraction in 

CD21+ cells is attributed to both hyperactivation and complement-receptor targeting 

between fragments of the C3 complement and CR2 (317); although this receptor-
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binding-induced depletion has also been observed in HIV, the effect of complement 

appears to be minimal (278). This example of similar changes in B-cell populations in 

HIV infection and SLE disease illustrates that despite the apparent immunophenotypic 

convergence in perturbations, the immunological processes that cause them may be 

different. Nevertheless, our data indicate that although both HIV and SLE result in B-cell 

aberrancies, HIV-associated dysregulation is more severe, given the more widespread 

impact on subset distributions (Figure 3.1). This is further supported by PCA, which 

showed that the most variant immunophenotypic distribution within our dataset was 

primarily due to HIV alone (PC1) and a combination of divergence in HIV and SLE 

(PC2) (Figure 3.3).  

Two-marker analysis also revealed an increase in CD19+IgG+ B cells in the 

HIV+ cohort, in agreement with aberrant class switching and hypergammaglobulinemia 

that occur during infection (166, 318). The global contraction in the CD19+IgG+ 

compartment in the SLE cohort in this study (Appendix B, Supplementary Figure S1B 

and Supplementary Table S5), along with unaltered distribution in putative IgG class-

switched memory B-cell subpopulations observed in previous studies (319, 320), 

suggests that unlike HIV where IgG+ expressing B cells are elevated on a global and 

subpopulation level, aberrant class switching may not be prominent in the autoimmune 

response during SLE. Significant differences were also evident within the CD19+CD10+ 

compartment in both HIV and SLE (Figure 3.2 and Appendix B, Supplementary Table 

S6) that may represent dysregulation among transitional or GC-founder B cells.  

However, interpretation of these immunophenotypes is tenuous given that our 

immunophenotyping panel did not include markers relevant to these 

immunophenotypes, e.g., IgD and CD38 (280) or CD24 and CD38 (321), which are 
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typically used to identify transitional B cells. Still, inferences regarding 

immunophenoytpes, such as CD19+CD10+CD27+, can be drawn given that CD27+ is 

commonly used as a marker of activation and memory (279). For example, differential 

distribution of CD19+CD10+CD27+ subsets (e.g., CD19+CD21+IgG-

CD27+CD10+CD20+ and CD19+ CD21+IgG+CD27+CD10+CD20+, which are lower in 

HIV vs. healthy controls; Appendix B, Supplementary Table S4) may indicate GC-

founder B cells; dysregulation in these subsets can be attributed to the destructive 

effects of HIV infection on GC integrity (322). Similarly, the CD19+CD21-IgG-CD27-

CD10+CD20+ immunophenotype, which is increased in HIV and SLE (Appendix B, 

Supplementary Tables S4 and S5), may represent a transitional B-cell subset. Of note, 

a similar subset was identified by Suryani et. al., who defined a transitional B-cell 

subset, CD20+CD10+CD27-CD21-, that produced polyreactive Abs (323). In our 

evaluation, this immunophenotype was also substantially elevated in HIV compared to 

SLE (Appendix B, Supplementary Table S6); this finding further supports the 

conclusion that HIV induces more extensive dysregulation of the humoral immune 

response. Altogether, the extensive changes to the distribution of B-cell subsets that we 

observed likely create a profound impact on the resultant humoral immune response. In 

the context of this altered immunological milieu, the expansion of atypical subsets may 

result from the activation of B cells that are rarely recruited into the humoral immune 

response, with the consequent elicitation of rare and atypical Abs. Further 

characterization of the immunophenotypic space, as defined by high-throughput 

analyses such as flowType, could therefore be useful in defining the impact of B-cell 

dysregulation in infectious and autoimmune diseases.  
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Despite the similarities observed at the immunophenotypic level, serological 

analyses revealed starkly different reactivity profiles in HIV and SLE in which, similar to 

bNt Abs, the auto- and poly-reactivity profiles of chronic HIV sera depended on their 

assay conditions. Here, an indiscriminate polyreactivity profile is observed across all 

serum groups in the absence of a blocking agent in the ELISA protocol (Figure 3.4), 

suggesting that auto- and poly-reactivity, under these conditions, may not accurately 

reflect aberrant immunological process and/or broken tolerance. However, with the 

addition of blocking agents, polyreactivity was greatly reduced in all sera, with HIV+ sera 

exhibiting reactivity to HIV-associated antigens mostly (gp120, gp41, 2F5 peptide, 4E10 

peptide; Figure 3.4A); this was in agreement with reactivity profiles for a previous set of 

HIV+ cohorts (Figure 3.4B) and illustrates a focused antigen-specific serological profile 

for the HIV+ sera. Moreover, despite serum reactivity against 2F5 and 4E10 peptides 

under stringent assay conditions, the sera in Figure 3.4A did not exhibit polyreactivity 

against autoantigens. Under these restrictive assay conditions, SLE sera bound almost 

exclusively to the autoantigen, dsDNA, as well as cell lysate and a general absence of 

polyreactivity was observed for the healthy-control sera. Thus we conclude that Ab 

reactivity patterns obtained under blocking conditions more faithfully reflect true 

physiological reactivity than serum dilution in water, and further support the conclusion 

that Ab responses during chronic HIV infection are not abnormally auto- or poly-reactive, 

but are predominantly antigen-driven. 

Although atypical immunogenetic features have been described in bNt Abs, Abs 

in HIV and other chronic infections (141), the contribution of different functional B-cell 

compartments to this phenomenon has been unclear. In this report, increases in SM 

levels were evident in the B-cell repertoire in the HIV+ cohort and these were primarily in 
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the antigen-experienced memory B-cell and plasmablast populations (Figure 3.7 and 

Table 3.4). As previously described for SLE (reviewed in (324)), the aforementioned 

expansion of activated-memory B cells and plasmablasts coupled with increased SM 

levels may partially contribute to the low-level poly- and auto-reactivity observed in the 

HIV Ab response (Figure 3.4). Further immunogenetic perturbation was illustrated by 

increased IGVH1-69 gene-usage in the classical IgG- naïve, subset of the HIV+ cohort 

(Figure 3.6a), which was associated with an increase in the IGHV1-69 51p1 idiotype in 

the IgG+ serum fraction (as identified by the G6 MAb) of most HIV+ individuals, but was 

not observed in any of the SLE or healthy-control individuals (Figure 3.5).  Notably, we 

previously observed similar results from a separate set of HIV+ cohort sera obtained 

from 3 different study sites (276).  

Similarly, we also observed an increase exVHs encoded by the germline IGHV4-

34 gene segment in the IgG- and IgG+ “naïve” B cell subsets and among plasmablasts 

of HIV+ individuals compared to their healthy controls (Figure 3.6B). This increase in 

IGVH4-34 germline gene usage correlates with the elevation in IGHV4-34-encoded 

serum Abs in HIV recently reported for the 9G4 anti-idiotype MAb (288, 312). 

Interestingly, this assay was developed to evaluate 9G4 binding (9G4+) B-cell clones 

and Abs, which are characteristically increased in SLE and are classically associated 

with autoimmunity (325). Despite convergence in the expansion of 9G4+ B cells in HIV 

and SLE, however, in vitro assays illustrated that Abs from 9G4+ B cells from HIV+ 

individuals were HIV-specific, whereas those from SLE were specific for autoantigens 

(312); these findings further illustrate similarities driven by different antecedent 

conditions. Importantly, although 9G4+ B cells are present in the naïve B-cell repertoire 

in healthy individuals as well, they are censored from the GC, and thus restricted from 
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taking part in the humoral immune response under normal conditions (288). Yet, in HIV 

infection, the presence of the IGHV4-34 idiotype is associated with serum neutralization 

activity (288). Therefore, the increased usage of the IGHV4-34 germline gene among 

naïve B cells and plasmablasts, and of the IGHV1-69 germline gene in naïve B cells 

during HIV infection, and the elevated expression of the IGHV1-69 51p1 idiotype in IgG+ 

serum Abs of HIV+ individuals, potentially underscores a fundamental shift in the B-cell 

repertoire at several levels during chronic HIV infection, starting with the naïve subsets. 

Overall, the increase of these idiotypes in the antigen-experienced compartment may 

also reflect the recruitment of rare B-cell clones due to the ablation of naïve cells 

through hyperactivation, or preferential selection by HIV antigens. Whereas these 

immunogenetic features align with those described in some bNt Abs, the conservation of 

CDR-H3 length observed in this report does not. As mentioned, however, not all bNt 

Abs bear long CDR-H3 loops and the widespread occurrence in these particular Abs 

may be due to more fine-tuned antigen-driven processes that are yet to be defined. In 

addition, enrichment for Abs bearing the long CDR-H3s and very high levels of SM that 

are characteristic of HIV-Nt Abs, and chronic HIV Abs in general (141), may be 

restricted to the HIV-antigen-specific subset within the B-cell compartment, as observed 

by Scheid et al. (326); this subset was not isolated or tested in our study.   

Immunogenetic analysis of the B-cell repertoire in SLE is currently underway and 

we anticipate that these data will bear a similar profile to that observed in HIV infection 

with: (i) unchanged CDR-H3 length; and (ii) increased SM levels across several B-cell 

compartments. These expected results are based on previous findings in which the 

evaluation of IgM Abs in SLE and HIV, compared to healthy controls, revealed that 

CDR-H3 length was conserved among all groups (327). Moreover, this study illustrated 
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that the CDR-H3 loops in classical IgG- naïve and class-switched IgG+ memory B-cell 

repertoires in HIV were unchanged (327). These findings agree with our data showing (i) 

similar CDR-H3 lengths observed between IgM Abs from healthy controls and the HIV 

Nt Ab m66 (276) and (ii) conserved CDR-H3 length across all putative B-cell subsets 

(Figure 3.8). Taken together, these observations indicate that perturbations in CDR-H3 

length in B-cell repertoires in SLE are unlikely. Likewise, in SLE, increased SM levels in 

the Ab response (328), particularly in the memory B-cell repertoire (324), have been 

characterized, and thus, increased SM levels will also likely be observed in our 

analyses.  

It is important to note that although the immunogenetic analyses outlined in this 

report are informative of perturbations on a global level, biases in the data may exist 

due to differences in sample-collection method; whereas HIV+ blood samples were 

collected by leukapheresis, only 60 ml of blood was collected from the SLE and both 

healthy-control cohorts. Thus, sorted B-cell subpopulations from healthy controls were 

significantly smaller than those collected from HIV+ individuals resulting in greater 

sequencing depth of VH genes from the HIV+ cohort. In addition, due to the relatively low 

number of subjects per cohort, the power of the statistical analyses may be diminished, 

thus obscuring significant differences in the immnunogenetic as well as 

immunophenotypic data. In this regard, future analyses of the immunological features 

probed in this study in larger cohorts may reveal further disparities between HIV, SLE 

and healthy controls.  

In summary, the data presented in this report demonstrate that the chronic 

phase of HIV infection results in distinct modulation of immunophenotypic, 

immunogenetic and serologic features of the humoral immune response. Our data 
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illustrate that the chronic-type serum Abs we observed likely did not arise from a breach 

in immunological tolerance, but were elicited by antigen-selection processes that may 

target rare B cells that are aberrantly expanded. Furthermore, whilst there were some 

similarities present between B-cell responses during chronic HIV infection and SLE 

disease, we conclude that this convergence is most likely driven by independent 

immunological mechanisms. Although a breakdown in immunological tolerance may 

precede and trigger SLE (329), some of the features of the humoral response that are 

observed during this autoimmune condition are likely due to antigen-driven B-cell 

hyperactivation, akin to that observed during HIV infection. Consequently, cytometric 

and immunogenetic perturbations in the two cases converge while differences in their 

etiologies are reflected by the specificities of the serum-Ab response, and possibly the 

extent of B-cell dysregulation.  

It is tempting to speculate that the congruence between HIV and SLE may also 

be represented by the phenomenon of epitope spreading, which is characterized by the 

evolution of the Ab response from targeting immunodominant epitopes to the 

emergence of new Ab specificities against sub-dominant and “immunorecessive” 

epitopes (330). This occurrence is well characterized in SLE (142) and similar to that 

observed in the chronic stages of HIV, during which an increase of Nt Ab breadth occurs 

with the shift in targeted epitopes (146). In this regard, due to the difference in antigenic 

determinants driving the SLE- and HIV-associated immune responses, the emergence 

of polyreactivity and occurrence of epitope spreading in SLE exacerbates autoAb 

responses, whereas in HIV, it may enhance the ability to develop Abs exhibiting 

specificity to the conserved viral epitopes. Of note, although the emergence of new Ab 

specificities likely indicates the recruitment of new B-cell clones into the humoral 
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immune response as the HIV infection progresses, the exact mechanism by which 

epitope spreading occurs in this chronic setting is not clearly understood. Nevertheless, 

in addition to the proposed role of the altered immunological microenvironment, the 

occurrence of epitope spreading may further describe the immunological process by 

which bNt Abs responses eventually develop. Therefore, the collective emergence of 

these features in the chronic phase of infection suggests that successful elicitation of 

bNt Abs would require recapitulation of the chronic infection milieu along with epitope 

spreading. In line with these conclusions, future studies probing immunogenetic features 

in the context of immunophenotypic aberrancies would further define the chronic phase 

of the Ab response as well as define mechanisms by which chronic type Abs and 

epitope spreading occur. Notably, analyses of the evolution of these features within HIV+ 

individuals eliciting bNt Ab responses would significantly advance determination of the 

role played by the immunological processes described here. 
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4.1. Abstract 

The humoral response against persistent antigen (e.g., during a chronic viral 

infection) is characterized by the emergence of ‘chronic-type’ antibodies (Abs) with 

unique features, along with functional and immunogenetic perturbations to B-cell 

subsets. Notably, broadly neutralizing Abs bearing these features emerge during the 

chronic phase of HIV infection, and can confer protection against viral challenge in 

animal models; thus, these Abs are a key focus of vaccine-design efforts. Taken 

together, B-cell dysregulation, chronic immune activation, and the unusual features of 

chronic Abs represent a poorly defined phase of the humoral immune response that is 

distinct from the well-characterized innate-like, early-induced, and adaptive phases that 

precede it. In this study, we sought to define the ‘chronic-type Ab’ response using a 

persistent-antigen stimulation model in which mice were repeatedly immunized with a 

virus-like particle (VLP), the filamentous bacteriophage, f8-��ǻ���7ZR�GD\V� IROORZLQJ�D�

single immunization, we observed an early “burst” of IgM and IgG Ab secreting cells 

(ASCs) followed by a second wave of IgG ASCs at Day 9. Over the course of 11 

immunizations, IgM and IgG ASCs increased up to the fifth immunization along with 

serum Ab titers; however, following this, perturbations emerged, such as a decrease in 

ASCs and serum Ab response. Notably, immunogenetic perturbations, as reflected by 

phage-specific B-cell Abs, were absent throughout the course of the study. Altogether, 

although these preliminary findings only partially replicated the chronic-type humoral 

response, this study outlines a model that can be used to drive and track the 

development of chronic-type Abs against this VLP.  
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4.2. Introduction 

The humoral immune response is classically divided into three distinct phases: 

innate-like, early-induced, and adaptive (78); all these phases are mediated by plasma 

cells that differentiate from distinct B-cell subsets. The earliest phase, as characterized 

in mice, features B-1a cells, which are located in the pleural and peritoneal cavities, and 

that constitutively secrete low-affinity polyreactive “natural antibodies (Abs)” bearing 

long CDR-H3s and minimal SMs; B-1a cells participate, primarily, in mucosal immunity 

(reviewed in (331, 332)). The second phase, the early-induced B-cell response, is 

mediated by B-1b cells, and marginal-zone (MZ) B cells, which respond to blood-borne 

pathogens. These extrafollicular B cells respond quickly to antigenic stimulation by 

secreting low-affinity Abs that typically have reduced SM levels and contribute minimally 

to immunological memory (86, 333). The B-1 and MZ B-cell subsets are responsible for 

bridging the gap between innate and adaptive immunity and rapidly respond to T-cell 

independent (TI) antigens (Agns), which are typically non-protein and bear highly 

repeated epitopes (89, 334); TI Agns can be further sub-divided into TI-1 and TI-2 Agns. 

TI-1Agns (e.g., lipopolysaccharide (LPS)) activate B cells through conserved pathogen-

associated molecular patterns independently of the B-cell receptor, whereas TI-2 Agns 

trigger cross-linking of B-cell receptors as well as activation through the conserved 

molecular patterns (80). The third phase of the humoral immune response, adaptive 

immunity, is mediated by B-2 cells, which typically circulate through lymphoid follicles 

and respond to protein Agns in a T-cell dependent (TD) manner. Upon antigen-induced 

activation, B-2 cells leave the follicle to mature into short-lived plasma cells in an 

extrafollicular focus with some clones returning to the follicle with their cognate CD4+ 

helper-T cell, where they collaborate to form a germinal center (GC). GC B cells 
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differentiate into: (i) class-switched memory B cells; (ii) short-lived plasma cells that 

home to the periphery and secondary lymphoid tissues; and (iii) long-lived plasma cells 

that home to the bone marrow, and possibly the mucosa. GC responses are the 

hallmark of the adaptive B-cell response and involve isotype switching, SM of 

expressed-Ab genes and affinity maturation (viz., the antigen-based selection of high-

affinity clones) that gives rise to high affinity serum Ab responses (reviewed in (99, 

100)).  

In addition to these phases, however, the presence of persistent Agn (e.g., 

during a chronic infection) results in the emergence of distinctive features in the humoral 

immune response. In humans, this is exemplified in the chronic phase of HIV infection, 

and other viral infections, during which Abs emerge that exhibit high levels of SM, long 

CDR-H3 loops and an overrepresentation by certain germline VH gene segments, such 

as IGHV1-69 (141). Notably, these features were initially characterized in broadly (b) 

neutralizing (Nt) Abs, which emerge during the chronic phase of HIV infection (335, 

336); these Abs are the subject of intense investigation for HIV-vaccine design given 

that they have been shown to confer protection from viral infection in animal-challenge 

models (10, 12, 14, 15, 221, 290). In addition, changes to the humoral immune 

response occur during chronic infection including dysregulation of the cytokine 

microenvironment, and of B-cell homeostasis, as reflected by perturbations, such as 

expansion of tissue-like memory (“exhausted”) B cells observed in HIV, HCV, and 

malaria where it is endemic (200, 296, 337). Taken together, the ubiquity of these 

features among chronic infections suggests a fourth, previously undefined, chronic 

phase of the humoral immune response, which is driven by Agn persistence and chronic 

immune activation. Taking into account the changes to the humoral response milieu in 
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the chronic stage of infection, this phase and in particular the nature of the contributing 

B-cell response that leads to the elicitation of the atypical, chronic-type Abs is not well 

understood. Thus, insights into factors controlling the development of the chronic phase 

of the humoral immune response in general, could be instructive in determining the 

immunological processes driving the emergence of chronic-type Abs and importantly, 

bNt Abs. 

Here, we track the three phases, and suggest a fourth phase, of the humoral 

immune response in a murine model using as immunogen a filamentous bacteriophage 

virus-like particle (VLP). As shown in Appendix C, Supplementary Figure S1, the 

phage surface comprises ~2700 copies of the major coat protein, pVIII, in a closely 

packed, shingled pattern that forms the body of the virion capsid, whereas, at 5 copies 

each, the minor coat proteins form the tips of the filament, with pIII, and pVI at one end, 

and pVII and pIX forming the other end (338). The inset in Appendix C, 

Supplementary Figure S1 depicts the N-terminal ~12 residues of pVIII as being 

surface-exposed, and identical positions on nearest neighbor pVIII monomers as being 

~27 Å apart. For the study described here, we used the engineered phage variant, f8-

�ǻ���ǻ�), from which the immunogenic N1 and N2 outer domains of the pIII minor coat 

protein were removed to create a VLP whose entire surface comprises the N-terminal 

12 residues of pVIII (339). Thus, the main immunogenic determinants of WKH�ǻ��SKDJH�

comprise the exposed N-terminal region of pVIII, along with Escherichia coli (E. coli) 

LPS, which associates with the viral capsid during assembly in the bacterial inner 

membrane (340)�� 7KH� ǻ�� 9/3� LPPXQogen was expected to trigger both TI and TD 

responses, due to the closely packed structure of pVIII, associated LPS (341) and T-cell 

epitopes (342), making it ideal for our purposes of tracking the immune response from 
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the innate-like to chronic stage of the humoral immune response. These analyses were 

focused on plasma cells and antigen specific B cells; the former were identified based 

syndecan-1 (CD138) expression which is widely used to identify plasma cells or 

plasmablasts which are committed to terminal differentiation(343) whereas the latter 

were identified using the aforementioned pVIII-peptide in concert with the CD19 pan B-

cell marker.  

8SRQ�D�VLQJOH� LPPXQL]DWLRQ�ZLWK�ǻ���DQ� LQFUHDVH� LQ�$b secreting cells (ASCs) 

(as identified by in vitro secretion of Ab by CD138+ cells in enzyme-linked 

immunosorbent spot (ELISPOT) assays), was observed on Day (d)2 post-immunization 

(p.i.). Phage-specific ASCs were present at this initial wave as well, which was followed 

by a second ASC ‘burst’ between d7 and d9; these responses were accompanied by 

increases in phage-specific IgM and IgG serum Ab titers. Similar analyses were 

performed following a long-term hyperimmunization strategy that was designed to mimic 

Agn persistence. A peak in phage-specific ASCs was observed after the fifth 

immunization, and was followed by a steady decline to no Ig-secreting ASCs by the 

eleventh immunization. Taken together, theVH�REVHUYDWLRQV� LQGLFDWH�WKDW� WKH�ǻ��SKDJH�

immunogen likely triggers an early TI response, based on the generation of ASCs as 

early as d2, which gives way to a non-TI-1 response that is suggested by the relatively 

delayed kinetics of the second burst at d9. Moreover, the waning number of ASCs 

during the later immunizations indicates the emergence of a refractory CD138+ cellular 

compartment akin to the “exhausted” B cells observed in chronic infections. Preliminary 

immunogenetic characterization of pVIII-peptide specific B cells isolated over the course 

of hyperimmunization indicated clonal expansions occurred, but without concomitant 

increases in SM levels or CDR-H3 length; thus, we surmise that this model may 



 

118 

recapitulate some, but not all of the features of the chronic humoral response, and that 

the TD aspect of the humoral response to persistent phage immunization may be weak. 

Nevertheless, this study offers a means of tracking a straightforward humoral immune 

response through the distinct phases of the B-cell response, thus allowing a preliminary 

description of its evolution and characteristics. 

4.3. Materials and methods 

4.3.1. Mice and immunizations 

Female 5 week-old BALB/c mice (Charles River Laboratories, St. Constant, QC) 

were housed at the Simon Fraser University (Burnaby, BC) Animal Research Centre 

and all animal studies were performed in accordance with protocols approved by the 

University Animal Care Committee. CsCl-SXULILHG�ǻ��SKDJH�ZHUH�SUHSDUHG�DV�GHVFULEHG�

in (339); due to excision of the N1 and N2 domains of the immunodominant pIII minor 

coat protein in this variant, the immune response is focused on the N-terminal 12 

residues of pVIII. At 6-8-weeks’ age mice (n=30) were immunized once via 

VXEFXWDQHRXV�LQMHFWLRQ�DW�WKH�KLQG�IODQN�ZLWK�����ȝ/�3%6�FRQWDLQLQJ����ȝJ�&V&O-purified 

phage (8.5 x 1011 virions) or 15 Pg E. coli LPS (Fluka, Buchs, Switzerland). For the 

hyperimmunization arm of the study, a second group of mice (n=16) was immunized bi-

ZHHNO\�IRU���PRQWKV�ZLWK�����ȝ/�3%6�FRQWDLQLQJ����ȝJ�&V&O-purified phage (3.4 X 1011 

virions) via subcutaneous injection; exogenous adjuvant was not used in these studies. 

4.3.2. Sample collection and processing 

In order to maximize sample collection for the downstream analyses outlined 

below, animals that were killed at each time point in this study had their peripheral blood 
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mononuclear cells (PBMC) pooled, whereas purified mononuclear splenocytes were 

analysed from individual animals. In the single-immunization arm, euthanasia was 

carried out at d2, d4, d7, d9 and d30 p.i. under CO2 anaesthesia; final bleeds were 

collected by cardiac puncture followed by splenectomy (Figure 4.1). A 50-ȝ/�DOLTXRW�RI�

blood from final bleeds was set aside for serological analysis, with the remainder 

�DSSUR[�� ���� ȝ/� SHU� PRXVH�� EHLQJ� XVHG� IRU� 3%0&� LVRODWLRQ�� 6LQJOH-cell suspensions 

from the samples were prepared in supplemented RPMI [RPMI-1640 media containing 

����8�P/�SHQLFLOOLQ�����ȝJ�P/�VWUHSWRP\FLQ������ȝ0��-mercaptoethanol (Sigma-Aldrich, 

St. Louis, MO)] and 5% (v/v) fetal bovine serum (FBS) (Gibco, Rockville, MD). Samples 

from hyperimmunized animals were collected 2 weeks (d14) after the priming 

immunization and every 4 weeks thereafter, as depicted in (Figure 4.1). Blood and 

spleen sample collection were performed as described for the single immunization. 

 
Figure 4.1. Immunization schedule for the single immunization and 

hyperimmunization series. 
In the single immunization (inset), female BALB/c mice were immunized subcutaneously with 25 
ȝJ�&V&O-purified phage, after which blood and spleens were collected on Days 2, 4, 7, 9 and 30 
post-immunization (blue arrows). A separate group of female BALB/c mice received bi-weekly 
immunizations of 10 ȝJ�&V&O-purified phage; blood and spleen samples mice were collected at 
Week 2 and every 4 weeks thereafter (blue arrows). Sample collection for the hyperimmunization 
therefore reflects immune responses at 1’, 3’, 5’, 7’, 9’ and 11’. 
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4.3.3. CD138+- and pVIII peptide-specific B-cell enrichment 

Lymphocytes from individual spleens and pooled blood from each time point 

were isolated using density centrifugation in Lympholyte®-M cell separation (Cedarlane, 

Burlington, ON) as described by the manufacturer. Cells were resuspended in 

supplemented Hank’s buffered saline solution (HBSS; Lonza, Walkersville, MD) [HBSS 

supplemented with 5% FBS (v/v)] at 1x106 FHOOV�SHU�����ȝ/��DQG�VWDLQHG�LQ�WKH�GDUN�IRU�

30 minutes at 4°C with: (i) CD138-phycoerythrin (PE); or with (ii) CD19- allophycocyanin 

(APC) (BD Bioscience Pharmingen, San Jose, CA) and (iii) the biotinylated pVIII 

peptide [NH3
+-AEGDPAKAAFDSLQ-(biotin)Orntihine-GC-NH2] (GL Biochem, Shanghai, 

China) complexed with streptavidin-APC-Cy7 conjugate (BD Bioscience Pharmingen). 

Subsequently, cells were washed twice and resuspended in supplemented HBSS at 

1x106 cells/ mL. For each set of samples, an unstained control was used as a negative 

control for background fluorescence. Flow cytometry was performed using a FACSAria 

instrument (BD Bioscience, San Jose, CA), where CD138+ and CD19+pVIII peptide+ B 

cells were gated and sorted into FBS for ELISPOT assays and RNA extraction.  

4.3.4. ELISPOT analysis 

Wells of MultiScreen-,3� )LOWHU� 3ODWHV�� ����� ȝP� (/,6327� SODWHV� �0LOOLSRUH��

%LOOHULFD��0$��ZHUH�FRDWHG�ZLWK���ȝJ�P/�DQWL-IgG Ab or anti-IgM Ab (Sigma-Aldrich) or 

with CsCl-purified phage at 1x106 SKDJH�SDUWLFOHV��ZHOO� LQ����ȝ/����M NaHCO3, pH8.6. 

After overnight incubation at 4°C, wells were aspirated, then blocked using PBS 

containing 3% FBS (v/v) for 30 minutes at 37°C. Next, wells were aspirated and washed 

ZLWK�3%6�EHIRUH� VRUWHG�&'�����FHOOV�� UHVXVSHQGHG� LQ����ȝ/ of supplemented RPMI, 

were plated in duplicate; this was followed by centrifugation at 500xg for 5 minutes and 
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transfer to a humidified, 5% CO2 incubator at 37°C for 2 hours. Wells then received 50 

ȝ/� �� ȝJ�P/� DONDOLQH� SKRVSKDWDVH� �AP)-conjugated goat anti-mouse IgG or IgM 

secondary Ab (Sigma-Aldrich) with overnight incubation in a humidified, 5% CO2 

incubator at 37°C. Wells were then washed 3 times with PBS containing 0.1% (v/v) 

7ZHHQ� ��� �*(� +HDOWKFDUH�� 3LVFDWDZD\�� 1-�� DQG� GHYHORSHG� XVLQJ� ���� ȝ/�ZHOO� ����

mg/mL 5-bromo-4-chloro-3-inodyl phosphate p-toluidine salt solution (BCIP) (Thermo-

Scientific, Rockford, IL) dissolved in dimethyl formamide (Anachemia Science, 

Richmond, BC) at 10 mg/mL and AMP buffer [9.58% 2-amono 2-methyl-1-propanol 

(Fluka), 1 mM MgCl2 (EMD Chemicals, Gibbstown, NJ), 0.01% (v/v) Triton-X-405 

(Sigma-Aldrich), pH 9.8]. Plates were incubated at room temperature on a see-saw-

rocker until blue spots appeared; reactions were then stopped by washing wells with 

double-deionized water. Spots were counted using the AID ELISPOT reader classic 

(Autoimmun Diagnostika GmbH, San Diego, CA) at the Child and Family Research 

Institute, Vancouver, BC. Statistically significant differences were calculated using 

Student’s t tests in MS Excel.  

4.3.5. ELISA 

Serological analyses were carried out on titrated sera as described in (339). 

Briefly, wells of EasyWash microtiter plates/ 96 well plates (Corning Inc., Corning, NY) 

were coated with 2x1010 SKDJH�SDUWLFOHV�LQ�7%6�RU�ZLWK�7%6�FRQWDLQLQJ���ȝJ�VWUHSWDYLGLQ�

(Sigma-Aldrich) and washing in TBS and the addition of 200 ng biotinylated pVIII 

SHSWLGH� LQ� 7%6�� $IWHU� DQ� KRXU� LQFXEDWLRQ� DW� URRP� WHPSHUDWXUH�� ZHOOV� UHFHLYHG� ��� ȝ/�

pooled sera from two mice diluted at 1:100 in TBS. Bound serum IgM was detected 

using AP-conjugated goat (anti-mouse IgM) secondary Ab (Sigma-Aldrich) incubated at 

room temperature for 45 minutes followed by six washes in TBS containing 0.1% (v/v) 
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Tween-20 (TBST) and the addition p-nitrophenyl phosphate (pNPP) substrate (Sigma-

Aldrich), whereas bound serum IgG Ab was detected using horseradish peroxidase 

(HRP)-conjugated goat (anti-mouse IgG) secondary Ab (Thermo-Scientific) followed by 

six TBST washes, and the addition of 2,2ƍ-Azino-bis(3-ethylbenzothiazoline-6-sulfonic 

acid) (ABTS; Sigma-Aldrich). The OD405-490 of each well was read using a VersaMax 

tunable ELISA plate reader (Molecular Devices, Sunnyvale, CA). Note that for the single 

immunization, the serum Ab levels are reported as OD values and not titers. In order to 

conserve blood samples for the cellular isolation for ELISPOT and sequencing analyses, 

only a small volume (50-ȝ/ aliquots) was collected at each sample point and as a result, 

a fixed dilution was used as opposed to serial dilutions, which would have been used to 

generate titration curves. Statistically significant differences were calculated using 

Student’s t tests in MS Excel. 

4.3.6. RNA extraction and cDNA synthesis 

Total cellular RNA was extracted from sorted cells using 96 RNEasy Mini Kits 

(QIAGEN, Carlasbad, CA) following the manufacturer’s instructions, eluted in 30 ȝL 

RNase-free TE buffer (Ambion, Austin, TX), and stored at -80°C. First-strand cDNA 

libraries were reverse transcribed from 16 ȝL RNA at 42°C for 45 minutes with a 

combination of random hexamer and oligo(dT) primers using QScript cDNA supermix 

(Quanta Biosciences, Gaithersburg, MD), then stored at -20°C. 

4.3.7. Construction of VH amplicon libraries 

Amplification of expressed VH (exVH) genes was carried out as previously 

described (344) with some modifications. First-round PCR was performed using custom 
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17 forward (5’) and 4 reverse (3’) internal primers (Integrated DNA Technologies 

(Coraville, IA) listed in Appendix C, Supplementary Table S1. First round PCRs were 

conducted in 50-Pl reaction volumes containing 5Pl 10X FastStart PCR buffer (Roche, 

Germany), 10 PM pooled dNTPs (Roche), 2 PM of each primer, 2 Pl cDNA template, 

32.75 Pl H2O, and 0.5 Pl FastStart High Fidelity PCR System (Roche). Reaction 

mixtures were cycled on a GeneAmp 9700 thermal cycler (Applied Biosystems) as 

follows: (i) 2 min at 95 °C; (ii) 38 cycles of [30 seconds at 95 °C, 30 seconds at 55 °C, 30 

seconds at 72 °C] and (iii) 7 min at 72 °C. Products were visualized by separation in a 

1.2% (w/v) agarose gel run in tris-acetate-EDTA (TAE) buffer. Subsequently, PCR 

products were excised from the gel (~450bp band) and gel purified using the GeneJet 

Gel Extraction Kit (Thermo Scientific) according to the manufacturer’s protocol. 

Amplicons were then indexed in preparation for sequencing in a second-round 

PCR using 25-Pl reaction volumes containing 2.5 Pl 5X PCR FastStart buffer, 10 PM 

pooled dNTPs, 2.0 PM of each primer (see Appendix C, Supplementary Table S2 for 

list of primers), 1 Pl purified first-round PCR product as template, 0.25 Pl FastStart 

Taq, and 19.75 Pl H2O. The reaction mixture was cycled in a GeneAmp 9700 thermal 

cycler as follows: (i) 2 min at 95 °C; (ii) 20 cycles of [30 seconds at 95 °C, 30 seconds at 

60 °C, 30 seconds at 72 °C] and; (iii) 7 min at 72 °C. PCR products were then processed 

stepwise: the amplicon was initially purified using the PureLink PCR Purification Kit (Life 

Technologies, Carlsbad, CA) according to the manufacturer’s instructions, and resolved 

on a 1.2% (w/v) agarose gel. Next, the ~500-bp band was excised and purified using the 

GeneJet Gel Extraction Kit as described. Lastly, this product was further purified using 

AMPure XP-PCR purification magnetic beads (Beckman Coulter, Pasadena, CA) 

following the manufacturer’s protocol. 
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4.3.8. Cloning and Sanger Sequencing 

Purified VH amplicons were blunt-end ligated into the pJET1.2 vector at a 1:3 

molar ratio using the CloneJET PCR Cloning Kit (Fermentas, Burlington, ON). Ligations 

were incubated at room temperature for 30 minutes and then extracted with 1 volume of 

chloroform:isoamyl alcohol 24:1 (Sigma-Aldrich) prior to transformation of E. Coli 

MC1061 cells via electroporation using Bio-Rad Gene Pulsar (345). Single colonies 

were picked from LB agar plates containing 100 µg/ml of ampicillin (Sigma-Aldrich) then 

plasmid DNA isolated from 2mL LB/ ampicillin overnight cultures using the GenElute 

Plasmid Miniprep Kit (Sigma-Aldrich) and commercially sequenced by Eurofins MWG 

Operon (Huntsville, AB). Sequence data analysis was carried out using 

IMGT/HighVQUEST (305). 

4.3.9. Illumina MiSeq Sequencing  

Library DNA was quantitated using a dsDNA broad range assay on the Qubit 2.0 

fluorometer (Life Technologies), and sequenced using a 500-cycle reagent kit on a 

MiSeq instrument (Illumina, San Diego, CA) therefore generating 250 bp paired end 

reads. Clusters were quality filtered using the Illumina Miseq default chastity filter-

setting. Full-length VH reads passing quality filtering were analyzed using 

IMGT/HighVQUEST (305). 
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4.4. Results 

4.4.1. 6LQJOH�LPPXQL]DWLRQ�ZLWK�ǻ��SKDJH�HOLFLWV�WZR�GLVWLQFW�
waves of ASCs.  

The kinetics of ASC frequencies in the blood and spleen after a single 

immunization were determined in vitro by ELISPOT assay using FACS-sorted CD138+ 

cells. Blood-derived ASCs were observed as early as d2 p.i. and were dominated by 

cells secreting Abs that were not specific for whole phage (non-phage specific ASCs; 

Figure 4.2). While total IgM and IgG ASCs were roughly similar in number at this early 

time point, a larger proportion of IgG ASCs secreted phage-specific Abs than IgM ASCs; 

this difference persisted throughout, except at the final d30 time point (Table 4.1). Thus, 

two waves of ASCs appeared during the 30 days; a largely IgM-ASC peak occurring at 

d4 and an IgG-ASC peak at d9 (Figure 4.2); surprisingly, this latter peak was dominated 

by non-phage specific ASCs. Phage-specific IgM ASCs remained rather low, but 

comprised 44.5% of total IgM ASCs at their peak (d9; Table 4.1), whereas phage-

specific IgG ASCs were relatively increased, peaking on d4 at 75.6% of total IgG ASCs; 

both phage-specific populations had fallen precipitously by d30, whereas non-phage 

specific IgG ASCs remained high, even at 30 days.  

In contrast, splenic ASCs were lower in number than blood-derived ASCs 

throughout the 30-day course, but they were comparable in the proportions of phage-

specific ASCs, with both IgM and IgG ASCs following the kinetics of their PBMC 

counterparts (Figure 4.2 and Table 4.1). The rapid kinetics of the response to phage 

immunization likely reflects an early-induced, TI response supported by both TI-1 and 

TI-2 mechanisms, from the LPS mitogen present on the phage coat, and from B-cell 
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receptor cross-linking mediated by the close proximity of pVIII molecules comprising the 

phage coat, respectively (346-349).  
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Figure 4.2. Antigen specificity of IgM and IgG ASCs following a single 

VXEFXWDQHRXV�LPPXQL]DWLRQ�ZLWK����ȝJ�SKDJH� 
(/,6327�ZHOOV�ZHUH�FRDWHG�ZLWK����ȝJ�JRDW�DQWL-mouse IgM or goat anti-mouse IgG or 1u1010 
phage particles per well, and used to probe CD138+ cells isolated from pooled blood (n=6) and 
individual spleens (n=6) from samples collected at the indicated time points. Non-phage specific 
ASCs (blue) are counted as the difference between total ASCs and phage-specific ASCs (red). 
Each column represents the average of two independent experiments with all analyses 
performed in duplicate. Preimmune mice bore too few cells to sort and plate. Error bars represent 
standard error of the arithmetic mean and braces indicate differences between days that are 
statistically significant. *p-value <0.05; **p-value <0.01 calculated using Student’s t tests 
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Table 4.1. Phage-specific ASCs as a percentage of CD138+ IgM- and IgG-
secreting cells from the blood and spleen after a single 
immunization  

 

   

Number of spots/ 100000 cells % Phage-
specific cells 
per total IgM 
or IgG ASCs 

 

IgM IgG 

 

Sample 
collected  

cells per 
well Phage Non-

Phage Phage Non-
Phage IgM IgG 

Blood 

Pre-immune 0 0 0 0 0 -* -* 
d2 12,500 809 2386 1416 1185 26.0 53.3 
d4 18,100 1225 2215 3092 883 32.1 75.6** 
d7 19,600 1631 1891 2402 2103 41.7 54.4 
d9 13,500 1215 1795 2846 10885 44.5** 22.7 
d30 12,000 285 889 245 8974 27.8 3.2 

Spleen 

Pre-immune 0 0 0 0 0 -* -* 
d2 22,500 485 484 889 640 48.3 57.9 
d4 44,300 821 766 1007 391 51.5** 71.7** 
d7 40,900 90 1117 145 1745 7.1 5.4 
d9 12,800 106 1486 263 4724 6.6 3.2 
d30 1,800 0 62 0 144 0 0.8 

* CD138+ cells were not present or very low in pre-immune blood and spleen. 
** Peak values are shown in bold. 

The involvement of a TI-1 mechanism is further supported by the observation 

that a similar, rapid response occurred in mice immunized with LPS only (Figure 4.3). 

Importantly, ASCs in both blood and spleen of LPS-immunized mice dissipated by d7, 

indicating that the response observed against phage after d7 is likely driven by a non-TI-

1 mechanism. Taken together, the ELISPOT data show two distinct waves of ASCs, 

occurring on d2-d4 and d9 p.i., which are more apparent in the blood than in the spleen.  
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Figure 4.3. Antigen specificity of IgM and IgG ASCs following a single 

LPPXQL]DWLRQ�ZLWK����ȝJ�/36. 
(/,6327�ZHOOV�ZHUH�FRDWHG�ZLWK���ȝJ�/36�DQG�XVHG�WR�SUREH�&'���+ cells isolated from pooled 
blood (n=4) and individual spleens (n=4) from samples collected at the indicated time points. 
Non-phage specific ASCs (purple) are counted as the difference between total ASCs and phage-
specific ASCs (green). Each column represents the average of samples ran in duplicate. Error 
bars represent standard error of the arithmetic mean. 

4.4.2. The early serum Ab response mimics the kinetics of ASC 
bursts. 

To further characterize the early humoral immune response to the single 

immunization, serological analysis from contemporaneous time points was performed by 

ELISA against ǻ�� SKDJH�� DQG� DJDLQVW� WKH� S9,,,� SHSWLGH�� ZKLFK� FRPSULVHV� WKH� PDMRU�

immunogenic determinant on the phage coat, besides LPS. As shown in Figure 4.4A, 

IgM serum Abs against both Agns were present in preimmune sera as well as d2 p.i., 

which are likely “natural Abs” that are constitutively secreted by B1a cells (90).  
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Figure 4.4. Serum Ab responses against phage and pVIII peptide following a 

single immunization with 25 ȝJ�SKDJH� 
ELISA wells were coated with 2X1010 SKDJH�SDUWLFOHV�RU�ZLWK���ȝJ�VWUHSWDYLGLQ�IROORZHG�E\����QJ�
of biotinylated pVIII peptide and probed with pooled sera (n=6) diluted 1:100 at indicated time 
points. (A) Serum IgM Abs were detected using an AP-conjugated goat anti-mouse IgM 
secondary and pNPP substrate and (B) Serum IgG Abs were detected using an HRP conjugated 
goat anti-mouse IgG secondary and ABTS substrate. Each sera was run in duplicate and error 
bars represent standard error of the arithmetic mean. Results are representative of two 
independent experiments and braces represent comparisons between phage and pVIII peptide 
values within the respective intervals. *p-value <0.05; **p-value <0.01 calculated using Student’s 
t tests. 
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The IgM response was dominated by phage-specific Abs that peaked at d4 p.i., 

and, similar to the blood-derived IgM ASCs, had declined by d30 p.i. In comparison, IgG 

serum Abs rose steadily from d4 through d10 p.i. (Figure 4.4B). In both instances, the 

emergence of pVIII peptide-specific Abs trailed the phage-specific ones. The significant 

increase of IgG Abs against the phage and pVIII peptide, coinciding with the second 

wave of ASCs, corroborates the emergence of a non-TI-1 wherein the Ab titers are 

potentially sustained through to d30 by long-lived ASCs in the bone marrow. See 

Appendix C, Supplementary Figure S2 for composite illustration of changes in ASCs 

and serum-Ab levels after the single immunization. Notably, due to the high OD values 

at the peak of the response, the signal may have reached the saturation point of the 

dynamic range of the pNPP and ABTS substrates used to quantify IgM and IgG Abs, 

respectively. As such, further differences at the peak of the serum-Ab response in both 

isotypes may be obscured. 

4.4.3. B-cell and serum Ab responses to hyperimmunization with 
ǻ��SKDJH� 

To evaluate the dynamics of the humoral immune response during persistent-

DQWLJHQLF� VWLPXODWLRQ�� ZH� K\SHULPPXQL]HG� PLFH� ZLWK� ǻ�� SKDJH� RYHU� eleven 

immunizations (Figure 4.1). As shown in Figure 4.5 and Figure 4.6, hyperimmunization 

elicited both IgM and IgG responses throughout the course of immunization, and as 

expected, the IgG response was more dominant in this arm of the study. The number of 

blood-derived IgM and IgG ASCs peaked by the third and fifth immunizations, 

respectively, whereas phage specificity in either isotype peaked by the fifth 

immunization (Table 4.2).  
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Figure 4.5. Antigen specificity of IgM and IgG ASCs following 

hyperimmunization wiWK����ȝJ�SKDJH� 
(/,6327�ZHOOV�ZHUH�FRDWHG�ZLWK����ȝJ�JRDW�DQWL-mouse IgM or goat anti-mouse IgG or 1u1010 
phage particles per well, and used to probe CD138+ cells isolated from pooled blood (n=2) and 
individual spleens (n=2) after the indicated number of immunizations. Approximate cell numbers 
were plated per well as indicated. Each column in the graph represents the average of samples 
ran in duplicate. Preimmune mice bore too few cells to sort and plate. Non-phage specific ASCs 
(blue) are counted as the difference between total ASCs and phage-specific ASCs (red). Braces 
represent significant differences between the total number of ASCs at the different intervals *p-
value <0.05; **p-value <0.01 calculated using Student’s t tests. 
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Table 4.2. Phage-specific ASCs as a percentage of CD138+ IgM- and IgG-
secreting cells from the blood and spleen during 
hyperimmunization. 

 

 

 

Number of spots/ 100000 cells % Phage-
specific cells per 
total IgM or IgG 

ASCs 

 

IgM IgG 

  
aSample 
collected 

cells per 
well Phage Non-

Phage Phage Non-
Phage IgM IgG 

B

Blood 

Pre-immune 0* 0* 0* 0* 0* - * -* 
1’ 5,423 1648 3430 1955 6049 32.3 24.4 
3’ 2,163 2405 5828 3608 5828 29.2 38.2 
5’ 4,943 3082 2433 6569 3082 55.9** 66.7** 
7’ 6,760 381 715 1096 763 34.8 59 
9’ 3,336 333 722 1111 889 31.6 55.6 
11’ 2,752 0b 588 0b 824 0b 0b 

S

Spleen 

Pre-immune 0* 0* 0* 0* 0* -* -* 
1’ 4,125 123 1571 484 6386 6.1 7.2 
3’ 3,781 962 2557 3451 5408 27.7 36.6 
5’ 6,992 1652 2256 3768 7100 44.1** 34.6 
7’ 9,963 1475 2877 3970 3821 33.6 51** 
9’ 7,162 1295 2239 2538 2832 36.7 46.7 
11’ 8,346 470 1257 720 2954 29.2 19.6 

aSamples were collected 2 weeks after each indicated immunization. 
bCD138+ cells were present in the blood, but did not secrete IgM or IgG Abs. 
* CD138+ cells were not present in pre-immune samples. 
** Peak values shown in bold 

Strikingly, CD138+ cells sorted from the peripheral blood exhibited diminished 

Ab secretion, with ASC counts for both isotypes being depressed after the fifth 

immunization, as was phage specificity  (Figure 4.5 and Table 4.2). Splenic ASCs 

displayed similar kinetics whereby the peak number of ASCs and phage-specific ASCs 

were observed between the fifth and seventh immunizations (Figure 4.5). Similarly, total 

and phage-specific ASCs were also diminished in the spleen by the ninth immunization, 

although phage-specific ASCs were more stable in this compartment compared to ASCs 
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from blood (Figure 4.5 and Table 4.2). Contemporaneous serological analyses revealed 

a similar profile in which serum IgM and IgG peaked at the seventh and fifth 

immunizations, respectively, and were significantly diminished by the eleventh 

immunization (Figure 4.6). Here, the IgM response was dominated by phage specific 

but not a pVIII peptide-specific response serum reactivity; presumably, this response 

was therefore driven by the LPS moieties on the immunogen or other non-specific 

(polyreactive) interactions. Collectively, these findings may reflect the emergence of 

refractory characteristics of ASCs resulting from persistent exposure to the phage 

immunogen. See Appendix C, Supplementary Figure S3 for illustration of changes in 

ASCs and sera Ab titers during the course of the hyperimmunization. 

4.4.4. Sequencing of VH from CD138+ and pVIII peptide-specific 
cells reveals generally conserved immunogenetic features and 
re-emergence of clonal recruitment over the course of 
hyperimmunization. 

To further evaluate the humoral immune response to the single and 

hyperimmunization, immunogenetic analyses were conducted using Sanger 

sequencing. As shown in Figure 4.7A, the d2 CD138+ cells exhibited vast clonal 

diversity within the IgM expressing cells, which was generally maintained at d30 p.i. 

Here, we defined clonotypes as sequences exhibiting shared VH, D and JH germline-

gene segments, and identical CDR-H3 amino-acid sequences (from Cys104 to Trp118). 

On the other hand, IgG-expressing CD138+ cells featured remarkably less clonal 

diversity with dominant clonotypes evident in d4, d9 and d30 repertoires. Analysis of VH 

family use in both isotypes also exhibited a similar trend wherein IgM Abs exhibited 

greater diversity in VH gene families used (Figure 4.7A). Altogether, these results 

indicate that IgM and IgG expressing CD138+ cells likely originate from distinct cellular 
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subpopulations as opposed to class-switching of the response from IgM to IgG. As 

expected, the IgG compartment featured a higher level of SMs than IgM regardless of 

the sample point and this supports a less innate-like origin for IgG Ab-expressing cells. 

Although this confirms that the IgG ASCs previously characterized by ELISPOT 

analyses are less likely from the early innate-like immune responses, it still does not rule 

out the presence of MZ B cells which may also exhibit SM albeit at a lower level than B2 

cells (350).  

Immunogenetic perturbations are an important correlate of the chronic humoral 

immune response and to evaluate the occurrence of such changes and other 

immunogenetic features within our model, we sequenced expressed VH (exVH) genes of 

splenic pVIII peptide-specific B cells that had been sorted from mononuclear 

splenocytes of hyperimmunized mice. Although CD138+ cells are the most immediate 

cellular correlate of serum Ab responses, these cells lack surface Ig molecules and 

therefore cannot bind the peptide; thus we evaluated the immunogenetic characteristics 

of pVIII peptide-specific B cells, so as to better reflect the dynamics of phage-driven Ab 

responses.  
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Figure 4.6. Serum Ab responses over the course of phage hyperimmunization. 
Sera from the individual mice (n=2) were obtained after the respective immunizations. Each 
serum was ran in duplicate and column graphs represent the mean from each time point against 
phage and pVIII peptide. (A) Endpoint serum IgM titers against phage and pVIII peptide were 
calculated as the serum dilution required to produce an OD of 0.5; endpoint titers were used due 
to low IgM titers in general at these time points. (B) Half-maximal serum IgG titers were 
calculated as the serum dilution required to produce 50% signal saturation. Error bars represent 
standard error of the arithmetic mean and braces represent comparisons between phage and 
pVIII peptide values within the respective intervals. **p-value <0.01 and *p-value <0.05 
calculated using Student’s t tests.  
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Figure 4.7. Immunogenetic characteristics of CD138+ cells and pVIII peptide-

specific B cells. 
A) Single immunization- CD138+ cells were sorted at the indicated days p.i. or (B) 
hyperimmunization- CD19+pVIII-peptide specific B cells were sorted from samples collected at 
the indicated immunizations from pooled blood and Sanger sequenced (see Materials and 
methods). Clontoypes were defined as sequences exhibiting shared VH, D and JH germline-gene 
segments, and identical CDR-H3 amino-acid sequences from Cys104 to Trp118. Error bars 
represent standard error of the arithmetic mean. 

First, as a reflection of clonal expansion, we analyzed the distributions of 

clonotypes. Preliminary Sanger sequencing analyses revealed that both IgM and IgG 

featured low clonal diversity after the first immunization whereas the vast clonal diversity 

was evident following the eleventh immunization (Figure 4.7B). VH gene usage followed 

a similar trend with increased diversity after the eleventh immunization and this 
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suggests clonal recruitment in the latter stages of the hyperimmunzation series. 

Likewise SM rates in either isotype were increased by the eleventh immunization as well 

but surprisingly, were similarly elevated in both IgM- and IgG-expressing cells (Figure 

4.7B). Furthermore, despite the increase over time, the SM levels were relatively low 

indicating that these pVIII peptide-specific B cells may have emerged from a TI-2, 

extrafollicular response, as they are devoid of the hallmarks of a GC reaction 

(particularly in their lack of increased SM levels). Lastly, CDR-H3 lengths were 

unchanged in either isotype at both time points and were within the average murine 

CDR-H3 length of 11.5 + 2.7 AA, p-value= 0.001 (351).  

Note that these immunogenetic analyses were exploratory and next generation 

sequencing (NGS) of CD138+ cells as well as pVIII peptide-specific B cells from all the 

time points in the single- and hyper-immunization protocols presented here are in 

progress. Currently available preliminary data from pVIII peptide-specific B-cell NGS are 

presented here and are in agreement with the Sanger sequencing results. As shown in 

Figure 4.8A, while there was little evidence of a distinctly dominant clonotype(s) after 

the third immunization, dominant clonotypes appeared after the fifth, seventh and ninth 

immunizations; a summary of the features of several of these clonotypes is listed in 

Table 4.3 below. Notably, the peak of the dominant clonotypes response was after the 

fifth immunization after which, clonal dominance declined. 
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Table 4.3. Immunogenetic characteristics of dominant clonotypes from phage-
specific splenic B cells. 

 Imm* Clonotype 

CDR-H3 (AAs) 
  Freq (% 

total 
sequence) 

VH D JH 
Sequences Length 

3’  1 CTRDYDGQSTIDYW 12 108 (5.0%) IGHV 
1-50*01 

IGHD 
2-4*01 

IGHJ 
4*01 

  2 CTRDYDGQSTMDY
W  12 69 (3.3%) IGHV 

1-50*01 
IGHD 
2-4*01 

IGHJ 
4*01 

  3 CTRRYDFDYW  8 64 (3.1%) IGHV 
6-6*02 

IGHD 
2-3*01 

IGHJ 
2*01 

  4 CAREGLRHFDYW  10 58 (2.8%) 
IGHV 
5-12-
1*01 

IGHD 
2-4*01 

IGHJ 
2*01 

5’  1 CARDGYYEGYAMD
YW 13 5,020 

(68.0%) 

IGHV 
5-6-
5*01 

UA** IGHJ 
4*01 

  2 CARSYYGRGFVYW  11 1,214 
(16.0%) 

IGHV 
1-4*01 

IGHD 
1-1*01 

IGHJ 
3*01 

7’  1 CARDEGMDYW  8 6,827 
(48.0%) 

IGHV 
7-3*02 

IGHD 
3-3*01 

IGHJ 
4*01 

  2 CARAPIYYDYGAMD
YW  14 2,471 

(18.0%) 
IGHV 
7-3*02 

IGHD 
2-4*01 

IGHJ 
4*01 

9’  1 CARGPTTVVAPFDY
W  13 2,222 

(35.0%) 

IGHV 
5-6-
5*01 

UA IGHJ 
2*01 

  2 CARDEGMDYW  8 1,039 
(16.0%) 

IGHV 
7-3*02 

IGHD 
3-3*01 

IGHJ 
4*01 

  3 CVGGPWFAYW  8 1,036 
(16.0%) 

IGHV 
1-64*01 

IGHD 
1-1*02 

IGHJ 
3*01 

* Samples from which expressed-Ab sequences were derived were collected 2 weeks after each indicated 
immunization. Note: Two mice were used for each analysis. 
** UA, unassigned 
Dominant clonotypes at each immunization indicated in bold font  

Sequence analysis of exVH gene regions also showed that the average CDR-H3 

lengths were unchanged with increasing immunizations, (mean CDR-H3 length 13.5 + 

2.5 AA, p-value= 0.001) being similar to those of normal murine Abs (11.5 + 2.7 AA, p-
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value= 0.001) (351).  Moreover, SM levels in pVIII peptide-specific B-cell repertoires 

were also low and appeared to decline during this immunization study (Figure 4.8B). 

Isotypic analysis of the dominant clonotypes revealed the presence of class-switched 

Abs at the different time points in this study; IgA and IgM dominated after the third 

immunization, whereas IgG and IgM dominated after the fifth, seventh and ninth 

immunizations, with several clonotypes involving all three Ab classes after the ninth 

immunization (Figure 4.8C). While the presence of class-switched Abs may suggest a 

TD response, these findings do not preclude TI-2 responses, given that they too have 

been shown to elicit class-switched IgA and IgG Abs in addition to IgM Abs (9, 27, 37, 

38).  

4.5. Discussion 

In this study, we describe the humoral immune response to single- and hyper-

immunization with a phage VLP in an animal model in which phage-specific B cells and 

CD138+ plasmablasts, including ASCs, were tracked in blood and spleen, along with 

IgM and IgG serum Ab responses. We show the initial two phases of the humoral Ab 

response in demonstrating pre-existing Abs and early-induced Ab responses consistent 

with a TI mechanism, whereas the third, adaptive, phase of the Ab response may be 

either a TI-2 or TD response, or a mixture of the two, given that SM levels were very low 

and appeared to decline with repeated immunization.  
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Figure 4.8. Immunogenetic characteristics of responding pVIII peptide-specific 

B cells after the third, fifth, seventh and ninth immunization. 
Splenic pVIII peptide-specific B cells were isolated by FACS after the indicated immunizations, 
and total RNA was extracted, reverse-transcribed, then amplified by PCR, and sequenced on a 
Illumina MiSeq instrument. exVH sequences were analyzed using IMGT HighV-QUEST (see 
Materials and methods). (A) Frequency distribution of clontoypes, defined as sequences 
exhibiting shared germline VH, D and JH germline gene segments, and identical CDR-H3 amino-
acid sequences from Cys104 to Trp118. 

Continued next page 
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. (B) Violin plots of SM levels of exVH gene regions assigned on a on a nucleotide level from 
sorted, pVIII peptide-specific B cells. The number above each plot is the average number of SMs 
identified for all exVH sequences analyzed at each immunization. The width of the plot reflects 
the relative number of sequences at that level of SM; white dots depict the median; black bars 
show the interquartile range. (C) Distribution of Ab isotypes within clonotypes.  
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The presence of a TI vs. TD response needs clarification by: (i) repeating the 

experiment in mice whose T-cell responses are compromised or absent, and (ii) 

assessing the functionality of the pVIII peptide-specific B cells over time, as they may 

have become anergic or “exhausted” (352). Importantly, we also present evidence of a 

fourth, chronic phase of the humoral immune response in which there is a drastic drop in 

the ability of CD138+ cells to secrete Ab, and a decline in the anti-phage and –pVIII 

peptide serum Abs, as well as in clonal recruitment.  

Rapid kinetics, similar to the d2 wave of ASCs illustrated in Figure 4.2, have 

been previously characterized in immunization studies using LPS (349); influenza virus 

(90, 346); rotavirus (353); West Nile virus (354); and dengue virus (355). As described in 

these reports, the early responses are likely due polyclonal activation of B1 or MZ B 

cells upon Agn encounter; these cells are activated more readily than B2 B cells, since 

they do not require T-cell help and exhibit an activated transcriptional profile relative to 

their B2 counterparts (80). The findings presented here also agree with earlier work 

showing that in addition to rapid activation of B1 and MZ B cells, the humoral immune 

response mediated by these cells peaks at d3 p.i. (349, 356). In contrast, B2-cell 

activation depends upon T cells, and ASCs from this response are typically observed by 

d7 p.i., at which time GC formation has occurred (90, 346, 349, 353-355, 357). In this 

report, the potential emergence of a B2-cell response in the second wave is supported 

by the class-switched Ab response as early as d4, and peaking between d4 and d9 in 

the blood.  

As revealed by our data, however, delineating the phases of the humoral 

immune presents a hurdle given that activation of all of the naïve and memory B-cell 

subsets results in differentiation into CD138+ cells; thus, fractionation based solely on 
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this marker likely results in a population of heterogeneous origins. To gain deeper 

insight into the origin of these cells at the different immunizations, preliminary VH 

sequencing of CD138+ cells sorted after the single immunization was conducted. Our 

data showed that the earlier responses (d2 and d4) featured reduced SM in the CD138+ 

cell repertoire, which is agreement with the expected low/absent SM levels in B1-a or 

B1-b/ MZ B cell-mediated immune responses (358). Elevated SM was present at the 

later time points within the IgG Abs and although this observation suggests the 

presence of B2 repertoires and GC activity (99), the absence of extrafollicular responses 

(e.g., MZ B cells) is inconclusive. This is further confounded by the low SM levels 

observed in the pVIII peptide-specific B cells, which were collected d14 p.i. in the 

hyperimmunization study (Figures 4.7B and 4.8C). This is somewhat puzzling given 

that if the response switched to TD by d9 after the single immunization, the cells from 

repeated immunizations collected on d14 would presumably reflect GC features such as 

SM. Despite the fact that the observations from these d14 B cells may therefore point to 

a TI-2 rather than a TD response, it is worth noting that other factors may play a role in 

determining SM levels observed. For example, upon hyperimmunization Berek et. al. 

found high levels of SM in splenic B-cell repertoires at d3 p.i., but, similar to our findings, 

observed low SM levels in samples collected at d14 p.i. (359); based on these findings, 

they posited that immunization resulted in the rapid activation of memory B cells into 

plasma cells. Thus, whereas memory B cells with higher levels of SM would be present 

in the spleen on d3 p.i., by d14, many of these cells would have differentiated into 

plasmablasts/ plasma cells or egressed from the spleen (359). In keeping with this 

hypothesis, only B-cell clones with low SM (e.g., the B1 cells, MZ or naïve B2 cells) 

would be present in the spleen at this time point; this would explain our finding of low 

SM levels in the pVIII peptide-specific B cells.  
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Using this same model, analyses of pVIII peptide-specific B-cell repertoires at 

different time points after immunization (e.g., at d3 p.i. in the hyperimmunization study) 

would resolve the question regarding the temporal influence of sample collection. 

Furthermore, in-depth B-cell fractionation of pVIII peptide-specific B cells using markers, 

such as (i) CD19+CD5+B220loCD23- (B1a cells), (ii) CD19+CD5-B220loCD23- (B1b cells), 

(iii) CD19+CD1hiCD35hiCD21hi (MZ B cells), and (iv) CD19+CD20hiCD27-CD38intIgM+IgD+ 

(naïve B2 cells) (79, 360-365), would delineate the nature of the B cells present at the 

time of sample collection. Lastly, immunogenetic characterization of the CD138+ 

repertoire, even from samples collected at d14 p.i., would determine whether B cells 

activated in a TD manner are truly absent from the spleen at this time point but present 

in the general response. As shown in Figure 4.7A, the CD138+ cells even at the later 

time points after the single immunization exhibited higher SM levels than the pVIII 

peptide-specific B cells.  

VH analyses presented in this report also revealed that repeated Agn exposure 

resulted in the selection of dominant clones by the fifth immunization, which is 

approximately at the peak of the response with respect to the serological and cytometric 

features observed (Figure 4.5-4.8; Appendix C, Supplementary Figure S3). 

Noticeably, the drop-off in clonal dominance after the seventh immunization (Table 4.3), 

which coincided with the drop in splenic and blood-derived ASCs as well as the tapering 

of the serum Ab response (Figure 4.5 and 4.6), may reflect the re-emergence of clonal 

recruitment. This is an important consideration given that as an HIV infection progresses 

to chronicity, the occurrence of epitope spreading, which relies on clonal recruitment, 

results in changes in Ab epitopes and the eventual emergence of bNt Abs (330); 

therefore the promotion of clonal recruitment is a significant attribute to follow as part of 
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the immunological response to persistent Agn. In this regard, our model is amenable to 

tracking the emergence and evolution of this feature.   

Importantly, the model outlined in this study only partially mimics the humoral 

immune response driven by Agn-persistence, given that immunogenetic changes were 

absent in the VH analyses conducted thus far. Here, it is worth noting that the 

occurrence of chronic-type Abs, similarly driven by persistent Agn, is likely induced by 

several Agn-induced factors in a T-cell driven manner. As follows, in our model, the 

possibility of a moderate or potentially absent TD response may have blocked a 

complete simulation of the chronic humoral immune response. Importantly, however, the 

filamentous bacteriophage VLP is an ideal model to develop due to the ease of 

engineering phage (366-368) and can therefore be modified (e.g., recombinant addition 

of T-cell epitopes and/or adjuvant molecules) in order to more accurately drive a 

chronic-type response. In addition, the relative simplicity of the antigenic determinant of 

WKH� ǻ�� SKDJH� IDFLOLWDWHV� WKH� HDVH� RI� WUDFNLQJ� WKH� $JQ-specific portion of the immune 

response, and therefore ideal for more focused analyses of Agn-associated changes in 

the immune response over the course of the immunizations. 

In conclusion, the principal findings of this study provide a framework for tracking 

the humoral immune response using a filamentous phage VLP. Collectively, our data 

capture the initial phases of the humoral immune response and illustrate immunological 

modulation driven by Agn persistence that results in (i) B-cell perturbation illustrated by 

the diminished Ab secreting ability by ASCs and decrease in serum Ab levels, and (ii) 

recruitment of new B-cell clones. However, exhaustive characterization of the 

immunological responses observed here is necessary and thereafter, subsequent 

modifications to the immunogen can be made to more effectively drive the chronic-
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infection milieu. Ultimately, this model is an important instrument for understanding the 

immunological mechanisms that lead to the elicitation of chronic-type Abs, and 

concomitantly, the bNt Abs that correlate with immune protection against HIV infection.  
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5.1. Abstract 

Plasma cells differentiate from B-cell subsets that can differ in localization, 

effector function and that span the T-cell independent (TI) to T-cell dependent (TD) 

humoral immune responses. Despite these differences, however, plasma cells are 

considered a homogeneous cell population, with their only distinction being based on 

the lifespan of their effector progeny, i.e., short-lived vs. long-lived plasma cells. Thus, in 

this study, we investigated whether transcriptomic profiling of these cells derived from 

different phases of an immune response would reveal overarching differences in their 

transcriptional profiles. Previously, we characterized two waves of CD138+ derived 

antibody secreting cells on day (d)2 and d9 post immunization, which we surmised 

represented both TI-1, and non TI-1 responses (i.e., TI-2 and/ or TD) to a filamentous 

bacteriophage immunogen. In the current study, we observed differentially expressed 

genes in CD138+ cells obtained from these time points wherein the d2 CD138+ cells 

bore innate-like signatures. In addition, we evaluated CD138+ cells obtained two weeks 

after eleven immunizations with filamentous phage in a hyperimmunization protocol, to 

assess perturbations induced from prolonged antigen exposure. Again, these CD138+ 

cells exhibited a different transcriptional profile that indicated perturbations to cellular 

functions. Together, these preliminary analyses provide a framework for defining novel 

physiological and perhaps immunophenotypic differences among CD138+ 

subpopulations, which may be instructive in downstream assessments of the plasma 

cells with respect to their diverse cellular origins.  
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5.2. Introduction 

Plasma cells are the main effectors of humoral immunity and they emerge as a 

result of differentiation of immunophenotypically, functionally and ontogenically distinct 

B cell-subsets. In most cases, as characterized in mice, the early murine humoral 

immune response is mediated by: (i) B1-a cells (CD19+CD5+B220loCD23-) and B1-b 

cells (CD19+CD5-B220loCD23) that are predominantly found in the pleura and peritoneal 

cavity; and (ii) marginal zone (MZ) B cells (CD19+CD1hiCD35hiCD21hi), which are found 

in the MZ of the spleen. These B-cell subsets participate in T-cell independent (TI) 

responses, which typically involve immunogens that comprise mitogenic properties (e.g., 

lipopolysaccharide (LPS); a TI-1 response) or repeating epitopes, which mediate B-cell 

receptor (BCR) cross-linking (a TI-2 response (80, 331, 333)). Furthermore, these 

particular B-cell responses are less robust, commonly comprise a minor role in the 

humoral response, and are limited to short-term antibody (Ab) responses due to their 

mostly generating short-lived plasma cells and minimal B-cell memory (369). On the 

other hand, the adaptive B-cell response involves B2 (follicular) B cells, which are 

typically found in lymphoid follicles as mature naïve B cells (CD19+CD20hiCD27-

B220loCD38intIgM+IgD+). Activation of this subset, primarily by protein-containing 

immunogens, depends upon “linked” T-cell recognition (TD) and results in differentiation 

into memory B cells (CD19+CD20hiCD27intB220+CD38intsIg) and both short- and long-

lived plasma cells (370).  

Irrespective of activation conditions and cellular origin, differentiation into plasma 

cells is characterized by changes in transcriptional profiles, such as down-regulation of 

CD19, CD5, B220 and MHCII molecules along with up-regulation of Syndecan-1 

(CD138), CXCR4, and B-lymphocyte induced maturation protein-1 (Blimp-1) among 
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other markers as summarized in Table 5.1 (79, 360-365). Although CD138 is present on 

mature epithelial cells, it is solely expressed on plasma cells among cells of 

hematopoietic origin and thus, widely used to identify these cells in experimental 

protocols (343). As a result of the transcriptional changes plasma cells undertake, 

however, putative immunophenotypic markers that might indicate the origin and type of 

the progenitor B-cell subset are lost from the cell surface. In this regard, CD138, 

behaving as a pan-plasma cell marker, identifies a heterogeneous population consisting 

of cells with different ontogenies and activation profiles (e.g., TI vs. TD origins). To date, 

although analyses have been conducted to further define plasma cells, such as 

delineating differences between the short-lived and long-lived cells (371), elucidation of 

possible signatures that identify parent-B-cell ontogeny has not been carried out.  

Table 5.1. Changes in B-cell markers upon differentiation into CD138+ cells. 

Markers 
B-cell subset Ref 

B2  MZ  B1 (a & b)  Plasma Cell 
 

B220 ++ ++ + -  ;ϯϲϮͿ 

CD21 ++ +++ +/- -  ;ϯϲϬͿ 

CD23 ++ - - -  ;ϯϲϬ͕�ϯϲϮͿ 

CD5 - - +/-a -  (360) 
CD43 - - + -  (79) 
CD19 ++ ++ +++ -  ;ϯϲϬͿ 

MHC II ++ ++ +++ -   ;ϯϲϬ͕�ϯϲϮͿ 

CD138 - - - +   ;ϯϲϬ͕�ϯϲϮͿ 

CXCR4 - - - +  ;ϯϲϬ͕�ϯϲϰͿ 

Blimp1b - - - +   ;ϯϲϬͿ 
aCD5 only on B1a cells 
bNot a cell surface marker 

Importantly, heterogeneity within this subset is an important factor to consider 

given that plasma cells, and plasmablasts, their immediate precursors, are typically 
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used to study the developmental properties of long-lived humoral immunity upon 

infection and immunization (reviewed in (372)); in this regard, unappreciated 

heterogeneity may confound downstream analyses. Similarly, in the case of HIV 

research, especially with respect to the elicitation of broadly neutralizing Abs, there is 

renewed focus on evaluation of B-cell repertoires to characterize the evolution of Ab 

responses in order to provide clues towards effective vaccine design (217). Altogether, 

greater precision in identifying the characteristics of the cellular subsets that contribute 

Ab responses and humoral immunity can be instructive towards deeper insight into the 

development of long-lived immunity, as well as achieving desired responses in vaccine 

studies, such as identifying the relevant cells to target with immunogen design and 

activation conditions necessary to elicit a desired humoral response. 

To this end, we sought to determine whether a gene-centric approach, 

examining the transcriptional profiles of CD138+ cells from different phases in an 

immune response, would reveal differential transcriptional profiles within this subset. 

Here, we used CD138+ cells which, based on our previous findings, originated from the 

different phases of the humoral immune response. In this previous study, we immunized 

mice with the filamentous bacteriophage, f8-5 ǻ���D�QRQ-replicating immunogen, whose 

main antigenic determinants are: (i) the major coat protein pVIII, which is arranged in a 

shingled pattern resulting in a repeated epitope with only the outer 12 amino acid 

residues of the pVIII peptide exposed (341), and (ii) Escherichia coli-derived LPS. Upon 

conducting in vitro analyses of the kinetics of plasmablasts/ plasma cells isolated on the 

basis of CD138 expression only, we observed two distinct ‘bursts’ on day (d) 2 and d9 

post immunization (p.i.). Based on this response, we concluded that the two waves 

were attributable to: (i) an early response mediated by TI-1 activation of B1 cells and (ii) 
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a relatively delayed TI-2 and/or TD response, driven at least in part, by B1b/MZ, and B2 

cells responding to cross-linking of BCRs due to the repeated pVIII epitope on the 

phage or T-cell epitopes on the immunogen, which result in T-cell mediated B-cell 

activation ((89, 90, 99) and Chapter 4, Section 4.3.1). In addition, we used a 

hyperimmunization protocol to evaluate the effects of persistent antigen wherein the 

number of functional Ab secreting cells in ELISPOT present among CD138+ cells in the 

spleen and peripheral blood had drastically decreased by the eleventh immunization. 

Along with the reduction in the serum Ab levels and re-emergence of clonal-recruitment 

observed in these experiments, we deduced that these occurrences signified cellular 

perturbations similar to those observed in chronic infections (Chapter 4, Section 4.3.3). 

Thus, in this study, we interrogated CD138+ cell transcriptomes for: (i) molecular 

signatures that distinguished them on the bases of parent B-cell ontogeny or emergence 

of cellular physiological perturbations; and (ii) differential expression of cell-surface 

markers that could be used to immunophenotypically distinguish the cell subsets 

collected from the distinct time points following the single immunization. 

5.3. Materials and methods 

5.3.1. Immunizations, sample-collection and processing 

Female 5 week-old BALB/c mice were purchased from Charles River 

Laboratories (St. Constant, QC) and housed at the Simon Fraser University (Burnaby, 

BC) Animal Care Facility. All animal studies were performed in accordance with 

protocols approved by the University Animal Care Committee. Caesium chloride-purified 

f8-��ǻ��SKDJH�ZHUH�SUHSDUHG�DV�GHVFULEHG�LQ�(339). Sample collection and processing 
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were conducted as described in 4, Section 4.2.2. Briefly, in a single-immunization study, 

6-8-week old mice were immunized once via subcutaneous injection in the hind flank 

ZLWK�����ȝ/�3%6�FRQWDLQLQJ����ȝJ�SKDJH������[���11 virions). Euthanasia was carried 

out under CO2 anaesthesia after which final bleeds were collected by cardiac puncture 

and splenectomies performed as well. Single-cell suspensions from the samples were 

prepared in supplemented RPMI [RPMI-1640 media containing 100 U/mL penicillin 10 

ȝJ�P/�VWUHSWRP\FLQ������ȝ0��-mercaptoethanol (Sigma-Aldrich, St. Louis, MO) and 5% 

(v/v) fetal bovine serum (FBS; Gibco, Rockville, MD)]. For the hyperimmunization study, 

PLFH�ZHUH�LPPXQL]HG�HYHU\�WZR�ZHHNV�IRU�D�WRWDO�RI�HOHYHQ�LPPXQL]DWLRQV�ZLWK�����ȝ/�

3%6�FRQWDLQLQJ����ȝJ�SKDJH� �����;���11 virions) via subcutaneous injection. Sample-

collection for this study was conducted two weeks after each immunization as described 

for the single immunization. Following each sample collection, mononuclear cells from 

the individual spleens of two mice, and from the pooled blood of two mice, were isolated 

by centrifugation on a step-density gradient in Lympholyte®-M cell separation 

(Cedarlane, Burlington, ON) as described by the manufacturer.  

5.3.2. Immunophenotyping and fractionation of CD138+ cells  

This study comprised analyses of CD138+ cells collected by a FACSAria cell 

sorting instrument (BD Biosciences, San Jose, CA); cell sorting was performed on 

either: (i) fresh, mononuclear cells collected two or nine days after a single immunization 

with filamentous phage, or (ii) cryopreserved mononuclear cells collected two weeks 

(fourteen days) after the eleventh immunization of the hyperimmunization study. In both 

cases, cells were pelleted and resuspended in Hank’s buffered saline solution (HBSS; 

Lonza, Walkersville, MD) supplemented with 5% (v/v) FBS at 1x106 FHOOV� SHU�����ȝ/��

then stained with CD138-phycoerythrin (PE; BD Bioscience Pharmingen, San Jose, CA) 
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at 4°C in the dark for 30 minutes. Subsequently, cells were washed twice and 

resuspended at 1x106  cells/ mL in HBSS supplemented with 5% (v/v) FBS. For each set 

of samples, an unstained control was used as a negative control for background 

fluorescence and flow cytometry carried out using the FACSAria instrument. CD138+ 

cells were then gated and sorted into FBS for RNA extraction. Follow-up 

immunophenotyping of CD138+ cells was performed following a second round of single 

immunization using a subset of differentially expressed cell-surface proteins that were 

discovered through evaluation of differentially expressed genes (DEGs) for plasma-

membrane associated proteins (Section 5.2.5). Markers used for this analysis were 

selected on the basis of commercial availability, and listed in Table 5.2. Subsequently, 

CD138+ cells were further gated on one of the new markers, Ly96 (CD138+Ly96+ 

cells), fractionated from mononuclear splenocytes, as described, and also used for RNA 

extraction.  

Table 5.2. New immunophenotyping markers for CD138+ cells 

Cell surface 
marker Fluorophore Vendor 

CD83 Allophycocyanin (APC) 
BD Bioscience Pharmingen CD138* APC-Cyanine-7 (APC-Cy7) conjugate 

Ly96  Phycoerythrin (PE) 

CLEC4E** Perdinin-chlorophyllprotein  
(PerCP-Cy5.5) Invivogen, San Diego, CA 

5.3.3. RNA extraction  

Total cellular RNA was extracted from cells immediately after sorting using the 

96 RNEasy Mini Kit (QIAGEN, Carlasbad, CA) following the manufacturer’s instructions. 

RNA was then eluted in 30 ȝL RNase-free TE buffer (Ambion, Austin, TX), and stored at 



 

156 

-80°C for use in microarray analysis and cDNA synthesis as described below.   

5.3.4. Microarray data generation  

RNA aliquots from the CD138+ cells collected on d2, d9, and two weeks after 

the eleventh immunization were transferred on dry ice to the Center for Translational 

and Applied Genomics (Vancouver, BC) for microarray analysis. Notably, due to cost 

and material constraints, as well as the exploratory nature of these analyses, only single 

runs were performed for each sampling point. To obtain sufficient RNA for this step, 

samples from individual mice at each sampling point were pooled. RNA quantity per 

sample was evaluated by spectrophotometer and degree of degradation was assessed 

using an Agilent 2100 Bioanalyzer. Using 50 ng of sample RNA, biotinylated cRNA was 

synthesized following the Affymetrix protocol after which samples were hybridized on to 

GeneChip� Mouse Exon 1.0 ST arrays (Affymetrix, Santa Clara, CA) for 16 h at 45°C 

and 60 r.p.m in a Hybridization Oven 640 (Affymetrix). Next, slides were washed, 

stained using a GeneChip Fluidics Station 450 (Affymetrix) and scanned with a 

GeneChip Scanner 3000 7G instrument (Affymetrix). Affymetrix’s GeneChip® 

Command Console® Software (AGCC; Affymetrix) was used for image analysis and to 

generate raw data files (CEL files).  

5.3.5. Microarray data analysis and clustering 

Initial data processing was carried out at the Laboratory for Advanced Genome 

Analysis at the Vancouver Prostate Centre (Vancouver, BC), where files were loaded 

into GeneSpring version 12.0 (Agilent, Santa Clara, CA) and the RMA16 summarization 

algorithm applied with a core confidence level. Quantile normalization was performed on 
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the gene-level data with no baseline transformation applied. Since these data showed 

an asymmetry in the log2 plot of intensities among samples, the data were exported 

from GeneSpring and quantile-normalized in R at the gene level, using the aroma.light 

package (Bioconductor; http://bioconductor.org). In addition, select B-cell transcriptomic 

data from previous experiments were downloaded from the Gene Expression Omnibus 

(GEO: www.ncbi.nlm.nih.gov/geo/) and processed as described. While all the files 

obtained from the GEO database were generated using a GeneChip Mouse Gene 1.0 

ST Array (Affymetrix, Santa Clara, CA), the primary experiments reported here were 

performed using the GeneChip Mouse Exon 1.0 ST Array; thus, prior to combining the 

datasets, all data from GEO were translated in GeneSpring using the Mouse Exon 1.0 

ST to Mouse Gene 1.0 ST, Best Match library downloaded from Affymetrix. Due to the 

large number of transcripts represented on the GeneChip Mouse Exon 1.0 ST Array 

(~30000 genes per array), changes in gene expression were evaluated in three steps to 

reduce the dimensionality and make data analysis tractable. First, fold change (FC) 

calculation was used to assign DEGs that would be considered for downstream 

analysis. Next, co-expression analysis was performed using BioLayout Express3D 

(version 3.1, http://www.biolayout.org/) along with Markov’s clustering (MCL) algorithm 

to generate co-expression network graphs; these graphs offer a robust means of 

highlighting overarching signatures in the DEGs that can be used to determine cellular 

subsets that share similar transcriptional programs and regulation of gene expression 

(373). Here, co-expression graphs were generated using a correlation matrix based on 

Pearson’s correlation coefficient at a threshold r > 0.85 (374, 375); this produces 

network graphs comprising nodes and edges in which the nodes represent genes/ 

transcripts above the stated correlation threshold. Next, nodes in the network graphs 

were clustered using the MCL algorithm at the recommended inflation rate of 2.2; the 
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inflation rate is used to determine the granularity of the clusters (modules) that are 

obtained from the network graph. For example, a higher inflation rate results in more 

modules (less granular), and a lower one would reduce the number of modules (more 

granular)(376). This results in the generation of MCL modules that represent co-

ordinately expressed genes (based on the edge-density of nodes), whose order is 

determined by the number of genes that exhibit similar transcriptional regulation (i.e., 

Module 1 in each analysis contains the highest number of co-regulated genes at the 

inflation rate of 2.2). In our analyses, modules are represented as heat maps, in which 

complete hierarchical clustering of samples using a correlation distance metric was used 

to facilitate visualization of the cellular subsets that cluster together. Hierarchical 

clustering and heat maps were generating using R programing. 

 Lastly, gene ontology (GO) and pathway over-representation analyses were 

carried out using the InnateDB database (http://innatedb.com/) (377) to interrogate the 

functional and physiological characteristics of the modules obtained using the MCL 

algorithm. The site of protein expression from the DEGs in our analysis was determined 

by cross-referencing the latest library of probe-set IDs represented on the GeneChip 

Mouse Exon 1.0 ST Array with gene annotations in Ingenuity Pathway analysis software 

(Ingenuity®, QIAGEN). (See Figure 5.1 for the workflow of microarray data analysis 

used in this study.) 
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Figure 5.1. Data analysis workflow for the current study  
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5.3.6. cDNA synthesis and Real-time PCR 

To confirm transcriptomic data from d2 and d9 CD138+ cells, real-time (RT) 

PCR was used to quantify the differential expression of the following cell-surface 

expressed proteins:  CD83 (“cd83” - forward: 5’-CGTGGTTCTGAAGGTGACAG-3’; 

reverse: 5’-GCAGGTGAAAATGATGAGTGTC-3’; probe: 5’-

CAGCTTCTGCCCTGTACTTCCTGAA-3’); Ly96 (“ly96”- forward: 5’-

GAATCTGAGAAGCAACAGTGG-3’; reverse: 5’-GAACTCAACATGCACAAATCCA-3’; 

probe-5’-CAACTCTCCTCCGATGCAATTATTTCCTACAGT-3’); and Ly6D (“ly6d”- 

forward: 5’- AATGGTGAAGGTCGGTGTG-3’; reverse: 5’- 

GTGGAGTCATACTGGAACATGTAG-3’; probe-5’- TGCAAATGGCAGCCCTGGTG-3’). 

GAPDH (“gapdh”- forward: 5’-AATGGTGAAGGTCGGTGTG-3’; reverse: 5’-

GTGGAGTCATACTGGAACATGTAG-3’; probe: 5’-TGCAAATGGCAGCCCTGGTG-3’) 

was used as a housekeeping gene to account for input cDNA as well as for 

normalization of FCs. All primers were obtained from PrimeTime® qPCR Assays 

(Integrated DNA Technologies, (IDT) San Diego, CA). First-strand cDNA libraries were 

revHUVH� WUDQVFULEHG� IURP� ��� ȝ/� 51$� DW� ���&� IRU� ��� PLQXWHV� ZLWK� D� FRPELQDWLRQ� RI�

random hexamer and oligo(dT) primers using the QScript cDNA Supermix (Quanta 

Biosciences, Gaithersburg, MD), then stored at -20°C. The RT-PCR-mix was prepared 

as follows: 1 Pl 20X PrimeTime Assay PCR buffer, 10 Pl 2X Master Mix (IDT), 1 Pl cDNA 

template, and 8 Pl UltraPureTM RNase-free water (Life Technologies, Carlsbad, CA). 

Technical replicates of each sample were run in triplicate. Reaction mixtures were 

transferred to 48-well PCR plates (Applied Biosystems, Carlsbad, CA) and cycled with 

the following parameters: (i) 10 min at 95 °C; (ii) 45 cycles of 15 seconds at 95 °C and 
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60 seconds at 60 °C. The RT-PCR assay was run on the ABI StepOneTM RealTime 

System (Applied Biosystems). 

5.3.7. Statistics  

Significant differences for RT-PCR data were calculated using the Student’s t 

test in MS Excel, and the Wilcoxon rank-sum test, performed in R, was used to compare 

immunophenotypic data across samples. False discovery rate following GO and 

pathway over-representation analyses was adjusted using the Benjamini-Hochburg 

correction option selected during the InnateDB workflow. 

5.3.8. Accession codes 

Gene Omnibus: Microarray data, series number GSE24972: Accession numbers 

GSM613502, GSM613501, GSM613500, GSM499613, GSM613498, GSM613497, 

GSM613490, GSM613489, GSM613488, GSM613487, GSM613486, GSM613485. 

Series number GSE15907: Accession numbers GSM403988, GSM403989, 

GSM403990, GSM403991, GSM403992, GSM403993, GSM538201, GSM538202, 

GSM538203, GSM538207, GSM538208, GSM538209, GSM538210. GSM538211, 

GSM538212, GSM538225, GSM538226, GSM538227, GSM538228, GSM538229, 

GSM538230. 
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5.4. Results 

5.4.1. CD138+ cells bear a unique gene expression profile 
compared to other B-cell subsets. 

Differentiation into CD138+ plasmablasts and plasma cells results in many 

changes in the transcriptional profile of activated B cells (371). To confirm this, the 

transcriptomic profiles of CD138+ cells were compared to those of other B-cell subsets 

from previous studies. Here, CEL files (Appendix D, Supplementary Table S1) from 

the NCBI GEO repository were selected on the basis of B-cell type, tissue of origin and 

platform. A total of 32 different samples from eight distinct subsets were processed and 

added to the analysis. FC calculations were performed relative to the CD19+ control 

group, whereby only DEGs with an FC > 2, were used for further analysis. Complete 

hierarchical clustering on sample-to-sample comparisons resulted in two main clusters 

in which all CD138+ cells grouped together (Appendix D, Supplementary Figure S1).  

5.4.2. CD138+ cells from d2 and d9 after a single immunization 
with phage exhibit different transcriptomic profiles.  

To further characterize the CD138+ cells present in the spleen and blood after a 

single immunization, we compared the transcriptomic profiles of d2 vs. d9 cells obtained 

from these compartments using the Affymetrix Mouse Exon 1.0 ST expression array. 

Quantile normalized expression profiles of the samples were compared, and 

calculations of FC were carried out based on d2 vs. d9. Probe-to-probe assessment of 

genes with FCs > 2 was conducted using BioLayoutExpress3D and revealed ten different 

modules of which the top six are shown in Figure 5.2. As shown, most but not all co-

regulated genes within these modules formed two main clusters whereby blood-derived 

d2 CD138+ cells clustered separately from blood-derived d9 CD138+ cells along with 
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the splenic CD138+ cells; in the latter cluster, d2 and d9 splenic CD138+ cells formed a 

separate sub-cluster. Based on these results, it is plausible to speculate that these 

distinct profiles are attributable in part to differences in the localization of the B-cell 

subsets, which differentiated into plasmablasts and plasma cells upon activation.  

 
 

Continued next page 
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Figure 5.2. Global expression of co-regulated genes in d2 and d9 blood-derived 
and splenic CD138+ cells.    

DEGs were initially determined by transcripts that had an FC > 2. A Pearson’s correlation matrix 
of co-expressed genes was generated from transcriptomic data from the various samples 
indicated on x-axis. All the data represent probe-to-probe relationships with r > 0.85 and modules 
represent subsets of genes which are similarly regulated based on gene-expression levels; these 
modules are identified using MCL clustering at an inflation value of 2.2 in the Biolayout Express3D 
analysis tool. Heat map colors represent the log2 values of gene expression in the respective 
subsets indicated and clustering performed using correlation distance metric. Modules are listed 
in order of the total number of co-regulated genes in each one i.e., module 1 has the highest 
number of co-regulated genes. These genes were then categorized based on biological 
attributes and cellular function determined by GO and pathway over-representation analyses. 
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Next, GO and pathway over-representation analyses were conducted on DEGs 

from the modules to infer the biological attributes of the co-expressed genes. Using an 

adjusted cut-off p-value < 0.05, the DEGs in this dataset represented 125 GOs. Due to 

the scope of our analysis, only 5 GOs (Table 5.3), which were directly relevant to the 

immune response, were further analyzed as shown in Figure 5.3. Similarly, pathway 

analyses revealed 65 pathways with p-values < 0.05, of which 5 were immunologically 

related, as listed in Table 5.4 and depicted in Figure 5.4. Overall, these results show 

differential gene expression and heterogeneity between d2 and d9 CD138+ cells, and 

therefore within the overall CD138+ cellular subset. Moreover, the basis of the 

differences in GOs (e.g., innate immune process (GO:0045087)) and pathways (e.g., 

toll-like-receptor (TLR) pathway and retinoic –acid inducible gene (RIG) I-like pathway) 

observed in the d2 vs. d9 CD138+ cells can be used to infer the nature of the antigenic 

determinants that drove B-cell activation and therefore the origins of these cells. See 

Table 5.5 for GOs and pathways that suggest innate-like signatures in the CD138+ 

cellular subsets analyzed in this study.  

5.4.3. Differential expression of cell-surface proteins reveals 
immunophenotypic heterogeneity within the CD138+ cellular 
compartment on d2 and d9 post-immunization 

Based on the apparent heterogeneity within the CD138+ cell compartment, we 

sought to determine the differential expression of cell-surface proteins. Figure 5.5 

illustrates the entire subset of genes that encode plasma-membrane associated proteins 

(FC > 2) and their differential expression within d2 and d9 CD138+ cells isolated from 

the blood and spleen.  
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Figure 5.3. Over-represented GOs present in the genes that are similarly 

regulated in d2 and d9 CD138+ cells from the spleen and peripheral 
blood. 

Gene-subsets within the modules were interrogated to delineate the underlying cellular 
processes, functions and components in which they are involved. Analyses were carried out 
using InnateDB database and all GOs shown here had an adjusted p-value < 0.05. Heat map 
colors represent the level of genes expressed as log2 values within the cell subsets indicated on 
the x-axis.  
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Table 5.3. Differentially regulated GOs on d2 vs. d9 CD138+ cells from spleen 
and blood 
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Figure 5.4. Pathway over-representation analysis of co-regulated genes 

between d2 and d9 blood-derived and splenic CD138+ cells. 
Similar to the GOs, genes within the modules in Figure 5.2 were interrogated to delineate their 
underlying functional and physiological attributes. Heat map colors represent log2 values of gene-
expression levels in the cell subsets indicated on the x-axis and all pathways shown here had an 
adjusted p-value < 0.05. 

As differences in cell-surface expression offer potential markers for 

immunophenotyping and cell-isolation experiments, flow cytometric analysis was 

performed on splenic CD138+ cells using the panel of markers listed in Table 5.2, which 

was derived from the DEGs encoding plasma-membrane associated proteins. As shown 

in Appendix D, Supplementary Figure S2A, CD138+Ly96+ and CD138+CLEC4E+ 

cells were increased on d2 (p-value < 0.05; Wilcoxon rank sum test) compared to d9. 

Conversely, CD138+CD83+ cells were increased on d9 compared to d2 cells (p-value 

<0.05; Wilcoxon rank sum test). These results are consistent with the expression array 

data, and were further confirmed using RT-PCR. Here, splenic-CD138+ cells from d2 

and d9 were isolated using a FACS for evaluation of differential expression of the 

aforementioned cd83 and ly96, as well as ly6d, another differentially regulated plasma 

membrane-associated protein encoding gene. Appendix D, Supplementary Figure 
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S2B shows the relative expression and the FC values for these gene transcripts in the 

RT-PCR experiment. 

Table 5.4.  Differentially regulated pathways on d2 vs. d9 CD138+ cells from 
spleen and blood. 
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Table 5.5. GOs and pathways in CD138+ that represent innate-like signatures. 

GO-term Name GO-term ID Gene Count p-value 
Innate immune response [biological_process] GO:0045087 143 4.89E-07 
Inflammatory response [biological_process] GO:0006954 55 1.15E-03 
Response to molecules of bacterial origin 
[biological_process] GO:0002237 8 2.76E-03 

LPS receptor complex [cellular_component] GO:0046696 4 3.00E-02 

Pathway Name Pathway ID Gene Count p-value 
Toll-like receptor signaling pathway 699 34 6.13E-03 
Downregulation of TGF-ȕ�UHFHSWRU�VLJQDOLQJ 14216 11 3.31E-02 
RIG-I-like receptor signaling pathway 5715 23 3.66E-02 

Lastly, we evaluated the gene-expression profile of CD138+Ly96+ cells. These 

cells were fractionated from gradient-purified splenocytes on d2 and d9 p.i. by gating on 

the putative CD138 cell surface marker followed by the Ly96. Remarkably, 

transcriptomes from the CD138+Ly96+ cells exhibited two main expression profiles, in 

which they: (i) clustered separately in comparison to CD138+ cells; and (ii) clustered 

together with d2 CD138+ cells; (Appendix D, Supplementary Figures S3 - S5). Taking 

into consideration that Ly96 was generally up regulated on d2 relative to d9 CD138+ 

cells, these findings indicate that the CD138+Ly96+ subset may represent a 

subpopulation within CD138+ cells that is more prevalent in the d2 response. Functional 

annotation of the co-regulated genes based on immunological GOs (e.g., response to 

LPS (GO:0032496), LPS-mediated signaling (GO:0031663)) and pathways (e.g., IFN -Ȗ�

pathway) (Appendix D, Supplementary Figure S4, S5 and Supplementary Table S2 

and S3) further supports this distinction, and presents the possibility that CD138+Ly96+ 

cells represent a more homogenous cell population relative to CD138+ only cells.  
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Figure 5.5. DEGs encoding plasma membrane-associated proteins. 
Entire subset of cell-surface expressed differentially regulated genes among the different 
CD138+ subsets indicated on the x-axis. Three markers (CD83, Ly96, and Clec4E) were 
selected based on commercial availability of reagents for follow-up immmunophenotyping. Heat 
map colors represent the log2 values of gene expression in the CD138+ cell subsets.  
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5.4.4. Antigen persistence due to hyperimmunization results in 
generation of CD138+ cells with distinct transcriptomic 
profiles.  

Following the observation of possible cytometric perturbations subsequent to 

hyperimmunization in our previous study (Chapter 4, Section 4.4.3 and 4.4.4), we further 

interrogated these changes by comparing splenic CD138+ cells isolated two weeks after 

the eleventh immunization with phage vs. d2 and d9 p.i. As shown in by “module 1” and 

“module 2” in Figure 5.6, CD138+ cells from the hyperimmunization clustered 

separately from the d2 and d9 subpopulations for the majority of the co-regulated 

genes; these data indicated parity between d2 and d9 CD138+ cells relative to those 

present in the spleen after the eleventh immunization. Moreover, in support of the 

hypothesis positing cellular perturbations in the later rounds of the hyperimmunization, 

DEGs in this comparison represented GOs such as cellular response to calcium binding 

(GO:0071277), Golgi apparatus (GO:0005794), cell aging (GO:0007569), and negative 

regulation of B-cell proliferation (GO:0030889) (Figure 5.7 and Table 5.6).  

Likewise, pathways such as BCR signaling and PD1 signaling were also 

represented by the DEGs in this analysis (Figure 5.8 and Table 5.7). See Table 5.8 for 

summary of GOs and pathways that potentially indicate aberrancies in CD138+ cells 

after the eleventh immunization. Notably, similar to d2 and d9 CD138+ cells, differential 

expression of plasma membrane proteins among the three CD138+ subsets indicates 

cells from the eleventh immunization may be identified using different marker 

combinations in concert with CD138 e.g., stem cell antigen 1 (sca1), which is highly 

expressed after the eleventh immunization and CD9, CD180, as well as Ly96, which are 

lower, relative to d2 and d9 cells (Appendix D, Supplementary Figure S6).  
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Figure 5.6. Global expression of co-regulated genes in splenic CD138+ cells 

obtained from d2 and d9 post single immunization and two weeks 
after the eleventh immunization. 

DEGs were initially determined by transcripts that exhibited an FC > 2 among the CD138+ cells 
at the indicated sample collection time points. All the data represent probe-to-probe relationships 
with r > 0.85 (Pearson’s correlation coefficient) and modules represent subsets of genes 
identified using MCL clustering with an inflation value of 2.2. Heat map colors represent log2 
values of gene-expression levels. Genes were then categorized based on their biological 
attributes function determined by GO and pathway over-representation analyses. 



 

176 

 
Continued next page 



 

177 

 
Continued next page 



 

178 

 
Figure 5.7. Over-represented GOs present in the co-regulated genes of CD138+ 

cells from d2, d9 and from two weeks after the eleventh 
immunization (11’). 

Heat map colors represent the log2 values of gene expression in the subsets indicated and all 
GOs shown here have an adjusted p-value < 0.05. 
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Table 5.6. Differentially regulated GOs in splenic CD138+ cells from d2, d9 
(single immunization) and from two weeks after the eleventh 
immunization. 

 
Continued next page 
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5.4.5. Discussion 

In this preliminary report, we describe exploratory analysis of DEGs within 

CD138+ populations isolated from two distinct time points after a single immunization 

wiWK� WKH� ǻ�� SKDJH� LPPXQRJHQ�� DQG� WZR� ZHHNV� DIWHU� an eleventh immunization. We 

observed that the two waves of ASCs elicited by the single immunization (Chapter 4, 

Section 4.3.1) induced distinguishable CD138+ cells that likely reflect TI-1 and non-TI-1 

responses, whereas multiple immunizations designed to mimic antigen persistence 

produced CD138+ cells with diminished Ab-secreting capacity, in part due to changes in 

signaling-associated genes among other cellular functions.  

It is critical to note that the findings presented here are preliminary given the 

absence of replicates from the different cellular subpopulations analyzed, and because 

of differences in processing splenocytes before isolation of CD138+ cells (i.e., post-

single-immunization cells were used fresh; post-hyperimmunization cells had first been 

frozen). Although each expression array was run using pooled samples from individual 

mice, and a conservative FC threshold of > 2 applied for all downstream evaluations, 

more robust conclusions would require replication of analyses from the cells at the 

different time points. Of note, although this conservative threshold was used to mitigate 

the artefactual impact of biovariablilty, previous work has shown that such conservative 

cut-offs result in the loss of data points representing genes with high expression (378, 

379). In line with this possibility, inclusion of replicates would provide deeper insight into 

the differences among the various CD138+ cell populations. Most importantly, additional 

samples will facilitate the application of stringent statistical analyses to determine DEGs 

and gene signatures at the various time points, and moreover, enable confirmation of 

the pathways and GOs represented by the DEGs. Based on these caveats, despite 
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affirmation of some of the DEGs in CD138+ cells obtained after the single immunization 

study, only broad interpretations can be drawn from these data.  
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Figure 5.8. Over-represented pathways in co-regulated genes among CD138+ 

cells from d2, d9 and from two weeks after the eleventh 
immunization. 

Heat map colors represent the log2 values of gene expression in the subsets indicated and 
pathways shown here had an adjusted p-value < 0.05. 
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Table 5.7. Differentially regulated pathways in splenic CD138+ cells from d2, 
d9 (single immunization) and from the eleventh immunization. 
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As expected, a meta-analysis of transcripts from the CD138+ cells, compared to 

other B-cell subsets obtained from the NCBI GEO database, confirmed that all the 

CD138+ cells agglomerated separately from the other B cells as previously reported 

(380). Strikingly, evaluation of co-regulated genes within d2 vs. d9 spleen- and blood-

derived cells revealed that blood-derived CD138+ cells from d2 p.i. primarily aggregated 

separately from the d9 CD138+ cells and splenic CD138+ cells (Figure 5.2). Genes 

within modules that bore this clustering pattern represented GOs such as innate 

immune response (GO:0045087), LPS receptor complex (GO:0046696), and response 

to molecules of bacterial origin (GO:0002237; Figure 5.3). Note that LPS is closely 

associated with the filamentous phage coat. These findings suggest that blood-derived 

d2 CD138+ cells bear the most “innate-like” (TI-1) response signature. These cells likely 

originate from B1-a cells that migrate to the site of infection from the peritoneal cavity 

upon activation (381); based on this conclusion, the distinct clustering of the blood-

derived d2 cells could be further explained by the progenitor cell for B1-a cells being 

different from that of other B cells (331). Importantly, these results also indicate 

”compartmental heterogeneity” likely due to differences in the B-cell reservoirs from 

which the CD138+ cells isolated in this study were obtained (reviewed in (80)).  

In addition, further heterogeneity based on the time point of sample collection 

(i.e., d2 vs. d9) within the blood and splenic compartments is observed through analysis 

of specific genes in the relevant GOs and pathways. For example, within the TLR 

pathway, genes encoding proteins, such as TLR4, CD14 (Figure 5.4 and Table 5.4), 

which form the LPS-binding receptor complex, and LY96, an LPS-receptor associated 

protein (382-384), were elevated on d2 CD138+ cells irrespective of compartment. 

These observations confirm the prevalence of more innate-like, TI-1 responses 
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mediated by cells such as B1 cells that would be more amenable to activation by LPS-

associated binding (349)��,Q�DGGLWLRQ��EDVHG�RQ�WKH�DQWDJRQLVWLF�LQWHUDFWLRQ�RI�7*)ȕ�ZLWK�

B1 cells (385), WKH�UHGXFHG�H[SUHVVLRQ�RI�JHQHV�LQ�WKH�7*)ȕ pathway in d2 compared to 

d9 CD138+ cells (Figure 5.4 and Table 5.4) advances a likely role of B1-cell activation 

at the earlier time point. Notably, up-regulation of C-type lectin 4E (Clec4E), an LPS-

inducible C-type lectin (386, 387), and Ly6D, a cell surface membrane glycoprotein that 

is part of the Ly6 family (388, 389), observed using flow cytometry on d2 CD138+ cells, 

further underscores the signature of an innate-like immune response at this time point 

(Figure 5.5 and Appendix D, Supplementary Figure S2). Similarly, the up-regulation 

of CD83, on d9 CD138+ cells suggests the emergence of a TD response at this time 

point given that the expression of this transmembrane protein is triggered by CD40-

dependent T-cell interaction (390) (Figure 5.5 and Appendix D, Supplementary 

Figure S2). 

Follow-up transcriptomic analysis of CD138+Ly96+ cells, which were identified 

as a subpopulation of the CD138+ cells elevated on d2 vs. d9 (Appendix D, 

Supplementary Figure S2) revealed two clustering patterns in which this novel subset: 

(i) clustered together with d2 CD138+ only cells and separate from d9 CD138+ cells 

(i.e., cluster I: d2 and d9 CD138+Ly96+ cells with d2 CD138+ cells and cluster II: d9 

CD138+ cells) or (ii) clustered separately from both d2 and d9 CD138+ only cells (i.e., 

cluster I: d2 and d9 CD138+Ly96+ cells and cluster II: d2 and d9 CD138+ cells) 

(Appendix D, Supplementary Figure S3). Given the extensive profile of co-regulated 

genes among the d2 CD138+ cells, d2 and d9 CD138+Ly96+ cells, we conclude that 

similar to d2 CD138+ cells, CD138+Ly96+ cells are representative of a TI-1 response. 

This is further supported by the independent clustering of this novel subset in GOs such 
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as response to LPS (GO:0032496) and LPS-mediated signaling (GO:0031663) as well 

as the IFN -Ȗ� SDWKZD\� �Appendix D, Supplementary Figure S4 and S5) whereby 

stimulation of the lattermost pathway has been previously characterized in the activation 

and differentiation of early humoral responses observed at d2 p.i. (90, 346, 349, 353-

355).   

Lastly, we interrogated the transcriptomic profiles of CD138+ cells obtained from 

the earlier response (single immunization) and two weeks after the eleventh 

immunization. Co-ordinately expressed genes from these discrete sample points 

revealed that among the three CD138+ subpopulations, those from the eleventh 

immunization were most distinct (Figure 5.6). Along with our previous observations that 

CD138+ cells from the eleventh immunization displayed diminished Ab secreting 

capacity (Chapter 4), these data suggest that the physiology and function of these cells 

was modulated based on changes to: (i) the golgi apparatus (GO:0005794), part of the 

cell secretory machinery (391); (ii) calcium-binding (GO:0071277), which is part of the 

signal transduction machinery (392); (iii) negative regulation of B-cell proliferation 

(GO:0030889); and (iv) PD-1 signaling pathway, which inhibits signaling through the 

BCR (393, 394) (Figure 5.7 and 5.8); these may represent homeostatic inhibition similar 

to that observed in tissue-like “exhausted” memory B cells (163). Differential regulation 

of genes within the cell-aging GO (0007569) in the CD138+ cells after the eleventh 

immunization (Figure 5.7) is also compatible with findings that antigen persistence 

leads to cellular perturbations akin to those observed due to immunosenescence (395, 

396). However, as stated, these results must be repeated, and under conditions in 

which cells have not been frozen, as such treatment is known to potentially affect 
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mononuclear cells especially plasmablast/ plasma-cell subpopulations ((397-400), 

reviewed in (258)). 

Collectively, these changes reflect the emergence of aberrancies in the B-cell 

response similar to the refractory subsets characterized in chronic infections (296). Of 

note, although these comparisons largely illustrated the disparity between d2/d9 

CD138+ cells and those after the eleventh immunization, there were subsets of genes in 

which d2 CD138+ cells bore a different transcriptomic profile from d9 and eleventh-

immunization CD138+ cells. In agreement with the general innate-like nature of the d2 

CD138+ cells, the functional annotation of these genes represented categories such as 

inflammatory response (GO:0006954), innate immune response (GO:0045087), TLR 

signaling and IFN-Ȗ�VLJQDOLQJ��Figure 5.7 and 5.8). 

In summary, this preliminary report outlines a framework that can be used to 

dissect the characteristics of CD138+ cells, as well as the humoral immune response as 

a whole. We hypothesize that the differences observed among CD138+ cells are 

determined by the (i) progenitor B cell; (ii) compartment from which the cells are 

collected; (iii) nature of the activating antigen; and (iv) antigen persistence. As 

mentioned, factors such as these bear significant implications on vaccine design. In 

addition, this report provides evidence supporting the emergence of perturbations 

involved in the secretion and signaling functions of cells, and offers insight into the 

nature of the aberrancies that are driven by antigen persistence following multiple 

immunizations with phage. Importantly, our findings support hyperimmunization with 

filamentous phage as partially recapitulating a chronic infection as discussed in Chapter 

4. Future studies are required to confirm these observations, as well as further define 
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the origin of the cytometric and transcriptomic features in both early immune responses 

and those after protracted antigenic exposure.  
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6. Conclusion and future directions 

This dissertation has explored various facets of the humoral immune response 

against chronic infection using a combination of high-throughput analytical methods. 

Due to similarities observed in some bNt Abs and Abs generally elicited during chronic 

infections, we hypothesized that the features of bNt Abs arise as part of the general 

humoral response to persistent antigen; thus, we carried out analyses to provide deeper 

insights into the chronic humoral immune response against HIV infection, and explored 

the murine humoral immune response against persistent antigen. Overall, our data 

yielded: (i) perspectives into the immunological milieu during chronic HIV infection and 

(ii) preliminary evidence of emergence of a chronic humoral immune response in the 

murine model; the latter provides a platform for a controlled experimental setting in 

which the evolution of a chronic phase of the immune response can be charted. Given 

the focus and significance of bNt Abs in HIV vaccine research, these objectives support 

a more complete understanding of the natural immunological processes that lead to 

their elicitation and may provide important clues towards successful vaccine design.  

Chapter 2 describes the comparison of flow cytometric (FCM) analyses using the 

classic manual method, flowJo, vs. a computational unsupervised algorithm, flowType 

(236). In both platforms, immunophenotypic analyses of PBMC were carried out on 

samples collected from HIV+ and healthy individuals. Using a six-marker 

immunophenotyping panel (CD19; CD21; CD20; CD10; CD27 and IgG), we evaluated 

HIV-associated aberrancies in putative immunophenotypes (164) and observed that 
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both methods identified similar perturbations in HIV+ individuals. In agreement with 

previous data comparing manual to automated FCM analyses, these findings confirmed 

the accuracy and utility of the flowType algorithm (236). In addition, the computational 

algorithm facilitated extensive analysis that revealed perturbations that were in 

agreement with previously characterized HIV-associated changes (e.g., elevation of 

CD19+CD10+ immature transitional or GC-founder B cells and depletion of 

CD19+CD20+ and CD19+CD21+ B cells (268-270)). Moreover, using a tiered approach 

to evaluate the entire immunophenotypic space identified by our marker panel, the 

global extent of dysregulation mediated by HIV infection was also observed, reflecting 

the immunophenotypes that contributed most significantly to the variance observed 

among putative B-cell subsets. Most importantly, these results illustrate that the scope 

of B-cell dysregulation, as it is currently understood, may underestimate the extent of 

HIV-associated perturbations.  

However, it is critical to note that, our analyses were bounded by the 

immunophenotyping panel used, wherein interpretation of certain immunophenotypes, 

such as CD19+CD20+CD10+CD21-CD27-IgG-, which was elevated in the HIV+ cohort, 

could not be assigned to a functional subset with certainty. In this example, as it falls 

within the CD19+CD10+ population and is CD27-IgG-, it is likely an immature, 

transitional B-cell subset. However, since our panel did not include cell-surface markers 

such as CD24 and CD38 (289), which are more typically used to define this 

subpopulation in humans, this conclusion cannot be drawn with certainty. Notably, this 

constraint underscores a larger obstacle in immunophenotypic analyses of this nature: 

despite general agreement on B-cell surface markers, different research groups use 
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different marker combinations to define cellular subsets in their respective studies (269, 

275, 285-287).  

In this regard, current efforts are underway to establish optimized multicolor 

immunofluorescence panels (OMIPS), which comprise standardized marker panels for 

the interrogation of B-cell subsets for particular analyses (252, 401-403). As would be 

expected, development of these panels is specific to factors such as the disease and 

cellular subset(s) of interest, and thus, in the case of HIV studies, an HIV-specific B-cell 

panel would be required. As well, although newly defined subsets offer a global 

perspective on the effect of chronic HIV-infection, further characterization of the novel 

subpopulations (i.e., through functional assays, transcriptomic and immunogenetic 

analyses) is necessary to elucidate the significance of the dysregulation to the humoral 

immune response and resultant Ab features. Furthermore, the physiological relevance 

of significantly dysregulation in the various B-cell subsets needs to be characterized 

further. 

In Chapter 3, in addition to immunophenotypic analyses, we sought to determine 

the serological and immunogenetic correlates of the humoral immune response against 

chronic HIV. Based on the premise that bNt Abs arise as part of a broader chronic 

humoral immune response (141) that may or may not involve an autoimmune response, 

we postulated that this evaluation would offer clues regarding the origins of bNt Abs. 

Using flowType, we evaluated dysregulation in the immunophenotypic distribution of B 

cells in HIV+ individuals vs. SLE and matched controls. Although, HIV+ individuals 

displayed more extensive disturbances, the SLE cohort exhibited B-cell perturbations as 

well, which were consistent with previous reports (164, 307, 308). However, serologic 

analyses revealed that while both HIV and SLE sera bound solely to antigens 
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representative of their respective etiologies (i.e., HIV antigens and dsDNA, respectively) 

when diluted with complex blocking agents, broad polyreactivity was evident in the 

absence of a blocking agent. Similar results were observed in a similar study in all sera 

groups except for the slow progressor and heterologous cross-neutralizing sera(276). 

These results confirmed that tolerance mechanisms in the chronic phase of HIV 

infection are likely intact. While the polyreactivity observed under the more permissive 

experimental conditions likely reflects intrinsic properties of some chronic Abs, it is 

unlikely to be physiologically relevant. Moreover, these data, along with previous 

findings (184, 276), provide compelling evidence that less stringent assay conditions 

may have confounded observations in which some bNt MAbs were determined to be 

autoreactive (172, 174, 294). Of note, these findings do not preclude the presence of 

low-level polyreactivity that is generally present in the humoral immune response after 

infection (or during infection in the case of a chronic infection) (187, 404), and it is likely 

that this occurrence accounts for some of the polyreactivity observed in bNt Abs. 

Likewise, due to the altered immunological milieu driven by chronicity and early-stage 

HIV immunopathogenesis, peripheral tolerance mechanisms may also be compromised 

and this could conceivably contribute to a higher overall level of polyreactivity in the Ab 

response. Nevertheless, this polyreactivity is not akin to clinically defined autoreactivity.  

For the immunogenetic analyses, we sought to identify perturbations in the 

context of immunophenotypically and functionally distinct B-cell subsets, whereas most 

VH-sequencing analyses in current HIV studies characterize immunogenetic changes in 

the context of the entire B-cell repertoire. Focusing on Ab features associated with 

chronic viral infection (141), we observed that SM levels were elevated in memory B-cell 

and plasmablast populations whereas naïve B cells and tissue-like memory B cells were 
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unaffected. Accumulation of SMs in these subsets indicates an antigen-driven response, 

and further accounts for the presence of the low-level polyreactivity observed during HIV 

in which SM acts a generator of this feature (405, 406). Germline VH gene-usage 

analysis identified a bias favoring usage of IGVH1-69 as well as IGVH4-34 germline 

gene segments in naïve B-cell subsets during HIV infection (141, 288, 312); elevation in 

IGVH1-69 gene usage was somewhat consistent with the serological increase in G6-

reactive Abs (encoded by the IGVH1-69 51p1 allele) observed in our studies, and that of 

IGVH4-34 was consistent with 9G4+ B cells (288, 312), which were previously 

characterized as an expanded B-cell subset in SLE (30) and HIV infection (325). 

However, while increases in IGVH1-69 would be expected in the IgG+ memory and 

plasmablast populations, they were not observed; increased IGVH4-34 usage was 

observed in the plasmablast population, but not in the IgG+ memory populations. 

Notably, Kobie et al. (312) showed that IGVH4-34-encoded Abs are not autoreactive in 

HIV infection (and correlate with viral load), but are autoreactive in SLE. For these 

reasons, it appears that the difference in IGVH1-69 gene usage between HIV-1 infection 

and SLE, and the similar usage of IGVH4-34 in both conditions, are likely be driven by 

different immunological processes.  

Collectively, these data potentiate a fundamental shift in the B-cell repertoire 

during the chronic phase of infection, providing some evidence of systemic changes to 

the B-cell response, and consequently, the Ab response. Notably, due to only examining 

IgG+ memory B-cell subsets, some immmunogenetic and immunophenotypic 

differences between the HIV+ and healthy-control cohort that lie within IgM+ memory 

subset may be unappreciated. This possibility is supported by previous analyses in 

which elevated SM levels were detected within the IgM+ bulk-sorted B-cell 
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subpopulation in HIV+ individuals (276). Given that classical IgG- naïve B cells, which 

likely bear an IgM+ immunophenotype, did not exhibit increased SM levels in our current 

study, we conclude that the previously observed elevated levels of SM in IgM+ B cells 

were present within the IgM+ memory B-cell compartment. Thus, future analyses should 

interrogate IgM+ memory B-cell subsets and other compartments that were not 

analyzed in this study especially due to our observation of profound HIV-associated 

immunophenotypic dysregulation; this may provide deeper insights into immunological 

processes that occur in the chronic phase of the humoral immune response. Upon 

completion of the SLE VH NGS, we expect that in agreement with immunophenotypic 

dysregulation, some immunogenetic features such as increased SM levels will bear 

similarities to those observed in HIV. Conversely, divergence in other immunogenetic 

features may also be observed in the functional B-cell compartments in the SLE cohort 

based on the differences in serological profiles observed in antigen reactivity and G6-

binding activity of HIV vs. SLE sera. Based on our data, we believe that the similarities 

between HIV and SLE are driven by chronicity and hyperactivation (269, 309) rather 

than etiology and therefore, differences between these two diseases may be informative 

towards: (i) elucidating HIV antigen-specific processes, (ii) delineating the chronic 

immune response against the virus, and (iii) determining the origin of chronic-type and 

bNt Abs against HIV. Importantly, analysis of humoral immune responses against other 

chronic-disease settings e.g., HCV, will also facilitate elucidation of HIV-specific 

responses.  

Despite these findings, however, a number of unresolved questions regarding 

the origin of bNt Abs remain. For example, the origin of Abs with elongated CDR-H3s is 

still obscure given that CDR-H3 lengths in all the subsets analyzed were similar 
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between HIV+ and healthy cohorts. Although B-cell clones bearing Abs with long CDR-

H3s are present in the naïve repertoire, they rarely participate in the immune response 

(192), suggesting that the prevalence of this feature in bNt Abs might be based on more 

intricate and yet to-be-defined antigen-selection mechanisms. Taking into account the 

altered immune microenvironment in which these Abs are elicited, perhaps the 

prevalence of Abs with long CDR-H3 observed by Breden et al. (17) could be attributed 

to the recruitment of atypical and/or extrafollicular B cell subsets, such as the human 

equivalent of the peritoneal-cavity resident, murine B1-a cells that have been shown to 

have Abs with long CDR-H3s (79). Although the debate regarding the existence of such 

a subset in humans is still ongoing (81-85), the potential that long CDR-H3 Abs originate 

from a B1-a cell-like population is further supported by the virtue of “compartmental 

censorship” mechanism of tolerogenesis whereby weakly self reactive B-cells are 

shuttled to the peritoneal cavity as opposed to undergoing apoptosis or anergy; these 

cells are effectively censored from typical adaptive B-cell responses in a normal humoral 

microenvironment ((74), reviewed in (75)). Thus, even though B cells bearing long CDR-

H3s are ‘edited’ from the general B-cell repertoire, they are still present, and in the 

context of an altered immunological milieu, can be recruited into the immune response. 

This possibility further advances the significance of conducting analyses of IgM+ 

memory subpopulations that may be represented in antigen-driven extrafollicular 

responses in humans (77, 407). It is also significant to note that not all bNt Abs have 

long CDR-H3s (123) and therefore although this feature may coincide with the elicitation 

of bNt Ab responses, it may not be absolutely required for effective breadth and 

potency. 
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In light of the insights gained here, additional studies are required to further test 

the immunological processes suggested by our data and their role in the evolution of 

bNt Abs. In particular, interrogation of antigen-specific B cells during the course of 

infection would facilitate more conclusive and direct assessment of the HIV-associated 

humoral immune response. For example, it could be that the Abs with long CDR-H3s, 

high SM levels and/or biased VH gene usage, although rare, are enriched in this subset 

based on the hypothesis of antigen-driven selection. Furthermore, it is currently 

undefined whether all these features block or aid the development of bNt Abs, and in 

this respect, future studies should also include a cohort of HIV+ individuals with truly bNt 

serum responses (rather than heterologous cross neutralizing ones). As well, in the 

broader and important context of B-cell distribution, evaluation of true broad neutralizers 

might reveal unique immunophenotypic signatures that inform the cellular origin of bNt 

Abs.  

Founded on evidence synthesized from various previous studies and the results 

presented here, the presence of a chronic phase of the humoral immune response in 

humans is fairly well established. However, the evolution of the immunological 

processes that precede its emergence are not well understood and therefore analysis of 

longitudinal samples collected over the course of infection (preimmune or early acute 

phase through to the chronic phase of the humoral immune response) is crucial. 

Although this approach may be fraught with difficulties in obtaining samples over such a 

long period of time, its relevance and utility has already been illustrated in elucidating 

co-evolutionary pathways taken by HIV and bNt Abs during the course of infection (122). 

Chapters 4 and 5 describe the murine humoral immune response following 

immunization with the engineered filamentous bacteriophage, f8-��ǻ�� (339). First, we 
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assessed the kinetics of the humoral immune response in vitro by evaluating CD138+ 

cells after a single immunization using ELISPOT assay and serum ELISA (Chapter 4). 

Due to the antigenic determinants of the phage (341) and temporal characteristics of the 

humoral immune response observed, we deduced that the early, d2, response was 

likely due to TI-1 responses, whereas the d9 surge of cells was attributable to TI-2 

and/or TD responses. These results were also consistent with our preliminary findings 

from transcriptomic profiling, in which d2 CD138+ cells exhibited a more innate-like 

transcriptomic profile relative to the d9 cells (Chapter 5). Importantly, differentially 

expressed genes also revealed further heterogeneity within the CD138+ cellular 

compartment based on the various B-cell compartments (MZ, B1b, etc.) from which 

these cells likely originated. The changing heterogeneity observed within the CD138+ 

subset at different times indicates that a similar level of disparity may exist in other 

seemingly homogeneous B-cell subsets.  

It is difficult to accurately determine the B-cell subsets that contribute to the 

different responses without further analyses. This is particularly pertinent for the d9 

response given that, despite the inference of possible TD activation at this time point, 

multiple lines of evidence suggested that B1-b and MZ B-cell responses were present at 

this time point. To that end, further characterization of this model is necessary. For 

example, future analysis using transgenic mouse strains, such as TLR4-/- mice or 

C3H/HeJ mice (382, 408), and CD4-/- or MHCII-knockout mice (409-411), would facilitate 

accurate conclusions from these studies. In such analyses, we would expect: (i) the 

TLR4-/- or C3H/HeJ mice to block the initial d2 response due to inability to respond to 

LPS incorporated in the phage coat (382, 408, 412); and (ii) CD4-/- or MHCII-knockout 

mice to exhibit impairment in T-cell responses (409-411) and therefore delineate the 
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contribution of the TD response at d9. In addition, due to the apparent heterogeneity 

within immunophenotypically defined B-cell compartments (e.g., CD138+ cells), other 

immunologically privileged microenvironments (e.g., peritoneal cavity, bone marrow and 

draining lymph nodes) should be considered in future analyses as well. 

Determination of the nature of the humoral response at later immunizations in 

the hyperimmunization study was further confounded, as VH NGS was performed on 

CD19+ pVIII-peptide-binding (antigen-specific) B cells that were collected on d14 p.i.. 

Although the absence of SMs in these cells may be an artefact determined by the time 

of sample collection (359), our data support the possibility that the murine immune 

response to the immunogen was limited to extra-follicular responses only. With regard to 

these antigen-specific subsets, in addition to adjusting sample collection closer to the 

time of immunization (e.g., d3 p.i.) as suggested by Berek et. al. (359), future studies 

should also include more detailed fractionation of B cells using immunophenotypic 

markers that distinguish B1-a, B1-b, MZ and B2 cells (Table 1.1, Chapter 5) as well as 

GL7 or peanut agglutinin, which identifies cells that have participated in a GC reaction 

(413-415).  

Strikingly, the emergence of perturbations comparable to some of those 

observed in chronic infections was evident following the hyperimmunization protocol. It 

is important to note that even though the kinetics of antigen clearance in this model are 

unknown, the principle of prolonged antigen exposure is maintained through repeated 

immunizations. This is a similar case to influenza viral infection, which, despite being an 

acute infection, elicits Abs with similar features to chronic-type Abs, most likely due to 

repeated infections over the lifetime of the host (reviewed in (416)); in this instance, 

repeated exposure to the phage is meant to recapitulate these dynamics of a long-term 
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infection. In the phage-hyperimmunization model, aberrancies were suggested by: (i) 

the diminished capacity of Ab secretion by ASCs, (ii) a slight decline in serum Ab levels; 

(iii) a re-emergence of clonal recruitment (Chapter 4) and (iv) provisional support for 

these outcomes through transcriptomic analysis (Chapter 5). Collectively, these data 

establish the emergence of the chronic phase of the humoral immune response, which 

would be in addition to the putative innate-like; early induced and adaptive stages of the 

humoral immune response (78). We hypothesize that the refractory CD138+ cells 

observed are consistent with “exhausted” tissue-like memory B cells, which are 

expanded in various chronic disease settings (200, 202, 206, 207, 209) and rendered 

unresponsive by homeostatic mechanisms that upregulate inhibitory proteins that 

dampen cellular hyperactivation (163). Although the transcriptomic profiles of the 

CD138+ cells after the eleventh immunization revealed only one such pathway (the PD-

1 signaling pathway), these cells also bore differentially expressed genes involved in 

gene ontologies that likely impede or ablate B-cell responses. (Though it should be 

noted that, unlike the CD138+ cells isolated after a single immunization, the 

mononuclear cells from which CD138+ cells were isolated after hyperimmunization had 

been frozen before sorting; thus their integrity and transcriptional profile may have been 

altered by this procedure.) With that in mind, it is notable that CD138+ cells bear a 

different transcriptional program from other B cells (380), and therefore the absence of 

more robust similarities between these cells and tissue-like memory B cells is 

unsurprising.  

In humans, cellular ‘exhaustion’ has only been described within the memory B–

cell subsets (200, 202, 206, 207, 209), and to date, the presence of functionally anergic 

plasmablasts/plasma cells in chronic infection is unknown. It is also unclear whether this 
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population of cells develops from an atypical B-cell subset (e.g., early-stage tissue-like 

exhausted memory B cells that may still bear some proliferative capacity) or from normal 

B cells that are rendered anergic by homeostatic mechanisms upon terminal 

differentiation into plasma cells. Irrespective of the immunological process that leads to 

“exhausted” plasma cells, however, their effect is likely detrimental to the overall quality 

of the humoral immune response, and their presence may provide a novel correlate of 

chronic infection in humans. 

Significant further characterization is also required for the immunological 

features observed following hyperimmunization. In this regard, VH sequencing of 

CD138+ cells and antigen-specific B cells from many of the immunizations (third, fifth, 

seventh, ninth and eleventh) is currently underway. As mentioned, the time of sample 

collection may skew the B-cell immunogenetic characteristics given that at d14 p.i. a 

majority of activated cells may have differentiated into plasmablasts and egressed from 

the spleen (359). In line with this, we therefore expect that VH sequence analyses of d14 

CD138+ cells would produce a more accurate picture of the immunogenetic 

characteristics of the active B-cell response in our model. In addition, it is possible that 

these cells may also exhibit perturbations in CDR-H3 length, which were not discernible 

in our analyses thus far. Also, as discussed in Chapter 5, replication of all the 

experiments conducted in the transcriptional profiling (and without freezing) is necessary 

to draw definitive conclusions from the transcriptomic data. Lastly, the natural extension 

of this work, upon further characterization, would be to conduct similar analyses in the 

LCMV model in which both the acute (Armstrong) variant, and chronic (clone 13) variant 

(63,64), can be used to track the evolution of the acute through to the chronic humoral 

immune response.  
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In summary, this body of work presents analyses of the humoral immune 

response to antigen persistence in two systems. While HIV-associated modulation of the 

humoral milieu is fairly well defined, our determination of the same using high-

throughput methods further illustrates the global extent of the perturbations and their 

possible role in eliciting chronic-type Abs. The preliminary data from the mouse model 

are promising, but subject to affirmation of the features observed; the use of the phage 

virus-like particle is ideal in this regard because it offers a malleable scaffold that can be 

modified to more faithfully mimic a chronic infection as well as developed as a vaccine 

platform. Taken together, the methods presented here also offer a systems-immunology 

workflow whereby the immune response can be interrogated globally. Using this 

workflow in an iterative manner, particularly in an animal model, the chronic immune 

response can be tracked from initial activation to the emergence of chronic-type Abs. By 

clearly defining the various immunological processes, we would also gain insight into the 

contribution of the various features observed in the chronic stage that range from 

additive (e.g., epitope spreading) to deleterious (e.g., cellular “exhaustion”). Ultimately, 

these steps would likely be crucial in gaining a clearer understanding of the processes 

involved in eliciting bNt Abs during natural infection, and by extension, should inform 

vaccine design. 
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Appendix A Supplementary Material to Chapter 2 

 
Supplementary Figure S1. Cross-institutional comparison of 

immunophenotyping data.   
(A) Differences in machine settings are shown, wherein the peak intensity for positive 
fluorescence was different NIAID/NIH (green) compared to UBC (red). Despite these 
differences, however, immunophenotypic distributions were similar at both sites, as illustrated in 
the pseudocolor in (B). These conclusions are also supported by the absence of significant 
differences between data obtained at the two sites (Figure 2.1 and Table 2.3). 
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(B) Psuedocolor plots of cross-instituional comparison of FCM data. Comparison of CD19 
vs. CD10 to gate mature B cells after which putative B-cell subset distribution was compared for 
data collected at the independent sites.  
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Supplementary Figure S2.  Heatmap showing distribution of 2-marker 

combinations captured by immunophenotyping panel.  
Using the flowType algorithm, individual markers within the CD19+ B-cell subpopulation were 
compared between HIV+ individuals  (n=13) and healthy controls (n=13) (see “2-marker 
combination” panel in Supplementary Table S2 for respective subset frequencies).  
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Supplementary Figure S3. Heatmap showing distribution of 2-marker 

combinations captured by immunophenotyping panel.  
Using the flowType algorithm, individual markers within the CD19+ B-cell subpopulation were 
compared between HIV+ indviduals (n=13) and healthy controls(n=13) (see “2-marker 
combination” panel in Supplementary Table S2 for respective subset frequencies).  
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Supplementary Figures S4. Schematic showing individual marker analysis for 

IgG+ resting memory B cells, CD19+CD21+IgG+CD27+CD10-CD20+ 
using both (A) manual analysis and (B) automated analysis with 
RchyOptimyx.   

All the cells in the analysis were initially gated on the CD19+ subpopulation, this marker is not 
included in the figure. The colors of the boxes represent the statistical significance of differences 
between HIV+ and healthy individuals in the respective immunophenotypes calculated using the 
Wilcoxon rank-sum test.  



 

259 

 

!
Continued next page 



 

260 

 
Supplementary Figure S5.  Schematic showing individual marker analysis for 

IgG+ activated memory B cells, CD19+CD21-IgG+CD27+CD10-
CD20+. (A) manual analysis and (B) automated analysis with 
RchyOptimyx.  

All the cells in the analysis were initially gated on the CD19+ subpopulation, this marker is not 
included in the figure. The colors of the boxes represent the statistical significance of differences 
between HIV+ and healthy individuals in the respective immunophenotypes calculated using the 
Wilcoxon-rank sum test.  
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Supplementary Table S1. Comparison of cell frequencies for B-cell marker 
combinations of increasing complexity between healthy and HIV+ 
cohorts 

 
 double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 

Continued on next page 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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 double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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 double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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 double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 

 

Supplementary Table S2. Comparison of immunophenotyping results from 
manual and flowType analyses 

Immunophenotype  B-cell subsets 
ap-values 

HIV+ Healthy 
CD19+CD10-CD20+CD27-CD21+IgG- IgG- Naïve  2.64E-01 3.90E-01 
CD19+CD10-CD20+CD27+CD21-IgG+ IgG+ Activated memory  2.87E-01 1.69E-01 
CD19+CD10-CD20+CD27+CD21+IgG+ IgG+ Resting memory 1.51E-01 1.53E-01 
CD19+CD10-CD20+CD27-CD21-IgG+ IgG+ Tissue-Like memory 2.04E-01 9.20E-01 
CD19+CD10-CD20-CD27+CD21- Plasmablasts 2.34E-01 3.69E-01 

a p-value calculated using Wilcoxon rank-sum test 
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Appendix B Supplementary Material to Chapter 3 

 
Supplementary figure S1.  Heat maps showing distribution of 2-marker 

combinations captured by immunophenotyping panel.  
Using the flowType algorithm, individual markers within the CD19+ B-cell subpopulation were 
compared between: (S1A) HIV+ individuals (n=13) and healthy controls (n=13). see “2-marker 
combination” panel in  Appendix B, Supplementary S2 for respective subset frequencies). 

Continued on next page 
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(B) SLE individuals (n=8) and healthy controls (n=10). Heat maps represent B-cell subsets as a 
percentage of CD19+ cells. (see “2-marker combination” panel in  Appendix B, Supplementary 
S3 for respective subset frequencies).  
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Supplementary Figure S2. Supplementary Figure S2. Schematic showing 

individual marker analysis for putative IgG- B-cell 
immunophenotypes in HIV+ individuals vs. healthy controls.  

All the parent immunophenotypes that contain (S2A) IgG- Naïve- CD19+CD21+IgG-CD27-CD10-
CD20+. B cells were analyzed by evaluating all 2-, 3-, 4- and 5-marker combinations within these 
subpopulations. Given that all the cells in the analysis are predicated on the CD19+ 
subpopulation, this marker is not included in the figures. The colors of the boxes represent 
statistical significance of differences subset distribution in the cohorts calculated using the 
Wilcoxon rank-sum test. Through this evaluation, the contribution of each marker to the various 
immunophenotypes is depicted, and HIV-mediated dysregulation is detectable in the different 
cellular compartments identified by an immunophenotyping panel. This is illustrated by tracking 
contribution of each marker and illustrates HIV-mediated dysregulation at a more global level. 
(See Appendix B, Supplementary Table S2 for all immunophenotypes).  

Continued on next page 
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(B) Schematic showing individual marker analysis for putative B-cell immunophenotypes in HIV+ 
individuals vs. healthy controls. IgG- resting memory B cells  - CD19+CD21+IgG-CD27+CD10-
CD20+; 

Continued on next page 
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(C) Schematic showing individual marker analysis for putative B-cell immunophenotypes in 
HIV+ individuals vs. healthy controls. IgG- activated memory B cells  - CD19+CD21-IgG-
CD27+CD10-CD20+ 
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Supplementary Figure S3.  Schematic showing individual marker analysis for 

putative IgG- B-cell immunophenotypes in individuals with SLE vs. 
healthy controls. All the parent immunophenotypes that contain: 
(S3A) IgG- Naïve- CD19+CD21+IgG-CD27-CD10-CD20+  

B cells were analyzed by evaluating all 2-, 3-, 4- and 5-marker combinations within these 
subpopulations. The colors of the boxes represent statistical significance of differences subset 
distribution between the cohorts and calculated using the Wilcoxon rank-sum test. (See 
Appendix B, Supplementary Table S3 for all immunophenotypes).  

Continued on next page 



 

274 

 
 

(B) Schematic showing individual marker analysis for putative B-cell immunophenotypes in 
individuals with SLE vs. healthy controls. IgG- resting memory B cells  - CD19+CD21+IgG-
CD27+CD10-CD20+. 

Continued on next page 
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(C) Schematic showing individual marker analysis for putative B-cell immunophenotypes in 
individuals with SLE vs. healthy controls. IgG- activated memory B cells - CD19+CD21-IgG-
CD27+CD10-CD20+ 
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Supplementary Figure S4. Schematic showing individual marker analysis for 

putative IgG- B-cell immunophenotypes in HIV+ individuals vs. 
individuals with SLE. All the parent immunophenotypes that contain 
(S4A) IgG- Naïve- CD19+CD21+IgG-CD27-CD10-CD20+  

B cells were analyzed by evaluating all 2-, 3-, 4- and 5-marker combinations within these 
subpopulations. The colors of the boxes represent statistical significance of differences subset 
distribution between the cohorts calculated using Wilcoxon rank-sum test. (See Appendix B, 
Supplementary Table S4 for all immunophenotypes). 

Continued on next page 
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(B) Schematic showing individual marker analysis for putative B-cell immunophenotypes in HIV+ 
indviduals vs. individuals with SLE.  IgG- resting memory - CD19+CD21+IgG-CD27+CD10-
CD20+ 

Continued on next page 
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(C) Schematic showing individual marker analysis for putative B-cell immunophenotypes in HIV+ 
indviduals vs. individuals with SLE. IgG- activated memory B cells- CD19+CD21-IgG-
CD27+CD10-CD20+. 
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Supplementary Figure S5. PCA of 6-marker B-cell immunophenotypes in 

indviduals with HIV+ and SLE as well as their healthy controls.  
2D representations of the different PCs are illustrated with all axes representing the scores by 
different subjects. At the bottom is a 3D scatter-score plot of the first three PCs: (PC 1-3): green 
triangles (HIV+); blue diamonds (SLE); red squares (HIV controls); black circles (SLE controls) As 
shown comparison to PC1 presents the most disparity which is representative of the extent of 
dysregulation in the HIV+ cohort.   
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Supplementary Table S1. : HIV+ patient information 

Sample ID 
viral load (RNA copies/ 

mL) 
TCD4 

(count) 
TCD8 

(count) Gender 
HIV1 5647 347 660 Male 
HIV2 4589 727 1404 Male 
HIV3 7183 411 726 Male 
HIV4 33589 925 883 Male 
HIV5 39720 397 534 Male 
HIV6 3426 787 1015 Female 
HIV7 2762 776 551 Male 
HIV8 23675 444 873 Male 
HIV9 3204 592 906 Male 
HIV10 50 492 856 Female 
HIV11 <50 573 1170 Female 
HIV12 79 558 864 Female 
HIV13 71 486 473 Male 

 

Supplementary Table S2. : SLE patient information 

Sample ID Status SLEDAI score Gender 
SLE1 Active <4 Female 
SLE2 Active <4 Female 
SLE3 Active <4 Female 
SLE4 Active <4 Female 
SLE5 Active <4 Female 
SLE6 Active <4 Female 
SLE7 Active <4 Female 
SLE8 Active <4 Female 
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Supplementary Table S3. Sequencing Primers 
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Supplementary Table S2. Immunophenotypic space captured by the B-cell marker 
panel in HIV+ individuals vs. healthy controls  

 
double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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Supplementary Table S3. Immunophenotypic space captured by the B-cell 
marker panel in SLE vs. healthy controls  

 
double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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Supplementary Table S4. Immunophenotypic space captured by the B-cell 
marker panel in HIV+ individuals vs. SLE  

 
double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test  
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 

Continued on next page 



 

302 

 
double line (=) denotes significance p-value <0.05 
** All marker combinations include CD19+, which was used as a pan B-cell marker 
a p-value calculated using Wilcoxon rank-sum test 
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Supplementary Table S5. Number of B cells and number of full-length reads 
analyzed for each Illumina library. 
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Appendix C Supplementary Material to Chapter 4 

 
Supplementary Figure S1.  Structure of filamentous bacteriophage.  
Depiction of phage capsid, which consists primarily of pVIII monomers in a shingle-type array, 
with the minor coat proteins pIII, pVI, pVII and pXI positioned on opposite ends of the particle. 
Inset: magnified view of a section of the phage coat. The N-terminus of each pVIII monomer is 
~27 Å distant from its nearest neighbor, and only 12 residues are surface-exposed. In this study, 
ZH�XVHG�WKH�ǻ��SKDJH-variant, in which the N1 and N2 domains of the pIII minor-coat protein 
have been excised.  
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Supplementary Figure S2. Composite of Antigen specificity of IgM and IgG ASCs 

and serum $E�UHVSRQVHV�IROORZLQJ�VLQJOH�LPPXQL]DWLRQ�ZLWK����ȝJ�
of phage.  

Stacked column graphs illustrate distribution of phage and non phage IgM or IgG ASCs present 
in the blood and spleen after the indicated post-immunization time point. Line graphs depict 
serum responses against the pVIII peptide and shaded area graphs represent serum Ab 
responses against whole phage.  
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Supplementary Figure S3: Composite of Antigen specificity of IgM and IgG ASCs 

and serum Ab responses over the course of hyperimmunization.  
Stacked column graphs illustrate distribution of phage and non-phage IgM or IgG ASCs present 
in the blood and spleen after the indicated immunizations. Line graphs depict the serum 
responses against the pVIII peptide and shaded area graphs represent serum Ab responses 
against whole phage. Note that for serum responses against phage and the pVIII peptide, 
endpoint serum IgM titers were calculated as the serum dilution required to produce an OD of 
0.5; half-maximal serum IgG titers were calculated as the serum dilution required to produce 50% 
signal saturation. Right axis represents log scale values of serum titers. 
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Supplementary Table S1: First round PCR primers sequences 

  Forward linker Gene specific primers 
VH1-A-internal CGCTCTTCCGATCTCTG GARGATRTCCTGYAAGGCTTC 
VH1-B-internal CGCTCTTCCGATCTCTG ARGBTGTCCTGCAAGRCTTC 
VH2-internal CGCTCTTCCGATCTCTG TGCAGCTGAAGSAGTCAGGA 
VH3-internal CGCTCTTCCGATCTCTG AACCTTCTCAGWCACTGTCC 
VH4-internal CGCTCTTCCGATCTCTG GGAGGTGGCCTGGTGCAG 
VH5-internal CGCTCTTCCGATCTCTG AGCCTGGAGGGTCCCTGAA 
VH6-internal CGCTCTTCCGATCTCTG GAGGAGTCTGGAGGAGGCTT 
VH7-internal CGCTCTTCCGATCTCTG TCTGGAGGAGGCTTGGTACA 
VH8-internal CGCTCTTCCGATCTCTG CTGGGATATTGCAGCCCTCC 
VH9-internal CGCTCTTCCGATCTCTG ACAGATCCAGTTGGTGCAGT 
VH10-internal CGCTCTTCCGATCTCTG AGGTGTGCATTGTGAGGTGC 
VH11-internal CGCTCTTCCGATCTCTG GAAGTGCAGCTGTTGGAGAC 
VH12-internal CGCTCTTCCGATCTCTG CCTGGTGAAACCCTCACAG 
VH13-internal CGCTCTTCCGATCTCTG AGGCTTGGTGAGGCCTGGA 
VH14-internal CGCTCTTCCGATCTCTG GAGGTTCAGCTGCAGCAGT 
VH15-internal CGCTCTTCCGATCTCTG CAATCCCAGGTTCACCTACAA 
VH16-internal CGCTCTTCCGATCTCTG GTGAGGTGCAGCTGGTGGA 
  Reverse linker Gene specific primers 
C IgM-internal TGCTCTTCCGATCTGAC AGACATTTGGGAAGGACTGAC 
C IgG-A-internal TGCTCTTCCGATCTGAC GGCCAGTGGATAGACHGATG 
C IgG-B-internal TGCTCTTCCGATCTGAC CAGGGACCAAGGGATAGACA 
C -IgA-internal TGCTCTTCCGATCTGAC TGCTCTTCCGATCTGACAGTGTCAGTGGGTAGA 
 

Supplementary Table S2: Second round PCR primers sequences 

Name P5 Adaptor Index seq-F-primer or seq-R-primer 

seqF AATGATACGGCGACCACCGAG
ATCT - ACACTCTTTCCCTACACGACGCTCTTCC

GATCTCTG  

seqR CAAGCAGAAGACGGCATACGA
GAT 

11, 12, 14, 
16 

GTGACTGGAGTTCAGACGTGTGCTCTT
CCGATCTGAC 
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Appendix D Supplementary Material to Chapter 5 

 
Supplementary Figure S1. Global comparison of CD138+ cells to other murine B-

cell subsets. 
 Complete hierarchical clustering based on all differentially regulated genes with an FC > 2. 
Primary data were obtained from CD138+ cells obtained as described (See Materials and 
methods). Secondary data all other B-cell subsets shown here (non-CD138+ B cells) were 
obtained from GEO (See Appendix D, Supplementary Table S1.) Heat map colors represent 
the log2 values of gene expression in the cell subsets indicated on the x-axis.  
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Supplementary Figure S2.  Representative flow cytometry and RT-PCR of 

differentially expressed cell-surface markers.  
Plasma membrane-associated proteins were determined from DEGs (FC > 2) using annotation 
from the Ingenuity Pathway analysis database. Newly defined markers from this evaluation were 
used to confirm transcriptional profile findings by flow cytometry and RT-PCR on splenic cells 
from d2 and d9 post single immunization. (A) Lymphocytes from gradient purified splenic cells 
were first gated on CD138 expression (top panel) then Ly96, Clec4E or CD83 as illustrated. Cell-
population size is indicated within the gates as a percentage of CD138+ cells. Results represent 
4 individual experiments.  

Continued next page 
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Continued on next page 
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Continued on next page 
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(B) RT-PCR on select plasma-membrane associated transcripts. Data represent mean relative 
expression and FC of CD83, Ly96 and Ly6D on d2 vs. d9. Each comparison represents four 
individual analyses in which each sample was analyzed in triplicate. * p-value < 0.05, Student’s t 
test.  
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Supplementary Figure S3. Global comparison of splenic d2 and d9 CD138+ cells 

vs. CD138+Ly96+ cells.  
Modules were derived from DEGs with an FC>2 and r > 0.85 (Pearson’s correlation coefficient) 
which were then clustered using the MCL algorithm. Heat map colors represent log2 values of 
gene expression levels. Genes were then categorized based on their biological attributes 
determined by GO and pathway over-representation analyses. 
 

Continued on next page 
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Supplementary Figure S4. Over-represented GOs in co-regulated genes in d2 

and d9 splenic CD138+ cells and CD138+Ly96+ cells.  
Heat map colors represent the log2 values of gene expression in the cell subsets indicated on the 
x-axis and all GOs shown here have an adjusted p-value < 0.05. 

Continued on next page 
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Supplementary Figure S5. Over-represented pathways in co-regulated genes 

among d2 and d9 CD138+ cells and CD138+Ly96+ cells.  
Heat map colors represent the log2 values of gene expression in the cell subsets indicated on the 
x-axis and pathways shown here have a p-value < 0.05. 

Continued on next page 
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Continued .Over-represented pathways in co-regulated genes among d2 and d9 CD138+ cells 
and CD138+Ly96+ cells 

 
Supplementary Figure S6.  DEGs encoding plasma-membrane-associated 

proteins.  
Heat map colors represent log2 values of gene expression in the cell subsets indicated on the x-
axis.  
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Supplementary Table S1: Cellular identity of GEO samples used in comparison 
with CD138+ cells 
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Supplementary Table S2. Differentially regulated GOs in splenic CD138+ and 
CD138+Ly96+ cells from d2 and d9.  
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Supplementary Table S3.  Differentially regulated pathways in splenic CD138+ 
and CD138+Ly96+ cells from d2 and d9.  
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