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Abstract 

Regulation of CD4 T-Cell Function by 
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Departments of Medicine and Molecular and Cell Biology 
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              4301 Jones Bridge Road, Bethesda, Maryland 20814 

 

The CD4 T helper cells play a central role in initiating immune responses to various 

types of infections that have breached the immune defense. In the context of vaccination, 

CD4 T-cells are critical for establishing broad, long-lasting protective immunity. It is 

known that T-regulatory cells (T-regs) can limit CD4 T-cell responses during influenza 

viral infection, however less is known about the effect of T-regs in influenza vaccination. 

In this dissertation, I first present evidence that the size of CD4+Foxp3+ T-reg pool is an 

important modulatory component of the primary and memory T-cell responses to 

influenza vaccination. Herein, I found that immunization of BALB/c mice with a 

prototype of influenza A/PR/8/34 virus vaccine expanded the CD4+Foxp3+ T-reg pool 

and fostered the development of virus-specific CD4+Foxp3+ T-reg cells. Increasing the 

size of Foxp3+ T-reg pool did not alter the primary PR8-specific B-cell response, but it 

did suppress the primary and memory PR8-specific T helper responses induced by 

vaccination. In contrast, the vaccination-induced T helper cell response was augmented 

when the pool of CD4+Foxp3+ T-regs was decreased by 50%. Thus, therapeutic 

 of T-reg function prior to vaccination may enhance vaccine efficacy. 
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 Secondly, I investigated whether enrichment of membrane cholesterol alters the 

functions of antigen-specific CD4+ T-cells and CD4+Foxp3+ T-regs, since it is known that 

cholesterol-rich lipid rafts play a crucial role in T-cell signaling. Administration of 

squalene, a late cholesterol precursor, enriched membrane cholesterol in murine 

lymphocytes by 40-50%. This was paralleled by an increased number of resting CD4 T 

helper cells in the periphery. I also observed sensitization of the Th1 cell differentiation 

machinery that occurred through the redistribution of IL-2R , IL-4R , and IL-12R 2 

subunits to lipid rafts, and increased STAT-4 and STAT-5 phosphorylation following 

membrane cholesterol enrichment. Antigen stimulation or CD3/CD28 polyclonal 

stimulation of resting CD4 T-cells enriched in membrane cholesterol followed a 

predominant path of Th1 differentiation, which was more vigorous in the presence of 

increased IL-12 secretion by APCs enriched in membrane cholesterol. Furthermore, 

enrichment of membrane cholesterol in antigen-specific, autoimmune Th1 cells fostered 

their organ-specific reactivity, as confirmed in an autoimmune diabetes mouse model. 

However, enrichment of membrane cholesterol in CD4+Foxp3+ T-reg cells did not alter 

their suppressogenic function. Together, these findings revealed a differential regulatory 

effect of membrane cholesterol on the function of CD4 T-cell subsets. The overall 

implications of this study suggest first that membrane cholesterol could be a new 

therapeutic target to modulate immune cell functions. Secondly, increased membrane 

cholesterol in various physiopathological conditions may bias the immune system toward 

an inflammatory T helper type 1 response. This may potentially be a disadvantage for 

individuals with autoimmune conditions, but an advantage for those affected by viral 

infections. 
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Dissertation Introduction 

The CD4 T-cells play a central role in orchestrating immune responses to various 

types of infections that have breached the immune defense such as influenza infection. 

The CD4 T helper type 1 and 2 subsets are primarily responsible for controlling and 

regulating the immune responses through the secretion of cytokines that stimulate, 

activate, and recruit other immune cells such as B cells and CD8 cytotoxic T 

lymphocytes to the infection site. In contrast, CD4+ T-regulatory cells have shown mostly 

a limiting effect on anti-viral immunity and the ability to control immunopathology 

caused by infection. However in certain viral infections, virus-induced T-regs may 

promote chronic infection by limiting the efficacy of effector T-cells to clear infection 

[Rouse and Sehrawat et al 2010]. In mice and humans, there is evidence that the number 

of influenza-specific T-regulatory cells is increased in the periphery, which is paralleled 

by a sharp decrease in the number and function of lymphocytes shortly after virus 

exposure [Giamarellos-Bourboulis et al 2009]. Early reports observed reduced 

proliferation of virus-specific cellular immune responses following influenza infection 

and suggested that virus-specific CD8a T-cells contributed to this phenomenon [Hurwitz 

and Hackett 1985]. Recently, the suppressive mechanism of influenza-specific CD8a T-

cells was shown to be associated with IL-10 secretion at the inflammation site [Sun et al 

2009]. There is also evidence that CD4+ T-regulatory cells can limit the delay type of 

hypersensitivity to intradermal influenza virus inoculation [Smith and Ziola 1986]. These 

studies suggest that indeed, immune suppressive mechanisms are in place during 

influenza infection that limits anti-viral immunity. In the context of influenza 

vaccination, CD4 T-cells generate a long lasting, broad memory response and facilitate a 
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quick recall of these responses [Gordon 1975, McKinstry et al 2011]. However, it is 

unknown whether the CD4+ Foxp3+ T-regulatory cells significantly effect the anti-viral 

protective immune responses induced by influenza vaccination. Identifying potential 

targets for down-  T-reg function may be useful in settings 

where T-regs are exploited for pathogen immune evasion or possibly when a robust CD4 

T-cell response is desired in response to vaccination.  

A potential target for regulating T-cell function is lipid rafts membrane cholesterol. It 

is known that lipid rafts play a crucial role in many T-cell functions. We and others have 

shown that some therapeutic HMG-CoA reductase inhibitors like Lovastatin, a 

cholesterol lowering drug, not only reduces the amount of T-cell membrane cholesterol 

but also down-regulates T-cell function [Goldman et al 1996, Brumeanu et al 2006]. 

However, little is known about the effect of plasma membrane cholesterol enrichment on 

CD4 T-cell and CD4+ Foxp3+ T-reg function. 

Un-esterified cholesterol is a major component of lipid rafts, and its content is 

homeostatically regulated through a fine balance between extracellular uptake from the 

blood circulating LDL [Ho et al 1976, Verhoeye et al 1996] and intracellular synthesis 

[Lehoux et al 1985]. Early studies using in vivo administration of radio-labeled squalene, 

a late cholesterol precursor, demonstrated its ability to integrate into the cholesterol 

biosynthetic pathway and readily generate cholesterol [Eidinoff et al 1958, Maxwell 

1957]. It is ubiquitously found in the blood at very low concentrations due to its rapid 

turnover [Loud et al 1958], while at higher concentrations in the skin and adipose tissues 

[Tilvis et al 1983]. Currently, squalene is being used as an adjuvant to enhance the human 

immune responses to vaccination [Mbow et al 2010], but its immunomodulatory 
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mechanism(s) remain largely unknown. Interestingly, a number of studies show that 

squalene administration can limit the development of preneoplastic lesions involved in 

colon carcinogenesis [Murakoshi et al 1992, Rao et al 1998, Van Duuren et al 1976]. We 

have previously shown that exogenous squalene increases the amount of membrane 

cholesterol in CD4 T-cells [Nazarov- Stoica et al 2009, Brumeanu et al 2007] and may be 

used as an approach to study the effect of membrane cholesterol enrichment on CD4 T-

cell and CD4+ Foxp3+ T-reg function. 

 

Characterization of CD4+ Foxp3 T-regulatory cells 

The thymus naturally-derived CD4+CD25highFoxp3+ T-  of the 

immune system. These cells migrate to the periphery where they maintain immune 

homeostasis and restrict immune responses to both self and foreign antigens [Sakaguchi 

et al 2005]. Early studies helped identify the significance of suppressor  T-cells when 

normal thymectomized neonatal mice and thymectomized adult rats- (followed by X-

irradiation) developed autoimmune like diseases [Nishizuka et al 1969, Kojima et al 

1981, Penhale et al 1973, Penhale et al 1990, and Fowell et al 1993]. Further studies 

showed that adoptive transfer of isolated CD4+ T cells into autoimmune prone mice 

prevented disease [Sakaguchi et al 1982], whereas transfer of CD4+ T-cells depleted of 

CD25+ population induced autoimmunity [Sakaguchi et al 1995]. These findings proved 

that two distinct populations of CD4+ T-cells are capable of either inducing or 

suppressing autoimmunity. Subsequent attempts to characterize and identify this 

regulatory subset were based on their expression of specific cell markers. The most 

widely accepted T-reg cell surface biomarkers in mice include CD4+ CD25high (IL-2R ). 
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A variety of other cell surface markers are also expressed by T-regs such as GITR, 

CD45RBlow, CD62L, CD103, OX40, TNFR2, PD-1, 4-1BB, TLR-4, CD127low and 

CTLA-4high, however they can also be expressed by non-T-reg cells [reviewed by 

Sakaguchi et al 2010]. Emerging biomarkers distinguishing the heterogeneous 

populations of T-regs include CD45RA [Seddiki et al 2006], HLA-DR [Baecher-Allan et 

al 2006], galectin-10 [Kubach et al 2007] and CD39 [Borsellino et al 2007]. Within the 

past decade, Foxp3, a fork head-winged helix transcription factor encoding for Scurfin, 

was identified as the master regulator for naturally derived CD4+ T-regs [Fontenot et al 

2003 and Hori et al 2003]. The significance of this gene was proven when mice carrying 

a spontaneous loss of function mutation in the Foxp3 gene (Scurfy mice) developed a 

fatal autoimmune disease similar to immunodysregulation polyendocrinopathy 

enteropathy X-linked syndrome or IPEX in humans (also known as X-linked 

autoimmunity-allergic dysregulation syndrome or XLAAD) [Clark et al 1999, Godfrey et 

al 1994, and Godfrey et al 1991]. IPEX patients develop serious conditions associated 

with endocrinopathy, enterophathy, and dermatitis due to defective T cell tolerance and 

CD4+ T cell hyperactivity [Owen et al 2003]. In 2001, Foxp3 mutations were found in 

IPEX patients as reported by several groups [Wildin et al 2001, Levy-Lahad et al 2001, 

and Bennett et al 2001]. Recently, it was shown that loss of Foxp3 gene expression in 

mice using a Cre- T- cell 

phenotype [Zhou et al 2009].  

Additional regulatory CD4 T-cell subpopulations include TGF-  producing T-helper 

type 3 (Th3) and IL-10 producing T-regulatory type 1 (TR1) cells which are believed to 

be induced in the periphery. Th3 cells are involved in mucosal immunity [Chen et al 
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1994]; whereas TR1 cells play an important role in autoimmune diseases and 

transplantation [Groux et al 1997]. Recently, it was shown in humans that TR1 cells can 

develop and function independently of FOXP3 [Passerini et al 2011]. 

Role of CD4+ Foxp3+ T-regulatory cells in anti-viral immune responses 

T-regulatory cells which also express CD4+Foxp3+ but do not originate in the thymus 

are called inducible or adaptive T-regs that can be differentiated from naïve CD4+ T-cells 

in the presence of certain cytokines like TGF-  and antigen stimulation [Chen et al 2003]. 

T-regs can restrict the immune responses against several viral, bacterial, and parasitic 

infections [Iwashiro et al 2001, Suvas et al 2004, Vahlenkamp et al 2005, Mills and 

McGuirk 2004 review]. In chronic HCV infection, the number of CD4+25+ Foxp3+ T-reg 

cells is increased and depletion of this T-regulatory subset leads to enhanced HCV-

specific CD4 and CD8 T-cell responses [MacDonald et al 2002, Sugimoto et al 2003, 

Cabrera et al 2004], although they may also have beneficial effects by limiting the 

migration of inflammatory T-cells from the draining lymphoid nodules to the site of 

infection, as suggested in the Herpes simplex virus (HSV) infection [Haas et al 2004, 

Lund et al 2008]. In human immunodeficiency viral infection (HIV), T-regs may induce 

systemic CD4 T-cell suppression even before the number of CD4 T-cell effectors 

declines. Data from HIV-infected patients demonstrated that CD4+25+ T-regs can 

suppress the virus-specific CD4 and CD8 T-cells [Aandahl et al 2004, Kinter et al 2004, 

Weiss et al 2004], and T-regs induced by HIV infection can inhibit infection with 

Cytomegalovirus virus, suggesting a broad range of suppressogenicity among the T-reg 

compartment [Aandahl et al 2004]. In contrast to other viral infections, the human T-cell 

lymphotropic virus type-1 (HTLV) preferentially infects CD4+Foxp3+ T-regs and down-
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regulates their Foxp3 expression, thereby contributing to multi-organ lymphocyte 

infiltration [Karube et al 2004, Yamano et al 2005]. Alternative approaches like T-reg 

depletion showed better control of HTLV infections in depleted animals [Rouse et al 

2006 review]. According to these reports, T-reg cells exhibit mostly a limiting effect on 

anti-viral immunity.  

Mechanisms of Suppression Mediated by T-regulatory Cells 

The mechanisms by which CD4+ T-regs suppress immune cell functions are still 

under investigation. Several groups have reported the following mechanisms:  secretion 

of inhibitory cytokines IL-10, TGF- , and IL-35 [Kearley et al 2005, Collison et al 2009], 

cytolytic activity mediated by granzyme A or perforin in humans [Grossman et al 2004,  

Iikuni et al 2009] and granzyme B in mice [Gondek et al 2005, Thornton et al 2006], 

metabolic disruption through the release of adenosine nucleosides [Zarek et al 2009, 

Bopp et al 2007], suppression of DCs through CTLA-4 and B7 interactions [Serra et al 

2003, Fallarino et al 2003], and competition of growth factors like IL-2 [Pandiyan et al 

2007, Barthlott et al 2005]. Given the debate surrounding how T-regs suppress T effector 

cells, it is likely that T-regs have multiple redundant mechanisms of suppression and may 

use different mechanisms depending on their environment and location. Nevertheless, it 

is well documented that direct cell to cell contact is essential to regulate activation and 

differentiation of CD4 T-cells.  

The role of T-regulatory cells on humoral immunity is less clear. It has been reported 

that T-regs may indirectly suppress the humoral immune response by inhibiting the 

secretion of stimulatory cytokines (i.e., IL-4, IL-5, and IL-6) by T helper cells, which are 

important for proliferation and differentiation [Lim et al 2004]. There is also suggestive 
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evidence that T-regs can directly suppress B-cells [Iikuni et al 2009, Zhao et al 2006, and 

Lim et al 2005]. In 2004, it was reported that CD4+CD25+CD69- T-regs are able to 

suppress germinal center T helper cell-dependent B-cell responses in vitro [Lim et al 

2004], which was later shown to occur in a contact dependent manner, partially mediated 

by CTLA-4 and TGF- [Lim et al 2005]. Shortly thereafter, Zhao and colleagues 

demonstrated that CD4+CD25+ T-regs cultured with anti-CD3 and IL-2 express high 

levels of granzyme B which induced B-cell apoptosis in vitro [Zhao et al 2006]. In a 

lupus mouse model (NZB/W), it was reported that mice depleted of endogenous T-cells 

and adoptively transferred with syngeneic T-regs (CD4+CD25+) had significantly reduced 

autoantibodies, which also occurred to a lesser extent without previous T-cell depletion 

[Iikuni et al 2009]. Iikuni and colleagues credited the reduction of autoantibodies to direct 

T-reg suppression of B-cells through secretion of perforin and granzymes, as determined 

in vitro. In an autoantibody dependent arthritis mouse model (K/BxN), Jang and 

colleagues showed that expression of the scurfy mutation (thus Foxp3 deficient) resulted 

in abnormal accumulation of long-lived plasma cells (PCs) in the spleen, which was 

paralleled by a decrease in PCs in the bone marrow [Jang et al 2011]. They attributed this 

result to the absence of T-regs since they were able to demonstrate in vitro the ability of 

T-regs to suppress the generation of PCs (B220loCD138+) in a contact-dependent manner. 

Overall, these findings suggest that T-regs are capable of suppressing B-cells in vitro 

under the appropriate stimulatory conditions, which has thus far been shown to be 

generally mediated by granzymes and perforin in a contact dependent manner. Although 

the in vivo models discussed above demonstrate that the absence of T-regs interferes with 



 

19 
 

B-cell antibody production, it is not clear whether similar suppressive mechanisms occur 

in vivo.  

Regulation of CD4 T-cell functions  

Additional regulatory mechanisms of CD4 T-cell function depend on various cellular 

intrinsic and extrinsic factors. The differentiation of naïve CD4 T-cells into T-helper 

subsets is tightly regulated by 3 distinct signals delivered by antigen presenting cells 

(APCs), particularly dendritic cells. Antigen-presenting cells process antigens and present 

them as peptide fragments bound to MHC class II molecules. Naïve CD4 T-cells 

recognize the peptide-MHC class II complex through their T-cell receptor and CD4 co-

receptor, thereby initiating the first signal required for naïve T-cell activation. The second 

signal stimulates survival and proliferation through the ligation of the T-cell co-

stimulatory receptor CD28 to B7 molecules (B7.1/B7.2) expressed by APCs. The type of 

pathogen encountered by APCs determines the type of cytokines they will secrete, thus 

generating the third signal required to drive CD4 T-cell differentiation (Figure I).  
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Figure I. Immunological Features and Functions of CD4 T helper subsets. 
Activation, proliferation, and differentiation of naïve CD4 T-cells rely on their 
interactions with APCs and their surrounding environment. Generally, APCs deliver 
signals as cytokines to drive differentiation into distinct T helper subsets that have their 
own signature transcription factors and cytokine profiles. Modified and adapted from 
Zhou et al. Immunity 2009. 

Thus, each specialized subset has distinct immunological features and functions that help 

provide protective immunity. To date, five well-characterized subsets have been 

identified: Th1, Th2, Th17, T- follicular helper (TFH), and inducible T-regulatory (T-reg) 

cells. The Th1, Th2, and Th17 subsets activate their target cells; whereas inducible T-

regulatory cells (T-regs) restrict immune activation and differentiation, as previously 

described.  

Naïve CD4 T-cells differentiate into Th1 cells with the help of IL-12 cytokine 

secretion, primarily by dendritic cells. The IL-  is required for IL-12 signaling via 

the JAK/STAT pathway [Wu C et al 2000, Szabo et al 1997]. The IL-  subunit joins 

with the constitutively-expressed IL- , forming a fully functional IL-12 

receptor. Binding of IL-12 to the IL-12 receptor on naïve CD4 T-cells leads to STAT4 

phosphorylation and activation of the Th1 master transcription factor T-bet, which up-

regulates production of IFN-  and IL-2 while down-regulating IL-4 and IL-5 production 

[Sazbo et al 2000, Szabo et al 2002, Afkarian et al 2002] (Figure II). Conversely, IL-4 

signaling leads to Th2 differentiation where the IL- play 

an important role for signaling in T-cells. Binding of IL-4 to the IL-4R leads to STAT6 

phosphorylation and activation of the transcription factor GATA3, which up-regulates 

IL-4, IL-5, IL-10 and IL-13 production [Kaplan et al 2006a, Kaplan et al 2006b]. T-bet 

and GATA3 are antagonizing transcription factors that skew CD4 T helper differentiation 

towards type 1 or type 2, respectively. It was shown that GATA3 suppresses Th1 
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differentiation through down regulation of STAT4 in Th1 cells retrovirally-expressing 

GATA3 [Hwang et al 2005]. 

Figure II. Regulation of Th1 and Th2 cells. Th1 
differentiation is initiated by IL-12 signaling, whereas 
Th2 differentiation is initiated by IL-4 signaling. The 
Th1 and Th2 transcription factors T-bet, and 
respectively GATA3 directly antagonize each other, 
skewing differentiation. Adapted from Liew, Nature 
Reviews Immunology 2002.  

Alternatively, T-bet was shown to suppress Th2 

differentiation by physically interfering with the 

binding of GATA3 to its target DNA [Usui et al 2006]. 

Th2 cells mediate humoral immunity, clearance of 

extracellular pathogens, and allergic immune 

responses. In contrast, Th1 cells are largely involved in 

cellular immunity, clearance of intracellular 

pathogens, and are also known to mediate some autoimmune diseases [Zhou et al 2009]. 

IL-2 is another important cytokine involved in T-helper cell differentiation, 

supporting cell growth and survival. Thus, binding of IL-2 to IL-2R promotes recruitment 

and phosphorylation of JAK kinases on the IL-2R chain, which in turn mediates the 

assembly of a fully functional IL-2R followed by STAT-5 phosphorylation, 

homodimerization, and translocation to the nucleus where it binds to restriction elements 

in the gene promoter of several genes [Cantrell and Smith 1984, Cantrell et al 1988]. 

Additionally, IL-2 signaling plays a major role in T-regulatory cell differentiation along 

with TGF- Sakaguchi et al 1995, Huber et al 2004]. In murine CD4 T-cells, the IL-
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subunit is constitutively expressed by T-regs at a high level, as opposed to transient, low 

level expression by conventional CD4 T-cells [Sakaguchi et al 1995].  

For Th17 cells, IL-23R, IL-1R1, and IL- n et al 

2006, Wilson et al 2007]. Binding of IL-23 to IL-23R on CD4 T-cells leads to STAT3 

regulates IL-17, IL-21, and IL-22 production. Interestingly, the Th1 and Th2 signature 

cytokines IFN- -4, respectively, were shown to suppress Th17 differentiation 

[Park et al 2005, Harrington et al 2005]. This Th1/Th2 cross-regulation occurs at the 

transcriptional level, such that overexpression of Th1 or Th2 associated transcription 

factors, T-bet or respectively c-Maf, in CD4 T-cells under IL-17 polarizing conditions 

inhibits IL-17 production [Ivanov et al 2005, Park et al 2005]. Suppression of Th17 cell 

differentiation by Th2 cells has also been demonstrated, in part, by STAT-6 mediated up-

regulation of the transcription repressor Gfi-1 [Zhu et al 2009]. Suppression of Th17 

differentiation by Th1 cells has been shown to be mediated by blocking of the IL-17 

locus (Rorc) by T-bet, thus preventing the binding of target transcription factors [Mukasa 

et al 2010]. Alternatively, overexpression of ROR -bet 

upregulation in the presence of IL-12 [Mukasa et al 2010]. TGF- not only promotes T-

reg differentiation, but also Th17 cell differentiation, although the latter additionally 

requires IL-6 or IL-21 combination for its differentiation [Veldhoen et al 2006, Mangan 

et al 2006]. Th17 cells play a key role in protecting against extracellular pathogens and in 

promoting inflammatory and autoimmune diseases [Zhou et al 2009]. Suggestive 

evidence supports the role of IL-17 producing CD4 T-cells in the induction of humoral 

immunity since it has been shown that a deficiency or blockade in IL-17 leads to 
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diminished autoantibody responses in experimental autoimmune animal models like 

multiple sclerosis, collagen-induced arthritis, and autoimmune myocarditis [Komiyaya et 

al 2006, Sonderegger et al 2006, Nakae et al 2003]. The findings of Hui-Chen and 

colleagues have provided a clue as to how Th17 cells may promote the development of 

autoantibodies. In their experimental autoimmune mouse model (BXD2), the number of 

Th17 cells was shown to be significantly increased, which occurred in parallel with 

increased expression of IL-17R transcripts in splenic B-cells. It was further demonstrated 

that Th17 cells induced germinal center formation in vivo by preventing the migration of 

B-cells through enhanced expression of chemokine receptors (Rgs13 and Rgs16), thereby 

stabilizing the formation of autoreactive GCs [Hui-Chen et al 2008].  

TFH cells have also been shown to promote germinal center responses and support B-

cell class switching through multiple mechanisms (i.e., IL-4, PD-1, BAFF, IL-21, and 

CD40L) [reviewed by Crotty 2010]. Specifically, they induce the differentiation of GCs 

by promoting the expression of Bcl-6 in activated B-cells and providing cytokines for B-

cell survival and differentiation. High affinity antibodies are developed as a result of 

these GC interactions and dysregulation of TFH function are suggested to promote 

autoantibody production in several autoimmune models [reviewed by Gomez-Martin et al 

2011]. IL-6 and IL-21 signaling promote up regulation of the transcriptional repressor 

Bcl-6, driving TFH differentiation and suppressing differentiation of Th1, Th2, and Th17 

subsets by blocking the binding of their master transcription factors (T-bet, GATA-3, and 

t) to key cytokine promoters (IFN- -4, and IL-17) [Yu et al 2009, Kusam et al 

2003]. Although TFH and Th17 cells share the IL-6 and IL-21 cytokines for their 

differentiation, it has been reported that TGF- ntiation skews differentiation 
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toward Th17 since TGF- -6 expression [Nurieva et al 2009]. Alternatively, 

overexpression of Bcl- -17 promoter 

[Yu et al 2009]. 

Role of cholesterol-rich lipid rafts in T-cells  

The plasma membrane lipid rafts have been shown to play a significant role in 

regulating T-cell activation, growth, and differentiation [reviewed by Thomas et al 2004]. 

Lipid rafts are cholesterol- and sphingolipid- rich microdomains in the plasma membrane 

that constitutively express the ganglioside GM1 (Figure III). A unique feature of lipid 

rafts is that they exist in the liquid-ordered state due to the tight packing and high 

concentration of cholesterol and sphingolipids, as opposed to the rest of the membrane in 

the liquid-disordered state.  

According to several studies, an estimated 30-40% of many mammalian cell membranes 

are lipid rafts [Gidwani et al 2001, Prior et al 2003, Simons and Toomre 2000, Stevens et 

al 2000]. The size of lipid rafts has been reported to range from 10 nm to as much as 300 

nm [Pralle et al 2000, Zacharias et al 2002].  

 

Figure III. Plasma Membrane Lipid Raft Structure. Lipid rafts are cholesterol and 
sphingolipid rich microdomains that constitutively express the ganglioside GM1. The 
tight packing of cholesterol and sphingolipids promotes a liquid-ordered phase in the 
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membrane, distinguishing rafts from the rest of the membrane. Compartmentalization of 
receptors and signaling molecules in rafts provides a stable and efficient signaling 
network.     
 

Much of our understanding regarding the role of lipid rafts in T-cell function has been 

gained by in vitro membrane cholesterol depletion studies using chemical reagents such 

as methyl- -cyclodextrin (MBCD), statins, filipin, and to a much lesser extent in vitro 

cholesterol addition using hydroxypropyl- -cyclodextrin [Nguyen et al 2004, Tani-ichi et 

al 2005]. According to several reports, depleting lipid rafts cholesterol in vitro leads to 

impaired T- cell function through the disassociation of major T-cell signaling proteins 

and kinases [Xavier et al 1998, Kabouridis et al 2000, Hillyard et al 2004, and Jury et al 

2006]. Our lab and others have identified a high concentration of T-cell signaling 

machinery such as Src family kinases, T-cell co-receptor molecules CD4 and CD8, and 

CD3 -chain in lipid rafts [Xavier et al 1998, Montixi et al 1998, Parolini et al 1999, 

Arcaro et al 2000, Thomas et al 2004].  

Lipid rafts may regulate T-cell function through the partitioning of many protein 

receptors and signaling molecules. Studies have shown localization of individual receptor 

subunits in and out of lipid rafts. Specifically, the TCR/CD3 -chain, IL- , and IL-

subunits were found in lipid rafts, where as IL-12R 2 was mostly located in non-raft 

microdomains [Xavier et al 1998, Matko et al 2002a, Rao et al 2004, Canda-Sanchez et al 

2009]. Furthermore, their corresponding subunits for heterodimerization are generally not 

- -

rafts [Montixi et al 1998, Goebel et al 2002], whereas IL-  was observed in rafts 

[Canda-Sanchez et al 2009]. Additionally, the CD28 co-stimulatory receptor resides 

mostly in raft microdomains during T-cell signaling [Viola et al 1999]. We previously 
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reported the importance of lipid rafts for maintaining CD28 signaling in T-reg precursors, 

thus stabilizing Foxp3 mRNA transcripts (Nazarov-Stoica et al 2008). However, the role 

of membrane cholesterol-rich lipid rafts on the clonal expansion and suppressogenic 

function of Foxp3+ T-reg cells remains unknown. 

The studies presented here address first, whether the CD4+ Foxp3+ T-regulatory cells 

significantly effect the anti-influenza protective immune responses induced by 

vaccination, and second whether antigen- specific CD4+ T-cells and Foxp3+ T-regulatory 

cell function can be altered by enriching membrane cholesterol.  
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ABSTRACT 

The T-regulatory (T-reg) cells restrict the T-cell functions in various viral infections 

including influenza infection. However little is known about the effect of T-regs in 

influenza vaccination. Herein, we found that immunization of BALB/c mice with a 

prototype of UV-inactivated influenza A/PR/8/34 virus vaccine expanded the 

CD4+Foxp3+ T-reg pool and fostered the development of virus-specific CD4+Foxp3+ T-

reg cells. Increasing the size of Foxp3+ T-reg pool did not alter the primary PR8-specific 

B-cell response, but it did suppress the primary and memory PR8-specific T helper 

responses induced by vaccination. In contrast, the vaccination-induced T helper cell 

response was augmented in the absence of CD4+Foxp3+ T-reg cells. Since CD4 T helper 

cells contribute to anti- -reg function 

prior to vaccination may enhance the efficacy of influenza vaccination.  
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1. Introduction 

Pandemic outbreaks of the influenza A viruses may result in numerous fatalities 

around the globe. Effective vaccines represent the best approach to prevent the pandemic 

spread, but at present the vaccine preparations using inactivated viruses provide limited 

protective immunity for the upper respiratory tract where the infectious process is first 

taking place. Therefore, deciphering the mechanisms that restrict anti-influenza 

protection by vaccination is a prerequisite to improving the efficacy of vaccination. 

Influenza viruses are enveloped orthomyxoviruses with a segmented RNA genome of 

negative polarity, containing eight segments that encode ten proteins in the case of type A 

and B viruses, and seven segments encoding nine proteins in the case of type C virus [1]. 

The influenza viruses are divided into three types based on structural differences among 

the internal proteins, and in subtypes based on differences in the amino acid sequences 

and antigenicity of their hemagglutinin and neuraminidase proteins. Regardless the 

influenza virus strain, the hemagglutinin (HA) envelope protein plays an important role 

in viral entry in the cells and therefore, is a critical factor of virulence. The anti-influenza 

viral immunity is a complex process involving both the B and T-cell compartments of the 

innate and adaptive immunity. Both the CD4 and CD8 mediated anti-influenza viral 

responses specific for peptides derived from viral proteins are well presented by MHC 

class II and class I encoded gene products [2, 3] expressed on antigen presenting cells [4]. 

Mice and individuals infected by influenza virus have a sharp decrease in the number 

and function of lymphocytes concomitant with an increased number of T-regulatory (T-

reg) cells shortly after exposure to the virus [5, 6]. A number of reports argue for a 

suppressogenic effect of T-regs on the anti-viral immune responses [7-10]. Early studies 
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on the mechanisms by which A/Puerto Rico/8/34 [H1N1] influenza virus limits the 

proliferation of virus-specific cellular immune responses suggested a role of virus-

specific CD8a T-cells [11]. Recently, the suppressive mechanism of influenza-specific 

CD8a T-cells was attributed to IL-10 secretion at the site of inflammation [12]. There is 

also evidence that CD4+ T-regs can limit the delay type of hypersensitivity to intradermal 

influenza virus inoculation [13]. A significant increase in the number of peripheral CD4+ 

T-reg pool in individuals infected by influenza A (H1N1) virus, particularly in those with 

pneumonia complications, was recently reported [6].  

Thymus derived CD4+(25high) Foxp3+ T-regs maintain the T- and B-cell homeostasis 

and can also restrict T-cell responses to self and foreign antigens [14]. T-regs are critical 

not only for protection against autoimmunity [15], but also for protection of fetus against 

maternal immune responses [16], restriction of host allogeneic T-cell responses against 

graft transplantation [17], suppression of CTL anti-tumor activity in cancer [18], and 

modulation of Th2 responses in allergic diseases [19]. Recently, T-regs were shown to 

restrict immune responses against viral, bacterial, and parasitic infections [20-24]. Thus, 

in chronic Hepatitis C (HCV) viral infection the number of CD4+25+ Foxp3+ T-regs is 

increased, whilst T-reg depletion associates with enhanced HCV-specific CD4 and CD8 

T-cell responses [25-27]. In Herpes simplex viral infection, depletion of T-regs was 

followed by a greater migration of T inflammatory cells from the draining lymphoid 

nodules to the site of infection [28,29]. Data from HIV-infected patients demonstrated 

that CD4+25+ T-regs suppress the virus-specific CD4 and CD8 T-cells [30-32], and that 

HIV-induced T-regs can restrict the infectivity of Cytomegalovirus virus [30]. In contrast 

to other viral infections, the human T-cell lymphotropic virus type-1 preferentially infects 
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the CD4+Foxp3+ T-regs and down-regulates their Foxp3 expression, thereby contributing 

to multi-organ lymphocyte infiltration [33, 34]. However, in most cases, T-reg depletion 

leads to a better control of viral infections in various animal models [reviewed in 35].  

Recent data suggested a restrictive effect of T-reg cells on the delay type of 

hypersensitivity to influenza infection [10, 13], but little is known about their effect on 

the anti-influenza CD4 T helper cell responses induced by vaccination. Herein, we 

investigated the effects of CD4+Foxp3+ T-reg cells on B and T cell responses induced by 

influenza virus vaccination.  

 

2. Materials and methods 

2.1. Animals 

Naïve BALB/c and BALB/c, RAG2 KO mice (4-5 week-old) were obtained from 

Jackson Laboratory (Bar Harbor, Maine). TCR-PR8/HA transgenic (Tg) mice expressing 

the 14.3d T-cell receptor that recognizes the HA110-120-CD4 T-cell immunodominant 

epitope of hemagglutinin protein (HA) of the A/PR/8/34 influenza virus [36] were used 

as source of antigen-specific T-regs and conventional HA-specific CD4 T-cells. RAG2 

KO, RIP-PR8/HA Tg mice on a BALB/c background expressing the influenza HA viral 

protein in -cell islets under the rat insulin promoter [36] were used as cell 

recipients in adoptive transfer experiments. The TCR-PR8/HA Tg and RAG2 KO, RIP-

PR8/HA Tg mice were maintained in our pathogen-free facility at USUHS according to 

federal and local regulations. 

 

2.2. Immunization protocols 
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Naïve BALB/c mice enriched or not with syngeneic naïve T-reg cells (sorted 

CD4+CD25+Foxp3+ cells from BALB/c mice), and BALB/c, RAG2 KO mice 

reconstituted with either total spleen cells or T-reg depleted spleen cells from naïve 

BALB/c mice 

UV-inactivated type A/PR/8/34 (PR8) or type B HK (BHK) influenza viruses with 

respect to the protein content as measured by Bio-Rad assay (Bio Rad Laboratories, 

Hercules, CA). Both influenza viral strains were purified by centrifugation on sucrose 

gradient (Charles River, North Franklin, CT). T-reg enrichment of BALB/c mice was 

carried out 3 days before vaccination by intraperitoneal (i.p.) infusion of naïve BALB/c 

T-regs (6.5x106 CD4+CD25+ cells) sorted on magnetic immunobeads according to the 

Miltenyi Biotech, Auburn, CA and R&D Systems, 

Minneapolis, MN). Adoptive cell transfers in BALB/c, RAG2 KO mice with 74x106 total 

spleen cells/mouse or CD25-depleted spleen cells/mouse were carried out 1 day before 

the i.p. vaccination with 100 g viral proteins/mouse. On day 8 post-vaccination, spleens 

were collected and cells were analyzed. 

 

2.3.  Cell isolation 

Single-cell suspensions of CD4+CD25+ T-reg cells were negatively-sorted to 90-95% 

purity from the spleen of naïve BALB/c mice on CD4 columns followed by incubation 

with CD25 immunobeads and enrichment with PE-labeled anti-CD25 Abs coupled to 

iltenyi Biotech, Auburn, 

CA and R&D Systems, Minneapolis, MN). Sorted CD4+CD25+ T-regs showed Foxp3 
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expression as determined by FACS intra-nuclear staining with anti-Foxp3 Ab 

(eBioscience, San Diego, CA).  

 

2.4. Cell Proliferation assay  

Single-cell suspensions of splenocytes (107 cells) from individual mice of each group of 

mice were incubated with HA110-120 

flat bottom 12-well plates (Corning, Lowell, MA) for 5 days at 37°C. Aliquot cultures 

were transferred in flat bottom 96-well plates for testing the proliferative index using Cell 

Titer 96® Non-

protocol (Promega, Madison, WI). The index of proliferation was determined based on 

the OD units ( =490 nm) measured in a 96-well plate reader (Molecular Devices Vmax, 

Sunnyvale, CA). 

 

2.5. Cytokines assay 

Single-cell suspensions of splenocytes from individual mice in each group of mice were 

incubated at 106 cells/well with either HA110-120 synthetic peptide (20 6 cells), Con 

6 cells), or UV-inactivated PR8 virus preparation (10 g protein/106 cells). 

Cells were incubated in round bottom 96-well plates at 5% CO2 and 37°C for 2 days for 

IL-2 measurements, and 3 days for IL-4, IL-10, and IFN- ments. Cytokine 

secretion in cell culture supernatants was assessed by Multiplex mouse cytokines kits 

Luminex 

Corporation, Austin, TX). Cytokine concentrations were calculated based on the acquired 
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mean fluorescence intensity (MFI) using a 5 parameter logistics model equation 

(MasterplexQT software, Miraibio, San Francisco, CA). 

  

2.6. Immunohistology of pancreas 

Pancreata of mice were fixed overnight in 10% phosphate-buffered formalin and 

embedded in paraffin. Serial paraffin-embedded sections were stained with hematoxylin-

eosin, or immunostained with 1:200 dilution of a rabbit anti-insulin antibody (Santa Cruz 

Biotech, Santa Cruz, CA) and revealed by a 1:5,000 dilution of goat anti-rabbit IgG-HRP 

conjugate (Southern Biotechnologies, Birmingham, AL). 

 

2.7. Adoptive cell transfer experiments 

Negatively-sorted CD4+ splenic cells from naïve BALB/c mice enriched or not in T-regs 

and then immunized with PR8 or BHK virus were isolated on CD4 columns (R&D 

Systems, Minneapolis, MN) 42 days post-immunization, and infused alone, or co-infused 

i.p. with diabetogenic TCR-PR8/HA splenic cells into RAG2 KO, RIP-PR8/HA Tg mice. 

The blood glucose level in recipient mice was determined bi-weekly in the blood 

withdrawn from the tail vein using Accu-Check glucose strips (Roche, Indianapolis, IN). 

Mice were considered diabetic after two consecutive readings of glycemia higher than 

200 mg/dL. In some experiments, BALB/c, RAG2 KO mice were infused i.p. with total 

spleen cells or T-reg (CD25)-depleted spleen cells from naïve BALB/c mice, and 1 day 

-inactivated PR8 virus in saline. Eight days 

post-immunization, the spleen cells were analyzed for cytokine secretion and Foxp3 

mRNA expression. 
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2.8. Antibody assays 

Two methods were used to measure the anti-influenza Ab response in immunized mice. 

First, the ELISA method was carried out on flat bottom 96-well plates coated with PR8 (5 

4 °C and blocked overnight at 

4°C with 5% BSA in PBS. Mice sera (1/100 dilution in 1% BSA/PBS) were added to the 

plates for 2h at 37°C, washed, and then incubated for 2 h at room temperature either with 

anti-mouse IgG (H+L) antibody-Biotin conjugate (Abcam, Cambridge, MA), or with 

anti-mouse IgG1 (Fc 1) antibody-Biotin conjugate (Jackson ImmunoResearch, West 

Grove, PA), or with anti-mouse IgG2a (Fc a) antibody-Biotin conjugate (BD 

Pharmingen, San Diego, CA). Plates were washed, and bound anti-IgG Ab-Biotin 

conjugates were revealed by a streptavidin-HRP conjugate (Jackson ImmunoResearch) 

developed in 3,3´,5,5´-tetramethylbenzidine (TMB) substrate (BD Biosciences, San Jose, 

CA). The OD units corresponding to the antibody titers were measured at =450 nm in 

flat-bottom 96-well plates in an ELISA reader instrument (Molecular Devices Vmax, 

Sunnyvale, CA), and then expressed as g/ml based on a calibration curve built with a 

PR8-specific IgG1 Ab (#PY102) as we previously described [37]. Secondly, the PR8 and 

BHK neutralizing Ab titers were measured by Hemagglutination Inhibition Assay (HAI) 

in 96-well plates as we previously described [37]. Briefly, sera from individual mice of 

each group of mice (25 l) were pre-incubated overnight at 37°C in 1 ml of phosphate 

buffer (pH 7.4) containing 5 mM  CaCl2, and neuraminidases from Arthrobacter 

ureafaciens and Colstridium perfrigens (50 mU each) (Calbiochem, Gibbstown, NJ). 

Serial serum dilutions were further incubated for 2h at room temperature with 1% sheep 

red blood cells (50 l/sample) in saline (Innovative Research, Novi, Michigan) in the 
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absence of presence of 25 l of sucrose gradient-purified PR8 or BHK virus (20 g viral 

protein/ml). The HAI titers were expressed as the one above the first serum dilution 

showing inhibition of hemagglutination. 

  

2.9. Flow Cytometry 

Single-cell suspensions of splenocytes (106 cells) from different groups of mice were 

stained for 30 min at 4°C using various antibody-dye conjugates and their corresponding 

 (BD Biosciences, San Jose, 

CA). The mean fluorescence intensity (MFI) was measured by FACS at the single-cell 

level in 100,000 cell events acquired by a LSR II Becton-Dickinson instrument coupled 

to the WINLIST software (Verity, Topsham, ME). 

 

2.10. Real-Time RT-PCR 

Total RNA and cDNA from CD4+ splenocytes was prepared using NucleoSpin RNA II 

kit (BD Biosciences Clontech, Palo Alto, CA) and respectively, Qiagen One Step RT-

PCR kit (Qiagen Inc., Valencia, CA). Some 500 ng RNA was used to synthesize the first 

cDNA strand following th  The primers for murine Foxp3 were: 

(forward) (reverse) 

 [38]. Specific primers for T-bet, STAT4, STAT6, 

cMAF, and GATA-3 were purchased from Applied Biosystems. Measurements of gene 

products were carried out as previously described [39]. Quantitative RT-PCR 

measurements were performed on an ABI Prism 7700 with SDS 1.9.1 software (Applied 
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Biosystems), and the relative mRNA levels were estimated using 18s rRNA as reference 

(Applied Biosystems, Foster City, CA). 

 

2.11. Biostatistics 

Significance of individual differences in the mean fluorescence intensity (MFI, cell 

density) of Foxp3 and CD44 protein expression in T-reg and memory CD4+ T-cells from 

different groups of mice, as well as individual variations in the virus-specific Ab and HAI 

t-test. P* values lower than 0.05 

were considered significant. The intra-assay differences in cytokine secretion and the 

proliferation index of T-cells in triplicate cultures were expressed as mean ± standard 

deviation (SD) at 99% interval of confidence. The relevance of differences in survival 

and diabetes incidence of RAG2 KO, RIP-PR8/HA mice infused with T-cells from virus-

immunized BALB/c mice, or co-infused with diabetogenic TCR-PR8/HA Tg T-cells, or 

infused only with diabetogenic TCR-PR8/HA Tg T-cells alone (diabetes control group) 

was estimated by Kaplan-Meier test.  

 

3.  Results 

3.1. Foxp3+ T-reg cells do not alter the B-cell responses to influenza vaccination 

Reports indicated that T-reg cells exert inhibitory effects on the anti-viral immune 

responses. Herein, we investigated whether the size of CD4+Foxp3+ T-reg pool may 

influence the humoral response to PR8 influenza virus by comparing the anti-PR8 viral 

antibody titers in naïve vs. T-reg-enriched, BALB/c mice immunized with a UV-

inactivated A/PR/8/34 vaccine prototype. Although T-reg enrichment in BALB/c mice 
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(6.5x106 splenic T-reg cells from naïve BALB/c mice) 3 days prior to immunization 

increased the size of CD4+Foxp3+ T-reg pool in vivo from 2.8% to 4.5%, both groups of 

mice showed similar kinetics of virus-specific antibody titers 14 and 42 days post-

immunization (Fig. 1). Thus, the titers of total PR8-specific IgG, IgG1, and IgG2a 

antibodies were not significantly altered 14 and 42 days post-vaccination in animals 

supplemented with T-reg cells; p=0.25 for IgG and IgG2a, and p=0.15 for IgG1 Abs 

between groups of mice enriched or not in T-reg pool prior to PR8 vaccination.  

The anti-influenza neutralizing antibodies specific for PR8 hemagglutinin (HA) 

protein are critical for virus clearance from the lungs. Thus, measuring the 

hemagglutination inhibition Ab titers (HAI) is a relevant test for measuring protective 

(neutralizing) antibodies produced during the primary B cell response induced post-

vaccination or during influenza viral infection. The HAI Ab titers measured 14 days after 

PR8 immunization were in a 1/320 to 1/640 range, as compared with mice supplemented 

with T-regs prior to immunization (1/240-1/160) (Fig. 1B). Forty-two days post-

immunization, the HAI Ab titers were comparable, but slowly declined in both groups of 

mice (1/160-1/320 vs. 1/60-1/240). These results indicated that variations in the size of 

Foxp3+ T-reg pool do not significantly effect the primary PR8-specific B-cell response 

induced by vaccination.  

 

3.2. Foxp3+ T-reg cells suppress the primary and memory T-helper cell responses to 

influenza vaccination 

Although anti-influenza neutralizing antibodies can protect against influenza infection 

in the absence of T-cells, the influenza-specific CD4 T-cells were shown to partially clear 
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the virus from the lungs independently of antibodies. At the same time, influenza-specific 

CD4 T memory cells play a major role in recalling the adaptive B-cell response, and 

thereby shortening the time of protection by neutralizing antibodies by 4-5 days [40]. 

This period of time is critical, if one considers that acute influenza infection can kill mice 

within a week. Among the effector CD4 T-cells emerging during a primary immune 

response to influenza infection, a subset of cells (10-20%) survive and differentiate into 

long-lasting memory T-cells [41-43]. We next investigated the extent to which the size of 

CD4+Foxp3+ T-reg pool affects the primary, memory, and memory-effector T helper cell 

responses to PR8 virus. Splenocytes from individual mice enriched or not with T-regs 3 

days prior to immunization were harvested 14 and 42 days post-immunization and tested 

for the proliferative capacity and cytokine production upon in vitro re-stimulation with 

HA110-120 synthetic peptide (the immunodominant CD4 T-cell epitope of HA of 

A/PR/8/34 virus) or polyclonal stimulation with concanavalin A (Con A). To reveal 

significant changes in the adaptive T-cell response to vaccination in relation to small 

variations in the size of T-reg pool, we chose a higher dose of immunization (200 g 

virus protein/mouse) than conventional doses used in BALB/c mice (50-100 g viral 

protein/mouse). 

Fourteen days post-immunization, the splenocytes from mice immunized with PR8 

virus and stimulated in vitro with Con A showed a robust proliferative response, whereas 

those from mice supplemented with T-reg cells prior to immunization showed a reduction 

in proliferation by 48 to 58% (Fig. 2A). The residual proliferative response of spleen 

cells detected in the absence of stimulation was most likely due to their in vivo activation 

upon PR8 immunization, since spleen cells from naïve, non immunized BALB/c mice did 
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not show any residual proliferation in the absence of in vitro stimulation (data not 

shown). The secretion of Th1 and Th2 cytokines was lower in mice enriched for T-regs 

prior to immunization, although the IL-2 and IL-4 secretion was less affected in the HA-

stimulated cells than in cells stimulated with Con A (Fig. 2B). The Th1 suppression was 

detected as a reduction in IFN-  secretion upon in vitro stimulation. Consistent with the 

cytokine results, the expression levels of Th1 transcription factors (STAT4 and T-bet) 

and Th2 transcription factors (STAT6, GATA3, cMAF) in the CD4+ T-cells from T-reg 

enriched/PR8-immunized mice were lower than in those only immunized with PR8 virus, 

as determined 14 days post-immunization (Fig. 2C). The primary Th response to PR8 

vaccination was also tested in the absence of a pre-existent pool of T-reg cells using 

BALB/c, RAG2 KO mice reconstituted i.p. with T-reg (CD25+)-depleted splenocytes 

(74x106 cells/mouse) isolated from naïve BALB/c mice, and then immunized 1 day later 

i.p. with PR8 virus in saline (100 g viral protein/mouse). The yield of spleen cell 

reconstitution in RAG mice 9 days after cell infusion was 33-35% (20-25x106 

cells/mouse). Eight days post-immunization, RAG mice reconstituted with T-reg-

depleted splenocytes showed a significantly stronger IL-2 and IFN-  -times 

higher) than those reconstituted with whole spleen cells when stimulated in vitro for 2 

days with PR8 viral proteins (Fig. 2D). 

Forty-two days after immunization of naïve BALB/c mice with PR8 virus alone, the 

splenic CD4 T-cells showed a strong memory-effector Th1 and Th2 cytokine response 

upon in vitro stimulation with Con A (Fig. 3A), as well as an HA110-120-memory 

response. The HA110-120 epitope accounts for a small fraction of HA protein antigens. 

FACS analysis showed also a gradual increase in the size of memory CD4+ (CD44high) T-
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cell pool 14 and 42 days post-immunization in mice immunized with PR8 virus only 

(Fig. 3B). In contrast, 14 and 42 days post-immunization the splenic CD4 T-cells from T-

reg enriched BALB/c mice showed a lower increase in the size of memory CD4+44high T-

cell pool post-immunization than those immunized with PR8 virus alone (27.1% vs. 

22.5% 14 days post-immunization, and 33.6% vs. 24% 42 days post-immunization) (Fig. 

3B), and a reduction in the memory-effector Th1 and Th2 function upon in vitro 

stimulation as detected in the cytokine assays. 

Furthermore, to measure the extent to which CD4+ memory-effector T-cell function is 

affected in vivo by Foxp3+ T-reg cells induced through PR8 vaccination, we took 

advantage of a murine reporter system in which the PR8/HA-specific T-effector cells 

induce autoimmune diabetes. In this system, adoptively transferred HA110-120-specific 

CD4 T-cells (TCR-PR8/HA) into RAG2 KO mice expressing the HA of PR8/A/34 

influenza virus in the pancreatic -cells (RAG2 KO, RIP-PR8/HA Tg mice) leads to 

fulminate autoimmune diabetes within two weeks, as depicted by hyperglycemia and 

heavy infiltration of pancreatic -islets with lymphocytes (pancreatic insulitis) (Fig 4A) 

[44]. These mice can survive up to 1 month after the hyperglycemia onset. Similarly, the 

RAG2 KO, RIP-PR8/HA Tg mice infused with CD4+ memory T-cells from PR8-

immunized BALB/c mice harvested 42 days post-immunization developed 

hyperglycemia, although with a delay of 2-15 days, and longer survival (till 2 months) 

after hyperglycemia onset (Fig. 4B). Development of diabetes was indicative for 

activation of PR8-induced, HA-specific T memory cells toward the effector function 

upon encountering the PR8 viral antigens in the pancreas of RAG2 KO, RIP-PR8/HA Tg 

recipient mice. A short delay in diabetes onset in this group of mice may well account for 
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the lag period required by HA memory T-cells to develop into effector cells, to which the 

PR8-induced T-reg cells may have contributed by suppression of HA-specific T memory-

effector cells. The recipient mice in this group also showed pancreatic insulitis, as 

indicated by the hematoxylin-eosin (HE) staining of pancreatic sections 50 days after the 

cell transfer (Fig. 4B). 

In contrast to this group of mice, the RAG2 KO, RIP-PR8/HA Tg mice infused with 

memory CD4 T-cells from BALB/c mice enriched in T-regs prior to PR8 immunization 

remained normoglycemic for over 70 days (Fig. 4C). Normoglycemia was maintained 

even after co-infusion of TCR-PR8/HA diabetogenic T-cells (2x105 cells /mouse). 

Histological analysis of the pancreas of protected (normoglycemic) mice harvested 50 

and 70 days after cell transfer showed a low degree of pancreatic insulitis. When tested 

for the insulin secretory function of pancreatic -cells by the glucose tolerance test, the 

protected mice showed a sharp decline (within an hour) from a hyperglycemic-induced 

status to a normoglycemic status, just as the naïve RAG2 KO, RIP-PR8/HA Tg mice did 

(Fig. 5A & 5D). In contrast, the RAG2 KO, RIP-PR8/HA Tg recipients of CD4 memory 

T cells from PR8-only immunized BALB/c mice tested by the glucose tolerance test 

remained in a hyperglycemic state for 3h (Fig. 5C) as compared with those infused only 

with TCR-PR8/HA diabetogenic T-cells (diabetes control group) in which hyperglycemia 

persisted longer than 3 h after the glucose load (Fig. 5B). These data indicated first, that 

PR8 vaccination induced HA-specific memory CD4 T-cells able to develop into HA-

specific T-effector cells upon encountering the PR8/HA protein antigens in the pancreas 

of RAG2 KO, RIP-PR8/HA Tg mice. Second, the T-reg cells induced by PR8 

immunization were fully functional, as they efficiently suppressed the PR8/HA-specific 
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(diabetogenic) T-cells in this system. The suppressive effect of PR8-induced T-regs on 

TCR-PR8/HA diabetogenic T-cell function was stronger when the size of T-reg pool was 

enriched in BALB/c donors prior to vaccination. 

These results strongly suggest that the size of CD4+Foxp3+ T-reg pool is a critical 

modulatory component of the adaptive (PR8 virus-specific) CD4+ T-cell primary and 

memory responses induced by vaccination. 

 

3.3. Influenza vaccination favors expansion of CD4+Foxp3+ T-reg cells 

We next questioned whether the PR8 vaccination alters the number of T-reg cells. for 

this, we compared T-reg frequency during the primary and memory T helper immune 

responses to PR8 virus after a single high-dose immunization (200 g viral 

protein/mouse) with that of T-regs in BALB/c mice enriched or not with naive BALB/c 

CD4+Foxp3+ T-regs prior to immunization. Data from naïve, non-immunized BALB/c 

mice supplemented or not with Foxp3+ T-regs in the absence of immunization showed a 

relative constant frequency of Foxp3+ cells among the CD4+ T-cell pool (2.8-3.2% and 

3.8-4.4% CD4+Foxp3+ cells, respectively) during a 42-day follow-up (Fig. 6). This 

indicated that in the absence of immunization the homeostatic expansion of peripheral 

Foxp3+ T-reg cells was insignificant. However, 14 days post-immunization with PR8 

virus alone, the number of CD4+Foxp3+ cells increased by ~28% and continued to 

increase 42 days later by ~ 100% (Fig. 6A), which clearly indicated an expansion of 

Foxp3+ T-reg pool induced by PR8 immunization. The BALB/c mice enriched with T-

regs prior to immunization showed a higher increase in the number of CD4+Foxp3+ T-reg 

cells 14 and 42 days post-immunization (~39% to ~ 73%) (Fig. 6B). These data clearly 
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indicated that the size of CD4+Foxp3+ T-reg pool was expanded after PR8 immunization 

proportionally to its size prior to immunization. 

Alternatively, we used a subtractionist approach to measure the in vivo T-reg kinetics 

upon PR8 viral vaccination. In this system, BALB.c/RAG2 KO mice were first infused 

with naïve T-reg (CD25+)-depleted spleen cells or total spleen cells (74x106 cells/mouse) 

from BALB/c mice, then immunized with PR8 virus 1 day later, and Foxp3 mRNA 

expression was compared 8 days post-immunization in the spleen cells by real-time RT-

PCR (Fig. 6C). While the non-reconstituted RAG mice that were immunized with PR8 

virus showed a lack of Foxp3 mRNA expression, those reconstituted with T-reg-depleted 

spleen cells and immunized with PR8 virus showed the presence of a small amount of 

Foxp3 mRNA. Also, the pre-existent Foxp3 mRNA expression in RAG mice pre-infused 

 

Together, these results indicated that PR8 vaccination expands the pool of T-reg 

cells, and at the same time, a fraction of T-reg cells differentiate from the naïve 

conventional T-cell pool following PR8 vaccination.    

 

3.4. Influenza vaccination favors the development of PR8 (HA)-specific Foxp3+ T-reg 

cells 

Recent data from individuals vaccinated for flu showed that CD4+CD25- T-cells can 

differentiate into fully functional, antigen (HA)-specific CD4+CD25+ (Foxp3+) T-reg 

cells upon stimulation in vitro with influenza HA306-318 peptide [45]. It is believed that the 

antigen-specific T-reg suppression of cognate T-effector cells is more powerful than 

nonspecific bystander suppression induced by T-regs with unrelated antigen-specificity 
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or naïve T-reg cells that have not experienced the antigen. To test the antigen specificity 

of T-reg cells induced in vivo by PR8 vaccination, we immunized groups of naïve or T-

reg enriched BALB/c mice with the same dose of UV-inactivated BHK influenza strain, 

and compared the capacity of BHK- vs. PR8-induced T-reg cells to suppress PR8/HA-

specific T-cells that induce diabetes in the BALB/c, RAG2 KO, RIP-PR8/HA transgenic 

mouse. The BHK virus lacks the PR8/HA antigens. Immunization of mice with BHK 

virus induced similar titers of HAI Abs (1/320-1/640) to those detected in PR8-

immunized mice (1/160-1/320). The RAG2 KO, RIP-PR8/HA Tg mice infused only with 

CD4+ T cells alone (2x105 cells/mouse) from BHK-immunized BALB/c mice 14 days 

post-immunization remained free of diabetes (data not shown), indicating that the HA-

specificity of T-effector cells induced by BHK immunization is unrelated to the HA-

specificity of T-effector cells induced by PR8 immunization. Also, co-infusion of 2x105 

TCR-PR8/HA specific (diabetogenic) T-cells  together with memory CD4+ T splenic 

cells (2x105 cells/mouse) harvested 42 days post-BHK immunization of mice enriched or 

not with the same number (6.5x106 cells/mouse) of naïve BALB/c T-reg cells, did not 

protect against diabetes. These mice developed diabetes within the same period of time (2 

weeks) and showed lymphocyte infiltration of pancreatic -islets as those infused only 

with 2x105 TCR-PR8/HA specific (diabetogenic) T-cells (diabetes control group) (Fig. 

7). These results showed that the BHK HA-specificity of T memory-effector cells as well 

as T-reg cells was unrelated to the PR8/HA-specificity. Only the PR8-induced T-reg cells 

were able to protect against diabetes in this mouse model for PR8/HA-induced diabetes 

(Fig. 4), which demonstrated that the suppressogenic effect of T-reg cells induced by PR8 

vaccination was restricted to the T-effector cells specific for HA protein of PR8/A/34 
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influenza strain. These experiments demonstrated that a fraction of T-reg cells induced by 

PR8 vaccination were specific for PR8/HA antigens.  

 

Discussion 

Human HA-specific CD4+CD25+Foxp3+ T-regs can be generated in vitro from naïve 

and memory CD4+CD25- T-cells of individuals previously vaccinated for flu by a 10-day 

re-stimulation in vitro with dendritic cells pulsed with influenza HA306-319 consensus 

peptide [45]. T-reg suppression of antigen (HA)-specific T-effector cells as well as 

nonspecific bystander suppression of T-effector cells specific for tetanus toxoid antigens 

was only achieved in the presence of HA306-319 cognate peptide, implying that Foxp3+ T-

reg cells require antigen stimulation to gain both antigen-specific and nonspecific 

bystander suppressive functions [45]. The CD4+Foxp3+ T-regs are naturally-born in 

thymus by differentiation of T-cell precursors upon TCR stimulation by MHC-peptide 

complexes [46]. Like the human T-reg cells [45], the murine naïve CD4+Foxp3- T-cells 

can up-regulate Foxp3 expression and gain suppressogenic function in periphery upon 

encountering antigen in the presence of TGF  [46], or IL-2 and IL-15 [47, 48]. 

A body of evidence showed that T-regs can efficiently suppress autoimmunity 

including type 1 diabetes. Using a BALB/c, RAG2 KO, RIP-PR8/HA transgenic mouse 

model in which infusion of influenza PR8/HA-specific T-effector cells (from a TCR-

PR8/HA Tg mouse) induces fulminate diabetes, we found that the CD4+CD25+ (Foxp3+) 

T-regs induced in BALB/c mice through vaccination with influenza PR8 virus, abolished 

the diabetogenic function of PR8/HA-specific T-effector cells for as long as 70 days. A 

fraction of Foxp3+ T-regs induced by PR8 vaccination were HA-specific, since the T-regs 
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induced by vaccination with BHK virus expressing a structurally different HA protein did 

not abolish the diabetogenic function of PR8/HA-specific T-effector cells in the RAG2 

KO, RIP-PR8/HA mouse system. This clearly indicated that the PR8/HA-specific Foxp3+ 

T-regs suppressed more efficiently their cognate T-effector cells in vivo than the T-reg 

bystander suppressors specific for BHK/HA antigens. 

Vaccination of BALB/c mice with a single high-dose of a prototype UV-inactivated 

influenza A/PR/8/34 virus vaccine expanded the Foxp3+ T-reg pool by almost 30% and 

100%, 14 and respectively 42 days post-vaccination. A two-fold increase in the size of 

Foxp3+ T-reg pool over the pre-existent pool size (before vaccination) did not alter the 

PR8-specific B-cell responses, but it did lower significantly the primary and memory 

PR8-specific T helper responses to the virus. Conversely, mice depleted of T-regs 

mounted a significantly higher T helper response to PR8 viral vaccination than those with 

a pre-existent T-reg pool.  Interesting enough, a small fraction of newly-generated T-reg 

cells from naïve conventional T-cells was detected post-vaccination in mice depleted of 

T-regs, which is consistent with a number of reports indicating that T-regs may 

differentiate from peripheral naïve CD4+Foxp3+T-cells upon encountering antigen in a 

milieu of TGF , or IL-2 and IL-15 [46-48]. 

B memory cell responses specific for influenza HA viral proteins are particularly 

long-lived, as demonstrated by studies in elderly individuals after several decades from 

the virus exposure [49]. The HA-specific B memory cells are critical for clearing the 

virus from the lungs, as they are activated to secrete neutralizing antibodies subsequent to 

repeated infections with the same virus or cross reactive viruses [50]. Upon encountering 

viral antigens, the CD4 T-cells are activated and differentiate into antigen (virus)-specific 
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Th cells. A large number of these cells die by activation-induced apoptosis, whereas a 

smaller number enter the peripheral lymphoid organs to become memory Th cells [51]. 

Upon the antigen recall following a viral infection or vaccination boost, the virus-specific 

memory T helper cells rapidly become memory-effector cells [52, 53]. Influenza-specific 

T memory cells induced by vaccination or exposure to the live virus do not clear 

efficiently the virus in the absence of antibodies [54], but they do contribute significantly 

to the anti-viral protective immunity by shortening the time of recall for B memory cell 

activation leading to secretion of neutralizing antibodies. A delay of 4 to 5 days in virus 

clearance from the lungs was observed in CD4-depleted mice, which was essential for 

recovery from infection and survival [55]. We noticed that PR8 vaccination led to 

increased number of CD4+CD44high T memory cells 14 and 42 days post-immunization 

following similar kinetics to those reported for memory T-cells activated upon re-

infections [56-58]. In contrast to influenza-specific B-cell responses, the virus-specific 

Th1 and Th2 primary and memory responses were significantly suppressed by the PR8 

vaccination-induced CD4+Foxp3+T-reg cells. 

In summary, our findings showed that the size of CD4+Foxp3+ T-reg pool is an 

important modulatory component of primary and memory T-cell responses to influenza 

vaccination. Since the CD4 T-cells play an important role in anti-influenza viral 

protection through a quick recall of the adaptive B memory cell response, and T-regs are 

expanded as consequence of vaccination, one may explain at least in part why not all 

vaccinated individuals are resistant to influenza exposure. Individual variations in the size 

of T-reg compartment in various ethnic groups were so far correlated with susceptibility 

to autoimmune diseases [59]. Thus, attempts to deplete T-reg cells prior to vaccination 
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[60], or to abolish T-reg suppressive function by GITR blocking Ab [61, 62] or by 

manipulating expression of sphingosine 1-phosphate receptor type 1 (S1P1) [63] may 

raise safety concerns due to the increased risk of autoimmunity. Early studies on 

influenza virus suggested that hypothetical suppressogenic epitopes expressed among 

immunogenic epitopes of the viral envelope are responsible for induction of antigen-

-modulation of such suppressogenic epitopes 

might help designing new vaccine preparations able to increase the resistance to infection 

[11]. However, it has been later demonstrated in various antigen-specific systems that the 

immunogenic epitopes are structurally identical to the suppressogenic ones [7] and 

field by generating new influenza viruses with random mutations in HA protein. Such 

newly-generated (mutated) viral epitopes may outsmart antigen-drifting that occurs on a 

regular basis among the influenza strains, although they may lack not only 

suppressogenic epitopes, but also immunogenic epitopes required for induction of 

-reg cells is in infancy, 

but new findings suggest that the dendritic cells may be used to turn-off T-reg function 

through mechanisms engaging IL-6, TLRs 4, or TLR9 [64, 65]. Without a doubt, 

-reg function prior to vaccination is an 

exciting area that may lead to the development of anti-viral vaccines endowed with better 

efficacy.  
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Figure legends 

Figure 1. Effect of T-reg enrichment on B-cell responses upon PR8 viral vaccination. 

(A) Groups of BALB/c mice (n=6) were infused or not 3 days prior to i.p. PR8 

immunization (200 g viral protein/mouse) with CD4+CD25+ T-reg cells (6.5x106 cells 

per mouse). Fourteen days (top) and forty-two days later (bottom), the anti-PR8 total 

serum IgG, IgG1, and IgG2a levels were measured by ELISA at 1/100 dilution using PR8 

virus-coated plates (5 g protein per mL) as described. Results are expressed as 

geometric mean of g/ml + SD between sera from individual mice calculated based on 

the OD values (  = 450nm) obtained in ELISA, and a calibration curve using an anti-PR8 

IgG Ab. (B) Hemagglutination Inhibition Assay (HAI) was performed for the same 

groups of mice like in panel A. The HAI Ab titer was assigned as the last inhibitory 

dilution of serum. Shown is one of two representative experiments (p* <0.005 between 

two experiments). 

 

Figure 2. Effect of T-reg enrichment on the primary T helper cell responses to PR8 

viral vaccination. (A) Primary T-cell proliferative response of splenocytes (106 cells) 

from T-reg enriched (6.5x106 cells/mouse) or not from BALB/c mice (n=6) immunized 

with 200 g of UV-inactivated PR8 viral protein/mouse (14 days post-immunization) 

upon in vitro stimulation with HA110-120 

=490 nm + SD 

among triplicate samples from the same experiment. (B) Cytokine production in 

supernatants from the splenocytes of the same groups of mice upon in vitro stimulation 

with HA peptide or Con A (as in panel A) and measured by Luminex. The index of 
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cytokine secretion is expressed as the pg/mL value of stimulated samples (HA or Con A) 

divided by the pg/mL value of the non-stimulated samples (NIL, media alone). Results 

are expressed as the geometric mean of the index of cytokine secretion + SD among 

triplicate samples from the same experiment. Shown is (panels A and B) one of two 

representative experiments (p* = 0.002, between two experiments). (C) Relative mRNA 

expression of STAT4, T-bet, STAT6, GATA3, and cMAF in aliquot samples from the 

same groups of mice as in panels A and B and in the absence of in vitro re-stimulation. 

Shown are the mean values + SD for 3 individual mice in each group. (D) Cytokine 

production in cell culture supernatants of splenocytes from BALB/c, RAG2 KO mice 

pre-infused with 74x106 cells/mouse of either total spleen cells (n=3), or T-reg-depleted 

spleen cells (n=3), or saline (n=3), and then immunized 1 day later i.p. with inactivated 

PR8 virus (100 g/mouse). Spleen cells of RAG2 KO recipients were collected 8 days 

post-immunization, stimulated for 2 days in vitro with purified PR8 virus (10 g viral 

protein/106 cells) or ConA (1 g/106 cells), and cytokine secretion in culture supernatants 

was measured by Luminex. The signal-to-noise from aliquot wells left non-stimulated 

was subtracted from each sample. Results from individual mice are expressed as mean 

pg/mL + SD among triplicate samples from the same experiment. Shown are the results 

of one of two representative experiments (p* = 0.004 between experiments).    

 

Figure 3. Effect of T-reg enrichment on the memory T helper cell response to PR8 

viral vaccination. (A) Cytokine production in supernatants from the splenocytes (106 

cells) of T-reg enriched (6.5x106 cells/mouse) or not from BALB/c mice (n=6) 

immunized with 200 g of UV-inactivated PR8 virus/mouse (42 days post-
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immunization) upon in vitro re-stimulation with HA110-120 

expressed as the pg/mL value of stimulated samples (HA110-120 peptide or Con A) divided 

by the pg/mL value of the non-stimulated samples (NIL, media alone). Results are 

expressed as the geometric mean of the index of cytokine secretion + SD among triplicate 

samples from the same experiment. Shown is one of two representative experiments 

(p*=0.0042 between two experiments). (B) Kinetics in the frequency of CD4+CD44high 

memory T-cells from the splenic cells of T-reg enriched (6.5x106 cells/mouse) or not 

from BALB/c mice (n=6) immunized or not with 200 g of UV-inactivated PR8 viral 

protein/mouse, before, and after 14 and 42 days post-immunization. Cells were stained 

with CD3-FITC, CD4-PerCP, and CD44-PE Ab conjugates (BD PharMingen) and the 

number of CD3+CD4+CD44high-gated cells was measured by FACS among 105 cell 

events. Shown are individual mice (n=6) from each group of mice (p< 0.005 between 

individual mice). 

 

Figure 4. The suppressogenic function of T-reg cells upon PR8 viral vaccination. 

Groups of RAG2 KO, RIP-PR8/HA Tg mice (n=5 mice/group) were infused i.p. with 

splenic TCR-PR8/HA CD4 diabetogenic T-cells (2x105 cells/mouse, diabetes control 

group) (panel A), or with splenic CD4+ memory T-cells from PR8 immunized BALB/c 

mice (2x105 cells/mouse) harvested 42 days post-immunization) (panel B). Inserts show 

the H&E staining of a representative pancreatic section from one recipient mouse in each 

group, 30 and respectively, 60 days after cell transfer. Glycemia values are indicated for 

individual mice in each group. Upper limit of normoglycemia (200 mg/dL, dotted line) 
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was previously determined on a large cohort of naïve RAG2 KO, RIP-PR8/HA Tg mice 

after overnight fastening. (C) RAG2 KO, RIP-PR8/HA Tg mice (n=5) were infused i.p. 

with splenic CD4+ memory T-cells from T-reg enriched/PR8-immunized BALB/c mice 

harvested 42 days post-immunization. Thirty-five days after cell infusion (dark arrow) 

mice were co-infused i.p. with TCR-PR8/HA diabetogenic T-cells (2x105 cells/mouse) 

and glycemia monitored on a bi-weekly basis. Shown are the H&E staining of pancreatic 

sections from one representative naïve (non-infused) RAG2 KO, RIP-PR8/HA Tg mouse 

that lacks pancreatic infiltration (left insert), and one representative RAG2 KO, RIP-

PR8/HA Tg mouse 35 days after co-infusion of TCR-PR8/HA diabetogenic cells 

showing a limited, peri-islet infiltration with lymphocytes (right insert). 

 

Figure 5. Glucose tolerance test in RAG2 KO, RIP-PR8/HA Tg recipient mice of 

BALB/c PR8-specific T-regs induced by vaccination. (A) Naïve RAG2 KO, RIP-

PR8/HA Tg mice (n=7, normoglycemia control group), or infused i.p. with splenic TCR-

PR8/HA diabetogenic T-cells (n=4, diabetes control group) (panel B), or RAG2 KO, 

RIP-PR8/HA Tg mice (n=3) infused i.p. with splenic CD4+ memory T-cells (2x105 

cells/mouse) from BALB/c mice immunized with PR8 virus and harvested 42 days post-

immunization (panel C), or RAG2 KO, RIP-PR8/HA Tg mice (n=3) infused i.p. with 

splenic CD4+ memory T-cells (2x105 cells/mouse) from T-reg enriched, BALB/c mice 

immunized with PR8 virus and harvested 42 days post-immunization (panel D) were 

fasted overnight and then injected i.p. with glucose in saline (60 mg/mouse). Blood 

glucose levels were determined at various intervals of time during a 180-min period after 
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glucose load. Upper limit of normoglycemia (200 mg/dL) in naïve RAG2 KO, RIP-

PR8/HA Tg mice after overnight fastening is indicated (dotted line). 

 

Figure 6. Frequency of CD4+Foxp3+ T-regs upon T-reg enrichment in naïve BALB/c 

mice before and after PR8 viral vaccination. Splenic T-cells from BALB/c T-reg 

enriched (panel B) or not (panel A) that were immunized or not with 200 g of UV-

inactivated PR8 viral protein/mouse were surface stained with CD3-FITC, CD4-PerCP 

and intra-nuclear stained with Foxp3 Ab-PE conjugates 14 and 42 days post-

immunization. Shown are the mean values for individual mice (framed histograms) in 

each group of mice indicating the percent of Foxp3+ T-reg cells at various time-points + 

SD (n=6 mice/group) in one of two representative experiments (p* < 0.005 between 

experiments). (C) Foxp3 mRNA expression in splenocytes collected from BALB/c, 

RAG2 KO mice pre-infused with 74x106 cells/mouse of either total spleen cells (n=3), or 

T-reg-depleted spleen cells (n=3), or saline (n=3), and then immunized with PR8 virus in 

saline 1 day later (100 g/mouse). Spleen cells of RAG2 KO recipients were collected 8 

days post-immunization, and Foxp3 mRNA expression was determined 8 days post-

immunization in individual mice by real-time RT-PCR. Results are expressed as mean of 

relative mRNA expression from individual mice + SD (p* = 0.005 between experiments).    

 

Figure 7. Antigen-specificity of CD4+Foxp3+ T-regs induced by PR8 viral 

vaccination. Panel A, RAG2 KO, RIP-PR8/HA Tg mice (n=3) co-infused i.p. with TCR-

PR8/HA diabetogenic cells (2x105 cells/mouse) and CD4+ splenic T-cells (2x105 

cells/mouse) from BHK-immunized BALB/c mice. Panel B, RAG2 KO, RIP-PR8/HA Tg 
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mice (n=5) co-infused i.p. with TCR-PR8/HA diabetogenic cells (2x105 cells/mouse) and 

CD4+ splenic T-cells (2x105 cells/mouse) from BHK-immunized BALB/c mice and 

enriched in T-reg cells (6.5x106 cells added/mouse) prior to immunization. The CD4 

splenic T-cells from BHK-immunized BALB/c mice were collected 42 days after 

immunization. Plots indicate the level of blood glucose in individual mice till reaching 

the hyperglycemic status. Inserts in panels A and B show the H&E staining of pancreatic 

sections from one representative recipient mouse in each group. As illustrated, both 

groups of mice showed heavy pancreatic infiltration of -islets with lymphocytes 35 days 

after cell co-infusion. Dotted line indicates the upper limit of normoglycemia (200 

mg/dL). 
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ABSTRACT 

Cell signaling for T-cell growth, differentiation, and apoptosis is initiated in the 

cholesterol-rich microdomains of the plasma membrane known as lipid rafts. Herein, we 

investigated whether enrichment of membrane cholesterol in lipid rafts effects antigen-

specific CD4 T-helper cell functions. Enrichment of membrane cholesterol by 40-50% 

following squalene administration in mice was paralleled by an increased number of 

resting CD4 T helper cells in periphery. We also observed sensitization of the Th1 cell 

differentiation machinery that occurred through the redistribution of IL-2R , IL-4R , and 

IL-12R 2 subunits to lipid rafts, and increased STAT-4 and STAT-5 phosphorylation 

following membrane cholesterol enrichment. Antigen stimulation or CD3/CD28 

polyclonal stimulation of membrane cholesterol-enriched, resting CD4 T-cells followed a 

path of Th1 differentiation, which was more vigorous in the presence of increased IL-12 

secretion by APCs enriched in membrane cholesterol. Enrichment of membrane 

cholesterol in antigen-specific, autoimmune Th1 cells fostered their organ-specific 

reactivity, as confirmed in an autoimmune mouse model for diabetes. However, 

membrane cholesterol enrichment in CD4+ Foxp3+ T-reg cells did not alter their 

suppressogenic function. These findings revealed a differential regulatory effect of 

membrane cholesterol on the function of CD4 T-cell subsets. This first suggests that 

membrane cholesterol could be a new therapeutic target to modulate immune cell 

functions, and second that increased membrane cholesterol in various physiopathological 

conditions may bias the immune system toward an inflammatory Th1 type of response. 
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Introduction 

Plasma membrane cholesterol plays a critical role in cell signaling by stabilizing 

protein receptors within close proximity to liquid-ordered phase microdomains called 

lipid rafts [1]. With few exceptions, most functional receptors are sequestrated within 

lipid rafts prior to ligand ligation and downstream signaling [2]. Lipid rafts can constitute 

up to 30-40% of the mammalian cell membrane [3-6]. Ligand-mediated clustering of 

neighboring receptor subunits into rafts leads to the assembly of fully functional receptors 

able to signal the T cell development, maturation, activation and differentiation [7-10]. 

These processes occur upon formation of T cell-APC immunological synapse and TCR- 

peptide-MHC complex interactions [11,12]. Clustering of rafts leading to T cell-APC 

immunological synapse formation may also occur in a non antigen-specific manner upon 

cross-linking of GM1 gangliosides by bacterial proteins such as cholera toxin B-subunit 

[13-15], or cross-linking of carbohydrate moieties of various protein receptors by 

galectins [16,17]. 

Un-esterified cholesterol is the major component of lipid rafts, and its content is 

homeostatically regulated by extracellular uptake from blood circulating LDL [18,19] 

and de novo intracellular synthesis [20]. Fine alterations in the amount of membrane 

cholesterol leads to re-organization of the lipid raft architecture, which in turn affects 

many T-cell functions such as a proliferation [21,22], blunting IL-2 production, or TCR 

signaling [23,24] by incomplete or defective coupling of CD3/TCR receptor with its 

signaling modules [25-27]. Alterations in the cholesterol-rich lipid rafts of T-cell 

membranes can be induced in vitro either by depletion of cholesterol using cyclodextrins, 

filipin, nystatin [28], or by cholesterol addition using hydroxypropyl- -cyclodextrin [29]. 
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Current therapeutic strategies aimed at immune regulation may also alter membrane 

cholesterol content, and thus inadvertently modify the architecture of protein receptors. 

Thus, glucocorticoids suppress the immune system and reduce inflammation in several 

disease settings, in part, by preventing compartmentalization of raft-associated proteins 

like LAT, LCK, FYN [30]. We and others show that certain therapeutic HMG-CoA 

reductase inhibitors like Lovastatin, a cholesterol lowering drug, can also lower the 

amount of T-cell membrane cholesterol and result  in altered TCR signaling [31,32]. 

Though some pharmaceutical immune regulatory agents lower membrane cholesterol 

while aiming to down-regulate of T-cell function, little is known about the affect of 

membrane cholesterol enrichment on T-cell function. 

Early studies using in vivo administration of radio-labeled squalene demonstrated its 

ability to integrate into the cholesterol biosynthetic pathway and generate cholesterol 

[33]. Squalene is a late precursor of intracellular cholesterol synthesis that is being used 

as an adjuvant to enhance the human immune responses upon vaccination [34], but its 

immunomodulatory mechanism(s) remain largely unknown. Reports indicate that 

squalene treatment, or as little as 1% of dietary squalene, can limit the development of 

preneoplastic lesions involved in colon carcinogenesis [35-37]. In humans, squalene is 

ubiquitously found in the blood at very low concentrations due to its rapid turnover [38], 

while in the skin and adipose tissue at higher concentrations [39].  

Herein, we questioned whether enrichment of membrane cholesterol in rafts by 

squalene administration affects cell differentiation of antigen-specific CD4 T-helper cells 

and suppressogenicity of CD4 Foxp3 T-regulatory (T-reg) cells in mice expressing 

antigen-specific CD4 T-cells and CD4 Foxp3 T-reg cells. A single dose of squalene, well 
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below the liver toxicity level, was followed by a significant increase in membrane 

cholesterol by most lymphocyte subsets, particularly by the CD4 T helper and CD4 

Foxp3 T-regulatory (T-reg) cells. This increase in membrane cholesterol was paralleled 

by an increase in the number of resting CD4 T-cells in the spleen, and it favored Th1 

differentiation of CD4 T-cells while having no effect on the suppressogenic function of 

CD4  Foxp3 T-regulatory cells. 

 

Material and Methods 

Mice 

To generate mice bearing antigen-specific CD4 T-cells and (GFP)-labeled CD4+Foxp3+ 

T-regulatory cells, the HA-specific TCR transgenic (TCR-HA Tg) mice expressing the 

14.3d T-cell receptor that recognizes the HA110-120-CD4 T-cell immunodominant epitope 

of the hemagglutinin protein (HA) from the A/PR/8/34 influenza virus [40] were crossed 

with BALB/c mice expressing GFP under the Foxp3 promoter (Bar harbor, Maine, USA). 

The F1 hybrids (Foxp3-GFP+/-, TCR-HA+/-) were used as the source of antigen-(HA) 

specific CD4 T helper and Foxp3+CD4 T-reg cells. Since the Foxp3 gene is expressed on 

X chromosome, Foxp3-GFP+/+ homozygous females were crossed with TCR-HA+/+ 

homozygous Tg males to obtain 100% heterozygous F1 offspring for both the TCR-HA 

and Foxp3-GFP transgenes. The F1 hybrids were genotyped by PCR and analyzed by 

FACS for Foxp3, GFP, and TCR-HA expression in CD4 T-cells. Some 30-35% of CD4+ 

T-cells and CD4+Foxp3-GFP+ T-cells expressed TCR-HA in the spleen of F1 hybrids as 

measured by FACS using a TCR-HA110-120 clonotypic mAb (#6.5 mAb).  The RAG2 KO, 

RIP-HA Tg mice expressing the PR8 influenza HA viral protein in the pancreatic -cell 
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islets under the rat insulin promoter [40] were used in adoptive cell transfer experiments 

as a read-out system for the HA-specific (diabetogenic) function of TCR-HA CD4 T-cells 

and for the regulatory function of CD4 Foxp3 T-reg cells. Adoptively transferred TCR-

HA Tg T-cells in RAG2 KO, RIP-HA Tg mice induces fulminate diabetes within two 

weeks post transfer [41], while the HA-specific CD4 Foxp3 T-reg cells have a down-

regulatory effect on diabetes onset [42,43]. All mice were housed in pathogen-free 

conditions at Uniformed Services University of Health Sciences/Laboratory Animal 

Medicine facility. Experiments and care/welfare were in agreement with the Federal and 

Local regulations under an approved Institutional Animal Care and Use Committee 

protocol at Uniformed Services University of Health Sciences. 

 

Cell isolation 

Single-cell suspensions of CD4+ or CD25+ Treg-depleted cells were prepared by negative 

sorting from the spleen of untreated or squalene treated mice. The CD25hi expression was 

found on more than 90% of TCR-HA+/-, Foxp3-GFP+/- T-reg cells by FACS using triple 

staining with CD4, Foxp3, and CD25-dye conjugates (BD Biosciences, San Jose, CA, 

USA). Negative sorting of cells was preferred for lipid rafts studies, since positive sorting 

using specific ligands or antibodies cross-link plasma membrane receptors leading to 

clustering and re-organization of rafts, and thereby introducing errors in data 

interpretation. The CD4+ splenocytes were negatively-sorted on mouse CD4 columns 

To obtain CD4 T-cells devoid of CD4+ CD25+ (TCR-HA+/-, Foxp3-GFP+/- T-reg) cells, 

negatively-sorted CD4 splenocytes were incubated at room temperature for 30 min. with 
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CD25 Ab (5 g/106 cells, mAb clone# 7D4, ATTC) followed by incubation with a PE-

labeled anti-CD25 Ab and enrichment on anti-PE antibody-magnetic beads according to 

(untouched) cell fraction was collected as the CD4+T-reg-depleted cell population. The 

Foxp3-GFP T-reg cells from the spleen of Foxp3-GFP+/- TCR-HA+/- (F1) hybrids were 

also negatively-sorted by FACS based on GFP fluorescence. In some experiments, the 

HA-specific T-cells from both the TCR-HA Tg mice and Foxp3-GFP+/- TCR-HA+/- (F1) 

mice were FACS-sorted in cell preparations stained with the 6.5 mAb clonotypic mAb 

conjugated to an APC fluorochrome. The clonotypic 6.5 mAb is a rat IgG1 that 

recognizes the TCR-HA110-120 on T-cells. It does not cross-link the TCR-HA or the rafts, 

nor trigger TCR signaling [44]. To isolate splenic APCs, single-cell suspensions of 

splenocytes were incubated on a plastic surface in RPMI for 2 h at 37° C, 5% CO2. The 

adherent cells were detached by trypsinization, washed in PBS, and then rested in RPMI 

for 2 h before assayed. 

 

In Vivo protocols 

Squalene treatment: Foxp3-GFP+/-, TCR-HA+/- double transgenic (dTg) mice (F1 

hybrids) were injected intraperitoneally (i.p.) with one or four doses of 180 g squalene 

(Sigma, Atlanta, GA, USA) emulsified 3:1 in saline. At various time-points after the last 

injection, the blood, liver and spleen were collected for histology, in vitro bioassays, 

serum lipid electrophoresis, FACS analysis, and adoptive cell transfer experiments. 

Several splenic lymphocyte subsets were analyzed for the amount of membrane 

cholesterol by FACS at various time-points after the last injection. 
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Adoptive cell transfer: 2x105 or 104 negatively-sorted CD25-depleted CD4+ splenic cells 

(diabetogenic T-cells), or representing or CD4 Foxp3-GFP+/- T-cells (T-reg cells) from 

Foxp3-GFP+/- TCR-HA+/- (F1) mice were transferred or co-transferred i.p. into RAG2 

KO RIP-HA Tg mice. The onset of autoimmune diabetes in RAG2 KO RIP-HA Tg 

recipients was monitored based on blood glucose values using Accu-Check glucose meter 

and glucose test strips (Roche, Indianapolis, IN, USA). Mice were considered diabetic 

after two consecutive readings of glycemia above 200 mg/dL.  

 

Western blot analyses  

Single-cell suspension of splenocytes or negatively-sorted CD4+ splenocytes (8.5x107) 

from untreated or squalene treated (180 g/mouse) F1 mice were prepared 3 days post-

squalene injection. Cells were washed with PBS and lysed for 30 min on ice in a buffer 

containing 0.1% SDS, 0.5% NP-40, 10mM Tris, 150 mM NaCl, 1 mM Na3VO4, 16 mM 

EDTA, and a cocktail of protease inhibitors (pH 7, Roche, Indianapolis, IN, USA). 

Protein cell extracts were analyzed by SDS-PAGE and Western blot under 

denaturing/reducing conditions (1% SDS/0.5% 2-ME) using 8-25 gradient Phastgels (GE 

Life Sciences, Piscataway, NJ, USA) or 10-20% Tris-HCl Ready gels (BioRad, Hercules, 

CA, USA). Gels were either silver-stained or electrotransferred onto PVDF membranes 

(Millipore, Billerica, MA, USA). Transferred membranes were blocked with 5% BSA in 

PBS and probed with anti-mouse phosphotyrosine-HRP conjugate (mouse IgG1 Ab 

clone# Clone 179003!"R&D). Aliquots of protein cell extracts were precipitated either 

with anti-mouse CD3, CD28, IL-4R , IL-2R , or IL-12R 2 Abs for 2 h at room 

temperature, the immunoprecipitates were isolated by incubation with agarose-protein 
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A/G beads (Pierce, Rockford, IL, USA) for 2 h at room temperature, and the beads were 

washed twice in PBS, and then boiled for 5 min in SDS-2ME sample buffer followed by 

a 5 min centrifugation at 5,000 rpm to remove the agarose beads. Supernatants were then 

electrophoresed, and electrotransferred onto PVDF membranes (Millipore, Auburn, CA, 

USA) blocked with 5% BSA in PBS and probed with Abs specific for phosphorylated 

ZAP-70, PI3K, STAT-6, STAT-4, or STAT-5 (Abcam, Cambridge, MA, USA). PVDF 

membranes were washed, and bound anti-phospho Abs were detected by isotype specific 

secondary anti-IgG-HRP Ab-conjugates (Cell Signaling). The HRP signal was visualized 

in a Kodak Imaging Analyzer by chemiluminescence using a Pierce ECL western blotting 

substrate (Pierce, Rockf  

 

T cell bioassays 

Single-cell suspensions of splenocytes (106 cells) from individual mice were incubated in 

round bottom 96-well plates with RPMI complete media containing HA110-120 synthetic 

pep g/mL) at 5% CO2 and 37°C. Cytokine secretion in the cell culture 

supernatants was measured by Luminex, i.e., 24 h of stimulation for IL-2 secretion and 

36 h of stimulation to measure IL-4 and IFN-  secretion. For the APC-CD4 T-cell co-

culturing experiments, the CD4 T cells (106) and APCs (5x105) from untreated or 

squalene treated mice were pulsed or not with HA110-120 synthetic peptide (40 g/mL). 

For the T-cell suppression experiments, T-regs were co-cultured in 96-well plates with 

HA-specific CD4 T-cells at 1:1 ratio (2x106 total cell number/well) in the presence of 

HA110-120 peptide (40 g/mL) for 48 h at 5% CO2 and 37°C, and the IL-4 and IFN-  

secretion in cell culture supernatants was measured by Luminex. Cytokines concentration 
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was measured in Multiplex mouse cytokines kits using a Luminex instrument (Luminex 

Corporation, Austin, TX, USA) and a 5 parameter logistics model equation 

(MasterplexQT software, Miraibio, San Francisco, CA, USA) according to the 

 

 

Histology 

The liver or spleen from untreated or squalene treated mice was frozen in Tissue-Tek 

O.C.T. compound (VWR, Batavia, IL, USA). Frozen liver sections were mounted on 

glass slides, permeabilized with digitonin, and stained for cholesterol with hematoxylin-

eosin and Sudan IV (Histoserv, Germantown, MD, USA). Images were captured using 

the Eclipse Nikon microscope and NIS-Elements AR Nikon software (Nikon, Melville, 

NY). To identify cytosolic cholesterol accumulation and lipoidic microdroplets, frozen 

spleen sections were mounted on glass slides and stained with Oil-red O staining (ORO) 

and hematoxylin-eosin. Briefly, mounted spleen sections were stained in 36% Oil red 

O/Triethyl phosphate working solution for 10 min (Sigma-Aldrich, Atlanta, GA, USA), 

washed in -Aldrich, 

Atlanta, GA, USA). Slides were mounted with VectaShield Hard Set Mounting medium 

containing DAPI (Vector Laboratories, Burlingame, CA, USA) and analyzed by phase 

contrast microscopy using a Zeiss instrument (Thornwood, NY, USA). 

 

Phase Contrast and Confocal laser scanning microscopy (CLSM) 

Negatively-sorted CD4 T-cells (106 cells) from the spleen of individual mice previously 

treated or not with squalene were co-stained with 1.5 l CTB-FITC conjugate (Sigma) 
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and anti-CD4 Ab-PE conjugate (BD Biosciences) for 30 min at 4°C, on ice. CTB is a 

specific ligand for the GM1 glycosphingolipid resident moieties of the lipid rafts [45]. To 

visualize the IL-2R , IL-4R , or IL-12R  subunits in the lipid rafts of negatively-sorted 

CD4 T-cells (106 cells), single cell suspensions (106 cells) were co-stained with specific 

anti-receptor Ab-PE conjugates (BD Biosciences) and CTB-FITC conjugate. Stained 

cells were washed twice in PBS/BSA 1% and mounted onto glass slides using 

Vectashield containing DAPI stain (Vector Laboratories Inc., Birmingham, CA) to 

identify cell nuclei. Distribution of GM1 resident moiety in the cholesterol-rich rafts of 

plasma membrane was captured as 2D images, and the GM1 content was measured based 

on CTB-FITC cell intensity using a ZEISS 710 Confocal Laser Scanning Microscope 

equipped with ZEISS ZEN 2009 analysis software (Thornwood, NY, USA). To analyze 

receptor distribution in the lipid rafts, resting CD4 T-cells from the squalene treated or 

untreated mice were triple stained with DAPI, GM1-CTB, and either anti IL-2R -APC, 

anti-IL-4R PE, or anti-IL-12R PE conjugates (BD Biosciences). 

 

Flow Cytometry 

Single-cell suspension of splenocytes (106 cells) from untreated or squalene treated mice 

were stained for 30 min at 4°C for surface markers or intracellular cytokine synthesis 

using specific antibody-dye conjugates (BD Biosciences) or their isotype controls. In 

some experiments, cells were co-stained with Filipin III (Sigma) to measure the amount 

of cholesterol in the plasma membrane. Mean fluorescence intensity (MFI) of Filipin III 

or Ab-dye conjugates was measured by FACS at the single-cell level in 104-105 cell 

events acquired with a LSR II Becton-Dickinson instrument equipped with the WINLIST 
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analysis software (Verity, Topsham, ME, USA). FACS measurements of membrane 

cholesterol was estimated by the MFI values of Filipin III as described [46]. Filipin III 

binds specifically to un-esterified cholesterol present in the plasma membrane of lipid 

rafts [47]. Spectrophotometric measurements between excitation 340 and 380 nm and 

emission=385-470 nm ruled out the possibility that Filipin III may stain squalene possibly 

attached or incorporated into the plasma membrane. 

 

Real-Time RT-PCR 

Total RNA and cDNA from splenocytes was extracted using Pure-Link Micro and Midi 

RNA Purification Systems (Invitrogen, Carlsbad, CA, USA) and High Capacity cDNA 

Archive kit (Applied Biosystems, Foster City, CA, USA), respectively. The primers for 

murine HMG-CoA reductase were forward-

and reverse- 

epoxidase, T-bet, GATA-3, IL-2R  IL-12R  and L R  were purchased from 

Applied Biosystems. Measurement of gene products expression was carried in an ABI 

Prism 7700 equipped with SDS 1.9.1 analysis software (Applied Biosystems), as 

previously described [48]. The relative mRNA levels were estimated in reference to the 

18S rRNA (Applied Biosystems). 

 

Serum lipid electrophoresis 

Fresh mouse serum from untreated or squalene treated mice was assessed for the 

fractions of high density lipoproteins (HDL), low density lipoproteins (LDL), and very 

low density lipoproteins (VLDL) using the QuickGel Cholesterol kit and an 
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electrophoretic system from Helena Laboratories (Beaumont, TX, USA) according to the 

and intensity of pixels per each electrophoretic band using the SCION Image analysis 

software (Scion Corp. Frederick, MD, USA).  

 

Statistics 

Significance of results between untreated and squalene treated groups for the MFI values 

measured by FACS, cytokines concentration in Luminex, RNA expression level in RT-

t-test for 

which P values  <0.05 were considered significant. For each cytokine measured by 

Luminex, means were compared across groups using one-way analysis of variance 

(ANOVA) followed by Tukey's post-hoc pairwise comparisons. P values <0.05 were 

considered statistically significant. 

 

Results  

Squalene treatment up-regulates membrane cholesterol in various lymphocyte subsets 

Squalene is a late cholesterol precursor that can be efficiently taken up by hepatocytes 

and converted into cholesterol when administered intravenously [33]. Herein, we 

measured the content and distribution of membrane cholesterol in various splenic 

lymphocyte subsets following i.p. injection of squalene (emulsified 3:1 in saline) in F1 

hybrid mice (TCR-HA+/-, Foxp3-GFP+/- mice). 

F1 mice were treated i.p. with 0, 1, or 4 doses of squalene (180 g/dose). Seven days 

after the last injection, negatively-sorted, resting CD4 splenic T-cells from each group 
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were stained with Filipin III and analyzed for the amount of membrane cholesterol by 

FACS. The kinetics of membrane cholesterol accumulation in resting CD4 T-cells from 

F1 mice given a single dose of squalene (180 g/mouse) indicated that the peak 

cholesterol load occurs after 7 days, with a gradual decrease within the following two 

weeks till reaching physiological levels (data not shown). Four injections of squalene 

(180 g/dose/mouse) administered within a week interval significantly increased the 

amount of membrane cholesterol in CD4 T-cells (45% MFI increase) as compared with 

those from untreated (control) mice. However, no significant difference was observed 

between mice given one or four doses of squalene (40% vs. 45% MFI increase) (Figure 

1A). This may be explained by the saturation limit of either the cellular uptake of 

squalene or the intracellular trafficking of cholesterol from the cytosol to the plasma 

membrane in CD4 T-cells. A slight homogenous accumulation of cholesterol in the 

spleen was visualized by phase contrast microscopy in oil-red-o stained cross-sections 

from F1 mice treated with 4 doses but not a single dose of squalene (Figure 1B).  

Membrane cholesterol accumulation in resting CD4 T-cells upon squalene administration 

appeared to be an active process regulated by genes involved in cholesterol synthesis, 

since an increase in the mRNA expression levels of HMG-CoA reductase and Squalene 

epoxidase by 30% and 15% respectively, was detected 3 days after a single dose of 

squalene (Figure 1C). 

We have previously showed that accumulation of membrane cholesterol in resting 

CD4 T-cells is a developmental feature and that the content of membrane cholesterol is 

stable between 2 and 4 months of age in mice [49]. To avoid physiological alterations in 
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T-cell membrane cholesterol content, all experiments were carried out in 3 month-old F1 

mice when the amount of membrane cholesterol is most stable.  

Seven days after a single dose of squalene (180 g/mouse), single-cell level flow 

cytometry analysis revealed that the amount of membrane cholesterol in CD4 Foxp3 

splenic T regulatory cells was also increased by 40 to 50% (Figure 1D). Resting B-cells, 

and dendritic cells from the spleen of F1 mice given a single dose of squalene (180 

g/mouse) also showed an increase (5-10%) in membrane cholesterol, albeit less 

dramatic when compared to CD4 and CD8 T-cells (Figure S1). 

A single-dose of squalene administration (180 g/mouse) was consistently associated 

with altered CD4 T-cell frequencies within the pool of resting splenocytes, as analyzed 

by flow cytometry 7 days post-injection. Thus, the number of resting CD4 T-cells was 

increased by 20-22%, whereas the number of CD4 Foxp3 T-cells, CD8 T-cells, CD19+ B-

cells, and CD11c+ dendritic cells remained relatively unchanged (Figures 1 and S1). 

Furthermore, CLSM analysis of the resident lipid raft marker GM1 in negatively-sorted, 

resting CD4 splenic cells from F1 mice injected with a single dose of squalene (180 

g/mouse) showed that membrane cholesterol enrichment was associated not only with a 

higher GM1 expression, but also with a more homogeneous distribution as compared 

with lower GM1 expression and more heterogeneous distribution in resting CD4 splenic 

cells from untreated mice (Figure 2).  

To determine the extent to which in vivo squalene administration may affect 

cholesterol metabolism in the liver, the electrophoretic profile of serum cholesterol 

fractions and rate of cholesterol accumulation in liver were analyzed. F1 mice given a 

single dose of squalene (180 g/mouse) showed no significant alterations in the ratio of 
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serum cholesterol fractions or cholesterol accumulation in the liver 7 days post-injection 

(data not shown). However, four doses of squalene (180 g/dose/mouse) administered 

once a week led to an increase in the high density lipid fraction (HDL) in serum 7 days 

after the last injection (Figure S2-A), and a modest accumulation of cholesterol in liver 

tissue (Figure S2-B). Of note, all biofunctional assays in this study were carried out in 3 

month-old F1 mice injected with a single i.p. dose of squalene (180 g/mouse), for which 

no alterations in serum cholesterol fractions or liver cholesterol accumulation were 

detected. Early studies showed that LDL serum cholesterol increases upon inhibition of 

hepatic squalene synthesis by zaragozic acid [50].  

In summary, these results indicate that exogenous squalene can be efficiently taken 

up by various subsets of resting peripheral lymphocytes and is constantly associated with 

an increase in membrane cholesterol, particularly in resting CD4 T-cells. Squalene 

administration was also followed by an increased frequency of resting CD4 T-cells 

(~20% increase), but had no significant effect on the frequency of CD4 Foxp3 T-reg 

cells, CD8 T-cells, B-cells, and dendritic cells in the spleen. 

 

Cholesterol enrichment in CD4 T-cell membrane sensitizes the Th1 signaling modules in 

the absence of T-cell stimulation 

Cholesterol-rich plasma membrane microdomains (lipid rafts) play a critical role in 

early intracellular signaling towards many cell functions. These signaling events can be 

detected by phosphorylation of various protein receptors and their adaptor molecules, as 

well as by the recruitment of various kinases to their intracellular domains. Herein, we 

questioned whether enrichment of membrane cholesterol in resting CD4 splenic T-cells 
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may alter the baseline of tyrosine phosphorylation in several signal transduction 

molecules critical for cell differentiation. First, the protein patterns from total lysates of 

negatively-sorted, resting CD4 splenic T-cells from untreated or squalene treated (180 

g/mouse) F1 mice showed no detectable quantitative alterations 3 days post-injection, as 

the number and intensity of SDS-PAGE protein bands were similar in both groups of 

mice (Figure 3A). However, a modest increase in the 55 to 100 kDa tyrosine 

phosphorylated proteins was detected in the T-cell lysates from squalene treated mice 

(Figure 3B). 

Analysis of several protein kinases and transducer molecules required for downstream 

signaling of T-cell differentiation, i.e., IL-12R, IL-4R and their signaling molecules, 

revealed a differential modulatory effect of membrane cholesterol in resting CD4 T-cells 

in the absence of antigen stimulation (Figure 3C). During T-cell differentiation, binding 

of IL-12 to IL-12R 2 leads to STAT-4 phosphorylation in Th1 cells [51], whereas 

binding of IL-4 to IL-4R leads to STAT-6 phosphorylation in Th2 cells [52]. Data 

depicted in figure 3C showed that resting CD4 splenic T-cells enriched in membrane 

cholesterol had an increased baseline of STAT-4 phosphorylation and a decreased 

baseline of STAT-6 phosphorylation. A number of additional signaling events supporting 

the T-cell growth and survival also occur during Th1 cell differentiation. Thus, binding of 

IL-2 to IL-2R promotes recruitment and phosphorylation of JAK kinases on the IL-

2R chain, which in turn mediates the assembly of a fully functional IL-2R followed 

by STAT-5 phosphorylation, heterodimerization, and translocation to the nucleus where 

it binds to restriction elements in the gene promoter of several genes. [53,54]. The basal 

level of phosphorylated STAT-5 was increased in resting CD4 T-cells upon enrichment 
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of membrane cholesterol (Figure 3C). Furthermore, during Th1 differentiation the CD3 

chains are assembled together with the T cell receptor (TCR) and  chains in the cell 

membrane to form a fully functional CD3/TCR complex. The chain of CD3/TCR 

complex expresses phosphorylated ITAM motifs that are crucial for recruitment and 

docking of phosphorylated ZAP-70 [55]. Membrane cholesterol enrichment in resting 

CD4 splenic T-cells led to an increased base level of phosphorylated ZAP-70 kinase 

(Figure 3C). In addition to CD3/TCR and cytokine receptor signaling, CD28 co-

stimulation through ligation by B7 molecules expressed by APCs provides sustained 

CD3/TCR signaling and promotes Th1 cell survival [55,56]. An early event of CD28 

ligation is the recruitment and phosphorylation of PI3K on its intra-cytoplasmic tail. Our 

data consistently showed that enrichment of membrane cholesterol in resting CD4 splenic 

T-cells had little if any effect on the phosphorylation and recruitment of PI3K to the 

CD28 intra-cytoplasmic tail (Figure 3C). 

Further analysis of resting CD4 splenic T-cells from untreated and squalene treated 

F1 mice was carried out by CLSM to visualize the membrane distribution of IL-12R 2 

and IL-4R subunits that recruit STAT-4 in Th1 differentiating cells and respectively 

STAT-6 in Th2 differentiating cells. CLSM analysis of IL-2R  revealed a differential re-

organization of this receptor subunit within lipid rafts, as well as IL- - , 7 

days after squalene treatment. In differentiating CD4 T-cells, the autocrine IL-2 secretion 

and IL-2R up-regulation on cell surface play a critical role for the cell growth and 

proliferation. The first observation was that these receptor subunits were easily detected 

in the rafts upon squalene treatment (Figure 4). Secondly, the IL-2R  and IL-4R  

subunits were visualized as capping rafts microdomains, whereas the IL-12R 2 subunit 
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was more dispersed in the rafts (Figure 4, enlargements). Third, squalene treatment was 

paralleled by increased mRNA expression level, particularly for IL-4R  and IL-12R 2 

subunits in resting CD4 T-cells (Figure 5A). Fourth, the level of cell surface expression 

of either receptor was not significantly increased by squalene treatment as determined by 

the MFI values in single-cell level FACS analysis (Figure 5B). Conceivably, a 

differential receptor re-distribution in the rafts detectable by CLSM implies that the 

unique structure of each receptor and the amount of cholesterol in the microdomains 

could both play important roles. The mechanism by which spatiotemporal re-organization 

of IL-2R, IL-4R, and IL-12R in the rafts microdomains of resting CD4 T-cells upon 

membrane cholesterol enrichment remains to be further investigated. 

Together, these data indicate that enrichment of membrane cholesterol in resting CD4 

T-cells by 40 to 50% can sensitize the Th1 signaling machinery by means of rafts re-

distribution of cytokine receptors and increased phosphorylation of signaling modules 

critical for Th1 cell differentiation. 

 

Cholesterol enrichment in the CD4 T-cell membrane fosters type 1 cell differentiation in 

the presence of T-cell stimulation 

Since enrichment of membrane cholesterol in resting CD4 T-cells increased the 

phosphorylation of signaling modules involved in Th1 differentiation in the absence of T-

cell stimulation, we next investigated whether enrichment of membrane cholesterol in 

CD4 T-cells and/or antigen presenting cells (APCs) under stimulation may affect the 

outcome of T-cell differentiation. For this, the cytokine secretion profiles from various 

combinations of negatively-sorted CD4 T-cells and APCs isolated from untreated or 
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squalene treated F1 mice (HA110-120-specific TCR) were analyzed in the 

presence of antigen-specific (HA110-120) stimulation or non antigen-specific CD3/CD28 

polyclonal stimulation. 

Co-cultures of membrane cholesterol-enriched, resting CD4 T-cells and HA110-120 

pulsed APCs enriched in membrane cholesterol showed the highest secretion of IL-2 and 

IFN-  and the lowest IL-4 secretion (Figure 6A). The amount of IL-2 and IFN-  secreted 

by resting CD4 T-cells stimulated with HA110-120-pulsed APCs was 30-35% lower when 

T-cells were not enriched in membrane cholesterol, indicating that membrane cholesterol 

enrichment in both CD4 T-cells and APCs provides the strongest Th1 polarization. Thus, 

while the HA-specific CD4 T-cells stimulated with HA110-120 peptide usually developed a 

Th1/Th2 mixed response, those from squalene treated mice developed a predominant Th1 

response. Because membrane cholesterol enrichment in APCs augmented IFN- secretion 

by antigen-specific CD4 T-cells, and IL-12 secretion by APCs is known to up-regulate 

IFN-  secretion by CD4 T-cells, we next compared the steady-state of IL-12 secretion by 

unstimulated APCs from untreated and squalene treated F1 mice. The baseline of IL-12 

secretion was near the limit of detection in APCs cultured from untreated (control) mice, 

while being significantly higher in APCs cultured from squalene treated mice (Figure 

S3). This may well explain why IFN-  secretion by CD4 T-cells was significantly 

augmented in the presence of HA-pulsed APCs enriched in membrane cholesterol. The 

base level of IL-6 secretion, but not IL-1 secretion by APCs was also slightly increased 

upon membrane cholesterol enrichment (Figure S3), which indicated a differential effect 

of membrane cholesterol not only on CD4 T-cell function, but also on APC function. 



 

93 
 

Furthermore, total spleen cells harvested 7 days after squalene injection were 

stimulated in culture with CD3/CD28 Abs. These cultures showed a larger number of 

proliferating CD4 splenic T-cells positive for intracellular IFN- than for IL-4 detected 

by FACS (Figure 6B). This corresponded with a significant 8 fold-increase in T-bet 

mRNA expression and only a 2 fold-increase in GATA-3 mRNA expression measured by 

real-time RT-PCR (Figure S4). 

Together, the results demonstrate that stimulation of CD4 T-cells leads preferentially 

to a Th1 response when plasma membrane cholesterol is enriched by 40-50%. The Th1 

response was more vigorous when APCs were also enriched in membrane cholesterol, as 

they secreted higher amounts of IL-12, a major cytokine driving Th1 cell differentiation. 

 

Enrichment of membrane cholesterol fosters the reactivity of autoimmune Th1 cells  

To determine whether membrane cholesterol enrichment by in vivo squalene 

administration alters the reactivity of antigen-specific (HA110-120) Th1 cells in vivo, we 

took advantage of a RAG2 KO, RIP-HA Tg mouse model in which autoimmune diabetes 

(type 1 diabetes, T1D) is induced by i.p. infusion of splenic CD4 T-cells (2.5x105 cells) 

from TCR-HA Tg mice. In this model of inducible T1D, hyperglycemia is detected 

within 7 to 10 days after transfer of diabetogenic, HA110-120-specific Th1 cells [57].  

Using this T1D mouse model, we first tested our F1 hybrid mouse for the expression 

level and diabetogenicity of TCR-HA+/- CD4+ (Foxp3-/-) T-cells in the spleen. Similar to 

the parental TCR-HA+/+ homozygous Tg mice, the spleen of F1 hybrid mice expressed 

~40% of TCR-HA+/- CD4+ (Foxp3-/-) T-cells according to FACS measurements using a 

TCR-HA clonotypic antibody (# 6.5 mAb). The spleen of F1 hybrid mice also contained 



 

94 
 

a similar number of CD4+ Foxp3-GFP+/- T-reg cells as the parental Foxp3-GFP+/+ 

homozygous Tg mice (1-3%). The diabetogenic potential of TCR-HA+/- Tg CD4 splenic 

T-cells from F1 hybrid mice (TCR-HA+/-, Foxp3-GFP+/- dTg mouse) was tested by 

transferring i.p. 2.5x105 negatively-sorted CD4+ (Foxp3-GFP)-/- splenic T-cells into 

RAG2 KO, RIP-HA Tg mice. The RAG2 KO, RIP-HA Tg recipients developed 

hyperglycemia by 8-10 days after cell transfer, whereas those receiving either CD4+ 

(Foxp3-GFP) +/- T-reg cells from the same F1 donors or CD4 splenic T-reg cells from 

Foxp3-GFP+/+ Tg parental mice did not (Figure 7A). This clearly demonstrated that only 

the CD4+TCR-HA+/- (Foxp3-GFP-/-) splenic T-cells, but not the CD4+ TCR-HA+/- Foxp3-

GFP+/- or CD4+Foxp3-GFP+/+ splenic T-reg cells have diabetogenic potential.  

To determine whether enrichment of membrane cholesterol in CD4+TCR-HA+/- 

(Foxp3-GFP-/-) may affect their diabetogenic potential, splenocytes from untreated and 

squalene treated F1mice (180 g squalene/mouse) were isolated 7 days post-injection and 

depleted of CD4+Foxp3-GFP+/- T-regs, followed by negative-sorting of diabetogenic 

CD4+TCR-HA+/- T-cells. Purified diabetogenic CD4+(Foxp3-depleted) TCR-HA+/- T-

cells (1x104 cells/mouse) from squalene treated or untreated F1 mice were then 

transferred into RAG2 KO, RIP-HA Tg mice, and glycemia (read out for T1D onset) was 

monitored bi-weekly. Data depicted in figure 7B show that the cumulative incidence of 

hyperglycemia in RAG2 KO, RIP-HA Tg recipients of diabetogenic CD4+(Foxp3-

depleted), TCR-HA+/- T-cells from untreated F1 mice was 50%, whereas in those 

receiving the same type of cells from squalene treated F1 mice was increased to almost 

80%. These results indicated that the enrichment of membrane cholesterol in self-reactive 

(diabetogenic) Th1 cells fostered their diabetogenic potential. 
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Cholesterol enrichment in CD4 Foxp3 T-reg cell membrane does not affect their 

suppressogenic function 

Naturally-born CD4 T-cells expressing the master regulatory gene Foxp3 are the 

archetype of T-regulatory (T-reg cells). T-reg cells maintain T-cell and B-cell 

homeostasis and can also restrict immune responses to various self and foreign antigens 

[58]. We have shown above that a single dose of squalene (180 g/mouse) resulted in a 

40 to 50% increase of membrane cholesterol in CD4 Foxp3 T-reg cells (Figure 1D). We 

next investigated whether their function was altered by membrane cholesterol 

enrichment. For this, resting CD4 T-cells expressing the HA110-120-specific TCR (T 

effector cells, T-eff) were negatively-sorted from the spleen of untreated or squalene 

treated (180 g/mouse) F1 mice 7 days post-injection. FACS-sorted GFP+ T-reg cells 

were also negatively-sorted by FACS from the spleen of untreated or squalene treated 

(180 g/mouse) F1 mice 7 days post-injection. The supernatants from 2-day co-cultures 

of several combinations of T-reg cells and CD4 T-eff cells in the presence of HA110-120-

pulsed APCs from untreated or squalene treated F1 mice were further assessed for the 

secretion of IL-2 and major Th1 and Th2 cytokines (IFN- and IL-4, respectively) in 

parallel with mRNA expression level of T-bet, a critical transcription factor that up-

regulates IFN-  synthesis in Th1 cells. We previously reported that the level of T-bet 

mRNA expression strongly correlates with the suppressogenic capacity of CD4 Foxp3 T-

regs on the proliferation and cytokine secretion of conventional CD4+(Foxp3-) T-cells (T-

eff cells) [48]. 



 

96 
 

Interestingly, if considering the effect of membrane cholesterol on CD4 Th1 

differentiation in the previous experiments, the CD4 Foxp3 T-regs were able to induce 

similar levels of suppression on IL-2, IFN- , and IL-4 secretion by conventional CD4 T-

cells (T-eff cells) regardless of membrane cholesterol enrichment (Figure 8A). This was 

consistent with a lack of alteration in the T-bet mRNA expression in T-effector cells, as 

determined by real-time RT-PCR (Figure 8B).  

 

Discussion 

Cholesterol-rich microdomains known as lipid rafts are postulated to be a driving 

force in immunological synapse formation and critical for T-cell signaling [1,59-61]. 

Squalene is a late precursor of cholesterol that is readily incorporated by hepatocytes and 

proficiently integrated into the cholesterol biosynthesis pathway after intravenous 

administration in humans [33]. Herein, we found that a single intraperitoneal injection of 

squalene leads to a significant enrichment of membrane cholesterol in resting 

lymphocytes, particularly T lymphocytes. The plasma membrane of CD4 T-cells and 

CD4 Foxp3 T-reg cells showed a 40-50% increase in membrane cholesterol above 

baseline after a single dose of squalene, most likely due to a differential threshold for 

membrane cholesterol compared with other lymphocyte subsets. Squalene enrichment of 

membrane cholesterol was paralleled by an increased number of resting CD4 splenic T-

cells in the absence of T-cell stimulation. This was consistent with early studies showing 

that provision of cholesterol through high and low density lipoproteins sustains a 

continuous homeostatic proliferation of T lymphocytes [62-64]. Recently, a cholesterol-

rich diet or hypercholesterolemia in mice was associated with an increased number of 
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splenic CD4 T-cells [65]. In contrast, Atorvastatin-induced inhibition of HMG CoA 

reductase, a critical enzyme required for cholesterol synthesis, led to a reduction in the 

number of T-cells in humans [66]. The molecular mechanism(s) by which membrane 

cholesterol promotes lymphocyte proliferation remains largely unknown. We found that 

squalene enrichment of membrane cholesterol in resting CD4 T-cells was paralleled by 

increased IL-2 secretion, a powerful autocrine growth factor for T-cells. This may well 

explain why the rate of homeostatic proliferation was increased in resting CD4 T-cells 

enriched in membrane cholesterol. 

Spatiotemporal partitioning of protein receptors in lipid rafts influences their 

signaling status in T-cells, not only in a ligand-specific manner but also by re-partitioning 

of neighboring receptors and co-receptors [67]. We questioned whether squalene 

enrichment of membrane cholesterol in the absence of TCR ligation may affect the 

spatiotemporal partitioning of protein receptors and consequently the tyrosine 

phosphorylation events critical for recruitment of signaling kinases in CD4 T-cells. The 

protein synthesis in resting CD4 splenic T-cells was quantitatively unaltered after 

enrichment of membrane cholesterol. However, fine alterations in tyrosine 

phosphorylation of several signaling modules associated with receptors involved in 

Th1/Th2 cell differentiation were detected. Higher amounts of phospho-STAT-4 

recruited on IL-12R -STAT-5 on IL-2R -ZAP-70 recruited on 

TCR -chain were detected in resting CD4 T-cells enriched in membrane 

cholesterol, in contrast to phospho-STAT-6 recruited on IL-4R that dropped below 

baseline. Increased ability of IL-12R 2 to recruit phospho-STAT-4 and of IL-2R  to 

recruit phospho-STAT-5 was consistent with increased IFN-  and respectively IL-2 
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secretion upon CD3/CD28 ligation [68]. These protein receptors have a particular 

partitioning in the lipid rafts of resting T-cells. Thus, most of TCR and chains in 

resting T-cells reside in the non raft domains, whereas the chain resides in the raft 

microdomains [69,70]. The IL-12R 2 is mostly located in the non-raft microdomains, 

whereas IL-12R  microdomains, and the ligation through IL-12 

leads to a functional IL-12R [71]. The IL-2R -chain (CD25) is mostly located in the rafts 

of resting CD4 T-cells independent of ligation by IL-2 [68,72], whereas the IL-2R -chain 

is mostly located in the non-raft microdomains [73]. While the IL-2R -chain binds IL-2 

with high affinity and lacks signaling ability, the intracellular tail of IL-2R -chain 

expresses several tyrosine phosphorylated sites as docking sites for JAK kinases, which 

in turn mediates STAT-5 phosphorylation and dimerization. It has been suggested that a 

functional IL-2R  able to promote phosphorylation/dimerization of STAT-5 is 

assembled mostly in the non-raft microdomains of the plasma membrane [74]. The IL-

4R  chain resides mostly in the rafts and assembles with the common  chain to form a 

functional receptor [75]. 

Interestingly, the ability of the CD28 receptor to recruit PI3K was not affected by 

membrane cholesterol enrichment in resting CD4 T-cells. The CD28 receptor resides 

mostly in the raft microdomains during T-cell signaling [76]. These opposing signaling 

events that occurred solely by cholesterol enrichment in the plasma membrane, strongly 

suggest that not only receptor ligation but also an increase in rafts cholesterol can lead to 

spatiotemporal re-partitioning of protein receptors in CD4 T-cells. To this, a large body 

of evidence indicates that pharmacological alterations in rafts composition like changes 

in cholesterol content are sufficient to induce re-distribution of protein receptors and their 
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signaling modules in the plasma membrane [reviewed in [77]. A question that remains to 

be addressed is to what extent squalene enrichment of membrane cholesterol versus 

squalene itself leads to re-distribution of protein receptors in T-cells? That is because 

squalene administration in mice up-regulated expression of HMG Co reductase, a critical 

up-stream enzyme required not only for cholesterol synthesis, but also for generation of 

small geranylgeranyl and farnesyl radicals actively involved in protein trafficking from 

cytosol to the plasma membrane [reviewed in [78]. This seems worthy of further 

investigation, as early studies showed that squalene itself protects rats against 

cyclophosphamide-induced toxicity by scavenging free radicals and reactive oxidative 

species [79]. 

Besides increasing the number of resting CD4 T-cells, squalene enrichment of 

membrane cholesterol sensitized the Th1 signaling modules in the absence of T-cell 

stimulation, i.e., STAT-4, STAT-5, and TCR/ZAP-70. Th1 sensitization was significantly 

augmented in the presence of increased IL-12 secretion by APCs. IL-12 secreted by 

macrophages and dendritic cells is a well known inflammatory Th1 inducing cytokine 

whose synthesis is contributed by TLR3 and TLR4 using MyD88 as a common adaptor 

molecule for down-stream signaling [80]. Although the effect of cholesterol loading in 

APCs was not the focus of this study, the intimate mechanism by which cholesterol-rich 

rafts interferes with TLRs signaling and genetic regulation of IL-12 synthesis in APCs is 

worth being explored. In this study, squalene enrichment of membrane cholesterol in 

resting CD4 T-cells led to a spatiotemporal re-distribution of IL-2R 2 subunit in the rafts 

according to CLSM analysis, a driving event towards Th1 differentiation. Furthermore, 

squalene enrichment of membrane cholesterol in the presence of antigen or CD3/CD28 
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stimulation led to a vigorous Th1 differentiation. This was consistent with an increased 

reactivity of antigen-specific, diabetogenic Th1 cells in a mouse model for inducible 

T1D, and with previous findings showing that cholesterol lowering statin therapy can 

lead to the beneficial reversal of Th1 to Th2 polarization in psoriasis patients associated 

with hyperlipidemia [81]. 

Foxp3+ T-reg cells represent a particular subset of the CD4 T-cell population. A 

recent study showed that the number of splenic T-regs mice peaked at 4 weeks and 

decreased gradually between 8 and 20 weeks during a cholesterol-rich diet in mice, and 

this coincided with an increased number of inflammatory Th1 cells over the same period 

of time [65]. The same study concluded that hypercholesterolemia impairs the T-reg pool 

but not the migration of inflammatory cells to atherosclerotic lesions. However, our data 

showed that squalene enrichment of membrane cholesterol did not alter the splenic T-reg 

frequency. We also found that unlike conventional CD4 T-cells that were polarized 

toward a Th1 phenotype, the T-reg suppressogenic function remained unaltered after 

squalene enrichment of membrane cholesterol in CD4 Foxp3 T-reg cells or CD4 T 

effector cells. 

Together, these data revealed differential regulatory effects of membrane cholesterol 

on the function of CD4 T-cell subsets, suggesting that membrane cholesterol could be a 

new therapeutic target to modulate immune cell functions in various physiopathological 

conditions.  
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Figure legends  

Figure 1. Squalene administration leads to accumulation of membrane cholesterol in 

resting CD4 T-cells. (A) Seven days after the last squalene injection, negatively-sorted 

splenic CD4 cells from individual untreated (purple line), squalene treated mice with a 

single dose (black line), or squalene treated mice with 4 doses (red line) within a week 

interval were co-stained with CD3-PE, CD4-FITC, and Filipin III (180 

n=5/group). Shown is the amount of membrane cholesterol of gated CD3+CD4+ splenic 

cells as measured by MFI of Filipin III in FACS at single-cell level in one representative 

mouse from each group (left panel). Right panel, F1 hybrid mice (n=7/group) were 

injected i.p. (black line) or not (red line) with a single dose of squalene (180 g/mouse) 

and 7 days later negatively-sorted splenic CD4 cells from individual mice were co-

stained with CD3-PE, CD4-FITC, and Filipin III. Shown is the percentage of gated CD4+ 

T-cells ± standard deviation (SD) and MFI values of Filipin III ± SD before and after 

squalene injection as collected among 700 cell events in gated population of CD3+4+ T-

cells for one of three representative experiments. (B) Cholesterol accumulation in the 

spleen was identified by Oil Red O (ORO) staining of frozen spleen sections, counter-

stained with hematoxylin from untreated or squalene treated mice given 1 or 4 doses (180 

g/mouse), and analyzed 7 days after the last injection (n=3/group). First panel, spleen 

section from untreated mouse. Second panel, spleen section from squalene treated mouse 

given 1 dose. Third panel, spleen section from squalene treated mouse given 4 doses. 

Last panel, positive control for ORO lipid droplet staining in adipocytes. Shown is one 

representative ORO stained section in each group. Dark arrows indicate ORO stain. (C) 

Quantitative real-time RT-PCR of HMG-CoA reductase mRNA and Squalene epoxidase 
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mRNA extracted from negatively-sorted CD4 splenocytes isolated from individual 

untreated (light bars) or squalene treated (dark bars) with a single dose of squalene (180 

g/mouse) F1 hybrid mice (n=5/group) and analyzed 7 days post-injection. Y axis 

indicates the mean fold increase in mRNA expression level relative to the endogenous 

18S rRNA expression level (control ± standard deviation, SD). *P value <0.05. Shown is 

one of two representative experiments. (D) FACS measurements of CD3+4+Foxp3+ T-reg 

cells from negatively-sorted CD4+ splenic cells of the same F1 mouse groups analyzed in 

panel A that were co-stained with CD3-PE and Filipin III. Shown is the percentage of 

gated CD4+Foxp3+ T-reg cells ± SD and MFI values of Filipin III ± SD collected among 

500 cell events in the gated population of GFP+-Foxp3/GFP+ cells from one mouse in 

each group from two representative experiments. 

 

Figure 2. Squalene induced accumulation of membrane cholesterol in resting CD4 

T-cells alters the partitioning of lipid rafts. Negatively-sorted CD4+ splenocytes were 

isolated from the spleen of untreated or squalene treated (single 180 g dose/mouse) F1 

mice 7 days post-injection. Cells were co-stained with CD4-PE, CTB-FITC and DAPI 

and analyzed by CLSM. Upper panels, quadrants indicating single-color stained cells at 

X40 magnification from untreated (left column) and squalene treated F1 mouse (right 

column): upper left quadrant, CTB-FITC staining (green); upper right quadrant, CD4-PE 

stain (red); lower left quadrant, DAPI staining of nuclei (blue), and lower right quadrant, 

merged channels for CTB-FITC, CD4-PE and DAPI staining. Middle panels, merged 

CTB-FITC, CD4-PE and DAPI staining of clusters of splenocytes from untreated and 

squalene treated F1 mouse at X220 magnification. Bottom panels, color intensity 
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quantification for cell clusters shown in the middle panels using the using the ZEISS 

ZEN 2009 analysis software. Of note, the amount of GM1 moiety revealed by CTB-FITC 

(green) in merged channel 2 is significantly higher for the CD4 T-cells from squalene 

treated mouse than that of the untreated mouse. Shown is one of three mice analyzed in 

each group. 

 

Figure 3. Tyrosine phosphorylation patterns of major signaling modules of T helper 

differentiation upon enrichment of membrane cholesterol. (A) SDS-PAGE silver 

stain of pooled, negatively-sorted CD4+ splenic T-cell lysates from F1 mice (n=4/group) 

untreated (left lane) or squalene treated (single dose of 180 g, right lane) 3 days post-

injection shows no detectable quantitative alterations in the protein bands between the 

two groups of mice. (B) Tyrosine phosphorylation patterns of the same samples in panel 

A were blotted with anti-phosphorylated tyrosine Ab-HRP conjugate. Of note, the amount 

of 55-100 kDa phosphorylated protein bands is increased in mice treated with squalene. 

(C) Immunoprecipitation of pooled splenic CD4+ T-cell lysates from F1 mice treated or 

not with squalene (180 g/mouse, n=4/group) 3 days post-injection was carried out for 

IL-12R 2, IL-2R , IL-4R , CD28, or CD3 receptors using specific Abs, and probed with 

specific anti-phospho Abs for STAT4, STAT5, STAT6, PI3K, and ZAP-70 kinases. Only 

the phosphorylated STAT-4, STAT-5, and ZAP-70 in squalene treated mice were 

significantly enhanced. Shown is one of two representative experiments.  

 

Figure 4. Distribution of cytokine receptors in the lipid rafts of resting CD4 T-cells 

before and after squalene treatment. Resting CD4 T-cells from individual F1 mice 
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(n=5/group) before and 7 days after squalene treatment (180 g/mouse) were analyzed 

for interleukin receptor expression and distribution at the single-cell level by CLSM. 

Cells were stained with IL-4R -, IL-12R 2-, or IL-2R PE conjugates, and co-stained 

for GM1 ganglioside by CTB- FITC conjugate and for nuclei with DAPI. First column 

indicates single-channel color for DAPI staining (blue), second column indicates GM1 

staining (green), third column indicates interleukin receptor (IL-Rs) staining (red), and 

last column indicates merged channels at X63 magnification. Top-two rows, indicate cells 

from untreated (upper row) and squalene treated mice (lower row) stained for IL-4R . 

Middle-two rows, indicate cells from untreated (upper row) and squalene treated mice 

(lower row) stained for IL-12R  Bottom-two rows, indicate cells from untreated (upper 

row) and squalene treated mice (lower row) stained for IL-2R Arrows indicate presence 

of IL-Receptor co-expression with the GM1 resident of lipid rafts. Enlargements of the 

merged channels are depicted to the right along with two different angles of the 

membrane for each IL-Receptor at X220 magnification. Shown are representative images 

in one of three experiments. 

 

Figure 5. Alteration in cytokine receptors mRNA expression after squalene 

enrichment of membrane cholesterol in resting lymphocytes. (A) Quantitative real-

time RT-PCR of IL-4R , IL-12R 2, and IL-2R mRNA extracted from peripheral blood 

lymphocytes of individual F1 mice (n=5/group) analyzed before squalene treatment (dark 

bars) and 7 days after squalene injection (180 g/mouse) (light bars). Y axis indicates the 

mean fold increase in mRNA expression level relative to the endogenous 18S rRNA 

expression level (control ± SD). *P values <0.05. (B) Aliquots samples in panel A were 
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stained with CD4-FITC conjugate, co-stained either with IL-4R -PE or IL-12R 2-PE or 

IL-2R -PE conjugates, and analyzed by FACS at the single-cell level for the surface IL-

Rs expression level based on MFI measurements. Shown are the IL-Rs MFI values ± SD 

measured in individual mice before and after squalene treatment. Of note, no significant 

changes occurred in the IL-Rs expression on cell surface after squalene treatment (*p 

values >0.05). 

 

Figure 6. Squalene induced accumulation of membrane cholesterol in resting CD4 T 

cells favors Th1 polarization under antigen-specific or non antigen specific 

stimulation (A) Isolated adherent splenocytes (APCs, 5x105) from individual untreated 

or squalene treated (180 F1 hybrid mice, were pulsed (+) or not pulsed (-) with 

HA110-120 synthetic peptide (40 g/mL/106 cells) in vitro 7 days after squalene injection, 

and co-cultured with negatively-sorted CD4 splenic T-cells (106 cells) from the same 

groups of mice, treated or not with squalene (Sq) (n=4/group). Various cell co-culture 

combinations are shown on the X-axis, where (+) indicates presence and ( ) indicates 

absence from the culture. Cell-culture supernatants were collected 24-48 h later, and 

secretion of IL-2, IL-4, and IFN-  (Y-axis) was measured in pg/ml by Luminex. Bars 

represent average ± SD. Differences among groups were highly significant (brackets, p 

<0.001) for cytokines with the following exceptions denoted by §:  For IL-4, co-culture 

in column 6 differed significantly from column 5 (p =0.047) but not from column 3 (p 

=0.097).  No significant difference was observed between co-cultures in column 3 and 5 

for any of the three cytokines. (B) Intracellular cytokine staining for IFN- (left panels) 

and IL-4 (right panels) in splenic cells and CD4-gated splenic cells from individual 
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untreated (top panels) and squalene treated F1 mice (bottom panels) (n =3/group) were 

stimulated for 48 h with anti-CD3/CD28 Abs (2.5 g each/106 cells). Shown are the 

overlapped FACS histograms of gated CD4+ T cells synthesizing IL-4 or IFN- (red cell 

events), and total splenic cells (dark cell events) from squalene treated or untreated F1 

mice, 7 days after squalene treatment. R1 gate indicates the percent of low-proliferating 

cell population whereas the R2 gate indicates the percent high proliferating cell 

population in each experiment. Dead cells are shown in the un-gated cell population 

below the R1 gate. Shown is one of two representative experiments. 

 

Figure 7. Squalene enrichment of membrane cholesterol fosters the autoreactivity of 

antigen-specific Th1 diabetogenic cells. (A) Diabetogenicity of antigen (HA110-120)-

specific CD4 splenic Th1 cells was determined in RAG2 KO, RIP-HA mouse model for 

inducible type 1 diabetes (T1D). The HA110-120-specific CD4 splenic T-cells (2x105 cells) 

from either F1 mice (Foxp3-GFP+/- TCR-HA+/- mice) (filled circle), or from parental 

Foxp3-GFP+/+ mice (open circle) were infused alone, or in combination with Foxp3-GFP 

sorted splenic cells (2x105 cells) from Fl mice (filled triangle) or Foxp3-GFP sorted cells 

(2x105 cells) from parental  Foxp3-GFP+/+ mice (open triangle) into RAG2 KO, RIP-HA 

Tg recipient mice (n =5 mice /group). Shown is the mean glycemia values for individual 

mice in each group ± SD. Horizontal dark line indicates the upper limit of euglycemia 

(200 mg/dL) previously determined in a large cohort of non manipulated RAG2 KO RIP-

HA Tg recipients (n=20). Of note, only the antigen (HA110-120)-specific CD4 splenic T-

cells, but not T-regs or other non-antigen (HA110-120)-specific T-cells were able to induce 

hyperglycemia in RAG2 KO, RIP-HA Tg recipients. (B) Diabetogenicity of antigen 
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(HA110-120)-specific CD4 splenic Th1 cells from squalene treated F1 mice was tested in 

the same RAG2 KO, RIP-HA mouse model for inducible T1D described in panel A. The 

HA110-120-specific CD4 splenic T-cells (2x104 cells) from squalene treated (180 

g/mouse) 7 days post-treatment or untreated F1 mice were first depleted of Foxp3+ 

splenic cells, and then infused i.p. in RAG2 KO, RIP-HA Tg recipients (n=10 

mice/group). Shown is the cumulative incidence of hyperglycemia (X-axis) from two 

separate experiments where each experiment had n=5 mice/group. Cumulative incidence 

of hyperglycemia was calculated by dividing the number of mice per group that 

developed two consecutive readings of hyperglycemia (>200 mg/dL) by the total number 

of mice and then multiplied by 100.  

 

Figure 8. Squalene enrichment of membrane cholesterol in CD4+Foxp3+ T-reg cells 

does not alter their suppressogenic function. (A) T-reg suppression of HA110-120 -

specific CD4 T-effector (T-eff) cells from untreated or squalene treated (single dose of 

180 g/mouse) F1 mice (n=4/group) has been tested in an in vitro suppression assay. 

Isolated HA110-120-pulsed APCs (5x105) were co-cultured for 48 h with FACS-sorted HA-

specific CD4+ T-eff cells (106 cells) and FACS-sorted Foxp3-GFP+ T-regs (106 cells) 

from either untreated or squalene treated (Sq) F1 mice. Various cell co-culture 

combinations from individual mice are shown in the X-axis, where (+) indicates the 

presence and ( ) indicates the absence of cells in the culture system. Cell-culture 

supernatants from each Treg/T-eff combination were then measured for secreted IFN-  

(Th1 cytokine) and IL-4 (Th2 cytokine) by Luminex (Y-axis). (B) Quantitative real-time 

RT-PCR measured the T-bet mRNA extracted from triplicate wells of each T-reg/T-eff 
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cells combination described in panel A. The Y axis indicates the mean fold increase in 

mRNA expression level relative to endogenous 18S rRNA control ± SD. The mRNA 

relative values were normalized to the untreated T-eff co-cultures with HA-pulsed APCs 

(reference control sample). Shown is one of two representative experiments. No 

significant changes were observed in the specified profiles (brackets, *p values > 0.05). 

 

Supplemental Figures 

Figure S1. Squalene administration leads to accumulation of membrane cholesterol 

in several lymphocyte subsets. F1 hybrid mice (n=5/group) were injected i.p. (filled 

plots) or not (unfilled plots) with a single dose of squalene (180 g/mouse) and 7 days 

later splenocytes were individually stained for CD8, CD22.2, CD19, or CD11c, and co-

stained with CD3 and Filipin III. Shown are the percent values ± SD and MFI values of 

Filipin III ± SD collected among 100-800 cell events in gated populations from one of 

two representative experiments. Values to the left of each histogram correspond to 

untreated treated mice and values to the right of each histogram correspond to squalene 

treated mice. 

 

Figure S2. Effect of recurrent administration of squalene on the cholesterol 

metabolism (A) Serum lipid electrophoresis of F1 mice treated i.p. with 4 doses of 

squalene (red line) given once a week (180 g/dose/mouse) (lanes 1-2), or untreated mice 

(lanes 3-4) and analyzed 7 days after the last squalene injection. Shown are the LDL, 

VLDL, and HDL serum fractions of cholesterol from 4 of 10 mice analyzed. The 

electrophoretic bands were scanned by densitometry and quantified using the SCION 
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analysis software (right panel). Of note, a recurrent squalene treatment resulted in 

increased HDL serum fraction. (B) Liver accumulation of cholesterol in individual F1 

mice treated i.p. with 1 or 4 doses of squalene (180 g/mouse) (n =5 mice/group) were 

analyzed 7 days after the last squalene injection by staining frozen liver sections with 

Sudan IV and hematoxylin. Upper panel shows the presence of cholesterol (reddish 

spots) in a sample of fat tissue (control cholesterol staining). Lower left panel, F1 mouse 

treated with 1 dose of squalene at X40 magnification. Lower right panel, F1 mouse 

treated with 4 doses of squalene at X40 magnification. Of note, slight increase in 

cholesterol accumulation (reddish areas) was detected in mice treated with 4, but not 1 

dose of squalene. Shown is one representative liver section from each group of mice. 

 

Figure S3. Squalene enrichment of membrane cholesterol in unstimulated APCs 

alters their cytokine secretion. Unstimulated APCs from F1 mice untreated (dark bars) 

or squalene treated mice (180 g/mouse) (light bars) were measured for IL-12, IL-6, and 

IL-1  secretion in vitro, 7 days after squalene treatment (n=5 mice/group). Cell culture 

supernatants from 2-day cultures of adherent lymphocytes harvested from individual 

spleens of each group of mice were measured by Luminex. Of note, only IL-12 secretion 

by unstimulated APCs from squalene treated mice was significantly increased (*p <0.01). 

 

Figure S4. Alteration in T-bet and GATA-3 mRNA expression levels in splenic cells 

enriched for membrane cholesterol and stimulated with CD3/CD28 Abs. Quantitative 

real-time RT-PCR of T-bet and GATA-3 mRNA extracted from in vitro CD3/CD28-

stimulated splenocytes from individual F1 mice treated i.p. or not with 1 dose of squalene 



 

115 
 

(180 g) (n=5 mice/group) was carried out 7 days after squalene injection. Y axis 

indicates the mean fold increase in mRNA expression level relative to the endogenous 

18S rRNA expression level (control ± SD). *P value is < 0.01. 
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Dissertation Discussion 

Given the large body of evidence that argues for the suppressogenic effect of T-regs 

on the anti-viral immune responses, it is crucial that we extend our investigation to their 

effect on vaccination. In the first part of this dissertation, I found that influenza 

vaccination expanded the Foxp3+ T-reg pool by almost 30% and 100%, 14 and 

respectively 42 days post-vaccination of BALB/c mice with a single dose of influenza 

A/PR/8/34 virus vaccine. This finding was consistent with previous reports describing an 

increased number of antigen-specific T-regulatory cells in the periphery of mice and 

humans infected with influenza [Giamarellos-Bourboulis et al 2009].  

T-regs may indirectly suppress the humoral immune response by inhibition of helper 

T-cell function to secrete stimulatory cytokines (i.e., IL-4, IL-5, and IL-6) that are 

necessary for proliferation and differentiation. Recent reports suggest that T-regs can 

directly suppress B-cells by inducing apoptosis in vivo and in vitro in a contact-dependent 

manner [Iikuni et al 2009 (in vivo study), Zhao et al 2006, Lim et al 2005 (in vitro 

studies)]. Thus, I analyzed their effect on the influenza specific B-cell responses since 

they are crucial in generating neutralizing antibodies necessary for viral clearance.  

However, I found no significant differences in the generation of neutralizing virus 

antibody titers in mice having a two-fold increase in the size of Foxp3+ T-reg pool over 

the pre-existent pool (before vaccination) compared to control mice, as measured by 

hemagglutination inhibition assay. This assay is the hallmark for testing vaccine efficacy 

and my findings clearly indicated that T-reg enrichment in PR8 vaccinated BALB/c mice 

did not effect the production of PR8 neutralizing antibodies. On the contrary, I found the 

primary and memory virus-specific T helper responses significantly suppressed in mice 
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enriched with T-regs, as indicated by  reductions in lymphocyte proliferation, Th1/Th2 

cytokine secretion, and Th1/Th2 transcription factor mRNA expression. IL-10 secretion, 

being the exception, was significantly increased in stimulated splenocytes from 

vaccinated, T-reg enriched mice compared to mice vaccinated with PR8 alone, 42 days 

post-vaccination. The CD4 Th2, Foxp3+ T-reg, and TR1 cell subsets are capable of 

secreting IL-10, along with various other immune cells under certain conditions 

[reviewed by ]. IL-10 is an anti-

inflammatory cytokine that has been shown to inhibit activation and effector functions 

such as cytokine secretion in T-cells, monocytes, macrophages, dendritic cells, and 

growth and differentiation of B-cells [Moore et al 2001]. A relative increase in 

CD4+Foxp3+ T-regs remained by day 42 post-vaccination, therefore it is possible that T-

regs contributed to the noticeable increase in IL-10 secretion upon Con A stimulation in 

vitro, since this was not seen in control mice. However, I can not be certain that 

CD4+Foxp3+ T-regs, indeed, are causative for the observed levels of IL-10 since total 

splenocytes (including T effectors) were present in the culture system.  

The CD4 T-cells play an essential role in humoral immunity by providing B-cell 

activation and immunoglobulin isotype switching through direct interaction. They can 

also help indirectly through the provision of critical cytokines that support B-cell 

differentiation (ie., IL-4, IFN- - ). Thus, IL-4 induces IgG1 and IgE, IFN-

induces IgG2a and IgG3, and TGF-

Carty 1986, Snapper and Paul 1987, McIntyre et al 1993]. Despite a significant reduction 

in CD4 T helper responses in PR8-immunized mice enriched with T-regs compared to 

mice immunized with PR8 alone, I did not observe a difference in the PR8-specific Ig 
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response. This may suggest that other immune cells are able to provide sufficient B-cell 

help. B-cells themselves express TLRs like TLR7 which has been reported to engage 

influenza virus RNA during infection [Lund et al 2004]. Moreover, it was demonstrated 

that inactivated influenza virus induces activation of human B-cells [Marshall-Clarke et 

al 2005]. In this study we did not analyze the effect of T-reg enrichment on CD8 T-cells 

or NK cells which are also capable of secreting IFN- a strong CD8 T-cell 

response is not generally induced by inactivated influenza virus vaccination. As for NK 

cells, it was reported that inactivated influenza virus vaccination augments NK activity 

[Schapiro et al 1990]. Others have demonstrated that both CD4 KO and CD40 KO mice 

generate virus-specific IgG responses following influenza immunization or infection, 

respectively. Moreover, these knockout strains developed protective PR8-specific 

neutralizing antibodies in a CD4 or CD40 independent mechanism [Sha and Compans 

2000, Lee et al 2005]. Sha and Compans hypothesized that double negative CD4-CD8- 

(DN) T-cells may compensate for CD4 T-cell functions to support B-cell responses in 

CD4 KO mice based on the observation that these mice expressed a significant increase 

in DN T-cell numbers compared to wildtype. According to these findings, immune cells 

other than CD4 T-cells may provide adequate support for the B-cell responses despite 

suppressed CD4 T-cell function, particularly following immunization with a high dose of 

virus in mice. It remains to be addressed the mechanisms by which PR8 vaccination 

elicits a T-independent antibody response. 

In an alternative approach, I show that RAG2 KO mice adoptively transferred with 

syngeneic splenocytes depleted of CD25+ population have significantly enhanced PR8-

specific T helper cytokine secretion 8 days post-vaccination upon in vitro re-stimulation, 
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as compared to RAG2 KO reconstituted with total splenocytes. Interestingly, RAG2 KO 

mice reconstituted with CD25 depleted splenocytes showed an increase in relative Foxp3 

mRNA expression following PR8 vaccination. This finding is consistent with a number 

of reports indicating that T-regs may differentiate from peripheral naïve CD4+ T-cells 

upon encountering antigen and in the presence of TGF , or IL-2 and IL-15 [Walker et al 

2005, Thornton et al 2000, Andersson et al 2008, Lio et al 2008]. 

I also addressed the suppressive function of CD4+25+ Foxp3+ T-regs induced by PR8 

vaccination in vivo. Using a BALB/c, RAG2 KO, RIP-PR8/HA transgenic mouse model 

in which adoptive transfer of influenza PR8/HA-specific T-effector cells (from a TCR-

PR8/HA Tg mouse) induces fulminate diabetes, I found that CD4+CD25+(Foxp3+) T-regs 

induced in BALB/c mice upon vaccination with PR8 virus, abolished the diabetogenic 

function of PR8/HA-specific T-effector cells, even in the presence of co-infused 

diabetogenic T-cells, for as long as 70 days. Additionally, the PR8/HA-specific T-regs 

-cell insulin secretory function upon glucose challenge testing. 

The antigen-specificity of PR8 induced T-regs was confirmed by an additional group of 

mice vaccinated with a Hong Kong virus (BHK) expressing a structurally different HA 

protein. In this group, the BHK/HA specific T-regs were unable to prevent the induction 

of diabetes upon co-infusion of diabetogenic T-cells. This clearly demonstrated that the 

bystander mediated suppression of BHK/HA-specific Foxp3+ T-regs was ineffective in 

regulating the HA specific diabetogenic T-cells, as opposed to the PR8/HA specific T-

regs which completely abolished their effector functions.   

It is reported that individual variations in the size of T-reg compartment in various 

ethnic groups are correlated with susceptibility to autoimmunity [Ban et al 2007]. 
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Additionally, patients with certain types of cancer were shown to have an expanded CD4+ 

CD127lo Foxp3+ T-reg pool in peripheral blood [Beyer et al 2011]. Thus, gaining a better 

understanding of how the T-reg pool size affects the anti-viral immune responses induced 

by vaccination is crucial in determining whether new vaccine strategies are needed in 

such individuals possessing a larger T-reg compartment. 

In summary, I show that the size of CD4+Foxp3+ T-reg pool is an important 

modulatory component of the primary and memory T-cell responses to influenza 

vaccination. However, it remains to be addressed how alterations in the size of the T-reg 

compartment affect other vaccination types since distinct pathogens and various 

adjuvants elicit different types of immune responses. These findings may be particularly 

important for those investigating cell-mediated vaccines where a robust primary CD4 T-

cell response is desired.  

Several groups are investigating mechanisms to regulate T-reg function in various 

disease settings as well as for increasing vaccine efficacy. Potential targets for T-reg 

manipulation include GITR or CTLA-4 blocking antibodies [Shimizu et al 2002, 

Stephens et al 2004], manipulation of sphingosine 1-phospatate receptor type 1 (S1P1) 

expression [Liu et al 2009], and engagement of specific TLRs expressed by T-regs to 

suppress their function [Pasare et al 2003, Yang et al 2004]. However, it was reported 

that use of a CTLA-4 Ig fusion protein in ocular herpes infection converted CD4+ CD25- 

T-cells into CD4+ CD25+ T-regs in vitro [Razmara et al 2008], thereby demonstrating the 

need for a better understanding of the relationship between T-regs and conventional T-

cells. Future T-reg manipulation approaches may exploit mechanisms already utilized by 

certain pathogens in evading the immune system. In L. major infection, it was reported 
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that DCs induce CD103 integrin expression in T-regs, thus maintaining their presence at 

the site of infection [Suffia et al 2005]. In this same infection and some fungal infections, 

it was also shown that CCR5 is required for T-reg migration to the skin [Yurchenko et al 

2006, Moreira et al 2008, and Kroetz et al 2010]. In transplantation studies, CCR4 was 

also reported to be important for T-reg migration and graft survival [Lee et al 2005, Yu et 

al 2011]. Ultimately, any strategy designed for T-reg manipulation must err on the side of 

caution since autoimmunity ensues in the absence of T-regs. A fine balance must be 

achieved when manipulating T-reg function in vivo, while at the same time maintaining a 

minimal risk for autoimmunity. 

 Importantly, all currently approved influenza vaccines work by eliciting an antibody 

response, and based on our findings T-reg enrichment does not effect the influenza (PR8) 

specific antibody response in mice. Thus, the manipulation of T-regs prior to vaccination 

may not be justified, at least as suggested in our animal model.  

 

In the second part of this dissertation, I investigated whether antigen- specific CD4+ 

T-helper cells and Foxp3+ T-regulatory cell functions are altered by enriching membrane 

cholesterol. A major component of lipid rafts is cholesterol, which not only maintains 

membrane fluidity, but also rafts integrity and architecture. It is postulated that membrane 

cholesterol also influences the structural and functional stability of proteins in and outside 

of rafts. Thus, membrane cholesterol represents a potential target to modulate immune 

cell functions. This notion is further supported by the fact that therapeutic drugs designed 

to lower blood cholesterol like Lovastatin also reduce T-cell membrane cholesterol and 

alter cell signaling. Alternatively, therapeutic drugs designed to suppress immune cell 
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signaling such as glucocorticoids, displace crucial T-cell signaling machinery away from 

cholesterol-rich lipid rafts [Van Laethem et al 2001].  

Our approach to enrich membrane cholesterol by in vivo intraperitoneal injection of 

squalene, a late cholesterol biosynthesis precursor, confirmed early studies demonstrating 

its ability to be converted into cholesterol [Eidinoff et al 1958, Maxwell et al 1958]. The 

use of in vitro squalene treatment was not a feasible alternative, since squalene is not 

immiscible in water or cell culture media. My preliminary results using various doses of 

squalene (25, 50, 75, and 180 µg) in vivo led me to conclude that a single i.p. injection of 

squalene at 180µg yielded the optimal membrane cholesterol enrichment in T-cells as 

determined by Filipin III stained cells in flow cytometry.  

Analysis of membrane cholesterol content in various resting, lymphocyte subsets 

following in vivo squalene administration revealed differences between cell subsets in the 

accumulation of membrane cholesterol. Thus, CD4 T-cells and CD4+Foxp3+ T-reg cells, 

and CD8 T-cells showed the highest cholesterol accumulation (40-55% above baseline), 

whereas B-cells and dendritic cells showed only a modest increase (5-10% above 

baseline). One explanation for the observed difference may be that certain cell subsets at 

rest have a set threshold for membrane cholesterol accumulation, in doing so possibly 

regulating their activity in the absence of stimulation.  

Next, I questioned whether in vivo squalene administration altered the expression of 

key regulatory enzymes in de novo cholesterol synthesis. Resting CD4 T-cells from 

squalene treated mice showed a slight up-regulation in mRNA expression of the rate 

controlling enzyme HMG-CoA reductase, as compared to untreated mice. Regulation of 

de novo cholesterol synthesis is tightly regulated at several levels. The intracellular 
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cholesterol sensor, sterol regulatory element binding protein (SREBP) that controls 

HMG-CoA reductase synthesis, resides in endoplasmic reticulum (ER). A drop in 

cholesterol levels leads to localization of SREBP to the golgi complex by the associated 

cleavage-activating integral protein (SCAP) for proteolytic cleavage events. Once 

released, SREBP translocates to the nucleus and binds to the sterol response element 

(SRE) of the HMG-CoA reductase gene. Alternatively, a rise in cholesterol levels blocks 

the proteolytic cleavage events and SREBP is degraded in the nucleus [Berg et al 2007]. 

Thus, it appears that the introduction of squalene by-passes this regulatory mechanism. 

One explanation may be that squalene not only enriches plasma membrane cholesterol 

but also membranes of intracellular organelles like the ER and golgi that could ultimately 

alter the structure and function of serine proteases involved in SREBP proteolytic 

cleavages. Consequently, the serine proteases may become more functionally active, 

thereby sustaining cholesterol synthesis. As expected, the mRNA expression of the gene 

involved in squalene cycliczation to form cholesterol, squalene epoxidase, was also up-

regulated.                                                                                                                                        

Interestingly, I consistently observed an increased number of resting CD4 splenic T-

cells in the absence of T-cell stimulation following membrane cholesterol enrichment by 

squalene. This was in agreement with early studies showing that provision of cholesterol 

through high and low density lipoproteins sustains a continuous homeostatic proliferation 

of T lymphocytes [Cuthberth et al 1987a, Cuthbert et al 1987b, Cuthbert et al 1986]. 

Conversely, the cholesterol lowering drug Atorvastatin, an HMG CoA reductase 

inhibitor, led to a reduction in the number of T-cells in humans [Ganesan et al 2011]. The 

molecular mechanism(s) by which membrane cholesterol promotes lymphocyte 
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proliferation remains largely unknown. In this study I found that CD4 T-cells from 

squalene treated mice not only had increased membrane cholesterol, but also increased 

IL-2 secretion. Given that IL-2 is potent T-cell growth factor, it may explain why cell 

frequency was increased in membrane cholesterol-enriched, resting CD4 T-cells.  

Cholesterol-rich lipid rafts may regulate T-cell function through the partitioning of 

protein receptors and their signaling molecules. We and others have shown that 

membrane cholesterol depletion alters the distribution and/or function of some T-cell 

receptors and their ability to signal [Matko et al 2002, Stoica-Nazarov et al 2008]. 

However, little is known about the effect of membrane cholesterol-enrichment on the 

spatiotemporal partitioning of protein receptors and subsequent tyrosine phosphorylation 

events necessary for efficient T-cell signaling. 

Analysis of GM1 distribution, a constantly associated lipid raft marker, by CLSM 

revealed that resting CD4 T-cells from squalene treated mice had a richer distribution 

throughout the membrane, as compared to untreated mice. This finding further warranted 

the investigation of alterations in receptor subunits involved in T-cell growth (IL- , 

Th1/Th2 differentiation (IL- - ir 

phosphorylated signaling molecules (STAT-5, STAT-4, and respectively STAT-6). 

Although overall protein synthesis in resting CD4 splenic T-cells remained 

quantitatively unchanged after enrichment of membrane cholesterol, fine alterations in 

tyrosine phosphorylation were detectable. In the absence of stimulation, increased 

recruitment of phosphorylated- STAT-4 to IL- -5 to IL- -70 to 

-chain was detected, whereas phosphorylated STAT-6 recruitment was decreased 

in membrane cholesterol enriched CD4 T-cells relative to base levels. As discussed 
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earlier (see introduction), the -chain, IL- -

generally located within rafts, unlike IL- mostly resides outside of rafts. 

Interestingly, the ability of CD28 receptor to recruit PI3K was not affected by membrane 

cholesterol enrichment in resting CD4 T-cells. CD28 signaling also occurs through the 

binding of adaptor proteins Grb2 or Gads to its proximal cytoplasmic motif, which was 

reported to promote IL-2 transcription independent of PI3K recruitment [Crooks et al 

1995, Kim et al 1998, Sanchez-Lockhart et al 2004]. These results suggested that 

membrane cholesterol enrichment by squalene influences phosphorylation events 

favoring a Th1 phenotype, independent of CD4 T-cell stimulation. Also, CD3/CD28 

stimulation enhanced mRNA transcription of the Th1 master transcription factor T-bet in 

membrane cholesterol-enriched CD4 T-cells. This Th1-induced phenotype was also 

confirmed by increased ability of membrane cholesterol-enriched CD4 T-cells to secrete 

increased levels of the Th1 signature cytokine IFN-  and membrane cholesterol-enriched 

APCs to secrete increased IL-12, upon antigen-specific stimulation. Notably, analysis of 

membrane cholesterol-enriched CD4 T-cells in a mouse model for inducible T1D showed 

enhanced reactivity of antigen-specific, diabetogenic Th1 cells.   

The spatiotemporal re-distribution of the IL- t into rafts observed by 

CLSM may explain, in part, why enrichment in membrane cholesterol diverts CD4 T-

cells toward a Th1 phenotype. Polarized receptor clustering  of IL-  may 

have also provided more efficient autocrine signaling in membrane cholesterol-enriched 

CD4 T-cells. phenomenon was also visualized for IL-

not support enhanced IL-4 signaling through STAT6 phosphorylation. One explanation 
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may be that membrane cholesterol-enrichment interferes with the assembly or stability of 

the interaction between IL- -chain subunits.  

It was of particular interest to determine whether membrane cholesterol enrichment 

altered antigen-specific CD4+Foxp3+ T-reg function, given the findings described above. 

Since membrane cholesterol content following in vivo squalene administration in T-regs 

was comparable to that of conventional CD4 T-cells, it was intriguing that it did not alter 

their ability to suppress T-effector cytokine secretion upon antigen-specific in vitro 

stimulation. Secretion of inhibitory molecules by T-regs is one mechanism of suppression 

which may remain unaffected by membrane cholesterol enrichment. It is not known 

whether receptors involved in cell-cell contact mediated suppression are redistributed 

following membrane cholesterol enrichment. It may be of interest to investigate whether 

the migratory ability of T-regs is altered by membrane cholesterol enrichment, since it 

was reported that hypercholesterolemia prevents the migration of T-regs to 

atherosclerotic lesions [Maganto-Garcia et al 2011]. 

Some HMG-CoA reductase inhibitors (statins) have been reported to reduce T-cell 

membrane cholesterol, alter T-cell signaling, and interfere with MHC Class II antigen 

presentation [Brumeanu et al 2006, Goldman et al 1996, Ghittoni et al 2006, Ghittoni et 

al 2005]. Interestingly, in certain autoimmune diseases characterized by aberrant T-cell 

activation and inflammation, statins were shown to have beneficial effects [Leung et al 

2003, McCarey et al 2004, Van Denderan et al 2006, Vollmer et al 2006]. Given the 

importance of membrane cholesterol on T-cell activation and MHC Class II expression, it 

raises the issue whether individuals being treated with statins for high cholesterol have 

reduced vaccine efficacy, particularly altered B-cell antibody production. In 2007, 
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Packard and colleagues enrolled 123 healthy volunteers with an average age of 24 and 

immunized them with hepatitis A vaccine intramuscularly. At the same time, patients 

were given a 30 day supply of Atorvastatin (40 mg) or placebo. Their findings concluded 

that Atorvastatin had no effect on the virus-specific antibody production 1 month after 

vaccination and statin treatment, despite having significantly reduced total cholesterol 

compared to placebo. However, the authors do not pre-treat with Atorvastatin for one 

month prior to vaccination which may be a better indicator of whether statins effect 

vaccination since the maximum effect of statins is normally achieved at about 4-6 weeks, 

well after the development of virus-specific antibodies.  In a separate study, 20 healthy 

individuals with similar baselines for anti-tetanus toxoid antibodies were treated with a 

short regime of Atorvastatin (10 days, 40 mg/patient) or placebo and on the fifth day 

administered a tetanus toxoid (TT) booster. They found that short-term Atorvastatin 

treatment significantly reduced total lymphocytes 6 days after booster but returned to 

baseline by day 15 [Lee et al 2006]. Interestingly, they showed increased anti-TT IgG1 

antibodies compared to placebo 15 days after booster. It is known that antibodies 

generated against TT are mostly IgG1, but the finding that short term statin treatment 

increased anti-TT IgG1 antibodies compared to placebo conflicts with previous findings 

by Packard et al. The major differences between the two studies are the starting point of 

Atorvastatin treatment, duration of statin treatment, and type of viral vaccination (ie., 

hepatitis A vs. tetanus toxoid and initial vaccination vs. booster). Thus, it is difficult to 

interpret the effect on statins on vaccination, according to these studies. In my study, I 

found no significant alterations in membrane cholesterol content in B cells and dendritic 

cells following a single dose of squalene treatment (180 µg) in mice, suggesting that 
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these cells may have a different threshold for changes in membrane cholesterol as 

opposed to T-cells. It is possible that unlike T-cells, B cells are unaffected by statins 

which would agree with the findings by Packard et al, however this does not explain why 

short-term statin treatment would increase antibody production. A major caveat of the 

second study compared to the first study is the sample size (Lee study, 20 vs. Packard 

study, 123 participants). Overall, the effect of statins on vaccination in humans is still 

unclear. 

A question that remains to be addressed is to what extent squalene enrichment of 

membrane cholesterol vs. squalene itself contributes to the sensitization of CD4 T-cells 

towards Th1 differentiation. It is well documented that certain hydrocarbon oils like 

inflammation, particularly when injected intraperitoneally in mice. However, much less is 

known about whether squalene acts in a similar mechanism. In our study, I did not 

observe any abnormalities by gross macroscopic examination of the peritoneum or the 

major organs within the abdominal cavity or of the liver or spleen by H&E histological 

analysis in mice treated with a single dose (180 µg) of squalene. However, mice treated 

with four doses (180 µg/dose) given in one week intervals had increased accumulation of 

cholesterol in the spleen and liver, in addition to increased serum HDL cholesterol 

fraction, thus the reason for choosing a single squalene dose for subsequent experiments. 

The increased fraction of HDL may be explained by the increase of overall cholesterol in 

squalene treated mice thereby promoting cellular cholesterol transfer to HDL. It has been 

previously reported by Satoh and colleagues that a large dose of squalene injected 

intraperitoneally (0.5 mL) resulted in increased levels of IL-12, IL-6, and TNF-
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secretion in the peritoneal lavage compared to PBS treated mice. At this dose, squalene 

was reported to be a much weaker inducer of IL-12 and IL-6 compared to pristine and 

IFA. Similarly, we found increased IL-12 production in APCs isolated from the spleen of 

mice treated with a single dose of squalene (180 µg) compared to untreated mice which 

enhanced IFN- -cells following co-culturing with antigen-pulsed 

APCs. However, we did not observe a significant difference in IL-6 or IL-

Based on the findings by Satoh and colleagues, squalene has the potential to be an 

inflammatory agent when injected intraperitoneally at higher doses. It remains to be 

addressed whether a single dose of squalene at 180 µg treatment in mice increases the 

inflammatory cytokines IL-12, IL-6, and TNF-  

injection.  

Squalene has been used as an adjuvant for many vaccines; however the mechanism 

by which it exerts its immune modulatory properties is unclear. It is reported that the 

MF59 adjuvant (squalene in water emulsion) delays release of antigen, stimulates 

cytokine production, and enhances recruitment of dendritic cells at the injection site 

[Seubert et al 2008]. A pertinent question to ask is whether squalene can activate the 

immune response by binding to innate immune receptors. The innate immune response 

utilizes pattern recognition receptors generally expressed by APCs such as Toll-like 

receptors (TLR) and Nod-like receptors (NLR) in order to sense danger and generate an 

inflammatory response. In the context of vaccination, certain adjuvants like alum have 

been shown to activate the Nod-like receptor 3 (NLRP3) inflammasome complex. This 

inflammasome complex is composed of a sensor protein (NLRP3), the adapter protein 

ASC, and the inflammatory protease caspase-1. Upon cellular stress like infection, the 
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inflammasome complex mediates the production of mature IL-

cytokine is involved with fever, T-cell activation, and macrophage activation. A recent 

study using various knock out (KO) mice for the NLRP3 inflammasome complex 

reported that ASC KO mice produced significantly less virus-specific IgG antibodies 

after MF59 adjuvanted H5N1 intramuscular vaccination compared to wild type mice 

[Ellebedy et al 2011]. Interestingly in the same study, the NLRP3 KO or Caspase-1 KO 

mice did not effect virus-specific IgG or HAI titers. The authors conclude that ASC plays 

a critical role in the induction of an antigen-specific antibody response to MF59 

adjuvanted H5N1 vaccine, independent of NLRP3 and Caspase-1. This finding was 

recently confirmed by Seubert and colleagues who also showed that MF59 adjuvanticity  

is independent of NLRP3 using NLRP3 KO mice vaccinated intraperitoneally with 

Neisseria meningitides antigens and that bone marrow-derived DCs treated with 

increasing doses of MF59 alone in vitro do not induce pro IL- [Seubert et al 

2011]. Additionally, they show that TLRs are not activated by MF59 in vitro using a TLR 

reporter system, however MyD88 KO mice administered MF59 adjuvanted Neisseria 

meningitidis serotype B vaccination had significantly reduced levels of antigen-specific 

antibody production compared to wildtype. It remains to be addressed whether TLR 

activation occurs following MF59 in vivo and whether MyD88 is critical for influenza-

specific antibody production. Together, these findings suggest that MF59 may act 

independently of inflammasome complex formation. The use of innate immune 

component knockout mice (ie., TLR KO, MyD88 KO, NALP KO, and RIG-I KO mice) 

treated with squalene or squalene adjuvanted influenza vaccines will provide a better 

understanding for the role of squalene as an innate inflammatory stimulus.  
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A potential immune molecule that squalene may bind is the MHC-I like protein 

CD1d, which is expressed by dendritic cells, B-cells, monocytes, and some thymocytes in 

mice. The CD1d molecule is generally responsible for presenting microbial lipids to CD1 

restricted T-cells like the invariant natural killer T-cells (iNKT) which upon activation 

can secrete Th1 and Th2 cytokines to activate NK cells, DCs, and T-cells [Brigl and 

Brenner 2004]. Because the CD1 structure contains a hydrophobic channel it is able to 

bind hydrocarbon alkyl chains like glycolipids. Galli and colleagues found that mice 

immunized with H3N2 influenza virus adjuvanted with -galactosylceramide 

glycolipid known to activate iNKT via CD1d presentation, lead to enhanced virus-

specific IgG antibody titers compared to mice immunized with virus alone or adjuvanted 

with alum [Galli et al 2007].  MF59 

and found they both provided a similar degree of protection following H1N1 influenza 

challenge in mice. Although they do not further investigate the mechanisms of squalene 

on iNKT activation, they found that iNKTs activated by elicited an enhanced anti-

viral antibody response and promoted the generation of antigen-specific CD4 T-cells. 

Thus, it is possible that squalene adjuvanted vaccines work in the same manner, yet this 

remains to be addressed.   

In our study, we found an increase in membrane lymphocyte cholesterol as early as 3 

days following squalene treatment. The first 1-2 weeks following influenza vaccination is 

a critical time period for the development of protective anti-viral immune responses. 

According to the World Health Organization, squalene adjuvants have been reported to 

contain 10 mg of squalene per dose. This is a sufficient amount of squalene at the site of 

injection to potentially activate the innate immune responses in conjunction with viral 
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antigens, as well as squalene uptake by recruited lymphocytes to synthesize membrane 

cholesterol. Since squalene is an oil it provides a slow release of antigen, which may 

sustain stimulation leading to enhanced B-cell responses. Together, these mechanisms 

may contribute to how squalene works as an adjuvant.  

There is a growing appreciation for how membrane cholesterol influences 

lymphocyte functions. In the current study, I show that in vivo squalene administration 

leads to membrane cholesterol-enrichment in peripheral lymphocytes. Consequently, 

CD4 T-cells are diverted toward a T-helper type 1 response. This was found to be in 

association with enhanced Th1 signaling and spatiotemporal redistribution of Th1 and 

Th2 associated cytokine receptors. Membrane cholesterol may represent a potential target 

to modulate immune cell functions in various conditions like autoimmunity, infection, 

vaccination, and allergic immune responses. Therefore, understanding the cellular and 

molecular changes associated with alterations in membrane cholesterol will help facilitate 

the design of such pharmacological agents.  
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