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CHAPTER I 

 

INTRODUCTION 

 

Significance and overview 

Left untreated, the mortality rate of human immunodeficiency virus (HIV) is higher 

than 95%, making it one of the most fatal diseases in existence.  During HIV infection, only 

5% of CD4+ T cells are productively infected with virus, yet extensive decline of CD4+ T 

cells is the hallmark of progression to AIDS (Doitsh et al., 2010).  Highly active anti-

retroviral therapy (HAART) can delay progression to acquired immune deficiency syndrome 

(AIDS) but is not curative and is not used in over 60% of cases worldwide due to cost, 

availability, and knowledge of HIV+ status (WHO, 2015). Despite extensive efforts to create 

an efficacious vaccine to prevent HIV infection, no vaccine for HIV is currently available.  

Vaccines for HIV will need to induce both cellular and humoral responses to prevent HIV 

infection.  

 T follicular helper-like cells (TFH cells) are a type of CD4+ T cells whose enhanced 

capabilities at collaborating with both B cells (Breitfeld et al., 2000; Crotty, 2011; Schaerli et 

al., 2000; Vinuesa, Tangye, Moser, & Mackay, 2005) and CD8+ T cells (Elsaesser, Sauer, 

& Brooks, 2009; Yi, Du, & Zajac, 2009) make them an attractive vaccine target to elicit both 

cytotoxic CD8+ T cell responses and broadly neutralizing antibody responses from B cells 

(Burton et al., 2012; Kwong, Mascola, & Nabel, 2013; Picker, Hansen, & Lifson, 2012; 

Streeck, D'Souza, Littman, & Crotty, 2013).  Peripheral TFH cells (pTFH cells) are a putative 

counterpart to TFH cells in the germinal center (GC TFH cells) that can serve as immune 

correlates to vaccination (Bentebibel et al., 2013; Bentebibel, Schmitt, Banchereau, & 

Ueno, 2011; N. Chevalier et al., 2011; He et al., 2013; Herati et al., 2014; Locci et al., 2013; 

Morita et al., 2011; Pallikkuth et al., 2012; Schultz et al., 2016).  To better understand the 

cooperative efforts of pTFH cells and B cells we extensively studied the frequency, 
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phenotype, and responses to antigen stimulation of pTFH and B cells circulating in 

chronically infected HIV+ individuals.     

 

 
T follicular helper cells 

 

Germinal center TFH cells 

Studies of the T and B cell collaborative processes have only emerged over the 

past decade with the discovery of TFH cells and have largely been preformed in mice 

(Crotty, 2011).  Follicular B helper T cells (TFH) are the best model for T cell-B cell help.  

They were first discovered as an abundant population of CD4+ T cells in tonsils, 

distinguished from other T helper cells by their surface expression of CX chemokine 

receptor type 5 (CXCR5) (Breitfeld et al., 2000; Kim et al., 2001; Schaerli et al., 2000).  

CXCR5 is a chemokine receptor that binds to its ligand, CX chemokine ligand type 13 

(CXCL13), ensuring proper migration of the cells that express it through germinal centers 

(GC) to the B cell-containing follicles (Ansel, McHeyzer-Williams, Ngo, McHeyzer-Williams, 

& Cyster, 1999; R. Forster et al., 1996; Kim et al., 2001). TFH cells are thus able to home to 

follicles, where they directly interact with B cells.  CXCR5 expression alone is insufficient 

evidence that TFH cells are of a lineage distinct from the well-established CD4+ T cells 

subsets T helper 1, T helper 2, T helper 17, and T regulatory cells.  However, the discovery 

of B-cell lymphoma 6 protein (Bcl-6) in 2009 as the master transcription factor required for 

TFH differentiation established TFH cells as a distinct CD4+ T cell lineage (Johnston et al., 

2009; Nurieva et al., 2009; Yu et al., 2009).  Since then a vast amount of research efforts 

have focused on better understanding the phenotype, function, and differentiation of TFH 

cells in humans. 

TFH cells have various collaborative functions with several immune cell subsets 

including other TFH cells (Eto et al., 2011; Nurieva et al., 2008; Vogelzang et al., 2008) and 
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CD8+ T cells via interleukin (IL)-21 secretion (Elsaesser et al., 2009; Yi et al., 2009).  Their 

most important and well-studied function, however, is their interaction with B cells, which is 

critical for the generation and maintenance of protective immunity via antibody responses.  

TFH cell help to B cells is multifaceted: they help form and maintain germinal centers (Allen, 

Okada, & Cyster, 2007; Linterman et al., 2010; Qi, Cannons, Klauschen, Schwartzberg, & 

Germain, 2008) and provide signals to B cells to initiate hypermutation, affinity maturation, 

and differentiation into long-lived plasmablasts and memory B cells (N. Chevalier et al., 

2011; MacLeod et al., 2011; Vinuesa et al., 2005).   To interact with B cells, TFH cells utilize 

surface proteins and cytokines that are critical for productive interactions with B cells 

including (but not limited to) CD40 ligand (CD40L), inducible T-cell costimulator (ICOS), 

(SLAM-associated protein) SAP, and IL-21 (Figure 1-1). Each protein is a critical 

contributor to the magnitude and quality of T-B cell help and Table 1-1 summarizes each of 

them and their ligands, function, and effects/diseases resulting from their absence or 

mutation.  

Along with CXCR5, programmed death 1 (PD-1) is a canonical marker of GC TFH 

cells and is highly expressed on these cells (Dorfman, Brown, Shahsafaei, & Freeman, 

2006; Good-Jacobson et al., 2010; N. M. Haynes et al., 2007).  PD-1 is upregulated on the 

surface of lymphocytes upon extended T cell receptor signaling, and attenuates T cell 

activation, proliferation, and cytokine production (Day et al., 2006; Freeman et al., 2000; 

J.L. Riley, 2009; Sharpe, Wherry, Ahmed, & Freeman, 2007; Trautmann et al., 2006).  It 

acts by blocking the activation of phosphatidylinositol-3-kinase early in the T cell receptor 

signaling pathway, which prevents Akt activation (Figure 1-2) (Parry et al., 2005; J.L. Riley, 

2009; K. A. Sheppard et al., 2004).  It is hypothesized that PD-1 is so highly expressed on 

TFH cells because within germinal centers they are repeatedly stimulated through T-B cell 

interactions.   In this thesis, CXCR5 and PD-1 were regularly used to identify circulating TFH 

cells.   
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Figure 1-1: Germinal center interactions between TFH and B cells. Antigen-specific T 

cells, primed on dendritic cells (DC) in the T cell areas, upregulate ICOS, PD-1 and 

CXCR5 and migrate toward the B cell follicles. After interacting with their cognate B cells, 

these T cells mature into TFH cells that express Bcl-6 and abundant PD-1. In the GC, 

TFH cells interact with GC B cells through an array of molecular pairings. These interactions 

culminate in the secretion of cytokines by T cells, particularly IL-21, which is received by 

the B cells to influence their subsequent activity. From Nutt and Tarlinton 2011 (Nutt & 

Tarlinton, 2011).  
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Table 1-2: Proteins associated with TFH cells. 
Protein 
(Ligand) Main function Result of 

absence/deletion/mutation 
Associated 
diseases 

CD40L 
(CD40) 

Induces signaling in B 
cells via CD40 
engagement 

Absolute block of GC formation; 
blocks plasma cell development 

Hyper-IgM 
syndrome 

ICOS 
(ICOSL) 

Necessary for 
maintenance and 

differentiation of TFH 
cells 

Severe loss of memory B cells; 
complete absence of antigen-

specific IgG responses 

Common variable 
immunodeficiency 

SAP 
(SLAM 
family 

proteins) 

Required for sustained 
T-B cell physical 

interactions 

Impaired help to B cells due to 
lack of extended T-B 

conjugations; no sustained 
antibody responses to 

pathogens 

X-linked 
lymphoproliferation 

IL-21     
(IL-21R) 

Maintains Bcl-6 
expression in B cells 

Decreased/impaired antigen-
specific B cells; decreased B 

cell proliferation 

Common variable 
immunodeficiency 

PD-1   
(PD-L1, 
PD-L2) 

Prevents excess TFH 
proliferation 

Higher frequency of TFH cells; 
worsened B cell responses; 

abnormal GC formation 
Autoimmunity 

CXCR5 
(CXCL13) 

Trafficks TFH cells to B 
cell follicles 

T and B cells do not colocalize 
properly/efficiently ? 

Major proteins associated with TFH cells, their ligands, functions, and what happens when they 
are absent or mutated. 
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Figure 1-2: PD-1 targets early signaling events in T cell receptor signaling.  PD-1 

signaling inhibits Akt activation by targeting a membrane proximal step:  

phosphatidylinositol-3-kinase activation.  Adapted from Riley 2009 (J. L. Riley, 2009). 
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Peripheral TFH cells 

At first, CXCR5 expression was only associated with TFH cells in the lymph nodes.  

But circulating CD4+ T cells expressing CXCR5 were discovered that appeared to share 

functional properties with GC TFH cells.  Initial experiments on circulating CXCR5+CD4+ 

cells sought to identify their relationship to other T helper subsets and several gene 

expression analyses suggest that circulating CXCR5+CD4+ T cells are a new subset of T 

helper cells, with only a few similarities to T helper 2 and T helper 17 subsets (Bentebibel 

et al., 2011; N. Chevalier et al., 2011; Morita et al., 2011).  Subsequent studies showed 

that pTFH cells secrete more IL-21 and stimulate B cells to mature to immunoglobulin-

secreting plasmablasts more efficiently than CXCR5-CD4+ cells (Bentebibel et al., 2011; N. 

Chevalier et al., 2011; Morita et al., 2011).  Accordingly, CXCR5+CD4+ T helper cells in 

the periphery are hypothesized to be a distinct T helper subset that can act similarly to TFH 

cells in the lymph nodes, and so have been termed pTFH cells.  Circulating CXCR5+ cells 

also express other TFH surface molecules important for B cell helper function, including 

CD40L, ICOS, and PD-1 (Bentebibel et al., 2011; N. Chevalier et al., 2011; Morita et al., 

2011).  Compared to their GC counterparts, pTFH cells express lower levels of these 

markers suggesting they are in a resting state, but upon stimulation they are capable of 

expression levels similar to GC TFH cells (Locci et al., 2013; Morita et al., 2011).  The 

canonical markers of pTFH are CXCR5 and PD-1 and their combination was used 

throughout my studies described here to identify pTFH cells.   

 

HIV infection 

 

Background information 

HIV is the causative agent of AIDS (Barre-Sinoussi et al., 1983; Gallo et al., 1984; 

Popovic, Sarngadharan, Read, & Gallo, 1984).   60 million infections have caused more 

than 34 million deaths worldwide since its discovery (WHO, 2015).  HIV currently infects 
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over 35 million people, and between 2 and 3 million new cases emerged each year over 

the past ten years (WHO, 2015).  In the United States it is estimated that almost 1.5 million 

people are infected with HIV, with roughly 50,000 new cases each year (CDC, 2015).  It is 

estimated that over 50% of individuals infected with HIV worldwide are unaware of their 

infection while in the United States the frequency is closer to 12% (CDC, 2015; WHO, 

2015).  Thus, three decades after its discovery, HIV represents a significant burden on the 

health and economies of countries worldwide.   

HIV can be transmitted sexually across mucosal surfaces, during childbirth and 

breastfeeding, and by percutaneous inoculation (G. M. Shaw & Hunter, 2012).  HIV 

specifically targets the host immune response by infecting CD4+ T cells and less often 

cells expressing low levels of CD4, including macrophages.  During HIV infection, only 5% 

of CD4+ T cells are productively infected with virus, yet extensive decline of CD4+ T cells 

is the hallmark of progression to AIDS (Doitsh et al., 2010).  The half-life of most CD4+ T 

cells infected with HIV is short but some cells become latently infected with HIV, 

representing a barrier to a cure (Finzi et al., 1999; Hellerstein et al., 1999; Ho et al., 1995; 

Perelson et al., 1997; J. D. Siliciano & Siliciano, 2006; R. F. Siliciano & Greene, 2012).  

Human immunodeficiency virus (HIV) is a 10 kilobase retrovirus and its genome encodes 

for a variety of structural, regulatory, and accessory proteins.  To study responses to HIV 

stimulation in my thesis, I regularly used forms of the structural precursor Gag protein and 

a cleaved Gag protein, p24, that forms the viral capsid.  

 

Clinical stages of HIV infection 

Following transmission, the ‘acute stage’ of HIV infection where the virus 

establishes a reservoir as it replicates to high titers (≤107 ribonuclease acid (RNA) 

copies/mL plasma) and rapidly depletes the host’s CD4+ T cell population (Brenchley et 

al., 2004; Guadalupe et al., 2003; Q. Li et al., 2005; Mattapallil et al., 2005; Mehandru et 

al., 2004; Ribeiro et al., 2010; Veazey et al., 1998).  Within a year of acquiring HIV 
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infection, a viral ‘set point’ is reached defined by the clinical characteristics of a viral load 

between 101 and 105 copies/mL and a CD4+ T cell count around 103 cells/uL (Katzenstein 

et al., 1996; Lefrere et al., 1998; Mellors et al., 1995; Pedersen, Katzenstein, Nielsen, 

Lundgren, & Gerstoft, 1997; Schacker, Hughes, Shea, Coombs, & Corey, 1998).  This is 

followed by chronic infection, also known as the ‘clinical latency stage’, which can last from 

1-20 years and is defined by fairly stable viral loads and slowly declining CD4+ T cell 

counts.  Most patients experience no symptoms during this stage of chronic infection.  All 

of the individuals studied in this thesis were in the clinical stage of infection except one who 

we identified during acute infection. 

Progression to AIDS begins when the virus depletes the CD4+ T cell population to 

the point where the host can no longer combat foreign pathogens.  Since the early 1990s 

AIDS has been defined as having less than 200 CD4+ T cells per uL of blood (CDC, 1993).  

Symptoms can include rapid weight loss, prolonged swollen lymph nodes, skin 

discoloration, and extreme fatigue.  If untreated, the mortality rate of AIDS is greater than 

95%, usually from opportunistic infections, such as pneumonia.   A summary of clinical 

stages of HIV infection are illustrated Figure 1-3. 
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Figure 1-3: Time course of typical HIV infection. Patterns of CD4+ T cells (blue) and 

HIV RNA (red) during HIV infection.  Modeled after Fauci and Desrosiers 1997 (Fauci & 

Desrosiers, 1997). 
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HIV Controllers 

 A decade into the AIDS epidemic rare patients were identified that were HIV-

infected but did not progress to AIDS (Easterbrook, 1994; Hardy, 1991; Levy, 1993; Lifson 

et al., 1991).  A substantial effort was then made to characterize the immune systems of 

these subjects termed ‘long-term nonprogressors’ (LNTP) (Cao, Qin, Zhang, Safrit, & Ho, 

1995; Pantaleo et al., 1995).  With the advent of more sensitive HIV RNA detection 

methods it was observed that these individuals were heterogenous in the low level of virus 

they maintained.  Two prospective French studies of large HIV cohorts helped classify ‘elite 

controllers’ as having a viral load below 50 copies/mL while ‘viremic controllers’ maintain 

viral loads below 2000 copies/mL in the absence of therapy (Grabar et al., 2009; Hubert et 

al., 2000).  Long-term studies of HIV controllers demonstrate that viral control can be 

maintained over significant periods of time in the absence of HAART.  Elite controllers can 

maintain control for >20 years, but control in viremic controllers appears to be transient 

with most subjects eventually progressing and requiring therapy (Grabar et al., 2009; 

Lefrere et al., 1997; Okulicz & Lambotte, 2011; Okulicz et al., 2009).  

 Studies of the immune systems of HIV controllers demonstrate they maintain CD4+ 

counts similar to HIV-uninfected controls (Cao et al., 1995; Okulicz & Lambotte, 2011; 

Okulicz et al., 2009; Pantaleo et al., 1995; H. W. Sheppard, Lang, Ascher, Vittinghoff, & 

Winkelstein, 1993).  Identifying what regulates control has been of great interest to the field 

with the idea that there may be a mechanism that could be harnessed in vaccine strategies 

(Blankson, 2011; Picker et al., 2012; B. D. Walker, 2007; B. D. Walker, Ahmed, & Plotkin, 

2011).  Elucidating whether HIV control is due to the virus or the immune system has been 

the focus of many research studies over the past 15 years (Deeks & Walker, 2007; Pereyra 

et al., 2008; Saag & Deeks, 2010; Saez-Cirion et al., 2007).  Immune system studies have 

specifically sought to determine whether control is genetic or inducible (Lambotte et al., 

2005).  While the human leukocyte antigen (HLA) B*57 allele is the strongest correlate of 

protection (Migueles et al., 2000), a wide variety of immune phenotypes have also been 
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associated with control such as IL-21 production by CD4+ and CD8+ T cells (M. F. 

Chevalier et al., 2011; Williams et al., 2011; Yue et al., 2010), HIV-specific T cell responses 

to Gag (Ferrando-Martinez et al., 2012; Kiepiela et al., 2007; Saez-Cirion et al., 2009), and 

elevated frequency of regulatory T cells (Hunt et al., 2011; Schulze Zur Wiesch et al., 2011; 

J. M. Shaw et al., 2011).  The finding that IL-21 has been shown to correlate with control 

proposes the idea that TFH cells may play a role in HIV control.  To potentially address this, 

I chose to study HIV+ individuals with a variety of control in this thesis work. 

Elite controllers are rare and comprise less than 0.5% of HIV-infected persons 

while roughly 10% of HIV-infected individuals are viremic controllers (Grabar et al., 2009; 

Hubert et al., 2000).  Dr. Kalams has spent over 15 years identifying and creating a cohort 

of HIV controllers for laboratory studies (Conrad et al., 2012a; Conrad et al., 2011; Meyer-

Olson et al., 2006; Meyer-Olson et al., 2010; K. J. Nicholas et al., 2013; Simons et al., 

2008).  The individuals studied in my thesis work include a mix of elite controllers, viremic 

controllers, and HIV progressors before therapy was initiated (Table 1-2).  By choosing to 

study individuals with a variety of control and thus viremia, I was able to correlate my 

findings with clinical aspects of disease throughout this thesis.  
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Table 1-2: Characteristics and definitions of HIV controllers 

  

Viral load 
(copies/mL) 

Duration of 
control 
(years) 

Frequency 
in HIV+ 

population 

CD4+ T cell 
count (cells/uL) 

Require 
therapy? 

Elite 
controllers <50 >20 <0.5% Normal No 

Viremic 
controllers <2000 ~10 10% Normal/below 

average Eventually 

Non-
controllers >2000 <2 90% Low Yes 

HIV controllers are defined based on their viral load in this thesis (Grabar et al., 2009; 
Hubert et al., 2000).  Duration of control and frequency in population are averages 
based on the literature. 
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HIV and the immune system 

 

Adaptive immune response to HIV 

 The immune response to HIV exists at both the innate and adaptive levels.  There 

is evidence that the innate immune response during acute infection influences viral control 

and the quality of the adaptive immune response during chronic infection (Pantaleo et al., 

1997).  Although the innate immune response significantly reduces viral load, it is 

unsuccessful at stopping HIV’s depletion of CD4+ T cells.  This leaves the adaptive 

immune system to fight a lifelong chronic infection missing a portion of its CD4+ T cells.  

This is highly detrimental as these cells help to coordinate responses between the other 

two major players in the adaptive response: CD8+ T cells and B cells.  Inducing strong 

CD4+ T cell responses cells can initiate and maintain both cytotoxic CD8+ cell responses 

and antibody responses are of interest to the HIV vaccine field.  

 CD8+ T cells can inhibit the replication of HIV by noncytolytic mechanisms as well 

as by secreting soluble factors that can destroy HIV-infected cells (Barber, Wherry, & 

Ahmed, 2003; Betts et al., 2006; Streeck et al., 2008).  Early studies of HIV’s effects on the 

immune system focused on CD8+ T cells since HIV does not deplete them.  However, 

these studies discovered that CD8+ T cells in HIV-infected persons had robust effector 

functions yet these persons were still progressing to AIDS (Nixon et al., 1988; Plata et al., 

1987; B. D. Walker et al., 1987).  The explanation for this finding is two-fold.  First, due to 

chronic antigen stimulation in which the CD8+ T cells respond to constantly evolving HIV, 

they become severely impaired—or ‘exhausted’—during chronic infection and are unable 

to clear infection (Barber et al., 2006; Trautmann et al., 2006; Wherry et al., 2007).  

Second, in the absence of adequate CD4+ T cell help, CD8+ T cell functionality is 

comprised both in early and chronic infection (Aubert et al., 2011; Nakanishi, Lu, Gerard, & 

Iwasaki, 2009).   
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 While CD4+ T cell function is often significantly impaired in HIV infection, they can 

still provide critical help for CD8+ T cell and B cell responses. In elite controllers, HIV-

specific CD4+ T helper cell proliferation and secretion of cytokines—including interferon 

gamma (IFN-γ), IL-2, tumor necrosis factor alpha (TNF-α), and macrophage inflammatory 

protein 1 beta (MIP-1β)—appear to be preserved (Emu et al., 2005; Ferre et al., 2010; 

Harari, Petitpierre, Vallelian, & Pantaleo, 2004).  While in the majority of HIV-infected 

individuals CD4+ T cell responses are rare and weak, higher levels of HIV-specific CD4+ T 

cell help are associated with more robust CD8 + T cells responses (Kalams et al., 1999; 

Pitcher et al., 1999).  CD4+ T cell responses target the HIV proteins Gag and Nef more 

frequently than other viral proteins, and multiple HLA class II molecules can be used for 

peptide presentation (Kaufmann et al., 2004).  Many of these studies focused on CD4+ T 

cells as a whole, but I decided to specifically study CD4+ HIV responses in pTFH cells since 

they provide the best help to CD8+ T cells and B cells.  

 In HIV infection, the idea that B cells can produce antibodies that neutralize HIV 

was first proposed in 1985 (Weiss et al., 1985).  These neutralizing antibodies can bind 

HIV and prevent entry and replication in CD4+ T cells (Kwong et al., 1998; Overbaugh & 

Morris, 2012; Richman, Wrin, Little, & Petropoulos, 2003; Wei et al., 2003). Unfortunately, 

these antibodies also drive HIV envelope evolution (Albert et al., 1990; Frost et al., 2005; 

Richman et al., 2003; Wei et al., 2003).  In what has been described as the “clash of 

evolutionary titans” B cells constantly evolve to produce neutralizing antibodies to HIV but 

cannot keep up with the quickly mutating HIV envelope protein (Burton, Stanfield, & 

Wilson, 2005). In fact, studies have shown that while serum from HIV+ individuals cannot 

neutralize the virus they are currently infected with, their current serum can neutralize virus 

they were infected with previously (Deeks et al., 2006; Mahalanabis et al., 2009; Moog, 

Fleury, Pellegrin, Kirn, & Aubertin, 1997).  The research described in this thesis studies 

both circulating B cells and CD4+ pTFH cells since B cell responses to HIV are dependent 

on CD4+ T cell help.  
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Broadly neutralizing antibodies 

Despite immune cell dysregulation in HIV-1 infection, 20-30% of HIV+ subjects 

produce antibodies that can neutralize heterologous HIV-1 strains across clades A, B and 

C (Mikell et al., 2011; Sather et al., 2009).  These antibodies are termed broadly 

neutralizing antibodies (BNAbs) and they target various locations of the HIV-1 envelope 

protein: the CD4-binding site, glycans, and the membrane-proximal external region (Kwong 

& Mascola, 2012; Pantophlet & Burton, 2006).   Figure 1-4 illustrates the four main targets 

of BNAbs.  By binding to conserved epitopes in these regions on the surface of the HIV 

virion, BNAbs prevent infection of host target cells.  Immunogenetic studies indicate that 

extensive rounds of somatic hypermutation—and thus divergence from germline 

sequences—are required for the development of BNAbs (Klein et al., 2013; L. M. Walker et 

al., 2011; Wu et al., 2010; Wu et al., 2011).  BNAbs develop early in HIV infection (within 2-

3 years) (Gray et al., 2011; Mikell et al., 2011), and it has been shown that breadth found in 

the plasma of subjects can come for either single or multiple specificities (Gray et al., 2009; 

Scheid et al., 2009; L. M. Walker et al., 2010).   

It is important to note that individuals who naturally make BNAbs do not benefit 

from them (Doria-Rose et al., 2010; Gray et al., 2011; Sather et al., 2009; Stamatatos, 

Morris, Burton, & Mascola, 2009).  In fact, broadly neutralizing antibodies in natural 

infection are associated with increased immune activation and viremia (Gray et al., 2011).  

However, when BNAbs have been administered passively in animal models they can 

completely prevent HIV infection (Hessell, Poignard, et al., 2009; Hessell, Rakasz, et al., 

2009; Mascola et al., 2000; Moldt et al., 2012; Shibata et al., 1999). The quest to elicit 

broadly neutralizing antibodies to HIV in uninfected individuals has become a major focus 

of HIV vaccine research (Kwong et al., 2013; Stamatatos et al., 2009). 

As a result, for the majority of individuals studied in this thesis, we have BNAb data 

ranging from 0-100%.  It was important to study these individuals so that as I collected data 

on B cell pTFH cell frequency and function I could correlate my findings to BNAb production. 
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Figure 1-4: Schematic diagram of trimeric HIV-1 Envelope with sites of epitopes for 

broadly neutralizing antibodies.  The four general specificities for BNAbs detected to 

date are: the CD4 binding site, the V1/V2 variable loops, certain exposed glycans and the 

membrane-proximal external region. Red ovals, gp120 core; dark red ovals, V1/V2 loops; 

magenta ovals, V3 loop; blue and red squares, gp41; bright red stripe, MPER of gp41; light 

brown curved stripe, viral membrane bilayer. PGT antibodies and 2G12 depend on Env N-

linked glycans for binding gp120, as do V1/V2-directed conformational antibodies.  From 

Haynes et al. 2012 (B. F. Haynes, Kelsoe, Harrison, & Kepler, 2012). 

 

 

 

 

 



	
   18 

B cell dysfunction 

As discussed above, during HIV infection immune responses are not absent but 

are instead dysregulated leading to suboptimal function.  Persistent high-level viremia is 

associated with increased expression of activation markers on B cells (R Forster et al., 

1997; Martinez-Maza, Crabb, Mitsuyasu, Fahey, & Giorgi, 1987), hypergammaglobulinemia 

(H. Lane et al., 1983; L Morris et al., 1998; R. Pahwa, R. Good, & S. Pahwa, 1987; A. 

Shirai, M. Cosentino, S. Leitman-Klinman, & D. Klinman, 1992), and decreased antibody 

responses to in vivo vaccination (Klatt et al., 2011; Lange et al., 2003; Steinhoff et al., 

1991; Valdez et al., 2000). In addition to antibody production, B cell antigen presenting 

function is also impaired after HIV infection (A. Malaspina et al., 2003).  It has been 

proposed that B cell function is deficient as a result of a lack of CD4+ T cell help 

(Bussmann et al., 2010), and that there also are intrinsic B cell defects in HIV infection (S 

Moir et al., 2003). 

B cells in chronic viral infection have a phenotype consistent with immune 

exhaustion and terminal differentiation (Figure 1-5) (Moir et al., 2008; Moir et al., 2001; 

Moir, Malaspina, Pickeral, Donoghue, Vasquez, Miller, Krishnan, Planta, Turney, & 

Justement, 2004). In HIV-infected individuals, expression of the IL-2 receptor, CD25, on B 

cells in response to in vitro stimulation is lower than in uninfected individuals.  This is 

despite the fact that their CD4+ T cells express CD40L which can stimulate B cells, and 

this defect persists even after the addition of supplemental IL-2 (S Moir et al., 2003). The 

bidirectional interaction between CD80 and CD86, ligands of the B7 family, and their 

receptor, CD28 on CD4+ T cells, is also critical for an effective humoral response. In HIV 

infection, B cells of viremic subjects not only have decreased ability to increase expression 

of CD80 and CD86 in response to in vitro B cell receptor and CD40L stimulation, but they 

also are ineffective at stimulating CD4+ T cells, suggesting impairment in both directions of 

the interaction (A Malaspina et al., 2003).  In Chapter II of this thesis we studied expression 

of CD86 and CD25 on B cells with and without various types of stimulation. 
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The decreased responsiveness of B cells may be due to impaired help they 

receive from exhausted CD4+ T helper cells in HIV infection (Day et al., 2006; C. Petrovas 

et al., 2006; Trautmann et al., 2006; V. Velu et al., 2007).  Exhausted CD4 and CD8 T cells 

exhibit decreased responses to antigen and often express high levels of inhibitory 

receptors such as PD-1 and cytotoxic T lymphocyte-associated protein 4 (CTLA-4) on their 

surface.  Studies have likewise termed B cells “exhausted” due to their poor proliferative 

capacity that is only partially restored with the addition of stimulatory cytokines and soluble 

CD40L (Moir et al., 2008; Moir, Malaspina, Pickeral, Donoghue, Vasquez, Miller, Krishnan, 

Planta, Turney, & Justement, 2004).  B cells from HIV-infected individuals have increased 

expression of several inhibitory receptors, and siRNA downregulation of these receptors 

increases memory B cell proliferation and increases the number of antibody-secreting B 

cells (Kardava et al., 2011).  In a simian immunodeficiency virus (SIV) study in macaques, 

in vivo blockade of the inhibitory receptor PD-1 increased the proliferative capacity and 

frequency of B cells and the production of SIV-specific binding antibody (V Velu et al., 

2008).  Thus, in Chapter II I studied B cell PD-1 expression ex vivo and also measured B 

cell responses to antigen stimulation with PD-1 blockades. 

 

CD4+ T cell exhaustion 

In humans, fine-tuned regulation of the immune response is imperative to control 

the quality of response and to contract the response when appropriate (Thaventhiran T, 

2012).  Regulation of T cell responses is carried out in part by ‘inhibitory receptors’, and 

these receptors can return the cell to homeostasis from an activation state via multiple 

pathways (Long, 1999; Ravetch & Lanier, 2000).  Specifically, they interfere with the T cell 

signaling pathway by preventing its initiation at the cell surface and by intracellularly 

preventing completion of the signal by binding to signaling molecules in the pathway 

(Jones et al., 2008; Parry et al., 2005; K. A. Sheppard et al., 2004).  Altered regulation that 

is too strong or too weak can have devastating effects on the immune system.  Lack of 
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regulation by inhibitory receptors can lead to autoimmunity (Ansari et al., 2003; Nielsen, 

Hansen, Husby, Jacobsen, & Lillevang, 2003; Ueda et al., 2003) while improperly 

heightened regulation can prevent necessary activation of the cells needed for the immune 

system response as seen in cancer (Hamid et al., 2013; Hirano et al., 2005; Pardoll, 2012) 

as well as chronic viral infection (Day et al., 2006; Khaitan & Unutmaz, 2011; Wherry, 

2011). 

Over the course of HIV infection T cells are persistently stimulated with antigen, 

leading cells to be improperly regulated and termed ‘exhausted’.  Exhausted T cells 

express high levels of inhibitory receptors that dampen activation and over time lead to a 

step-wise decrease in effector function accompanied by a loss of proliferative capacity 

(Figure 1-6) (Bennett et al., 2003; Blackburn et al., 2009; Khaitan & Unutmaz, 2011; 

Wherry, 2011; Wherry et al., 2007; Yamamoto et al., 2011).  Exhausted CD4+ T cells are 

unable to collaborate properly with B cells and CD8+ T cells, which contributes to 

dysregulated immune responses in HIV infection in the absence of treatment.  

The transcriptional and differentiation programs of exhausted CD4+ T cells are 

distinct compared to exhausted CD8+ T cells as well as ‘non-exhausted’ CD4+ T cells 

(Crawford et al., 2014).  The expression of many inhibitory receptors on the surface of 

CD4+ T cells is associated with exhaustion of CD4+ T cells in chronic viral infection 

including PD-1, CTLA-4, T-cell immunoglobulin and mucin-domain containing-3 (TIM-3), 

lymphocyte-activation gene 3 (LAG-3), and 2B4 (Figure 1-7) (Crawford et al., 2014; Jones 

et al., 2008; Kassu et al., 2010).  These receptors function by mechanisms that both 

redundant and distinct.  However, the exact function of all the inhibitory receptors in CD4+ 

T cell exhaustion has been less studied compared to CD8+ T cells.  It is important to note 

that throughout this thesis PD-1 is used both as a marker of immune cell exhaustion and as 

a canonical marker to identify pTFH cells. 

 



	
   21 

 

Figure 1-5: B cell exhaustion induced by persistent HIV infection.  In response to HIV 

infection, naive B cells respond to antigen by migrating to lymph nodes and initiating a 

germinal center reaction that selects for B cells with improved antigen binding.  When they 

exit the germinal center they are either long-lived resting memory B cells or plasma cells. In 

the context of persistent HIV infection, however, chronic immune activation increases the 

frequency of antigen-experienced B cells that are short-lived and have undergone several 

cell divisions. This chronic immune activation also gives rise to exhausted B cells.  From 

Moir and Fauci, 2009 (Moir & Fauci, 2009).
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Figure 1-6: CD4+ T cell exhaustion during HIV infection.  Virus-specific CD4+ T cells 

posses multiple functions including production of IFN-γ, TNF-α, IL-2, cytotoxicity, antigen-

driven proliferation, and resistance to apoptosis. During chronic HIV infection, however, 

CD4+ T cells lose these effector functions in a step-wise fashion.   Exhaustion ranges from 

mild to severe, ending in physical deletion (apoptosis) of T cells. Progressively exhausted 

CD4+ T cells correlate with viral load, inhibitory receptor expression, and inversely 

correlate with the quality of help CD4+ T cells provide.  Adapted from Freeman et al. 2006 

(Freeman, Wherry, Ahmed, & Sharpe, 2006). 
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Increased surface expression of PD-1 on T cells is sustained over the course of 

chronic viral infection (Barber et al., 2006; Freeman et al., 2006).  Fortunately, however, 

exhaustion appears to be a reversible impairment of T cell function in HIV and other 

chronic viral infections (Golden-Mason et al., 2009; Hams et al., 2011; Kaufmann et al., 

2007; McMahan et al., 2010; Nakamoto et al., 2009; K. J. Nicholas et al., 2013; Porichis et 

al., 2011; Trautmann et al., 2006; V. Velu et al., 2009).  It has been proposed that 

reinvigoration of T cell responses—by administering antibodies to inhibitory receptors—

could boost historically poor vaccine responses in HIV-infected individuals (Ha et al., 

2008).  The function of T cells from HIV-infected individuals can be partially restored by in 

vitro blockade of the PD-1/PD-L1 interaction (Day et al., 2006; Freeman et al., 2006; 

Porichis et al., 2011; Shetty, 2012; Trautmann et al., 2006).  Blockades of other inhibitory 

receptors alone or in combination with PD-1 also have been shown to reverse exhaustion 

phenotypes of T cells in a variety of chronic viral infections (Golden-Mason et al., 2009; 

Kaufmann et al., 2007; McMahan et al., 2010; Nakamoto et al., 2009).  More of these 

studies focused on CD8+ T cells than CD4+ T cells.  However, in the lymphocytic 

choriomeningitis virus model of chronic viral infection, rescuing CD4+ T cells alone 

improved CD8+ T cell responses (Aubert et al., 2011).  This underscores the importance of 

a better understanding of the exhaustion and its reversibility of CD4+ T cells in HIV 

infection.  In this thesis I describe PD-1 frequencies on CD8+ T cells, B cells, CD4+ T cells 

in general, and pTFH cells and how PD-1 blockade improves antigen responses. 
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Figure 1-7: Inhibitory receptors on CD4+ T cells. Exhausted T cells can express 

multiple inhibitory receptors, which modify the outcome of a T cell antigen receptor signal 

and limit the population expansion, functional activity and survival of T cells. PtdSer, 

phosphatidylserine.  Adapted from Freeman and Sharpe 2012 (Freeman & Sharpe, 2012).   
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Research objectives 
 

This thesis provides an overview of circulating B and pTFH cells in untreated 

chronic HIV+ infection.  In Chapter I, I include background information on TFH cells, pTFH 

cells, clinical aspects of HIV disease, and B and T cell exhaustion during HIV infection.  To 

make accurate conclusions from the data presented in this thesis it is necessary to 

understand the specific cell type studied, the clinical stage of HIV studied, and the state of 

the cells during chronic HIV infection.  The goal of this project was to determine how 

chronic HIV-1 infection affected the frequency, phenotype, and antigen responses of 

circulating B and pTFH cells.  

In Chapter II, I present my findings on B cell impairment during chronic HIV 

infection.  I found that higher levels of B cell activation were strongly correlated with 

viremia.  High baseline B cell activation also correlated with decreased ability of B cells to 

respond to stimulation with inactivated HIV-1, but this was improved with PD-1 blockade.  

Finally, I demonstrate in a series of cell isolation experiments that antigen-specific 

responses of B cells are greatly enhanced in the presence of autologous CD4+ T cells. 

In Chapter III, I describe my findings on pTFH cells in chronic HIV infection.  I found 

that there were similar frequencies of pTFH cells in HIV- and HIV+ individuals.  However, 

the pTFH cells from HIV+ subjects were impaired in their ICOS and CD40L expression after 

maximal stimulation.  Despite a decreased maximal response, pTFH cells in HIV+ subjects 

maintained recall antigen-specific responses.   

In Chapter IV, I describe my studies to evaluate a new technology, mass 

cytometry, which will drastically increase the depth in which we can explore cellular 

phenotypes.  I found that data generated from mass cytometry was highly comparable with 

data gathered from the current standard technology in the field, fluorescence cytometry.  It 

was also determined that a new unsupervised analysis program, viSNE, provides valuable 

insight into single cell data, regardless of the instrumentation used to collect that data. 
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In Chapter V, I summarize my findings of alterations in the frequencies and 

phenotypes of circulating B cells and pTFH cells in chronic HIV infection.  I propose that 

future studies should focus on in-depth characterization of circulating B cells and pTFH cells 

and how their exhaustion may be linked to impaired responses to superantigen and antigen 

stimulation.  This can primarily be accomplished using the approaches described in 

Chapter IV:  a powerful new technology (mass cytometry) and analysis tool (viSNE) for 

immunologic studies.  I also propose that pTFH and B cell surface and transcriptional 

phenotypes be used in vaccines studies to help identify immune correlates of protection, 

help predict and identify individuals that will not respond to standard vaccinations, and help 

direct further research towards adjuvants that optimize TFH cell responses. 
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CHAPTER II 

 

B CELL RESPONSES TO HIV ANTIGEN CORRELATE WITH VIREMIA AND IMPROVE 

WITH PD-1 BLOCKADE 

 

Introduction 

Infection with HIV-1 induces defects of both cellular and humoral immune 

responses, inhibiting the immune system from mounting an effective response against 

infection. Since shortly after AIDS was identified, abnormalities of both B cell and T cell 

function have been described in HIV-infected individuals (H. C. Lane et al., 1983).  Chronic 

antigen stimulation due to high viral loads is associated with increased expression of 

activation markers on T and B cells (R Forster et al., 1997; Martinez-Maza et al., 1987), 

hypergammaglobulinemia (H. Lane et al., 1983; L Morris et al., 1998; R Pahwa et al., 1987; 

A Shirai et al., 1992), and decreased antibody responses to in vivo vaccination (Klatt et al., 

2011; Lange et al., 2003; Steinhoff et al., 1991; Valdez et al., 2000). In addition to antibody 

production, B cell antigen presenting function is also impaired after HIV infection (A. 

Malaspina et al., 2003).  While it has been suggested that B cell function may be deficient 

as a result of a lack of CD4+ T cell help (Bussmann et al., 2010), there also may be 

intrinsic B cell defects in HIV infection (S Moir et al., 2003). 

In chronic viral infection, B cells become exhausted and terminally differentiated 

(Moir et al., 2008; Moir et al., 2001; Moir, Malaspina, Pickeral, Donoghue, Vasquez, Miller, 

Krishnan, Planta, Turney, & Justement, 2004).  Surface expression of CD25 and CD86 on 

B cells are altered in HIV-infected individuals and this persistent phenotype is associated 

with decreased in vitro responses to stimulation.  The decreased responsiveness of B cells 

may be due to impaired CD4+ T cell help they receive due to lymphocyte exhaustion in HIV 

infection (Day et al., 2006; C. Petrovas et al., 2006; Trautmann et al., 2006; V. Velu et al., 

2007).  Exhausted CD4+ and CD8+ T cells exhibit decreased responses to antigen and 
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often express high levels of inhibitory receptors such as PD-1 on their surface.  

Subsequent studies termed B cells “exhausted” due to their poor proliferative capacity that 

can only be partially restored with the supplemental stimulatory cytokines and soluble 

CD40L (Moir et al., 2008; Moir, Malaspina, Pickeral, Donoghue, Vasquez, Miller, Krishnan, 

Planta, Turney, & Justement, 2004). Increased surface expression of PD-1 on T cells is 

sustained over the course of chronic viral infection (Barber et al., 2006; Freeman et al., 

2006) and may define a reversible impairment of HIV-specific T cell function (Bennett et al., 

2003; Day et al., 2006; Hokey et al., 2008; C. Petrovas et al., 2006; Trautmann et al., 

2006). The function of T cells from HIV-infected individuals can be partially restored by in 

vitro blockade of the PD-1/PD-L1 interaction (Day et al., 2006; Kaufmann et al., 2007; 

Porichis et al., 2011). After acute SIV infection, in vivo blockade of PD-1 has been shown 

to increase the proliferative capacity and frequency of B cells and the production of SIV-

specific binding antibody (V Velu et al., 2008). B cells from HIV-infected individuals have 

increased expression of several inhibitory receptors, and small interfering RNA 

downregulation of these receptors increases memory B cell proliferation and increases the 

number of antibody-secreting B cells (Kardava et al., 2011).  While blocking these 

inhibitory pathways may provide opportunities to restore CD4+ T cell help for B cells, these 

interactions have not yet been directly evaluated. 

We measured B cell activation markers CD25 and CD86 in the setting of chronic 

HIV-1 infection after in vitro culture with and without stimulation of peripheral blood 

mononuclear cells (PBMCs) by a variety of antigens. We found high frequencies of CD86+ 

B cells in HIV-infected individuals, and their frequency correlated with the level of viremia.  

B cell responsiveness to inactivated HIV, however, negatively correlated with viral load. We 

also performed a series of co-culture experiments with purified B cells and autologous 

CD4+ T cells, as well as in vitro blockade of PD-1 to investigate the requirements for CD4+ 

T cell help and the role of inhibitory molecules for inducing B cell activation. We provide 
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evidence that lack of HIV-specific CD4+ T cell helper responses and high PD-1 expression 

on B cells in the setting of HIV-1 infection both contribute to B cell dysfunction. 

 

Materials and methods 

 

Study subjects 

Seven HIV-negative controls and 21 HIV-infected individuals were studied (Table 

2-1). PBMCs were separated from blood samples using a Ficoll-PaqueTM Plus density 

gradient, cryopreserved in fetal bovine serum (FBS) with 10% dimethyl sulfoxide (DMSO), 

and stored in liquid nitrogen until thawed for immediate use. HIV-infected subjects were 

ART-naïve with wide ranges of CD4 T cell numbers (132 to 1374 cells/uL), viral load (50 to 

76,427 copies/mL), and duration of infection (<1 to 23 years post-diagnosis). The 

Vanderbilt University School of Medicine Institutional Review Board approved this study, 

and all individuals provided written informed consent. All HIV-infected individuals were 

recruited from the Vanderbilt Comprehensive Care Center, and HIV negative individuals 

were recruited from Vanderbilt University Medical Center.  
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Table 2-1: HIV+ subject characteristics 

Subject ID Time post-infection 
(years) 

Viral Load 
(copies/mL) 

CD4+ T cells 
(per mm3 blood) 

10031 11 50 856 

10071 14 50 950 

10040 14 50 1,161 

10067 17 199 814 

10004 19 253 360 

10060 4 722 688 

10070 12 750 915 

20018 2 1,886 1,374 

20011 <1 2,655 512 

10023 6 7,178 390 

10027 14 7,340 378 

10054 3 7,522 350 

10035 20 7,750 464 

10026 6 8,865 414 

10108 3 9,698 960 

20028 <1 15,800 515 

10042 23 20,211 331 

10114 17 20,574 966 

10076 6 21,339 700 

20017 1 23,317 435 

10086 17 76,427 132 

Organized by increasing viral load. 
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In vitro cell stimulation 

PBMC from each subject were cultured at 10 x 106 cells/mL in 48-well plates (2 x 

106 cells/well) in R10 medium (RPMI 1640 containing 10% heat inactivated FBS, 2 mM L-

glutamine, 50 ug/mL penicillin, 50 ug/mL streptomycin, and 10 mM Hepes) and co-

stimulated with anti-CD28 (1 ug/mL, BD Biosciences) and anti-CD49d (1 ug/mL, BD).  Cells 

were non-specifically stimulated with plate-bound OKT3 (1 ug/mL, ATCC) or 

Staphylococcal Enterotoxin B (SEB) (1 ug/mL, Sigma). HIV-specific stimulation was 

performed with AT-2 inactivated HIV-1 MN particles (0.53 ug/mL p24, Lot# P3964, 

generously provided by Dr. Jeff Lifson) (Rossio et al., 1998; Rutebemberwa et al., 2007), or 

HIV-1 p24 core protein (1 ug/mL, Protein Sciences). As controls, PBMCs were incubated 

with media alone, or HIV-1 MN control, containing AT-2 treated microvesicles prepared 

from matched uninfected cultures, used at a comparable total protein concentration (Lot# 

P3914) (Rossio et al., 1998; Rutebemberwa et al., 2007). At 24 hours post-stimulation, 

PBMCs were recovered, washed, and stained with the appropriate combination of surface 

marker antibodies. For experiments evaluating PD-1 blockade, PBMCs were incubated 

overnight with 10 ug/ml anti-PD-1 (EH12.2H7, BioLegend). 

 

Flow cytometric evaluation of lymphocyte surface markers 

B and T cell surface markers were analyzed by flow cytometry using a combination 

of an amine-reactive viability dye (LIVE/DEAD Aqua, Invitrogen), CD3-AF700 (UCHT1, 

BD), CD4-PETR (S3.5, Invitrogen), CD8-V450 (RPA-T8, BD), CD19-PECy-7 (SJ25C1, 

BD), CD25-FITC (2A3, BD), CD86-PE (2331, BD) and PD-1-PE (EH12.2H7, BioLegend) 

(Table 2-2).  PBMC were stained with Panel 1 after overnight in vitro incubation, while 

PBMC were stained with Panel 2 ex vivo (Table 2-2).  In prior studies, we used an indirect 

staining method for detection of PD-1 with purified anti-PD-1 (Mouse IgG1, clone 

EH12.2H7, BioLegend) followed by goat-anti-mouse IgG-Pacific Blue (Molecular Probes) 

(Conrad et al., 2012a; Conrad et al., 2011). However, this lead to very high background 
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staining of CD19+ B cells (i.e. the goat anti-mouse antibody labeled B cells even in the 

absence of a primary antibody) that could not be overcome by incubation of cells with 

human serum. The anti-PD-1-PE directly conjugated antibody yielded frequencies of PD-1 

expression on CD4+ T cells similar to the indirect method.  Panel 3 utilized CD4v4-PE 

(L120, BD) to stain CD4 cells after they had been purified using methods described below 

(Table 2-2). Lymphocytes were discriminated based on cell size and granularity using 

forward and side-scatter properties. Non-viable cells were excluded from analysis.  

 

In vitro stimulation after B cell and CD4+ T cell isolation 

CD19+ B cells were purified using EasySep Human CD19 Positive Selection Kit 

and Robosep (StemCell Technologies). CD4+ T cells were purified from the CD19-depleted 

fraction using EasySep Human CD4 Positive Selection Kit and Robosep (StemCell 

Technologies). Purity was assessed after each selection step by flow cytometry: B cell 

purity ranged from 92-99% of live cells and CD4+ cell purity ranged from 70-90% 

(depending on the subject’s monocyte population). Total PBMCs, positively selected B 

cells, or positively selected B cells combined with positively selected CD4+ T cells were 

cultured overnight in a 48-well plate. Cells were left unstimulated or were stimulated with 

p24 antigen or SEB.   As a positive control for B cell stimulation, a subset of cells from 

each condition was stimulated with soluble CD40L (10 ng/mL, GIBCO) and purified anti-

human IgM (10 ug/mL, BioLegend). After 24 hours cells were washed and stained with the 

appropriate surface marker antibodies. 
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Table 2-2: Fluorescence cytometry instrument and antibody panel information 

Instrument characteristics Reagent panels 

Laser 
emission and 
output power 

Bandwidth 
transmitted to 

PMT 
Fluorochrome 1 2 3 

639nm        
(40mW) 705-750 AF700 CD3 CD3 CD3 

488nm          
(50mW) 505 - 550 FITC CD25     

561nm      
(150mW) 

600 - 620 PETR CD4 CD4 
 

750 - 810 PE-Cy7 CD19 CD19 CD19 

575 - 590 PE CD86 PD-1 CD4v4 

404nm        
(100mW) 

430 - 470 V450 CD8 CD8 CD8 

505 - 550 Aqua Live/dead Live/dead Live/dead 

Three fluorescence cytometry panels were designed to identify T and B cells.  Panel 1 
was used to measure activation of lymphocytes.  Panel 2 measured PD-1 on T and B 
lymphocytes.  Panel 3 was designed to assess the purity of magnetically isolated T 
and B cells.   
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Statistical analysis 

All statistical analysis was done using GraphPad Software (GraphPad, La Jolla, 

CA, USA). Correlations were performed using the Spearman rank method. All paired 

comparisons were analyzed with the Wilcoxon matched pairs t-test while unpaired 

comparisons were analyzed using the Mann Whitney t-test. 

 

Results 

 

B cell responsiveness correlates with HIV viremia 

The baseline expression of the activation markers CD86 and CD25 was measured 

on B cells from a cohort of HIV-infected individuals with a wide range of viremia (Table 2-1) 

and seven HIV-negative controls.  The baseline frequency of CD86-expressing B cells in 

HIV-infected individuals was higher than that of uninfected control subjects (medians of 

38% compared to 26%, p=0.03) and positively correlated with viral load (Figure 2-1; r=0.63, 

p=0.003). Baseline expression of CD25 on B cells (p=0.48) or CD4+ T cells (p=0.97) did 

not correlate with viral load. 
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Figure 2-1: CD86+ B cells are more frequent in HIV+ than HIV- subjects and correlate 

with viremia.  PBMCs from HIV- (open circles) or HIV+ (closed circles) subjects were 

incubated overnight without stimulation and evaluated for surface level CD86 expression 

on B cells. HIV+ subjects had a higher frequency of CD86+ B cells compared to HIV- 

subjects (unpaired t-test not shown on graph, p=0.03). The frequency of CD19+CD86+ B 

cells in HIV+ individuals correlates with the level of viremia (r=0.63; p=0.003). Correlation 

statistics shown are derived from HIV+ subject data only and do not include data from HIV- 

subjects. 
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It has previously been shown that B cells from HIV-infected individuals have a 

diminished ability to express CD25 after in vitro stimulation, and this contributes to low 

proliferative capacity (Akinsiku, Bansal, Sabbaj, Heath, & Goepfert). We measured the 

expression of CD25 on both CD4+ T cells and B cells after direct stimulation of PBMCs 

with anti-CD3 antibody in 14 HIV-infected individuals off anti-retroviral therapy with a range 

of viral loads (Figure 2-2A). CD25 expression on CD4+ T cells increased after anti-CD3 

stimulation, and there was a weak negative correlation between the change in expression 

of CD25 and viral load (Figure 2-2B, r=-0.53, p=0.056).  There was a strong inverse 

correlation between the change in expression of CD25 on B cells (Figure 2-2C, r=-0.63, 

p=0.02) and viral load. The change in expression of CD86 on B cells in response to anti-

CD3 did not correlate with viral load (Figure 2-2D, r=-0.44, p=0.11). 

To measure antigen-specific responses, we next evaluated the ability of B cells to 

respond to in vitro stimulation with aldrithiol-2 (AT-2) inactivated HIV-1 MN in the presence 

of CD4+ T cells. Bidirectional activation of B cells and CD4+ T cells requires co-stimulatory 

interactions between CD80/CD86 on B cells and CD28 on CD4+ T cells. We stimulated 

PBMC with AT-2 inactivated HIV-1 MN or HIV-1 MN control (Figure 2-3A). Responses to 

treatment by HIV-1 MN control were not above baseline levels. In HIV-negative control 

subjects, we observed minor differences between expression of CD86 on B cells to 

inactivated HIV antigen compared to the control (median of -0.3%). However, HIV-infected 

individuals responded to HIV antigen, and the degree of CD86 expression inversely 

correlated with the level of viremia (median of 4.95%, r=-0.60, p=0.006) (Figure 2-3B). 

Responsiveness of CD4+ T Cells to HIV-1 MN as measured by increased expression of 

CD25 was significantly higher in HIV infected individuals compared to negative controls 

(p=0.02), but the degree of responsiveness to HIV antigen did not correlate with viral load 

(p=0.4, data not shown). These results demonstrate that in chronic HIV-1 infection, the 

activation state and responsiveness of B cells to both HIV and non-HIV antigens are much 

better correlates of control of viremia than similar parameters on CD4+ T cells. 
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Figure 2-2: Change in CD25 expression on B and CD4+ T cells negatively correlates 

with viral load.   PBMCs were cultured overnight with or without anti-CD3 stimulation. 

Change in CD25 or CD86 expression was determined by subtracting the frequency of 

expression before stimulation from the frequency of expression after stimulation. (A) 

Representative plots of CD25 expression on CD4+ T cells and B cells with (bottom) and 

without (top) anti-CD3 stimulation. CD4+ T cell population shown is CD3+CD4+CD19- and 

B cell population shown is CD3-CD4-CD19+. (B-D) Change in expression of CD25 on 

CD4+ T cells (r=-0.53; p=0.056) (B), CD25 on B cells (r=-0.63; p=0.018) (C), and CD86 on 

B cells (r=-0.44; p=0.11) (D) correlates negatively with viral load.  
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Figure 2-3: Magnitude of B cell responses to inactivated HIV-1 inversely correlates 

with viral load.  (A) Expression of CD86 on B cells after stimulation of PBMC with HIV-1 

MN control (left column) or HIV-1 MN (right column). Shown are representative plots from 

one individual (subject 10071).  (B) PBMCs from 21 HIV-infected individuals (closed 

circles) and 7 HIV-negative control subjects (open circles) were incubated with inactivated 

HIV-1 MN, and changes in CD86 expression on B cells were measured. Change was 

calculated by subtracting the frequency of CD86 expression from stimulation with the HIV-1 

MN control (containing no HIV proteins) from stimulation with HIV-1 MN. CD86 expression 

on B cells in response to HIV-antigen in HIV infected individuals is negatively correlated 

with viral load (r=-0.6; p=0.006). Correlation statistics are only applied to HIV-infected 

individuals and do not include data from uninfected subjects. 
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Autologous CD4+ T cells enhance B cell responses to HIV antigen 

We next evaluated the contribution of CD4+ T cells to B cell responses to antigenic 

stimulation. We purified B cells from 7 HIV-infected individuals who demonstrated 

responses to HIV antigen and who had sufficient numbers of PBMCs available for analysis, 

and measured CD86 expression after in vitro stimulation in the presence or absence of 

CD4+ T cells.  We observed that CD4+ T cells respond more robustly to p24 protein 

stimulation compared to inactivated HIV-1 MN stimulation (data not shown). Since we 

sought to measure the CD4+ T cell contribution to B cell activation, in this series of cell 

isolation experiments we stimulated cultures with HIV p24 antigen. We found that in the 

absence of CD4+ T cells, purified B cell populations had a markedly reduced ability to 

respond to the superantigen SEB (Figure 2-4A; p=0.02) or HIV p24 antigen (Figure 2-4B; 

p=0.02). The ability of B cells to respond to antigen was restored after addition of 

autologous CD4+ T cells back to the cultures. As a positive control, B cells were able to 

directly respond to anti-IgM and soluble CD40L to a similar extent whether CD4+ T cells 

were present or not (data not shown). These data suggest that in this system, B cells have 

an enhanced response to HIV antigen when they receive help from antigen-specific CD4+ 

T cells. 

 

PD-1 blockade improves B cell responses to HIV antigen 

We next investigated whether PD-1 expression on B or T cells was related to the 

ability of B cells to express CD86 in response to in vitro stimulation. We measured surface 

PD-1 expression on T cells and B cells in our cohort; there was no correlation between 

frequencies of PD-1-expressing CD4+ T cells and viremia (Figure 2-5A; r=0.33, p=0.17), 

but higher frequencies of PD-1-expressing CD8+ T cells were associated with increasing 

levels of viremia (Figure 2-5B; r=0.56, p=0.01). While the frequency of PD-1+ CD4+ T cells 

(p=0.06) and B cells (Figure 2-5C; p=0.04) was higher in HIV+ compared to HIV- 

individuals, PD-1 expression on these cell subsets did not correlate with viral load. PD-1 
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expression on CD19+ B cells was significantly lower than that of CD8+ T cells and CD4+ T 

cells for all individuals studied (Figure 2-5D; p<0.0001). 

To determine whether lymphocyte PD-1 expression affects B cell stimulation, we 

evaluated the effect of PD-1 blockade on in vitro B cell activation in response to HIV 

antigen. We observed that increased CD86 expression on B cells in response to 

inactivated HIV-1 MN was enhanced by in vitro PD-1 blockade in HIV-infected individuals 

(Figure 2-6; p=0.003).  However, while statistically significant, the median increase in CD86 

expression in the presence of anti-PD-1 was modest (median absolute increase of 1.4%; 

median relative increase of 36%). We found no correlations between the effect of PD-1 

blockade and viral load, baseline expression of CD86 on B cells, or baseline expression of 

PD-1 on CD4+ T cells or B cells. In summary, these data suggest that the elevated PD-1 

expression on B cells or CD4+ T cells in chronic HIV infection may contribute to impaired B 

cell responsiveness. 
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Figure 2-4: Purified B cell responses to p24 are enhanced by addition of autologous 

CD4+ T cells.  Change in the frequency of CD86+ B cells in response to SEB (A) or HIV 

p24 antigen (B) was evaluated in total PBMC culture, purified B cell culture, or purified B 

cells co-cultured with autologous purified CD4+ T cells. 
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Figure 2-5: Frequency of PD-1 surface expression on lymphocytes is elevated 

during HIV infection.  Expression of PD-1 on B cells, CD4+ T cells, and CD8+ cells was 

measured directly ex vivo. (A) In HIV-infected individuals, PD-1 expression on CD4+ is not 

correlated with viral load (r=0.33; p=0.17). (B) In HIV-infected individuals PD-1 expression 

on CD8+ T cells correlated positively with viral load (r=0.56; p=0.01). (C) PD-1 expression 

is higher on B cells from HIV+ (closed circles) compared to HIV- (open circles) subjects 

(p=0.04). (D) The frequency of PD-1 surface expression is significantly lower on B cells 

compared to CD4 (p<0.0001) and CD8 T cells (p<0.0001) in HIV infection. 
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Figure 2-6: PD-1 blockade improves B cell responses to stimulation with inactivated 

HIV-1.  PBMCs were cultured overnight with or without anti-PD-1 and stimulated with 

inactivated HIV-1 MN protein. Change in response to MN stimulation was calculated by 

subtracting stimulation with MN control protein from stimulation with HIV-1 MN protein 

(p=0.003). 
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Discussion 

HIV replication causes B cell hyperactivation, susceptibility to apoptosis, and poor 

proliferative capacity. This dysfunction in HIV-infected individuals is characterized by 

hypergammaglobulinemia and deficient antibody responses to both neo and recall antigens 

(Klatt et al., 2011; H. C. Lane et al., 1983; Lange et al., 2003; L. Morris et al., 1998; R. 

Pahwa, R. A. Good, & S. Pahwa, 1987; A. Shirai, M. Cosentino, S. F. Leitman-Klinman, & 

D. M. Klinman, 1992; Steinhoff et al., 1991; Valdez et al., 2000). Here we confirm prior 

studies that the degree of B cell activation, as measured by the frequency of circulating 

CD86-expressing B cells, is not only higher in HIV+ individuals (A. Malaspina et al., 2003; 

Moir, Malaspina, Pickeral, Donoghue, Vasquez, Miller, Krishnan, Planta, Turney, 

Justement, et al., 2004), but also correlates with the level of viremia. We also extend these 

studies by demonstrating that the ability of B cells to respond to HIV antigen is a strong 

correlate of control of viremia. 

Few studies have evaluated the relationship between B cell responses to antigen 

and viral load. The most consistent correlates of control of viremia are the ability of CD4+ T 

cells (Kalams et al., 1999; Rosenberg et al., 1997) and CD8+ T cells (Migueles et al., 2008) 

to proliferate for several days in culture in response to HIV antigen. The frequency of HIV-

specific interferon gamma-producing T cells has not been shown to correlate with control of 

viral replication (Betts et al., 2001), but the frequency of T cells able to secrete multiple 

cytokines and exert effector function is associated with proliferation following antigen 

exposure, and thus may be a better correlate of immune control of viremia.  However, 

significant frequencies of polyfunctional T cells are typically observed only in subjects with 

viral loads <1,000 copies/mL (Akinsiku et al., 2011; Betts et al., 2006). While we did not 

perform assays for cytokine responses to HIV stimulation in this study, we measured 

changes in CD25 expression on CD4+ T cells after stimulation with inactivated HIV-1, and 

the ability of B cells to respond to HIV antigen was a better correlate of viremia. 
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B cell activation has been linked to decreased B cell responsiveness to stimulation 

and decreased proliferative capacity (A. Malaspina et al., 2003; S. Moir et al., 2003).  Moir 

et. al. found that after T cell stimulation with anti-CD3, the ability of B cells to express CD25 

was diminished with increasing viral load, but a strict correlation was not observed (S Moir 

et al., 2003). We confirmed this finding in our cohort, but also found CD86 expression on B 

cells in response to inactivated HIV-1 to be a strong negative correlate of control of viremia 

and. Our study was not designed to determine which regions of the virus were targeted by 

these responses. AT-2 inactivated HIV-1 MN contains structurally intact viral proteins, and 

while we suspect these B cell responses are directed against Env, we can’t rule out 

recognition of other structural proteins (e.g. Gag) that are exposed during the inactivation 

process. Nevertheless, B cell responsiveness to HIV antigen is potentially an even stronger 

negative correlate of control of viremia than the frequency of virus-specific T cell 

responses. 

We next evaluated whether the lack of CD4+ T cell help contributes to decreased 

B cell responsiveness. Initially, we performed stimulations after depleting CD4+ T cells by 

negative selection, but found considerable B cell responses to HIV antigen. This raised the 

possibility that either B cells were directly responding to antigen, or antigen presenting cells 

remaining in culture were providing significant help (data not shown). Repeat experiments 

were performed with positively selected B cells with or without the addition of autologous 

CD4+ T cells. B cells alone had a limited ability to respond to the T cell stimulant SEB, and 

this ability to respond to antigen was reconstituted with the addition of CD4+ T cells.  

Isolated B cells also had a diminished response to p24 stimulation, which likewise was 

restored by the addition of CD4+ T cells to the culture. This isolation procedure had no 

effect on the ability of B cells to respond directly to stimulation with anti-IgM and CD40L. 

We also ensured that our isolation methods were not altering the activation state of the B 

cells by comparing the difference in CD86 expression on B cells before and after isolation. 

While we cannot rule out the possibility that some of the B cell activation we observed was 
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due to the direct recognition of HIV antigen by B cells, the results of our B and T cell 

isolation experiments suggest that antigen-specific CD4+ T cell help enhances B cell 

activation.  

To investigate a potential mechanism for poor responses of B and T cells in HIV 

infection, we evaluated the role of immune exhaustion through expression of PD-1 on 

these cell populations.  In accordance with prior studies, we found that while PD-1 

expression on CD8+ T cells correlated with the level of viremia, there was a weaker 

relationship between PD-1 expression of CD4+ T cells and the level of viremia (Day et al., 

2006; C. Petrovas et al., 2006; Trautmann et al., 2006). PD-1 expression on B cells was 

much lower than that of CD4+ and CD8+ T cells, but higher on B cells from HIV-infected 

compared to HIV-uninfected individuals.  Boliar et. al. recently reported a correlation 

between the frequency of PD-1+ B cells and viral load (Boliar et al., 2012), but this 

relationship was driven by individuals with CD4+ T cell counts <200/mm3.  We did not see 

this correlation in our study cohort, likely because all but one of our study subjects had 

CD4+ T cell counts >300/mm3. 

In vitro PD-1 blockade of PBMC from HIV-infected individuals has been shown to 

augment HIV-specific CD4+ and CD8+ T cell function (Freeman et al., 2006). We found in 

vitro PD-1 blockade to modestly increase the ability of B cells to respond to HIV antigen. 

These experiments do not explain whether decreased B cell responsiveness to stimulation 

reflects increased PD-1 expression on B cells, CD4+ T cells, or both. However, since these 

interactions are bi-directional it is reasonable to assume increased PD-1 expression on 

both subsets of cells play a role in reducing B cell activation. Furthermore, we did not find a 

direct relationship between the frequency of PD-1 high CD4+ T cells or B cells, and the 

ability of PD-1 blockade to increase the magnitude of B cell responses. We did not 

investigate other pathways, such as CTLA-4, Tim-3 or LAG-3 (Antonelli et al., 2010; Jones 

et al., 2008; Khaitan & Unutmaz, 2011) that may also contribute to immune exhaustion, but 
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our results demonstrate reversal of immune exhaustion may be one of many modalities 

that could serve as a potential immunotherapy to help restore CD4-mediated B cell help. 

We simultaneously evaluated surface expression markers of activation on T and B 

cells, and did not evaluate specific subsets of B cells that may be preferentially impaired 

(Agematsu et al.). Furthermore, some studies have demonstrated decreased ability of HIV-

infected individuals B cells to differentiate toward plasmablasts in long-term culture. This 

has been attributed to decreased ability of T follicular helper cells (CD4+CXCR5+) to 

secrete IL-21 (Baba et al., 2000). Our study consisted of overnight assays not designed to 

evaluate B cell differentiation or antibody secretion. Future studies will be designed to 

evaluate the specific subsets of antigen-specific T cells responsible for the activation and 

differentiation of B cells. 

 Here we show B cell responsiveness to HIV antigen is a sensitive correlate of 

control of viremia. We also show that B cell responsiveness to non-specific and HIV-

specific stimulation can be enhanced by the presence of CD4+ T cells and blockade of the 

inhibitory receptor PD-1.  Understanding the interactions between CD4+ T helper cells and 

B cells will increase our understanding of the humoral immune response over the course of 

HIV infection, as well as factors which contribute to its preservation or dysfunction. A 

successful HIV vaccine will likely need to generate both robust cellular immune responses 

and broadly neutralizing antibodies (B. D. Walker et al., 2011), therefore understanding the 

precise interactions between CD4+ T cells and B cells will be of paramount importance. 

Our ongoing experiments will more specifically characterize subsets of CD4+ T cells able 

to efficiently stimulate B cells to differentiate into antibody-producing plasmablasts, and will 

help evaluate vaccines designed to elicit helper responses and neutralizing antibodies. 
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CHAPTER III 

 

CHRONIC HIV-1 INFECTION IMPAIRS SUPERANTIGEN-INDUCED ACTIVATION OF 

pTFH CELLS, WITH RELATIVE PRESERVATION OF ANTIGEN-SPECIFIC RESPONSES 

 

Introduction 

T follicular helper (TFH) cells are a subset of CD4+ T cells that help B cells 

differentiate into antibody-secreting plasmablasts (Crotty, 2011).  Along with PD-1, CXCR5 

is the canonical TFH marker, binding to CXCL13 to properly migrate within the germinal 

centers (GC).  There is also a subset of CD4+CXCR5+PD-1+ T cells in the periphery, 

which are superior to other CD4+ subsets in their ability to help B cells (Bentebibel et al., 

2011; N. Chevalier et al., 2011; Morita et al., 2011).  Based on functional properties, 

peripheral CD4+CXCR5+PD-1+ T cells are a putative circulating TFH population, although 

their precise relation to GC TFH cells is still under investigation. 

Defining TFH-like cells in the periphery has been challenging since the transcription 

factor that promotes TFH differentiation, Bcl-6, is not detectable in protein form in cells 

outside the germinal center(Cohen, Altfeld, Alter, & Stamatatos, 2014; He et al., 2013; 

Locci et al., 2013; Nurieva et al., 2009).  Early studies relied only on CXCR5 expression on 

CD4+ T cells to identify ‘pTFH’ cells (Morita et al., 2011; Pallikkuth et al., 2012).  However, 

subsequent studies determined that both CXCR5 and PD-1 are required to identify 

functional pTFH memory cells (Boswell et al., 2014; He et al., 2013; Locci et al., 2013).  

Human GC TFH cells also express ICOS, CD40L, and SAP, and secrete IL-21. These 

proteins are necessary for T cell – B cell co-localization, adhesion, and signaling(Crotty, 

2011).  Specifically, ICOS is a co-stimulatory molecule that engages ICOS ligand on B 

cells, resulting in T cell proliferation and production of cytokines that further support B cell 

differentiation (Hutloff et al., 1999).  CD40L must also be expressed on the surface of TFH 
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cells, as its interaction with CD40 on B cell surfaces is required for germinal center 

formation, and directly promotes B cell proliferation and isotype switching(van Kooten & 

Banchereau, 2000).  Circulating CD4+CXCR5+PD-1+ cells express high levels of CD40L 

and ICOS after stimulation and thus combinations of these markers are routinely used to 

identify TFH-like cells in the periphery (Boswell et al., 2014; Cohen et al., 2014; Havenar-

Daughton et al., 2016; He et al., 2013; Locci et al., 2013; Pallikkuth et al., 2015; Simpson et 

al., 2010). 

In HIV infection, CD4+ T cell dysfunction occurs early and precedes the absolute 

loss of CD4+ T cells (Connors et al., 1997; Day et al., 2006; Kaufmann et al., 2007).  T 

helper cells from HIV-infected individuals express high levels of inhibitory receptors, 

resulting in a diminished ability to help B cells (Boswell et al., 2014; Crawford et al., 2014; 

Cubas et al., 2013; Day et al., 2006; Hong, Amancha, Rogers, Ansari, & Villinger, 2012; 

Klatt et al., 2011; S. Moir et al., 2003; K. J. Nicholas et al., 2013; Wherry, 2011).  The role 

of TFH cell dysfunction in the dysregulation of B cells is less clear, but GC TFH cell 

populations have been shown to be expanded in both HIV and SIV infection (Lindqvist, 

2012; C. Petrovas, et al., 2012).  This is consistent with B cell dysregulation observed in 

HIV-1 infection, which is characterized by hypergammaglobulinemia, altered maturation 

patterns, and exhausted phenotypes (Moir & Fauci, 2009). 

In this study I evaluated the frequency, phenotype, and responsiveness of 

peripheral TFH cells (‘pTFH cells’, defined as CD4+CXCR5+PD-1+ T cells) in HIV-1- and 

chronically infected treatment-naïve HIV-1+ individuals.  In a series of in vitro stimulation 

assays I observed that pTFH cells from HIV-infected individuals had decreased maximal 

responses to superantigen stimulation as measured by their ability to express ICOS and 

CD40L.  These decreased maximal responses in HIV+ subjects did not correlate with 

clinical aspects of disease or neutralizing antibody responses. I also show for the first time 

that HIV-specific and tetanus-specific responses are maintained within the pTFH cell 

population in HIV-infected individuals. 
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Materials and methods 

 

Human subjects 

Peripheral blood mononuclear cells (PBMCs) from 10 HIV- and 34 HIV+ individuals 

were separated from blood samples using a Ficoll-PaqueTM Plus density gradient.  PBMCs 

were cryopreserved and stored in liquid nitrogen in media composed of 90% fetal bovine 

serum containing 10% DMSO.  All HIV+ individuals were treatment-naïve and CD4+ T cell 

counts and viral loads were obtained at the time of donation (Table 3-1).  The Vanderbilt 

University School of Medicine’s Institutional Review Board approved this study, and all 

individuals provided written informed consent.   

 

In vitro stimulation assays 

Cyropreserved PBMCs were thawed and washed twice in phosphate-buffered 

saline (PBS) and either stained immediately or cultured for stimulation assays.  PBMCs 

were cultured at 10 million cells/mL in R10 media (RPMI 1640 containing 10% heat 

inactivated FBS, 2 mM L-glutamine, 50 ug/mL penicillin, 50 ug/mL streptomycin, and 10 

mM HEPES buffer (Gibco, Life Technologies)) and co-stimulated with anti-CD28 and anti-

CD49d (1 uL/mL each, from BD).  Stimulation conditions included Staphylococcal 

Enterotoxin B (SEB) (1 ug/mL, Sigma), HIV-1 PTE Gag peptides (1 ug/mL, NIH AIDS 

Reagent Program)(Kalams et al., 2013; F. Li et al., 2006), tetanus toxoid (10 ug/mL, 

Astarte Biologics), and AT-2 inactivated HIV-1 MN particles (0.53 ug/mL p24, generously 

provided by Dr. Jeff Lifson) (K. J. Nicholas et al., 2013; Rossio et al., 1998; Rutebemberwa 

et al., 2007). For comparison to SEB and tetanus stimulation, PBMCs were incubated in 

R10 media alone.  As a control for HIV-1 PTE Gag peptide stimulation (suspended in 0.8% 

DMSO), cells were suspended in R10 media containing 0.8% DMSO. For comparison to 

HIV-1 MN, PBMCs were incubated with MN control particles containing AT-2 treated 

microvesicles prepared from matched uninfected cultures, used at a comparable total 
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protein concentration (K. J. Nicholas et al., 2013; Rossio et al., 1998; Rutebemberwa et al., 

2007). In all stimulation assays, cells were incubated overnight at 37°C with 5% CO2.  After 

16 hours cells were removed from the plate, washed twice with PBS, and stained as 

described below.   
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Table 3-1: Characteristics of HIV+ treatment-naïve subjects 

Chronic Infection 

PTID Viral Load CD4+ Count YPI bNAb % 
10031 50 612 8 60% 
10066 50 1326 12 45% 
10071 50 881 16 5% 
20016 50 735 6 0% 
10070 222 810 10 0% 
10002 390 682 20 60% 
10055 402 599 5 25% 
10040 440 704 18 30% 
10024 500 800 7 40% 
10067 648 930 20 50% 
10060 722 688 4 25% 
10068 987 754 12 20% 
10003 1684 891 10 65% 
20010 3740 1124 8 10% 
10017 4007 418 6 25% 
20001 6002 562 3 55% 
10014 17159 881 3 60% 
10076 17693 832 5 15% 
10027 19410 547 13 20% 
10042 20211 331 21 100% 
10028 29345 800 13 40% 

Early Infection 

20008 137 946 1 15% 
20015 147 574 1 0% 
20018 1886 1374 2 5% 
20023 2910 508 0.5 5% 
20004 3294 666 1 5% 
20013 3998 400 2 60% 
20025 4856 472 0.5 5% 
20005 6179 903 1.5 5% 
20026 8248 300 0.5 5% 
20020 18005 602 1 5% 
20049 18034 680 0.1 0% 
20027 30000 300 0.5 55% 
10006 38799 357 2 10% 

Subjects are categorized by chronic and early infection and then arranged by increasing 
viral load.  CD4+ counts and viral load were obtained at time of blood draw.  Neutralizing 
antibody breadth was determined as described in methods (results shown in Figure 3-6).  
PTID = patient identification. YPI = years post-infection. bNAb = broadly neutralizing 
antibody breadth. 34 subjects are listed here, but due to sample availability, not all 
individuals were evaluated with each ex vivo and in vitro cellular assay.  
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Multicolor flow cytometry 

Surface markers were evaluated using combinations of fluorochrome-conjugated 

monoclonal antibodies that were each titrated individually for their optimal stain index.   

PBMCs were stained at 10 million cells/mL in 200 uL PBS.  All PBMCs were incubated for 

10 minutes with an amine-reactive viability dye (LIVE/DEAD Aqua, Invitrogen), washed 

twice, and then stained for 15 minutes at room temperature with combinations of 

monoclonal antibodies (Table 3-2).  For ex vivo phenotyping, cells were stained with CD3-

AF700 (UCHT1, BD), CD4-PECy5 (RPA-T4, BD), CD8-APC-AF750 (3B5, Invitrogen), 

CD45RO-PETR (UCHL1, Beckman Coulter), CCR7-BV421 (150503, BD), CXCR5-AF488 

(RF8B2, BD), PD-1-PE (EH12.2H7, BioLegend), CD14-V500 (M5E2, BD), and CD19-V500 

(HIB19, BD).  In vitro phenotyping was performed with combinations of CD3-AF700, CD4-

PECy5, CD8-APC-AF750, CD45RO-PETR, CXCR5-AF488, CD14-V500, CD19-V500, 

ICOS-PE (DX29, BD), CD40L-PE (TRAP1, BD) and PD-1-BV421 (EH12.2H7, BioLegend).  

All PBMCs were washed twice after staining, fixed with 2% paraformaldehyde, and 

analyzed on a BD LSR Fortessa  (BD Biosciences) at the VMC Flow Cytometry Shared 

Resource.  

Flow cytometry data was analyzed using BD Biosciences FACSDiva Software.  In 

all experiments, forward and side scatter were used to identify lymphocytes and from that 

population non-viable, CD14+, CD19+, CD8+ cells were excluded from further analysis 

(Figure 3-1A). 
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Table 3-2 - Fluorescence cytometry panels to study pTFH cells 

Instrument characteristics Reagent panels 

Laser 
emission 

and output 
power 

Bandwidth 
transmitted 

to PMT 
Fluorochrome Ex vivo In vitro - 

CD40L 
In vitro - 

ICOS 

639nm        
(40mW) 

750 - 810 APCA750 CD8 CD8 CD8 

705-750 AF700 CD3 CD3 CD3 

488nm          
(50mW) 505 - 550 AF488 CXCR5 CXCR5 CXCR5 

561nm      
(150mW) 

600 - 620 PETR CD45RO CD45RO CD45RO 

655 - 685 PE-Cy5 CD4 CD4 CD4 

575 - 590 PE PD-1 CD40L ICOS 

404nm        
(100mW) 

430 - 470 BV421 CCR7 PD-1 PD-1 

505 - 550 Aqua, V500 Live/dead, 
CD14, CD19 

Live/dead, 
CD14, CD19 

Live/dead, 
CD14, 
CD19 

Three fluorescence cytometry panels were designed to identify and characterize TFH 
cells.  Panel 1 measured the memory phenotype of pTFH cells ex vivo.  Panels 2-3 
measured the activation of pTFH cells by assessing CD40L and ICOS expression on 
pTFH  cells in vitro.   
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Figure 3-1: Representative gating strategy.  (A) Lymphocytes were first distinguished 

based on the size and granularity of lymphocytes, follow by doublet exclusion.  Live T cells 

were identified based on CD3 expression and the exclusion of CD14 and CD19 and 

expression and the viability dye Live/Dead Aqua.  T cells were then analyzed for CD4 and 

CD8 expression and CD4+ T cells were then classified into the four memory subsets based 

on CD45RO and CCR7 expression. (B) Memory distribution of peripheral CD4+ T cells 

from HIV- (open bars) and HIV+ (black bars) individuals. Statistics represent p values from 

Mann Whitney unpaired t-tests. 
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Antibody neutralization assays 

Neutralization assays were performed using envelopes from clades A, B, and C in 

the TZM-bl cell based pseudovirus assay, as previously described (Sather et al., 2009).  

The clade B and C env clones were chosen from standard env panels (M. Li et al., 2005; 

Y. Li et al., 2007), and the clade A env clones were isolated from Kenyan sex workers 

(Blish et al., 2009).  The env clones chosen for this study represent a range of 

neutralization sensitivities of transmitted HIV-1 viruses.  Plasma samples were titrated 2 

fold from 1:20 to 1:2560 and were incubated for 90 minutes at 37°C in the presence of 

single-round-competent virions (pseudovirus). The neutralization values reported here are 

the IC50. Only 30 individuals were evaluated in the antibody neutralization assays due to 

sample availability. 

 

Statistical analysis 

 Analysis was performed using GraphPad Prism Software (GraphPad, La Jolla, CA, 

USA).  Paired comparisons (within a single subject) were analyzed with the Wilcoxon 

matched paired t test.  Comparisons between healthy controls and HIV+ subjects were 

analyzed with the Mann-Whitney t tests.  Correlation data was evaluated for statistical 

dependence using Spearman’s rank correlation coefficient rho (ρ).  All tests were 2-tailed 

and were considered statistically significant at p<0.05. 

 

Results 

 

Frequency of CD4+CXCR5+PD-1+ T cells in the blood of HIV+ and HIV- individuals  

T follicular helper (TFH) cells are more frequent in the lymph nodes during HIV and 

SIV infection compared to lymph nodes from uninfected controls (Hong et al., 2012; 

Lindqvist, 2012; Perreau et al., 2013; C. Petrovas, et al., 2012); however, there are 

conflicting reports comparing the frequency of circulating TFH-like cells among HIV-infected 
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and HIV-uninfected individuals (Boswell et al., 2014; Locci et al., 2013; Pallikkuth et al., 

2012).  I first assessed the expression of the canonical TFH markers CXCR5 and PD-1 on 

circulating CD4+ T cells (Figure 3-1A and Figure 3-2A). The frequency of 

CD4+CXCR5+PD-1+ T cells was measured in a cohort of 34 treatment-naïve HIV-infected 

individuals with CD4+ T cell counts > 300 cells/mm3 and a wide range of viral loads (Table 

3-1).  There was no difference in the frequency of CD4+ cells with dual CXCR5 and PD-1 

expression (pTFH cells) between HIV- and HIV+ individuals, which constituted an average 

of 2% of CD4+ T cells (Figure 3-2B).  

The distribution of pTFH cells within memory T cell subsets was then evaluated.  

We distinguished CD4+ memory subsets based on CCR7 and CD45RO expression:  T 

naive (CCR7+CD45RO-), T central memory (TCM) (CCR7+CD45RO+), T effector memory 

(CCR7-CD45RO+), and T effector memory cells expressing CD45RA (CCR7-CD45RO-) 

(Figure 3-2C and Figure 3-1A) (Oswald-Richter et al., 2007; Sallusto, Lenig, Forster, Lipp, 

& Lanzavecchia, 1999). There were no significant differences between the distribution of 

CD4+ T cell memory populations between HIV+ and HIV- individuals in our cohort (Figure 

3-1B), and most pTFH cells had a TCM phenotype (Figure 3-2D).  In the absence of 

stimulation, few pTFH cells expressed CD40L (<5%) or ICOS (<10%) (Figure 3-3A-B). After 

stimulation, however, significantly more pTFH cells were ICOS+ (mean 47%) and CD40L+ 

(44%) compared to other non-pTFH CD4+ populations (CXCR5+PD-1- and CXCR5- cells) 

(p<0.0001, Figure 3-3C-D).   
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Figure 3-2: Ex vivo identification of peripheral CD4+ T cells expressing CXCR5 and 

PD-1 in HIV+ and HIV- individuals.  (A) Representative plot of CXCR5 and PD-1 

expression on live CD19-CD14-CD8-CD3+CD4+ cells. Gate indicates frequency of pTFH 

cells out of total CD4+ T cells. (B) Frequency of pTFH cells (CXCR5+PD-1+) out of total 

CD4+ T cells in HIV- (open circles) and HIV+ individuals (closed circles). (C) 

Representative plot of CD45RO and CCR7 expression on pTFH cells.  A quadrant gate was 

used to distinguish the four memory subsets. (D) Distribution of pTFH cells among each 

memory compartment in HIV- (open bars) and HIV+ (closed bars) individuals.  p values are 

from Mann-Whitney t tests. 

 



	
   59 

 

Figure 3-3:  Frequency of CD40L and ICOS expression on pTFH and non-pTFH 

subsets in the presence and absence of SEB superantigen stimulation.  (A-B) 

Frequency of ICOS (A) and CD40L (B) expression on CD4+ T cells subsets after 

incubation in media for 16 hours.  (C-D) Frequency of ICOS (C) and CD40L (D) expression 

on CD4+ T cell subsets after stimulation for 16 hours with SEB.  All data shown is from 

HIV+ individuals.  The same patterns were found with statistical significance in HIV- 

individuals (data not shown). 
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pTFH cells from HIV+ individuals have decreased maximal responses to in vitro stimulation 

compared to healthy donors 

I next compared the ability of pTFH cells from HIV- and HIV+ individuals to express 

ICOS and CD40L in response to SEB stimulation (Figure 3-4).  The frequency of ICOS 

expression without stimulation was higher on pTFH cells from HIV+ individuals compared to 

HIV- individuals (median 6.5% and 2.2% respectively, p=0.0005; Figure 3-4A-B).  After 

stimulation with SEB, the frequency of ICOS-expressing pTFH cells increased dramatically 

but was lower in HIV+ compared to HIV- subjects (median 51.1% and 63.8% respectively, 

p=0.03; Figure 3-4A-B).   Accordingly, the change in the frequency of ICOS expression on 

pTFH cells in response to potent stimulation was decreased in HIV+ individuals compared 

to HIV- individuals (p=0.003; Figure 3-4C). 

The frequency of CD40L expression on pTFH cells was similar in HIV- and HIV+ 

subjects without stimulation (median 2.5% and 1.4% respectively, p=0.24; Figure 3-4D-E).  

After SEB stimulation, however, the frequency of CD40L expression on pTFH cells isolated 

from healthy individuals was higher (64.6%) compared to HIV+ individuals (47.4%; 

p=0.002; Figure 3-4D-E).  Similarly to ICOS, the change in the frequency of CD40L+ 

expressing pTFH cells in HIV- individuals was higher than that of HIV+ individuals after SEB 

stimulation (p=0.02; Figure 3-4F). 

 

Decreased maximal pTFH responses did not correlate with clinical aspects of disease 

I evaluated whether expression of TFH surface markers or responsiveness to in 

vitro stimulation was associated with either clinical aspects of the disease or the T cell 

phenotypes of our cohort.  I found no correlation between the degree of response to SEB 

stimulation and viral load, CD4+ T cell count, or duration of infection (Figure 3-5).   

Although PD-1 is a marker that identifies TFH cells, it is also a marker of immune 

exhaustion. I therefore evaluated whether the degree of PD-1 expression on CXCR5+ T 
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cells predicted the ability of these cells to respond to in vitro stimulation.  No relationship 

existed between the mean fluorescence intensity (MFI) of PD-1 on CXCR5+ cells in the 

HIV+ individuals and the ability of these cells to express ICOS or CD40L responses after 

SEB stimulation. 

 

No correlation between pTFH responses and antibody neutralization breadth 

pTFH cells in the blood are capable of stimulating B cells to differentiate to 

immunoglobulin-secreting plasmablasts (Bentebibel et al., 2011; Boswell et al., 2014; Locci 

et al., 2013; Morita et al., 2011).  Despite B cell dysregulation in HIV-1 infection, 20-30% of 

HIV+ subjects produce antibodies able to neutralize heterologous HIV-1 strains across 

clades A, B and C (Mikell et al., 2011; Sather et al., 2009).  To assess whether the 

frequency of pTFH cells or responsiveness to antigenic stimulation correlated with the 

production of broadly neutralizing antibodies, Dr. Sathers analyzed the serum from all HIV+ 

subjects for the ability to neutralize heterologous HIV-1 envelopes (Fig. 3-6).  The subjects 

in our cohort ranged widely (0-100%) in their ability to neutralize 20 different HIV-1 isolates 

from clades A, B, and C (Fig. 3-6).   I found no correlation between the degree of 

neutralizing antibody breadth and the frequency of pTFH cells (p=0.96, r=-0.01). Additionally 

I found no correlation between the degree of neutralizing antibody breadth and the 

frequency or ability of pTFH cells to express ICOS or CD40L after in vitro stimulation with 

SEB (Figure 3-5).   
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Figure 3-4: pTFH cells from HIV+ individuals have decreased responsiveness to 

superantigen stimulation as measured by CD40L and ICOS expression.  (A) 

Representative plots of ICOS expression on CD4+ T cells with and without SEB 

stimulation. (B) Frequency of ICOS on pTFH cells with and without SEB stimulation in 

healthy controls (open circles) and HIV+ individuals (closed circles). (C) Change in 

frequency of ICOS expression on pTFH cells in response to SEB stimulation was measured 

by subtracting the unstimulated from the stimulated conditions. (D) Representative plots of 

CD40L expression on CD4+ T cells. (E) Frequency of CD40L on pTFH cells with and 

without SEB stimulation in healthy controls (open circles) and HIV+ individuals (closed 

circles). (F) Change in frequency of CD40L expression on pTFH cells in response to SEB 

stimulation.  All p values are derived from Mann-Whitney t tests. 
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Figure 3-5: Decreased maximal pTFH responses did not correlate with clinical 

aspects of HIV infection or neutralizing antibody breadth. Change in frequency of 

ICOS (A) or CD40L (B) expression on pTFH cells in response to SEB stimulation did not 

correlate with viral load, CD4+ T cell count, duration of infection, or neutralizing antibody 

breadth in HIV+ individuals. There was a weak correlation between change in CD40L+ 

pTFH cells and duration of infection.  p and r values were derived from Spearman rank 

tests.  
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Figure 3-6: Plasma neutralization breadth of HIV+ individuals.  The cross-neutralizing 

activities of plasmas from HIV+ individuals were evaluated against the indicated clade A, B 

and C viruses. The values are the plasma titers at which 50% neutralization (IC50) was 

recorded.  IC50 values are color-coded: (blue) IC50<1:100; (yellow) 1:100≤IC50≥1:250; 

(red) IC50>1:250.  A (-) symbol indicates less than 50% neutralization was recorded.  The 

term ‘breadth’ represents the percent of isolates neutralized by a plasma sample, out of the 

total number of isolates tested, irrespective of the potency of neutralization. With the 

exception of SF162.LS, which is a tier 1 virus, all viruses were tier 2. 
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pTFH cells from HIV+ individuals maintain recall antigen-specific responses 

 I next investigated recall antigen-specific responses of pTFH and non-pTFH (defined 

as CD3+CD4+CXCR5-) T cells.  Since the majority of naïve T cells reside in the non-pTFH 

population, I only assessed memory (CD45RO+) CD4+ T cells in this assay.  I performed 

stimulations with tetanus toxoid, HIV-1 Gag peptides, and inactivated HIV-1 MN to 

measure antigen-specific responses in HIV+ individuals (Figure 3-7, Figure 3-8, and data 

not shown). While the overall responses to tetanus toxoid were low, a higher fraction of 

pTFH cells from HIV+ individuals increased ICOS and CD40L expression compared to non-

pTFH cells (p=0.02; Figure 3-7A-B).  There were no differences in ICOS or CD40L 

expression on pTFH and non-pTFH cell after tetanus toxoid stimulation in HIV- individuals 

(p=0.38 (ICOS), p=0.82 (CD40L)).  Furthermore, the responses of pTFH cells to tetanus 

were not different between HIV- and HIV+ individuals though the responses appear to be 

more robust in HIV+ individuals (p=0.9 (ICOS), p=0.31 (CD40L)).   

Responses to Gag peptides as measured by the change in ICOS and CD40L on 

CD4+ T cells was greater on pTFH compared to non-pTFH cells in HIV+ individuals (p=0.002 

and p=0.0003; Figure 3-7C-D).  There were no significant changes in ICOS or CD40L 

expression in HIV- individuals stimulated with Gag peptides (p=0.34, data not shown).  

Since the majority of CD4+ T cells are CXCR5- a higher absolute number of CXCR5- cells 

increased ICOS expression in response to antigen stimulation; however, a higher fraction 

of CXCR5+PD-1+ cells were antigen-specific.  These data demonstrate that recall antigen-

specific memory pTFH cells are preserved in HIV+ individuals.   

I also evaluated responses to AT-2 inactivated HIV-1 MN particles, which contain 

conformationally intact envelope proteins on their surface (data not shown).  Compared to 

control particles, MN did not induce changes in ICOS on pTFH in HIV- subjects (p=0.13).  In 

HIV+ individuals, MN induced changes in ICOS on pTFH cells compared to control particles 

(p<0.0001) and responses were greater in memory pTFH cells compared to non-pTFH cells 

(p=0.02).  Changes in CD40L in response to MN, however, were rare (only 12 of 28 
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subjects in the assay) and weak and did not allow us to accurately compare non-pTFH and 

pTFH responses.  No antigen-specific responses to any of the recall antigens correlated 

with neutralizing antibody breadth in HIV+ individuals (data not shown). 

Since the core identity markers of pTFH cells, PD-1 and CXCR5, can also go up 

with activation, I assessed the frequency of pTFH cells before and after stimulation.  The 

median increase in the frequency of pTFH cells in response to SEB stimulation was 1.95%.  

Stimulation of PBMC with recall antigens only slightly increased the frequency of pTFH cells 

(median increase of 0.2% with Gag stimulation; median increase of 0.5% with tetanus 

stimulation).  To further investigate the possibility of CXCR5- cells contributing to our pTFH 

population after overnight stimulation, we FACS sorted CD4+ T cells into four populations 

based on CXCR5 and PD-1 expression in 4 healthy individuals.   Cells that were sorted 

CXCR5- (regardless of PD-1 expression) became CXCR5+ after SEB stimulation at a 

frequency of <2.5% and the MFI of CXCR5 after SEB stimulation never changed (Figure 3-

9 and data not shown).   Thus while I cannot exclude the possibility that a small number of 

cells we termed ‘pTFH’ in these assays were recently activated T cells, the large majority of 

this ‘pTFH’ population expressed CXCR5 and PD-1 prior to stimulation.   
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Figure 3-7: Memory pTFH cells preferentially express ICOS and CD40L after recall 

antigen stimulation compared to memory non-pTFH cells.  Cells analyzed were either 

memory pTFH cells (defined as CD45RO+CXCR5+PD-1+ CD4+ T cells) or memory non-

pTFH cells (defined as CD45RO+CXCR5-CD4+ T cells). (A-B) Change in the frequency of 

ICOS+ (A) or CD40L+ (B) memory pTFH or non-pTFH cells in HIV+ individuals in response 

to 16 hours of stimulation with tetanus toxoid.  (C-D) Change in the frequency of ICOS+ (C) 

or CD40L+ (D) memory pTFH or non-pTFH cells in HIV+ individuals in response to 16 hours 

of stimulation with Gag peptides.  All p values are derived from Wilcoxon matched-pairs t-

tests. 
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Figure 3-8.  CD45RO+ pTFH cell antigen-specific responses.  Representative 

fluorescence cytometry plots measuring antigen-specific responses of CD45RO+ pTFH 

cells.  Examples from one HIV-infected individual are shown.  (A) CD40L expression on 

CD45RO+ pTFH cells after overnight incubation in media alone or tetanus toxoid.  (B) ICOS 

expression on CD45RO+ pTFH cells after overnight incubation in DMSO diluent or Gag 

peptides with the same concentration of DMSO. 
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Figure 3-9.  Phenotype of sorted CXCR5- cells after stimulation.  CD4+ T cells were 

isolated from PBMC using a CD4+ T cell enrichment kit (Miltenyi).  CD4+ T cells were then 

stained with fluorochrome-antibody conjugates and FACS sorted into 4 populations based 

on CXCR5 and PD-1 expression: CXCR5-PD-1-, CXCR5-PD-1+, CXCR5+PD-1-, and 

CXCR5+PD-1+.  The sorted populations were then cultured separately overnight with or 

without SEB.  This experiment was performed 4 times with cells from 4 different healthy 

individuals.  (A) Frequency of sorted CXCR5-PD-1- cells that expressed CXCR5 and PD-1 

after overnight SEB stimulation. (B) Frequency of sorted CXCR5-PD-1+ cells that 

expressed CXCR5 and PD-1 after overnight SEB stimulation.  p values were derived from 

Wilcoxen matched-pairs t-tests. 
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Discussion 

 Multiple studies have demonstrated pTFH cells are similar to GC TFH cells in their 

ability to provide B cell help (Bentebibel et al., 2011; N. Chevalier et al., 2011; He et al., 

2013; Locci et al., 2013; Morita et al., 2011; Schultz et al., 2016).  I performed an ex vivo 

phenotypic analysis of pTFH cells in healthy and chronically infected HIV+ individuals, and 

we assessed the in vitro responses of this cell population to superantigen and recall 

antigen stimulation. CXCR5+ and PD-1 are currently accepted canonical markers required 

to identify pTFH cells (Boswell et al., 2014; Cohen et al., 2014; Havenar-Daughton et al., 

2016; He et al., 2013; Locci et al., 2013; Pallikkuth et al., 2015; Simpson et al., 2010).  

While additional cell markers such as CXCR3 (Locci et al., 2013), chemokine receptor 6 

(CCR6) (Boswell et al., 2014), and T-cell immunoreceptor with immunoglobulin (Ig) and 

ITIM domains (TIGIT) (Godefroy, Zhong, Pham, Friedman, & Yazdanbakhsh, 2015) have 

been suggested to further discriminate pTFH cells, I focused on CD4+ T cells expressing 

the main pTFH identifying canonical markers.  I evaluated the ability of these cells to 

respond to various stimuli, and identified tetanus-specific and HIV-specific pTFH populations 

in HIV-infected individuals.  I focused on ICOS and CD40L expression of pTFH cells, since 

these surface receptors must engage ICOS ligand and CD40 on the surface of B cells to 

drive B cell differentiation to antibody-secreting plasmablasts.  

I observed pTFH cells circulate at similar frequencies in healthy and HIV+ 

treatment-naïve individuals.  The frequencies of circulating pTFH cells I measured are in 

agreement with those measured in a cohort with CD4+ T cell numbers similar to ours 

(Pallikkuth et al., 2012).  In separate studies, however, decreased pTFH cell frequencies 

were reported in a cohort with a mean CD4+ T cell count of 320 cells/mm3 (Boswell et al., 

2014), and increased frequencies were found in a cohort of individuals that were only 

infected for an average of three years (CD4+ T cell values were not reported) (Locci et al., 

2013).  Thus, variability within these cohorts likely explains the variability in measured 

frequencies of pTFH cells.  I also show that the distribution of pTFH cells within T cell 
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memory compartments in HIV infection is not perturbed by HIV infection, and confirm that 

most pTFH cells reside in the T central memory compartment in both HIV- and HIV+ 

individuals (N. Chevalier et al., 2011; Morita et al., 2011; Pallikkuth et al., 2012).  

 GC TFH cells and pTFH cells isolated from HIV and SIV infected individuals are 

impaired in their ability to provide help necessary for B cells to differentiate to plasmablasts 

(Boswell et al., 2014; Cubas et al., 2013; Hong et al., 2012; Lindqvist, 2012; Pallikkuth et 

al., 2012; C. Petrovas, et al., 2012).  However, the underlying changes in expression of key 

surface receptors on pTFH cells required for proper function have not been described.  Here 

I provide an analysis of the surface expression of ICOS and CD40L in response to stimuli 

in chronic HIV-1 infection.    

 I found that after in vitro superantigen stimulation, pTFH cells from HIV-infected 

individuals expressed less ICOS and CD40L than pTFH cells from HIV-uninfected 

individuals.  This reduced maximal expression of ICOS and CD40L might explain the 

decreased function of these cells observed in HIV and SIV infection (Boswell et al., 2014; 

Cubas et al., 2013; Hong et al., 2012; Lindqvist, 2012; Pallikkuth et al., 2012; C. Petrovas, 

et al., 2012).  I attempted to determine correlates of this decreased response.  I 

hypothesized that the MFI of PD-1 expression on pTFH cells would correlate with decreased 

responses in HIV-infected individuals.  While PD-1 is required for proper TFH cell function 

(Good-Jacobson et al., 2010; N. M. Haynes et al., 2007), it is also associated with 

functional exhaustion of T cells during chronic HIV-1 infection (Day et al., 2006; Trautmann 

et al., 2006).  Blocking PD-1 and PD-L1 has been shown to enhance the ability of T cells to 

activate B cells in culture (K. J. Nicholas et al., 2013) and improves the ability of pTFH cells 

to stimulate B cells to produce IgG in HIV+ but not HIV- individuals (Cubas et al., 2013).  I 

found no correlation between PD-1 expression and decreased pTFH cell responsiveness in 

HIV-infected individuals.  I also did not find a correlation between the responsiveness of 

pTFH cells with viral load, CD4 + T cell count, years post-infection, or neutralizing antibody 

breadth. 
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Recall-antigen specific pTFH cells have been identified in a few prior studies: 

tetanus-specific pTFH cells were identified using tetramers in healthy individuals (Locci et 

al., 2013) and in HIV-infected individuals, small populations of Gag-specific pTFH cells were 

identified by CD40L expression and IL-21 secretion (Boswell et al., 2014).  More recently, 

HIV-specific pTFH cells (identified by IL-21 secretion after in vitro stimulation, and 

subsequently found to express transcripts for CXCR5, CD40L, and ICOS) were shown to 

recognize both HIV-1 Gag and Env peptides by ELISpot.(Schultz et al., 2016).  In 

agreement with these studies, I found the majority of recall memory responses resides 

within the CD4+CXCR5- population, which makes up the majority of CD4+ T cells.  

However, the proportion of pTFH cells that increase ICOS or CD40L expression is 

significantly higher than that of non-pTFH cells in response to HIV Gag peptides and tetanus 

toxoid in HIV+ individuals.  This was also true for ICOS responses to HIV-1 MN in HIV+ 

individuals, but not CD40L which I was unable to assess accurately since responses were 

so rare.  HIV- individuals did not respond to Gag or MN stimulation as expected, but did 

have weak responses to tetanus toxoid stimulation. There was no difference in the 

frequency of these weak tetanus responses in pTFH compared to non-pTFH cells in HIV- 

individuals.  It is difficult to make accurate conclusions from these findings, however, since 

we have no tetanus vaccination records from our study populations.  However, the HIV+ 

individuals are followed very closely and more likely to be up-to-date on all vaccinations.  

My novel findings show that HIV-specific CD4+ T cells are maintained within the pTFH 

population during chronic infection.   

HIV and SIV infection have been shown to drive the expansion of GC TFH cells 

(Cubas et al., 2013; Lindqvist, 2012), but the relationship between the frequencies of GC 

TFH and peripheral TFH cells is unclear.  Recent gene expression and functional studies 

disagree on precisely which combination of surface receptors identifies TFH-like cells in the 

periphery; however, there appears to be consensus that CXCR5 and PD-1 are required for 

identifying pTFH cells (Boswell et al., 2014; He et al., 2013; Locci et al., 2013).  My 
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observation of preferential expression of CD40L and ICOS expression on 

CD4+CXCR5+PD-1+ T cells in response to recall antigens further supports the 

identification of pTFH cells as a circulating counterpart of GC TFH cells.  It is important to 

note that superantigen and recall antigen stimulation increased the frequency of 

CXCR5+PD-1+ cells in vitro.  This increased frequency could reflect proliferation of pTFH 

cells or a new population of recently activated T cells. Cell sorting experiments, however, 

demonstrated that few sorted CXCR5- cells became CXCR5+PD-1+ after short-term 

superantigen stimulation, thus the majority of this population was likely CD4+CXCR5+PD-

1+ cells prior to stimulation. 

Future studies should recapitulate pTFH phenotypic changes in response to antigen 

with IL-21 measurement to establish the trends are the same. I tested many IL-21 antibody 

clones in intracellular cytokine assays under many stimulation conditions (PMA/ionomycin, 

anti-CD3/anti-CD28, and SEB) at 4, 6, 24, 48, and 72 hours without obtaining reliable 

results. Unfortunately, current antibodies to IL-21 protein are poor, making intracellular 

cytokine assays unable to address this question accurately (Porichis et al., 2014).  The 

development of new commercially available IL-21 detection kits (of protein or transcript) will 

be valuable for future single-cell IL-21 research (Porichis et al., 2014). 

The generation of HIV-neutralizing antibody responses through vaccination has 

remained an elusive goal; understanding how naturally infected individuals are able to 

generate broadly neutralizing antibodies will be critical to our understanding of vaccine-

induced immune responses. Here we analyzed the neutralization breadth of plasma from 

30 HIV+ individuals in our cohort.  In agreement with prior studies I did not find a direct 

correlation between neutralization breadth and the frequency of pTFH cells during chronic 

HIV infection (Cohen et al., 2014; Locci et al., 2013).  I also found no correlation between 

neutralization breadth and the frequency of ICOS+ pTFH cells. This is in contrast to findings 

by Locci, et al., however, subjects in that study were grouped into ‘top’ and ‘low’ 

neutralizers and statistical correlations were not performed (Locci et al., 2013).  Despite a 
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lack of correlation during chronic infection, Cohen, et al., found correlations between the 

frequency of pTFH cells and broadly neutralizing antibody responses in early infection (0.1-1 

year after infection) (Cohen et al., 2014).  One interpretation of these data is that during 

early HIV infection pTFH responses may not yet be impaired and thus can facilitate the 

generation of broadly neutralizing antibodies, and these antibody responses can be 

maintained over the course of chronic infection.  Future studies should investigate the 

responsiveness of pTFH cells to HIV antigens longitudinally from early through chronic HIV 

infection.   

In this study I describe our efforts to determine the responsiveness of pTFH cells in 

chronic HIV-1 infection.  Specifically, I investigated two surface receptors required by TFH 

cells to provide help to B cells, ICOS and CD40L.  I demonstrate that pTFH cells expressed 

the highest levels of CD40L and ICOS in response to superantigen and recall antigen 

stimulation compared to CD4+CXCR5+PD-1- T cells and CD4+CXCR5- T cells.  I found 

the pTFH cells of HIV-infected individuals had impaired ability to increase expression of 

CD40L and ICOS in response to superantigen stimulation.  Despite impaired maximal 

responses, however, this cell subset maintained the ability to respond to recall antigens.  

These results suggest that the evaluation of immune responses of pathogen-specific 

circulating pTFH cells will be important for future studies of natural infection and immune 

responses to vaccines.  
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CHAPTER IV 

 

MULTIPARAMETER ANALYSIS OF STIMULATED HUMAN PERIPHERAL BLOOD 

MONONUCLEAR CELLS: A COMPARISON OF MASS AND FLUORESCENCE 

CYTOMETRY 

 

Introduction 

Fluorescence cytometry has driven forward our understanding of cell biology in 

human immune monitoring and disease studies for decades by quantitatively 

characterizing single cells based on cell surface and intracellular features (Bendall, Nolan, 

Roederer, & Chattopadhyay, 2012; Chattopadhyay, Gierahn, Roederer, & Love, 2014; Di 

Palma & Bodenmiller, 2014; Irish & Doxie, 2014; Maecker, McCoy, & Nussenblatt, 2012).  

In Chapters II and III I describe my studies using fluorescence cytometry to study surface 

expression of proteins on pTFH and B cells.  Mass cytometry is a new quantitative single 

cell flow cytometry approach that employs antibodies conjugated to stable isotopes of 

metals and time of flight mass spectrometry as a detection technology (Bandura et al., 

2009; O. Ornatsky et al., 2010).  Due to the precision of mass resolution, hundreds of 

features can theoretically be measured on each cell simultaneously using a mass 

cytometer. Recently mass cytometry has emerged as a powerful tool for high dimensional 

single cell analysis that has been used to characterize diverse populations of immune cells 

(Becher et al., 2014; Bendall et al., 2014; Bendall et al., 2011; Horowitz et al., 2013; 

Mingueneau et al., 2014; Newell, Sigal, Bendall, Nolan, & Davis, 2012; Polikowsky, 

Wogsland, Diggins, Huse, & Irish, 2015; Sen et al., 2014).  Future studies of pTFH and B 

cells using mass cytometry will be greatly beneficial to the field, but I felt it was first 

important to carefully compare mass cytometry with fluorescence cytometry to optimize 

detection of various proteins. 

While several studies have highlighted the potential of mass cytometry for 
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describing cellular subsets in great detail (Becher et al., 2014; Bendall et al., 2014; Bendall 

et al., 2011; Horowitz et al., 2013; Mingueneau et al., 2014; Newell et al., 2012; Sen et al., 

2014), only a few of these studies have directly compared mass cytometry with traditional 

fluorescence cytometry for evaluating human cell populations (Behbehani, Bendall, Clutter, 

Fantl, & Nolan, 2012; Bendall et al., 2011; Polikowsky et al., 2015; Wang et al., 2012).  

Furthermore, despite its promise, mass cytometry is still a relatively new technology, and 

extensive optimization of panel design, protocols, and analysis workflows will be required 

to acquire and appropriately analyze the vast amount of data generated (Diggins, Ferrell, & 

Irish, 2015; Gaudilliere et al., 2015; Tricot et al., 2015).  Here a direct comparison of mass 

cytometry and traditional fluorescence cytometry is described in detail for human subjects. 

A panel of 20 well-established surface markers of lymphocytes was used to assess 

whether mass cytometry provided equivalent per-marker and per-subset information on a 

one-to-one basis with traditional fluorescence cytometry.  Unstimulated and stimulated 

human PBMC from six donors were analyzed with five established fluorescence cytometry 

panels in our laboratory and one newly optimized mass cytometry panel.  The results of the 

two platforms were highly concordant, suggesting that mass and fluorescence cytometry 

will be complementary technologies used for characterizing the complex, dynamic cellular 

phenotypes that exemplify immune responses.    

 

Materials and methods 

 

Cell isolation and culture 

Peripheral blood mononuclear cells (PBMC) from healthy donors (N = 6) were 

isolated using density gradient separation (Ficoll-Paque™ Plus, GE Healthcare, 

Piscataway, NJ, USA).  PBMC were pelleted by low speed centrifugation (400 x g), 

resuspended in media composed of 90% fetal bovine serum (Atlanta Biologicals, Norcross, 

GA, USA) containing 10% DMSO (Sigma-Aldrich, St. Louis, MO, USA), frozen slowly in the 
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vapor phase of liquid nitrogen in multiple cryotubes, and stored in liquid nitrogen, as 

previously described (Irish, Czerwinski, Nolan, & Levy, 2006).   The Vanderbilt University's 

Institutional Review Board approved this study, and all individuals provided written 

informed consent.   

Individual PBMC cryotubes were thawed in 2 mL of warm phosphate buffered 

saline (PBS, Gibco, Life Technologies, Grand Island, NY, USA), pelleted by centrifugation 

(650 x g), divided for immediate ex vivo phenotyping or phenotyping following 16 hours of 

in vitro SEB (EMD Millipore, Billerica, MA) stimulation, and then pelleted again before 

resuspension in room temperature PBS (ex vivo) or R10 media (in vitro) at 10 x 106 

cells/mL.  R10 media contained RPMI 1640 Medium (Gibco), 2 mM L-glutamine (Gibco), 

50 µg/mL penicillin (Gibco), 50 µg/mL streptomycin (Gibco), 10% FBS, and 10 mM HEPES 

buffer (Thermo Fisher Scientific, Waltham, MA, USA).  Cells for ex vivo staining were 

further divided among flow cytometry tubes (Falcon 2052, BD-Biosciences, San Jose, CA) 

for fluorescence or mass cytometry staining, described below.  Cells for in vitro culture 

were stimulated by addition of SEB to achieve a final concentration of 1 µg/mL in 200uL of 

10 x 106 cells/mL in 48-well flat bottom culture plates (Costar, Corning Incorporated, 

Corning, NY, USA).  After 16 hours of incubation at 37°C in a 5% CO2 incubator, cells were 

removed from the plate, washed twice in PBS, and stained as described below. 

 

Fluorescence cytometry  

For each healthy donor, 2 x 106 PBMC were stained in 200µL PBS.  PBMC were 

incubated first with a viability dye for 10 minutes (LIVE/DEAD Aqua, Life Technologies), 

washed once in PBS, and then stained with combinations of fluorescently-tagged 

antibodies (Table 4-1).  For ex vivo phenotyping, cells were stained with Panels 1-5 from 

Table 1 (for antibody information see Table 4-2).  For phenotyping following in vitro 

stimulation, cells were stained with Panels 3-5 from Table 4-1 at 16 hours after addition of 

SEB.  After staining, all cells were washed twice in PBS and fixed with 2% 
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paraformaldehyde (PFA, Electron Microscopy Services, Fort Washington, PA, USA) and 

refrigerated up to 24 hours until analysis on the Special Order Research Product BD 

LSRFortessa (BD Biosciences, San Jose, CA) at the Vanderbilt Flow Cytometry Shared 

Resource.   

 

Mass Cytometry 

For each healthy donor, 2 x 106 PBMC were stained in 50 µL PBS.  PBMC were 

incubated first with a viability reagent (50 µM cisplatin, Enzo Life Sciences, Farmingdale, 

NY, USA) in 1 mL serum-free RPMI for 3 minutes.  Cisplatin was quenched by washing 

once with RPMI containing 10% FBS followed by two washes in PBS.   A master mix 

containing 21 antibody-metal conjugates (Table 4-3, Table 4-2) was added to each sample 

(50 µL total staining volume) and incubated at room temperature for 25 minutes.  Cells 

were then washed twice with PBS, fixed for 10 minutes with 1.6% PFA at room 

temperature, washed once with PBS, and then permeabilized at -20°C in 1 mL 100% cold 

methanol for 20 minutes.  Following permeabilization, cells were washed at 800 x g, 

stained with 250 nM Iridium intercalator (O. I. Ornatsky et al., 2008) (Fluidigm/DVS 

Sciences, Sunnyvale, CA) for 16 hours at 4°C, washed twice in PBS, washed once with 

ddH2O, and then re-suspended in 500 µL ddH2O for mass cytometry analysis that day.  

Cells were filtered immediately before injection into the mass cytometry using a 35µm 

nylon mesh cell-strainer cap (BD Biosciences). 

Samples were analyzed using a CyTOF 1.0 (Fluidigm Sciences, Sunnyvale, CA) 

and CyTOF software version 5.1.615 (Fluidigm) at the Vanderbilt Flow Cytometry Shared 

Resource.  Dual count calibration (on the “data”) and noise reduction (cell length 10-75, 

lower convolution threshold 10) were applied during acquisition.  
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Table 4-1: Fluorescence cytometry instrument and antibody panel information 

Instrument characteristics Reagent panels 

Laser 
emission 

and output 
power 

Bandwidth 
transmitted 

to PMT 

Fluoro-
chrome 1 2 3 4 5 

639nm        
(40mW) 

750 - 810 APC-Cy7, 
APC-A750 HLA-DR CD8 HLA-DR HLA-DR CD8 

663 - 677 APC   CD3 CD3 CD20 CD3 

488nm          
(50mW) 505 - 550 FITC CD57 CD45RO CD25 CD27   

561nm        
(150mW) 

685 - 735 PE-Cy5.5   CD127       

600 - 620 PETR CD14    CD45RO 

750 - 810 PE-Cy7   CD38 CD38  
655 - 685 PE-Cy5   CD62L  CD4 

575 - 590 PE CD16 CD27 CD69 CD86 CD40L 

404nm        
(100mW) 

430 - 470 
PB, 

BV421, 
V450 

CD3 CCR7 CD8   PD-1 

685 - 735 BV711 CD19   CD19  
595 - 620 BV605  CD4 CD4   
505 - 550 Aqua LD LD LD LD LD 

Five fluorescence cytometry panels were designed to measure PBMC populations with 21 parameters 
comparable to those measured in mass cytometry: 20 fluorophore-labeled antibodies and 1 viability 
marker. Panel 1: PBMC subsets; Panel 2: T cell memory subsets; Panel 3: T cell activation; Panel 4: B 
cell activation; Panel 5: T cell activation and exhaustion. LD=Live/dead 
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Table 4-2: Antibody-metal and antibody-fluorophore information 

Target Conjugate Clone Source 
Unitless 
Dilution 
Used 

Final 
Concentration 

(ng/mL) 
CD19 142Nd HIB19 DVS 1:100 12.5 

CD40L 143Nd 24-31 BioLegend 1:100 2000 
CD4 145Nd RPA-T4 DVS 1:100 20 

CD8a 146Nd RPA-T8 DVS 1:1000 2 
CD20 147Sm 2H7 DVS 1:100 30 
CD38 148Nd HIT2 BioLegend 1:100 4000 

CD62L 153Eu DREG-56 DVS 1:200 3.75 
CD45 154Sm HI30 DVS 1:2000 1.25 
CD86 156Gd IT2.2 DVS 1:200 1500 
CCR7 159Tb G043H7 DVS 1:200 25 
CD14 160Gd M5E2 DVS 1:67 30 
CD69 162Dy FN50 DVS 1:1000 2.5 

HLA-DR 163Dy L243 BioLegend 1:100 2000 
CD45RO 164Dy UCHL1 DVS 1:200 25 

CD16 165Ho 3G8 DVS 1:200 3.75 
CD27 167Er L128 DVS 1:50 15 
CD25 169Tm 2A3 DVS 1:400 1.5 
CD3 170Er UCHT1 DVS 1:133 5.625 

CD57 172Yb HCD57 DVS 1:400 1.875 
PD-1 174Yb EH12.2H7 BioLegend 1:100 1000 

CD127 176Yb A019D5 DVS 1:50 12 
Nucleic 

Acid 191/193Ir n/a DVS 1:50 250nM 

Live/dead 195Pt n/a Enzo Life Sciences 1:500 50uM 
CD19 BV711 SJ25C1 BD 1/40  300 

CD40L PE Trap1 BD 1/200 62.5 
CD4 BV605 RPA-T4 BD 1/100 500 
CD4 PECy5 RPA-T4 BD 1/200 15 
CD8 APCA750 3B5 Invitrogen 1/400 1000 
CD8 V450 RPA-T8 BD 1/200 250 

CD20 APC L27 BD 1/200 200 
CD38 PE-Cy7 HIT2 eBioScience 1/800 250 

CD62-L PE-Cy5 DREG-56 BD 1/100 60 

CD86 PE 2331 
(FUN-1) BD 1/40  250 

CCR7 BV421 150503 BD 1/40  625 
CD14 PETR TüK4 Invitrogen 1/4000 25 
CD69 PE FN50 BD 1/100 30 

HLA-DR APCy7 L243 BioLegend 1/100 2000 
CD45RO FITC UCHL1 BD 1/20  2500 
CD45RO PETR UCHL1 Beckman Coulter 1/400 50 

CD16 PE B73.1 BD 1/2000 50 
CD27 PE M-T271 BD 1/40  625 
CD27 FITC M-T271 BD 1/400 1250 
CD25 FITC 2A3 BD 1/400 25 
CD3 PB UCHT1 BD 1/100 2000 
CD3 APC UCHT1 BioLegend 1/800 600 

CD57 FITC NK-1 BD 1/40  312.5 
PD-1 BV421 EH12.2H7 BioLegend 1/100 500 

CD127 PE-Cy5.5 R34.34 Beckman Coulter 1/400 1000 
Viability V500 n/a Invitrogen 1/2000 proprietary 

Information for all staining reagents. Unitless dilutions were chosen based on the highest 
stain index (fluorescently) for each antibody determined by single antibody titrations.  Final 
concentrations were calculated using the concentration of each reagent (specific to Lot #) 
provided by each source.    
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Table 4-3: Mass cytometry panel to identify PBMC populations 
  Target Metal Mass Cell type 
1 CD19* Neodymium (Nd) 142 B cells 
2 CD40L* Neodymium (Nd) 143 Activated T cells 
3 CD4  Neodymium (Nd) 145 T helper cells 
4 CD8*  Neodymium (Nd) 146 Cytotoxic T cells 
5 CD20* Samarium (Sm) 147 B cells 
6 CD38 Neodymium (Nd) 148 Activated lymphocytes 
7 CD62L  Europium (Eu) 153 Activated lymphocytes 
8 CD86* Gadolinium (Gd) 156 Activated lymphocytes 
9 CCR7* Terbium (Tb) 159 T cell memory subsets 

10 CD14* Gadolinium (Gd) 160 Monocytes 
11 CD69 Dysprosium (Dy) 162 Activated lymphocytes 
12 HLA-DR Dysprosium (Dy) 163 APCs; activated T cells 
13 CD45RO    Dysprosium (Dy) 164 T cell memory subsets 
14 CD16*  Holmium (Ho) 165 NK cells 
15 CD27* Erbium (Er) 167 T cell memory subsets 
16 CD25  Thulium (Tm) 169 Activated lymphocytes 
17 CD3  Erbium (Er) 170 T cells 
18  CD57* Ytterbium (Yb) 172 T cell memory subsets 
19 PD-1 Ytterbium (Yb) 174 Exhausted T cells 
20 CD127* Ytterbium (Yb) 176 T cell memory subsets 

21 CD45    Samarium (Sm) 154 White blood cells 
22 Nuc acid --Ir  Iridium (Ir) 191/193 DNA+ Cells 
23 Cisplatin Platinum 195 Viable cells 
One panel was used to measure 23 parameters using mass cytometry: 21 metal-
conjugated antibodies, 1 DNA marker, and 1 viability marker (cisplatin). Bolded 
antibodies were custom conjugated using MaxPar Metal Conjugation Kits. “Cell type” 
indicates the type of cell that was identified for correlative purposes with fluorescence 
cytometry data. Asterisks (*) denote when different clones were used in mass and 
fluorescence cytometry.  Bolded antibodies were custom conjugated to metals using 
purified antibodies from BioLegend and metal-labeling kits from Fluidigm. Markers #21-
23 were not used in direct comparison to similar fluorescence parameters.  Conjugates 
were chosen to minimize crosstalk. 
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Data processing and statistical analysis 

All fluorescence and mass cytometry flow cytometry standard (FCS) files were 

evaluated using Cytobank software and established methods (Diggins et al., 2015; 

Kotecha, Krutzik, & Irish, 2010). Data were transformed to arcsinh scales with varying 

cofactors: mass cytometry cofactors ranged from 15 to 50 while fluorescence cytometry 

cofactors ranged from 150 to 3,000.  Software compensation was applied to all 

fluorescence cytometry FCS files.  For viSNE analysis in Figure 3, 150,000 total cells were 

analyzed and with equal sampling from each FCS file.  8-parameter viSNE maps were 

created using the 8 antibodies listed in Panel 3 of Table 4-1.  GraphPad Prism (GraphPad, 

La Jolla, CA, USA) was used to determine statistical correlations between fluorescence 

and mass cytometry values (Table 4-4).  
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Table 4-4: Correlations of fluorescence and mass cytometry analysis of percent positive cells for proteins 
measured on healthy human PBMC 

  Spearman rank Pearson Frequency detected 
(fluorescence) 

Frequency detected 
(mass) 

Antibody Gated off of ρ 
(rho) p r p Mean     

(ex vivo) 
Mean                

(+ SEB) 
Mean           

(ex vivo) 
Mean                

(+ SEB) 
CD57* Live CD16+ 1.00 0.003 0.99 <0.0001 33.28 n/a 31.18 n/a 

CD27 Live CD3+ 1.00 0.003 1.00 <0.0001 75.05 n/a 71.25 n/a 

CD45RO Live CD3+ 0.94 0.017 0.94 0.005 46.98 n/a 48.64 n/a 

CD3 Singlets 0.92 <0.0001 0.92 <0.0001 62.24 39.28 62.36 36.81 
CD62L  Live CD3+ 0.90 0.0002 0.93 <0.0001 48.60 55.24 41.18 53.16 

HLA-DR Live CD20+ 0.88 0.0003 0.87 0.0002 72.74 97.59 74.18 91.46 

CD69 Live CD4+CD3+ 0.86 0.0006 0.95 <0.0001 1.51 29.84 0.87 36.27 
PD-1 Singlets 0.85 0.008 0.72 0.007 9.39 13.72 16.73 14.69 

CCR7* Live CD3+ 0.83 0.058 0.96 0.002 59.32 n/a 59.12 n/a 

CD38 Live CD8+CD3+ 0.83 0.001 0.96 <0.0001 37.64 39.72 24.89 22.67 
CD40L* Singlets 0.81 0.002 0.83 0.0008 0.52 18.47 4.84 18.13 

CD25 Live CD4+CD3+ 0.80 0.003 0.92 <0.0001 8.58 22.72 3.22 33.93 

CD20* Singlets 0.78 0.004 0.80 0.002 7.33 7.82 6.91 7.29 
CD16* Singlets 0.77 0.100 0.67 0.14 11.22 n/a 9.86 n/a 

CD86* Live CD19+ 0.76 0.006 0.97 <0.0001 3.20 77.48 13.06 68.29 

CD19* Singlets 0.73 0.009 0.78 0.0030 6.66 7.46 6.15 9.29 

CD4  Live CD3+ 0.72 0.01 0.74 0.006 75.31 73.92 63.10 57.25 

CD8*  Live CD3+ 0.72 0.01 0.79 0.002 15.35 13.55 16.73 12.85 
CD27* Live CD20+ 0.69 0.016 0.50 0.09 21.67 11.73 18.17 11.44 

CD127* Live CD3+ 0.60 0.240 0.75 0.08 86.05 n/a 50.81 n/a 

CD14* Singlets 0.43 0.420 0.23 0.66 10.51 n/a 11.04 n/a 
Antibodies are listed in order of decreasing Spearman's rank correlation coefficient rho (ρ). Asterisks (*) denote 
when different clones were used in mass and fluorescent cytometry.   Bolded antibodies were custom conjugated 
to metals using purified antibodies from BioLegend and metal-labeling kits from Fluidigm. The starting population 
of cells was used to determine the percent positive of cells for each protein. N indicates the number of values 
used in the Spearman rank and Pearson analysis: N was 6 when only ex vivo data was used (antibodies solely 
used in Panel 1 or 2, Table 1); N was 12 when an ex vivo and in vitro value were used from each subject. 
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Results 

 

Fluorescence and mass cytometry panels to track T cell identity 

  

Panel design 

Five fluorescence cytometry panels currently in use in our laboratory were used to 

measure 20 well-established cell surface markers chosen to provide a systematic view of T 

cell activation after SEB stimulation (Table 4-1). Fluorochrome and antibody conjugates 

were chosen based upon current availability in the laboratory and their compatibility with 

the BD LSRFortessa at the Vanderbilt Flow Cytometry Shared Resource.   

A single mass cytometry panel was developed to measure the same set of 20 

surface markers captured by the five fluorescence cytometry panels (Table 4-3).  While 

mass cytometry avoids the severity of channel overlap that affects fluorescence cytometry, 

‘crosstalk’ between channels exists.  Crosstalk leads to false signals and must be taken 

into consideration when designing a panel for mass cytometry and gating cellular 

populations.  The three sources of crosstalk result from variations in abundance sensitivity, 

isotope purity, and oxide formation (Fluidigm.com “Maxpar Panel Designer User Guide”).   

These types of crosstalk can contribute to signal in the M±1 and M+16 masses from the 

dominant signal at mass M.  To minimize crosstalk within this panel, four of the 20 

antibodies were custom conjugated to metals (Table 4-3, bolded).     

 

Antibody titrations 

Single antibody titrations were performed for all fluorochrome-conjugated 

antibodies (FCAs) and metal-conjugated antibodies (MCAs) as needed. As an example, 

Figure 4-1 shows the titration of CD4-Nd145 and CD4-PETR (PE-Texas Red).  CD4-Nd145 

was titrated from 0uL to 0.5uL (recommended amount) with DNA intercalator to identify 

single cells for analysis (Figure 4-1A).  The mean mass intensity (MMI) of the CD4-Nd145+ 
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population shifted from 6.63 to 264.48 while the MMI of the CD4-Nd145- population stayed 

between -0.40 and -0.19 (Figure 4-1A and 4-1C).  The standard deviation of the CD4-

Nd145- population was always below 1 (Figure 4-1A and 4-1C).  With increasing antibody 

concentrations the frequencies of the CD4-Nd145+ populations increased from 0.18% to 

60.73% and stain index values increased from 11.78 to 149.16 (Figure 4-1A and 4-1C).   

A single antibody titration was also performed with CD4-PETR from 0uL to 2uL and 

FSC and SSA properties were used to identify single cells for analysis (Figure 4-1B).  The 

mean fluorescence intensity (MFI) of the CD4-PETR+ population increased from 715.13 to 

57736.25 while the CD4-PETR- population shifted from 113.71 to 898.64 (Figure 4-1B and 

4-1C).  The standard deviation of the CD4-PETR- population ranged between 100-1100 

(Figure 4-1B and 4-1C).  The frequencies of CD4-PETR detected ranged from 0.56% to 

55.42% and the stain index of CD4-PETR ranged from 2.92% up to 31.07% (Figure 4-1B 

and 4-1C).  The highest stain index was achieved at the 0.5uL concentration (Figure 4-1B 

and 4-1C).   

The remaining MCAs and FCAs were conjugated and titrated in a similar manner 

(Tables 4-1, 4-2, and 4-3).  For fluorescence cytometry, single antibody titrations were 

performed for all FCAs and stain index determined final. For markers not typically 

expressed on resting cells (e.g. CD69), antibody titrations were performed on SEB-

stimulated cells.  To optimally titrate antibodies in the mass cytometry panel, final 

concentrations were chosen based on the frequency of detected populations (considering 

their fluorescence counterparts), stain index, and crosstalk of each MCA into their M+1, M-

1, and M+16 channels.  For mass cytometry, custom conjugates were titrated in groups as 

they were created.  PBMC were then stained with the full mass cytometry panel (Table 4-3) 

at recommended volumes and adjustments were made as needed for each antibody. As 

needed for antibodies with non-bimodal distributions, additional antibodies were included to 

determine optimal staining volumes.  For example, final adjustments of PD-1 staining 

volumes were made after plotting PD-1 versus CD45RO on CD4+ T cells (Figure 4-2).   
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Figure 4-1: Titration of anti-CD4 by mass and fluorescence cytometry. (A) PBMC 

were stained with Intercalator and different volumes of CD4-Nd145.  CD4 staining on single 

cells (as identified in Figure 4-4B) is shown as detected by mass cytometry. (B) PBMC 

were stained only with CD4-PETR at indicated volumes.  Singlets (identified as in Figure 4-

4A) were analyzed for CD4 expression using fluorescence cytometry.   (C) The mean mass 

intensity (MMI) and mean fluorescence intensity (MFI) of cells within CD4- or CD4+ gates 

are reported.  The standard deviation of CD4 intensity in the CD4- gate was also calculated 

(SD (-)).  Stain index was calculated using the following equation: !"# ! !!"#(!)
!×!"

 (or MMI 

where appropriate).   
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Figure 4-2: Titration of anti-PD-1 by mass and fluorescence cytometry. (A) PD-1-Yb174 

staining on single cells (as identified in Figure 4-4A). (B) PD-1-BV421 staining on singlets 

(as identified in Figure 4-4B).  (C-D) Since CD45RO helps to gate PD-1+ cells, PBMC were 

stained with CD3, CD4, CD45RO, and various volumes of PD-1.  Optimal staining volumes 

of PD-1 were chosen based on staining patterns of PD-1 on CD4+ T cells (identified as in 

Figure 4-4A and 4-4B) using mass (C) and fluorescence (D) cytometry.  
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Values derived from fluorescence and mass cytometry were closely correlated   

 

Considerations for setting gates in mass cytometry 

Several factors were taken into consideration when setting gates on mass 

cytometry data to ensure that only true signal was being reported.  In the absence of 

background signal, the gate for a particular metal could theoretically be set at 100.  

However, sources of background including nonspecific binding of antibodies and crosstalk 

from other channels require gates to be set at least at 101 since the abundance sensitivity 

for our instrument is 1% and the MMIs of the antibodies ranged up to 1000 (data not 

shown, Table 4-4).  To help determine where a gate should be set, mass minus one 

(MMO) controls can be used to ensure that only signal from a single antibody is being 

detected within a gate.  High-density antigens with bimodal staining patterns (MMIs 

between 102 and 103) did not require MMOs since the mass intensity of the signal was 

significantly beyond 101.   MMOs were especially important, however, when the MCA had a 

non-bimodal staining pattern, was a dim antigen, and was at the M+1, M-1, or M+16 

position of a MCA with an intense, abundant signal.   

Figure 4-3 illustrates how gates were set for such an antibody, CD25-Tm169, using 

a mass minus one (MMO) control.  The frequency of Tm169+ events when PBMC were only 

stained with DNA intercalator and CD4-Nd145 was 0.02% when the gate was set at 101 

(dashed line gate) and 0% when the gate was set at 22 (solid line gate) which represents 

the actual gate used to identify CD25+ cells (Figure 4-3A).  When PBMC were stained with 

the full panel (Table 4-3) except CD25-Tm169 –an MMO control—the frequency of Tm169+ 

events when the gate was at 101 was 2.63% (Figure 4-3B, dashed line gate).  This signal 

results from crosstalk into Tm169 by the rest of the panel:  most likely from CD3-Er170 and 

CD62L-Eu153.  When the gate was set at 22, however, the frequency of non-specific signal 

was reduced to 0.19% (Figure 4-3B, solid line gate).  This gate, which avoided analyzing 

artifact signals, was used in the full panel to detect true CD25+ events (Figure 4-3C). 
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Figure 4-3:  MMOs guided gating for CD25 expression on live single CD4+ T cells.  

(A) PBMC were stained only with DNA intercalator and CD4-Nd145.  Single cells were 

analyzed for CD25 expression. The gate with the dashed red line is set at 10, the same as 

in (B). The gate with the solid red line is set at 22, the same place as in (B-C) and Figure 4-

4. (B) PBMC were stained with all the MCAs (Table 4-3) except CD25-Tm169 (termed a 

mass minus one (MMO) control). Gates are set the same as in (A), and frequencies inside 

each gate represent non-specific signal in the Tm169 channel. (C) PBMC were stained with 

all the MCAs (Table 4-3) with or without SEB stimulation (the same plots from Figure 4-4 

are shown).  
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Final decisions for gating took into consideration many factors including crosstalk, 

fluorescence/mass counterpart staining, published staining pattern data and frequencies, 

and staining patterns on multiple cell populations (e.g. evaluating markers present on 

particular cell types and absent on others).  Gates were set for antibodies that were not at 

the M±1 or M+16 position of another antibody between 1 and 10.  Alternatively, when 

gating on antibodies that were subject to M+16 and/or and M±1 crosstalk gates were set at 

or beyond 10, preferably with an MMO to indicate its exact placement. MMOs were not 

always required, however, when antigens are highly-expressed and/or have bimodal 

staining pattern.  These examples further demonstrate the need for careful panel design. 

 

Identification of live single cells 

To directly compare mass and fluorescence cytometry, an equivalent starting 

population of live single cells was identified in healthy human PBMC (Figure 4-4).  In 

fluorescence cytometry (Figure 4-4A), forward and side light scatter signal properties were 

used to identify intact single cells and exclusion of the LIVE/DEAD Aqua dye identified live 

single cells.  In mass cytometry (Figure 4-4B), event length and intercalator uptake were 

used to identify intact single cells and exclusion of cisplatin (Fienberg, Simonds, Fantl, 

Nolan, & Bodenmiller, 2012) identified live single cells.  Although PBMC were stained with 

CD45-Sm154 it was not included in analysis since we did not have a comparable marker 

fluorescently and correlations improved between the two technologies when identical 

phenotypic gating strategies were used.  After single cells were identified, live CD3+ cells 

and CD4+ and CD8+ T cells were gated by mass and fluorescence cytometry (Figure 4-

4A-B).  Both mass and fluorescence cytometry measured comparable increases in CD25 

expression following SEB stimulation (Figure 4-4C-D).  
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Figure 4-4: Gating schemes for fluorescence and mass cytometry.  Plots show PBMC from 

a single healthy human donor. (A) Representative biaxial plots show the gating scheme for 

fluorescence flow cytometry.  Intact single cells were gated using forward and side scatter area 

and height properties.  Single cells were then assessed for viability and expression of CD3.  

This population was further gated as CD8+ and CD4+ T cells.  CD25 expression on CD4+ T cells 

was compared in PBMC from an individual healthy donor with or without SEB stimulation. (B) 

Representative biaxial plots show the gating scheme for mass cytometry.  Single cells were 

identified using event length and intercalator uptake and then gated and compared as for 

fluorescence cytometry.  
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Correlation between fluorescence and mass cytometry data 

Statistical correlation between fluorescence and mass cytometry was determined 

using Spearman’s rank (Table 4-4) for all 20 measured proteins.  Samples analyzed in 

parallel by mass and fluorescence cytometry included 12 populations of PBMC from 6 

individual healthy donors under 2 conditions (unstimulated ex vivo and 16 hours after in 

vitro SEB stimulation). Frequencies of cellular populations identified by 20 MCAs and FCAs 

were directly compared using biaxial gating plots (as in Figure 4-4).  The frequency of each 

antibody was gated from the same starting population, which is indicated in the “gated on” 

column (Table 4-4).  The range of frequencies detected, mean frequencies of unstimulated 

and stimulated populations, and average intensity of each marker by fluorescence and 

mass cytometry is indicated (Table 4-4).   

Statistically significant correlations were observed for all 9 proteins detected using 

the same antibody clones (custom or commercially conjugated).  Eleven of the metal 

conjugated antibodies in the mass cytometry panel did not match the FCAs in our existing 

panels, (Table 4-4, asterisks) but 9 out of 11 of these antibodies still identified similar 

frequencies of populations by both technologies.   

CD14 and CD127 were the only two antibodies that did not provide consistent 

values between the two technologies.  We compared the two CD14 clones (Tük4-PETR 

and M5E2-FITC) using fluorescence cytometry and found that despite showing bimodal 

staining patterns they did not detect similar frequencies of CD14+ singlets (N=6, p=0.36, 

r=0.49).  When we compared the two CD127 clones using fluorescence cytometry (R34.34-

PECy5.5 and A019D5-PECy7) we found they did in fact detect similar frequencies of 

CD127+ T cells.  Staining improved dramatically with a new lot of CD127-Yb176: the MMI 

increased from 8 to 65 (data not shown).  We then evaluated the frequency of CD127+ T 

cells in six new subjects and demonstrated a high concordance between the two 

technologies (N=6, p=0.002, r=0.96). These additional experiments suggest the two 

discrepancies we found in Table 4-4 were not due to differences in mass and fluorescence 
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cytometry, but far more likely to be due to differences in the particular antibody clone, or 

the particular lot of antibody-conjugate used. 

 

 

viSNE identified similar frequencies of activated CD4+ T cell populations using data from 

each technology 

Large data sets resulting from mass cytometry have resulted in the development of 

new computational approaches to analyzing complex single cell data.  Having found a high 

degree of correlation between the two technologies, we next compared the ability of an 

unsupervised high-dimensional analysis program, viSNE (visualization of t-distributed 

stochastic neighbor embedding algorithm), to analyze data sets derived from both mass 

and fluorescence cytometry.  viSNE was developed for mass cytometry data and 

approximates high dimensional relationships using a two dimensional scatter plot, or map, 

where each dot represents a single cell (Amir el et al., 2013).  To read a viSNE map, one 

can visually identify a cluster or ‘island’ of cells and then determine the cellular identity 

based on marker expression.   To determine whether viSNE could identify similar 

populations using mass and fluorescence cytometry data sets we chose to study 

frequencies of activated CD4+ T cells. The viSNE map in Figure 4-5 was generated with an 

equal number of cells from the FCS files of each healthy donor before and after stimulation.  

The viSNE analysis was restricted to eight markers of T cell activation and analyzed FCS 

files stained either with Panel 3 (Table 4-1) or the identical eight markers in the mass 

cytometry panel (Table 4-3).  While cells identified by mass cytometry were tagged with 

greater than eight antibodies, only the same eight antibodies from the fluorescence T cell 

activation panel were considered when creating the viSNE maps with mass cytometry data 

(Figure 4-5B).    
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Figure 4-5:  viSNE  identified activated T cells in 8-dimensional analysis of fluorescence 

and mass cytometry.  (A-B) viSNE plots show unstimulated and SEB stimulated PBMC 

compared according to 8 proteins (Table 4-3, Panel 3) detected by fluorescence cytometry (A) 

or mass (B) cytometry.  For each cell, color indicates the intensity of the labeled protein on a 

rainbow heat scale (arcsinh scales).  Activated CD4+ T cells (CD3lo/-CD4medCD8-CD69hiCD25hi) 

are outlined in black.  Maps from one representative donor are shown. (C) Maps displaying 

density of cells from the same donor by fluorescence and mass cytometry highlight the absence 

of activated cells in the unstimulated condition. (D) SEB induced T cell activation in all 6 

individuals, with similar percentages measured by fluorescence and mass cytometry (Wilcoxen 

matched pairs t-tests p=n.s).  Figure created by Alison Greenplate (K. J. Nicholas et al., 2016). 
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When applied to fluorescence and mass cytometry data, viSNE created similar 

maps that demonstrated patterns of T cell activation.  One fluorescence cytometry viSNE 

map (Figure 4-5A) and one mass cytometry viSNE map (Figure 4-5B) is each shown ten 

times highlighting the intensity of CD3, CD4, CD8, CD69 and CD25 on SEB stimulated (top 

rows) or unstimulated (bottom rows) PBMC.  A gate was drawn (black outline) to highlight 

the population of activated CD4+ T cells.  Cells within this island displayed characteristics 

of activated CD4+ T cells that included little or no CD3, no CD8, moderate CD4, and high 

expression of CD69 and CD25 (Figure 4-5A-B).  The activated cells are not present in the 

unstimulated condition (Figure 4-5A-B) and this is further highlighted both by the frequency 

and density of cells within the gate on the viSNE maps (Figure 4-53C). viSNE identified 

similar frequencies of activated CD4+ T cells analyzed by mass and fluorescence 

cytometry (p=0.007, ρ=0.74) and all subjects had cells that fell within this gate after 

stimulation (Figure 4-5D).  

 

Discussion 

 The ability to combine high-dimensional single cell biology with unsupervised 

analysis approaches is powering a new era of systems immunology.  Here, a high-

dimensional mass cytometry panel was developed evaluate T cell memory and activation.  

The frequencies of markers detected with 20 antibodies within the mass cytometry panel 

were compared on a one-to-one basis with antibodies from five fluorescence cytometry 

panels.  The resulting data indicate that mass and fluorescence cytometry data are highly 

comparable.  We also show that unsupervised viSNE analysis provides valuable insight 

into single cell data, regardless of the instrumentation used to collect that data. The 20 

antibody T cell panel developed and validated in this study is expected to be particularly 

useful for detailed characterization of human T cell populations in a variety of settings such 

as longitudinal immune monitoring of viral infections, immune disorders, and cancer.   

 Mass cytometry has the potential to greatly expand the number of observable 
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features on small populations of cells (Yao et al., 2014).  Recent studies achieved 38- and 

44-parameter single cell analysis using mass cytometry (Becher et al., 2014; Bendall et al., 

2014).  Alternatively, the number of measurable parameters using polychromatic 

fluorescence cytometry has increased to 20 and is growing still with the advent of new 

instruments and fluorochromes (Chattopadhyay et al., 2006). We previously used 

multiparameter fluorescence flow cytometry with many of the same markers used in this 

study to evaluate the activation status of subpopulations of virus-specific T cells in memory 

compartments of peripheral blood (Conrad et al., 2012b; Meyer-Olson et al., 2006; Meyer-

Olson et al., 2010; Simons et al., 2008) and cerebrospinal fluid (Sadagopal et al., 2008; 

Sadagopal et al., 2010).   Here, we used previously established panels in our laboratory 

that focused on T cell memory and markers of immune activation to provide a detailed 

comparison of mass and fluorescence cytometry.   

 A high dimensional mass cytometry approach provided equivalent per-marker and 

per-subset information when compared directly with traditional fluorescence cytometry 

(Figure 4-4, Table 4-4).  For example, the average difference in CD3+ cells detected by 

both technologies was 4.8% even though healthy variation before and after stimulation 

spanned a range of 25-75%.  The findings in this study align well with published 

comparisons of mass and fluorescence cytometry (Behbehani et al., 2012; Bendall et al., 

2011; Wang et al., 2012).  Other than expected differences due to using different antibody 

clones, the minor discrepancies observed between the two technologies (Table 4-4) likely 

resulted from differences in gating for ‘live single cells’.  Prior to viability gating, 

fluorescence cytometry employed forward and side scatter while mass cytometry employed 

DNA content and cell length (Figure 4-4).  Overall, these results provide further support for 

the concordance between the two technologies.    

 We demonstrate that the high-dimensional visualization tool, viSNE, was still 

effective even in a ‘low-dimensional’ 8-parameter analysis. Amir and colleagues 

demonstrated previously that viSNE successfully identifies blood cell populations even 
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when using non-canonical markers (Amir el et al., 2013).  This ability to detect obscure or 

unexpected cells is one of the most powerful attributes of new unsupervised analysis 

programs (Irish, 2014).  In this study, viSNE identified activated CD4+ T cells based on 

their multidimensional phenotypes without requiring cells to express CD3.  Additionally, 

viSNE returned comparable results with mass and fluorescence cytometry data considering 

8 parameters, further strengthening the correlations of antibody detection between the two 

platforms.  Going forward, familiarity with these tools, and learning their strengths and 

weaknesses, is likely to become a core skill for immunologists, especially since they apply 

well to any type ‘event list’ format data, such as single cell cytometry data from flow and 

imaging instruments. 

 One disadvantage to mass cytometry is that the samples must be destroyed for 

analysis, so this technology is not suitable for cell sorting.  Hence, these should be viewed 

as complementary technologies. After identification of cell populations of interest with an 

extensive mass cytometry panel and high dimensional analysis with unsupervised 

algorithms, more focused fluorescence cytometry panels can be designed to sort cells for 

further analysis (Conrad et al., 2011; Meyer-Olson et al., 2006; Meyer-Olson et al., 2010; 

Tricot et al., 2015). For this approach to work, however, it will be necessary to have 

matched panels of antibodies that can reliably detect the same markers with each 

technology, and we demonstrate that this is feasible.   

 This rigorous comparison of mass and fluorescence cytometry suggests that the 

technologies are highly comparable.  Traditional biaxial gating and an unsupervised high-

dimensional analysis approach, viSNE, identified similar patterns of protein expression and 

frequencies of cellular populations in superantigen stimulated human blood.  These results 

demonstrate that multidimensional analysis using either platform will be particularly useful 

for the comprehensive characterization of cells, including cells with dynamic or unexpected 

cell phenotypes in health and disease. 
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CHAPTER V 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Conclusions 

HIV is the causative agent of AIDS, and has caused >34 million deaths globally 

since its discovery in 1983 (Barre-Sinoussi et al., 1983; Gallo et al., 1984; Popovic et al., 

1984).  Infection with HIV induces defects of both cellular and humoral immune responses.  

In this thesis I describe my work studying the frequency, phenotype, and functional 

response to antigen stimulation of pTFH and B cells in chronically infected HIV+ individuals.  

Impaired pTFH cell help and B cell dysfunction may partially explain the low frequency of 

broadly neutralizing antibodies in HIV-infected individuals.    

In Chapter II I evaluated the extent of B cell dysfunction during HIV infection by 

assessing the level of B cell activation at baseline and after stimulation.  Increased levels 

of viremia were associated with higher baseline expression of the activation marker CD86 

on B cells and with decreased ability of B cells to increase expression of CD86 after in vitro 

stimulation with inactivated HIV-1 antigen. In a series of cell isolation experiments B cell 

responses to antigen were enhanced in the presence of autologous CD4+ T cells, 

demonstrating the importance of CD4+ T cell help for B cell function.  HIV infected 

individuals had a higher frequency of PD-1 expression on B cells compared to HIV- 

subjects and PD-1 blockade improved B cell responsiveness to HIV antigen, suggesting 

that inhibitory molecule expression during HIV-1 infection may contribute to some of the 

observed B cell defects in HIV infection. Our findings demonstrate that during chronic HIV 

infection, B cells are activated and lose full capacity to respond to antigen, but suppression 

of inhibitory pressures as well as a robust CD4+ T cell helper response may help preserve 

B cell function.  
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In Chapter III I described my studies of pTFH cells in HIV+ individuals.  Peripheral 

TFH cells are a putative circulating counterpart to germinal center T follicular helper (TFH) 

cells.  They show both phenotypic and functional similarities to TFH cells, which provide 

necessary help for the differentiation of B cells to antibody-secreting plasmablasts.  I 

evaluated the frequency, phenotypes, and responses of peripheral TFH-like (pTFH) cells to 

superantigen and recall antigen stimulation in 10 healthy and 34 chronically infected 

treatment-naïve HIV-1+ individuals using fluorescence cytometry.  There was no difference 

in the frequency of pTFH cells between HIV+ and HIV- individuals.  Surface expression of 

ICOS, but not CD40L, was higher on pTFH cells at baseline in HIV+ individuals, suggesting 

enhanced chronic activation of these cells.  Compared to HIV- individuals, pTFH cells from 

HIV+ individuals had decreased maximal expression of ICOS and CD40L in response to in 

vitro superantigen stimulation.  This decreased response did not correlate with viral control, 

CD4+ T cell count, duration of infection, or the degree of neutralizing antibody breadth. 

Despite a decreased maximal response, however, pTFH responses to HIV gag and tetanus 

toxoid recall antigens were preserved.   

In Chapter IV, I describe mass cytometry, a new technology that offers the ability to 

explore cell phenotypes to great depth.  I felt it was important to first carefully compare this 

new technology to the existing standard quantitative single cell flow cytometry approach, 

fluorescence cytometry.  I directly compared mass cytometry with fluorescence cytometry 

by studying phenotypes of healthy human peripheral blood mononuclear cells (PBMC) in 

the context of superantigen stimulation.  I designed and used one mass cytometry panel 

and five fluorescence cytometry panels to measure 20 well-established lymphocyte 

markers of memory and activation. Comparable frequencies of both common and rare cell 

subpopulations were observed with fluorescence and mass cytometry using biaxial gating. 

The unsupervised high-dimensional analysis tool viSNE was then used to analyze data 

sets generated from both mass and fluorescence cytometry.  viSNE analysis effectively 

characterized PBMC using eight features per cell and similar frequencies of activated 



	
   100 

CD4+ T cells were identified with both technologies.  These results support combinations 

of unsupervised analysis programs and extended multiparameter cytometry as 

indispensable tools for detecting perturbations in protein expression in both health and 

disease.  

In summary, this thesis advances our understanding of pTFH and B cells during 

chronic HIV infection.  I found that while B cells were activated at baseline and had high 

PD-1 expression, antigen responses were improved with CD4+ T cell help and PD-1 

blockade.  pTFH cells, the best providers of B cell help, had decreased maximal responses 

to stimulation as measured by expression of CD40L and ICOS, but maintained responses 

to recall antigens.  There are several implications from these findings.  The fact that 

decreased maximal responses did not correlate with any clinical aspects of disease could 

suggest that pTFH cell dysfunction may occur early in HIV infection.  Then chronic persistent 

activation of pTFH cells in turn activates B cells, leading to the observed skewing of B cell 

populations and hypergammaglobulinemia in chronic HIV infection.  Functional pTFH cell 

responses to recall antigen existed in HIV+ individuals but also did not correlate with 

clinical aspects of disease.  This maintenance of HIV-specific pTFH cells may simply be a 

result of HIV viremia driving chronic immune activation.  However, the existence of recall 

tetanus responses suggests that vaccines that elicit protective antibodies may still be 

effective in HIV+ individuals.  Thus, for vaccines designed to elicit antibody responses, 

adjuvants to optimize TFH cell help may be advantageous. Additionally, pTFH cells should be 

investigated for a potential role identifying immune correlates of vaccination.   

 

Future Directions 

 

Determine the exhaustion phenotype of pTFH cells in chronic HIV infection 

High PD-1 on GC TFH cells in healthy individuals indicates tight regulation of TFH 

cells.  A better understanding of inhibitory receptor expression patterns on TFH cells in 
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healthy and HIV+ individuals will help explore the regulation, and dysregulation, of TFH 

cells.  The immediate next steps I would take, based on my findings in Chapter III, would 

determine the exhaustion phenotype of pTFH cells in chronic HIV infection using high-

dimensional single-cell analysis.  In Chapter III I observed that maximal responses of pTFH 

cells to superantigen stimulation were impaired in HIV+ individuals.  I hypothesize that pTFH 

cells from chronically-infected HIV+ individuals will be more phenotypically exhausted than 

HIV- individuals and that this will correlate with the decreased ICOS and CD40L on pTFH 

cells after maximal stimulation.  I also observed no correlation between the frequency of 

pTFH cells and BNAb production.  However, there is evidence that the frequency of pTFH 

cells early in HIV infection correlates with BNAbs (Cohen et al., 2014).  Accordingly, I 

would also hypothesize that pTFH cells that are less exhausted early in HIV infection 

correlate with BNAbs. 

To address this question I identified a cohort of HIV-infected subjects with samples 

at two time points: within 2 years of infection (T1) and at >2 years after infection (T2) 

(Figure 5-1A).  Plasma samples from these individuals would be used to determine the 

BNAbs at both time points.  Additionally, these individuals can be grouped by those with 

and without changes in their viral load between T1 and T2 (Figure 5-1B).   Thus we will be 

able to evaluate whether inhibitory expression differs between individuals that do and do 

not progress in viral load.  We will also assess whether pTFH frequency correlates with 

BNAbs, but it is important to note that BNAbs are not associated with control.   

To characterize the activation and exhaustion of pTFH cells in HIV+ individuals, I 

designed a mass cytometry panel to identify T cell subsets (including pTFH cells) and their 

activation, exhaustion, trafficking, and memory status (Table 5-1).  While the canonical 

markers of pTFH cells are CXCR5 and PD-1, several groups have published data 

suggesting additional cell markers should be used such as CXCR3 (Locci et al., 2013), 

CCR6 (Boswell et al., 2014), and TIGIT+ (Godefroy et al., 2015).  The results from this 

panel will offer the most robust data to-date on the phenotype of pTFH cells in HIV infection. 
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Figure 5-1: Characteristics of HIV-infected individuals for future pTFH and inhibitory 

receptor studies. (A) Sample time points of non-controllers and viremic controllers. (B) 

Viral load of non-controllers and viremic controllers at the two time points.  T1 = time-point 

1; T2 = time-point 2.  
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Table 5-1: Markers to characterize T cell phenotypes 
  Antibody Phenotype identified 
1 CD3 

T cell subsets 2 CD4  
3 CD8 
4 CCR7 

T cell memory status 5 CD45RO 
6 CD127 
7 CD200 

T cell activation 

8 SLAM 
9 CD137 

10 Ki-67 
11 CD40L 
12 CD69 
13 CD25 
14 CD38 
15 OX40 
16 ICOS 
17 HLA-DR 
18 CD57 

T cell exhaustion 

19 Lag-3 
20 Tim-3 
21 PD-1 
22 CD160 
23 BTLA 
24 CTLA-4 
25 2B4 
26 CCR5 

T cell trafficking/CD4 subsets 

27 CCR6 
28 CXCR3 
29 CXCR4 
30 CXCR5 
31 CCR4 

31 cell surface proteins to identify T cell subsets, divided by 
memory, activation, exhaustion, and trafficking markers.  
Canonical markers used previously in this dissertation to 
identify pTFH cells are shown in bold. 
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Table 5-2: Mass cytometry panel to evaluate pTFH cells in HIV infection 

  Metal Tag Tag Isotope # Target 
1 Praseodymium (Pr) 141 CCR6 
2 Neodymium (Nd) 142 CD200 
3 Neodymium (Nd) 143 CTLA-4 
4 Neodymium (Nd) 144 CCR5 
5 Neodymium (Nd) 145 CD4 
6 Neodymium (Nd) 146 CD8 
7 Samarium (Sm) 147 BTLA 
8 Samarium (Sm) 148   
9 Samarium (Sm) 149 CCR4 

10 Neodymium (Nd) 150 CD137 
11 Europium (Eu) 151 ICOS 
12 Samarium (Sm) 152   
13 Europium (Eu) 153 CXCR5 
14 Samarium (Sm) 154   
15 Gadolinium (Gd) 155 CD160 
16 Gadolinium (Gd) 156 CXCR3 
17 Gadolinium (Gd) 158 2B4 
18 Terbium (Tb) 159 Tim-3 
19 Gadolinium (Gd) 160 Lag-3 
20 Dysprosium (Dy) 161 SLAM 
21 Dysprosium (Dy) 162 CD69 
22 Dysprosium (Dy) 163 CD38 
23 Dysprosium (Dy) 164 CD45RO 
24 Holmium (Ho) 165   
25 Erbium (Er) 166 CD40L 
26 Erbium (Er) 167 CCR7 
27 Erbium (Er) 168 Ki-67 
28 Thulium (Tm) 169 CD25 
29 Erbium (Er) 170 CD3 
30 Ytterbium (Yb)  171 OX40 
31 Ytterbium (Yb) 172 CD57 
32 Ytterbium (Yb) 173 CXCR4 
33 Ytterbium (Yb) 174 HLA-DR 
34 Lutetium (Lu) 175 PD-1 
35 Ytterbium (Yb) 176 CD127 
36 Iridium (Ir) 191/193 DNA 
37 Platinum 195 Dead cells 

31 antibodies, DNA intercalator, and cisplatin will be used to determine pTFH 
cell phenotypes.  Channels 148, 152, 154, and 165 will be empty. 
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I strategically designed an antibody panel comprised of commercially available and 

custom-made conjugates to optimize CXCR5 staining (Table 5-2).  The CXCR5 antibodies 

commercially available for use with CyTOF had been limited to clones that could detect 

high but not dim CXCR5 expression.  CXCR5 expression is high on B cells but dim on T 

cells (Figure 5-2, left plot).  The Fluorochrome conjugated RF8B2 clone of CXCR5 is 

commonly used to detect CXCR5 on pTFH cells, and is now available conjugated to 

Europrium153.  The measured frequency of CXCR5+CD4+ T cells is similar between mass 

and fluorescence cytometry (Figure 5-2, two right plots).   In the proposed panel CXCR5 is 

strategically in the optimal range of masses for detection by the CyTOF instrument, but 

there are no antibodies on the metals ±1 from 153 to allow for ideal detection on the 153 

channel.  

Due to the nature of the CyTOF instrument, >60% of cells are destroyed before 

reaching the detector.  Using total PBMCs would require a tremendous amount of time to 

collect data on ~5,000 pTFH cells per sample.  Magnetic bead enrichment of CD4+ cell 

would maximize data from this subset of interest.  The cells remaining could be stained 

with a B cell fluorescence cytometry panel so that pTFH cell and B cell phenotypes can be 

measured simultaneously (Table 5-3). 

To best analyze the large data sets generated on this cohort I would use viSNE 

analysis to perform unsupervised high-dimensional analysis.  As described in Chapter IV of 

this dissertation, viSNE was developed for mass cytometry data and approximates high-

dimensional relationships using a two-dimensional scatter plot, or map, where each dot 

represents a single cell (Amir el et al., 2013). To read a viSNE map, one can visually 

identify a cluster or “island” of cells and then determine the cellular identity based on 

marker expression.  We established in the manuscript that viSNE analysis worked well to 

detect populations of T cells evaluated with mass or fluorescence cytometry (Katherine J. 

Nicholas et al., 2015).  Thus, viSNE will be a powerful tool to identify new subpopulations 

of pTFH cells and demonstrate expression patterns of activation and exhaustion markers. 
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Figure 5-2: CXCR5 RF8B2 clone detects high and dim CXCR5 expression.  PBMC 

were stained ex vivo with a cocktail of monoclonal antibodies conjugated to metals (mass 

cytometry plots) or fluorochromes (fluorescence cytometry plot).  Percent indicated within 

gate is the frequency of CXCR5 expression on CD4+CD3+ cells. 
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Table 5-3: Fluorescence cytometry panel for B cells 

Ex (nm) Em (nm) Fluor. B cell panel 

633 

750 - 840 APC-Cy7 HLA-DR 

705 - 750 AF700 CD40 

656 - 684 APC CD20 

488 505 - 575 FITC CD27 

 

595 - 630 PETR CD86 

750 - 840 PE-Cy7 CD38 

567 - 597 PE BTLA 

405 

685 - 760 BV711 CD19 

505 - 575 Aqua Live/dead 

410 - 490 BV421 PD-1 

Fluorescence cytometry panel designed to measure B cell popululation 
activation and exhaustion. Ex (excition). Em (emission).  Fluor 
(fluorochrome). 
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Determine the transcriptional profile of pTFH cells 

 I would also want to next study the transcriptional profile of pTFH cells in HIV 

infection. The nCounter Analysis System developed by NanoString is an automated system 

that can robustly detect transcripts with high sensitivity.  This cutting-edge technology uses 

2 ~50 base pair fluorescently barcoded probes for each mRNA target and up to 800 

transcripts can be detected in each reaction.  Panels can be customized to detect 

transcripts of interest and I would select an Immune Cell Profiling panel. I hypothesize that 

surface protein expression determined by mass cytometry will correlate with transcript 

levels intracellularly, however, transcriptome analysis will provide an even more in depth 

analysis of the heterogeneity of pTFH cell populations in HIV infection.  Another benefit from 

transcriptome analysis is the ability to potentially measure IL-21 and Bcl-6 mRNA, of which 

the protein forms have been extremely difficult to measure (Cohen et al., 2014; He et al., 

2013; Locci et al., 2013; Nurieva et al., 2009; Porichis et al., 2014).   

 

Using pTFH and B cell surface and transcriptional phenotypes to evaluate vaccine 

correlates of protection 

It is well understood that TFH and B cell collaboration initiates hypermutation, 

affinity maturation, and differentiation of B cells into long-lived plasmablasts and memory B 

cells, all desirable qualities for a protective immune response.  Thus comprehensive 

studies of circulating B cells and pTFH cells could be key to identifying immune correlates of 

vaccination.  Studies of influenza vaccines demonstrate strong correlations between pTFH 

cells and vaccine responses (Bentebibel et al., 2013; Herati et al., 2014; Pallikkuth et al., 

2012). One study even suggests that simply measuring the frequency of pTFH cells 

predicted individuals who would make antibodies to a flu vaccine (Herati et al., 2014).  

Thus, studies to better understand the frequencies, phenotypes, and responsiveness of 

circulating B cells and pTFH cells in response to vaccines in healthy and HIV+ individuals 

are prudent. 
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The fluorescence and mass cytometry panels described above can be applied to 

samples from vaccine trials to study circulating B cells and pTFH cells.  viSNE analysis will 

be imperative to provide an unbiased analysis to identify non-canonical markers of B and 

pTFH cell populations that would be overlooked by traditional biaxial gating schemes.  We 

have already applied some of these techniques successfully in a submitted manuscript 

from Mark Pilkinton in the Kalams laboratory.  Dr. Pilkinton studied the frequency and 

phenotype of circulating plasmablasts and pTFH cells along with serological responses to 

standard and high doses of the 2010 inactivated influenza vaccine in adults >65 year.  I 

applied viSNE analysis to the data and identified a unique population of pTFH cells that was 

significantly more frequent in high dose vaccine recipients compared to standard dose 

recipients (Figure 5-3).  This strong pTFH cell activation in response to influenza vaccination 

predicted seroconversion.  The Kalams laboratory is immediately moving forward with 

similar studies in response to vaccination.  I recently designed a mass cytometry panel to 

identify the phenotype circulating B cells and pTFH cells to evaluate immune responses to 

an HIV DNA vaccine administered by electroporation by Inovio Pharmaceuticals®.  

Understanding B and pTFH cell responses to vaccination will be imperative for 

future vaccine studies.  As subsets of B and pTFH cells are identified by mass cytometry 

and viSNE analysis, Nanostring technology (described above) can be performed for more 

in depth study of cell transcriptomes.  Studies of these cells that are most important for GC 

collaboration and optimal antibody production will benefit vaccine studies in several ways:  

they will help identify immune correlates of protection, help predict and identify individuals 

less able to respond to standard vaccinations (for example: adults >65 years old or HIV+ 

individuals), and help direct further research towards optimizing pTFH cell responses.  

Understanding the phenotype of pTFH cells that best correlates with immune protection 

from vaccination will prompt studies to understand how to specifically induce that pTFH cell 

phenotype.  The conditions that optimize pTFH cell interactions with B cells should then be 

tested as vaccine adjuvants.   
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Figure 5-3: viSNE analysis reveals multi-dimensional phenotype of activated pTFH 

cells that are significantly more frequent in high dose recipients at day 7.  (A) viSNE 

maps displaying live pTFH cells highlight expression of ICOS, CD38, and Ki-67.  Intensity 

scales indicate the range of expression for each marker.  Maps display cells from the 

concatenated files of groups indicated above the plots. The red gate was drawn based on 

dual CD38 and ICOS expression.  (B) A heatmap of the mean fluorescence intensities 

(MFI) of all the markers for all pTFH cells or cells that fell in the red gate shown in A.  

Heatmap is shown for high dose recipients at day 7. MFI of each marker on all pTFH cells 

versus cells in the gate were compared for all individuals at day 7 that received high dose: - 

p=n.s.; * p=0.02; ***p<0.0001. (C) Statistical analysis of the frequency of cells within the 

gated population for all individuals. Mann Whiney unpaired t-test used to determine p 

values. 
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Determine the relationship between PD-1 expression, signaling, and TFH cell dysfunction  

 The role of PD-1 as an exhaustion marker on TFH cells in HIV infection is 

complicated by the fact that PD-1 is also a canonical marker of TFH cells.  In healthy 

individuals, PD-1 curbs unnecessary T cell activation by blocking PI3K activation after 

prolonged TCR engagement.  High PD-1 expression on GC TFH cells should inhibit 

inappropriate expansion of GC TFH cells, especially in HIV infection where GC B cells 

express higher than normal levels of PD-L1 (Cubas et al., 2013).  However, in HIV infection 

GC TFH populations are expanded (Cubas et al., 2013; Lindqvist, 2012).  TFH cells are 

usually the limiting factor for B cell maturation in the germinal center, and indeed the 

expansion of TFH cells in HIV infection is accompanied by an increase in plasma cells and 

hypergammaglobulinemia (Lindqvist, 2012).   

High levels of PD-1 expression on GC TFH cells that fails to inhibit excess TFH 

expansion despite high levels of PD-L1 on GC B cells, and poor collaboration with B cells, 

suggest that PD-1 signaling is dysregulated in HIV infection. I propose the next series of 

experiments should determine how chronic HIV infection affects PD-1 function on TFH cells.  

Addressing this question will lend valuable insight into the specific role of PD-1 on TFH cells 

in health and disease.   

To study the effects of chronic HIV-1 on PD-1 function on TFH cells, I would sort 

PD-1high TFH cells and assess TFH cell signaling, proliferation and function.  Since GC TFH 

cells express higher levels of PD-1 compared to pTFH cells, I propose these studies be 

done with GC TFH cells isolated from tonsil biopsies of healthy controls and untreated HIV+ 

individuals with a range of viral loads.  FACS could be used to sort PD-1high TFH cells from 

healthy and HIV+ donors, which could then be functionally compared by measuring 

proliferation (by measuring absolute numbers and dye dilution), expression of activation 

markers (by fluorescence cytometry), signaling (by phospho-flow), and IL-21 secretion (by 

ELISA).   Specifically, I would measure TFH function in response to stimulation through (1) 

the TCR (using anti-CD3/anti-CD28), (2) cytokine pathways (using IL-2) and (3) PD-1 
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(using PD-L1 coated beads).  I would also use FACS to sort autologous GC B cells and co-

culture them with PD-1high and PD-1intermediate GC TFH cells and measure absolute B cell 

number and IgG secretion under the same three stimulation conditions.  Conditions of 

decreasing and increasing PD-1 engagement (by PD-L1 blockade or PD-L1 coated beads, 

respectively) should be used to manipulate the system to best understand the role of PD-1 

on GC TFH cells.   

I hypothesize that PD-1high TFH cells will respond equally to cytokine and TCR 

stimulation in both healthy and HIV+ individuals.  However, I hypothesize that PD-1 

stimulation by PD-L1 beads will fail to block PI3K activation in HIV+ individuals but not 

healthy controls.  Furthermore, I believe that when PD-1high TFH cells are subjected to TCR 

or cytokine stimulation in the presence (beads) or absence (blockade) of PD-L1, responses 

will be drastically different between HIV+ and HIV- individuals. Specifically, I expect TFH 

cells from HIV- controls will respond robustly when PD-L1 is blocked and poorly in the 

presence of excess PD-L1.  This will be in contrast to TFH cells from HIV+ individuals that 

will display small or no differences in response to stimulation regardless of PD-L1 

availability.  Additionally, I expect susceptibility to variations in PD-L1/PD-1 engagement to 

inversely correlate with viral load in HIV+ individuals. 

Should there be no difference in TFH responses to PD1-PDL1 engagement in HIV+ 

individuals, PD-L2 should be investigated.  There is recent evidence that PD-L2 can 

outcompete PD-L1 to engage PD-1 and PD-L2 binding to PD-1 led to an increase in ICOS 

expression on CD4+ T cells (Karunarathne et al., 2016).  As an alternative hypothesis to 

those listed above, PD-L2 could be overriding the suppressive activity of PD-L1/PD-1 

engagement and facilitating expansion of GC TFH cells.   

Understanding the mechanisms behind poor quality TFH responses could lead to 

strategies to improve TFH function (Ma, 2016; Ma & Deenick, 2014; Pillai, 2013; Pissani & 

Streeck, 2014; Pratama & Vinuesa, 2014; Tangye, Ma, Brink, & Deenick, 2013; Yamamoto 

et al., 2015). The studies proposed in this section will advance our understanding of the 
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role of PD-1 expression and function in the regulation of TFH responses and germinal 

center activity. These results will be of broad significance to studies of chronic viral 

infections, autoimmune diseases, and cancer. 
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