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 Systemic lupus erythematosus (SLE) is an inflammatory autoimmune disease 

characterized by elevated levels of circulating autoantibodies and multi-organ damage. 

Although SLE is a highly heterogeneous disease, one factor unifies it: lymphocyte 

hyperactivity driving immunopathogenesis. This involves CD4 helper T cells potentiating 

autoreactive B cells to produce pathogenic autoantibodies. In healthy individuals, 

lymphocyte activation is a closely regulated kinetic process controlled by key 

transcription factors (TF) signaling downstream of the T cell (TCR) and B cell receptor 

(BCR). Forkhead box O1 (FOXO1) is one such TF that integrates activation and 

differentiation signals in human lymphocytes. When active, it remains in the nucleus, but 

upon Akt phosphorylation downstream of TCR or BCR signaling, FOXO1 is inactivated 

and shuttles to the cytoplasm, linking FOXO1 localization to function. In SLE, both T 

and B cells are hyperactive, and respond more quickly and strongly to antigen, producing 

a disproportionate inflammatory response. Thus, we hypothesize that SLE lymphocytes 

will have altered FOXO1 localization, reflecting altered lymphocyte activation.  

 To address this hypothesis, we first developed a method of examining dynamic 

native FOXO1 localization in human peripheral lymphocyte subsets using imaging flow 

cytometry (IFC). IFC combines the quantitative power of flow cytometry with the 

qualitative images of microscopy and can be performed with many fewer cells than are 



 

needed for the more traditional methods. We demonstrated that we can visualize native 

FOXO1 and detect significant kinetic differences in localization within user-defined 

subsets of HuT102 cells, a human CD4 T cell line with baseline nuclear FOXO1, as well 

as primary peripheral human T and B cells. We then used IFC to compare FOXO1 

localization in SLE and healthy donor lymphocytes. Interestingly, we found that most T 

and B cell subsets have nuclear FOXO1 localization in both health and SLE. However, 

FOXO1 is significantly more cytoplasmic in SLE double negative (DN) atypical memory 

B cells. Based on our findings, we propose a model by which these DN B cells are highly 

active in disease flares and may serve as a death-resistant reservoir of autoreactive cells. 

Future experiments will be aimed at elucidating at how these cells persist in the 

periphery. 
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Chapter 1. Introduction and Scope of Dissertation 

 
1. FOXO1 

1.1: FOXO1 as a transcription factor: role in cellular homeostasis and general signaling 

 Forkhead Box O1 (FOXO1) is a member of the forkhead box “O” subclass of 

transcription factors (TF), which consists of four members, FOXO1 (FKHR), FOXO3a 

(FKHRL1), FOXO4 (AFX), and FOXO6.1 This subclass of TFs, and in particular 

FOXO1, serves to control cellular homeostasis in a number of tissues including skeletal 

and cardiac muscle, hepatocytes, pancreatic beta cells, and adipose tissue.2 Classically, 

when active, FOXO1 resides in the nucleus and binds to promoter regions of genes linked 

to maintaining cellular homeostasis and response to metabolites, cytokines, and growth 

factors, allowing the cell to react instantly to any kind of environmental stress.1 FOXO1 

does this by controlling transcription of other TFs and proteins involved in metabolism,3 

apoptosis,4 autophagy,5 the oxidative stress response,6 and cell cycle progression7.  

 Many different kinase-signaling pathways converge on FOXO1 and allow it to 

mediate cellular equilibrium.8 This conserved TF is controlled by multiple post-

translational modifications mediated by a number of different kinases.2,9 One of the major 

ways FOXO1 function can be modulated is via phosphorylation.2 When a cell receives a 

signal via a growth factor receptor, phosphoinositide 3-kinase (PI3K) will be activated, 

and itself phosphorylate Akt. Akt then translocates to the nucleus and triple-

phosphorylates FOXO1, excluding it from the nucleus and preventing it from acting as a 

TF (Figure 1.1).10,11 Alternatively, mTORc2 will also activate Akt downstream of 

metabolite-activated signaling, also leading to FOXO1 phosphorylation, nuclear 
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exclusion, and inactivation.12 Thus, dynamic FOXO1 subcellular localization is linked to 

its function as a TF.  

 

 While FOXO1 was first identified in humans over twenty years ago as a gene 

translocation in alveolar rhabdomyosarcoma, a skeletal muscle tumor,13 FOXO1 is a 

ubiquitous protein found in many different tissues.1 More recently, the role of FOXO1 

has been studied in a variety of different immune cell types, including hematopoietic 

stem cells, and mature immune cell lineages.14 In dendritic cells, FOXO1 has been shown 

to be necessary for activation, expression of CCR7 and ICAM-1, as well as bacterial 

phagocytosis and stimulation of resting T and B cells.14 On the innate immune side, 

FOXO1 polarizes macrophages towards the M2, anti-inflammatory, wound-healing 

fate.15,16 FOXO1-mediated autophagy has also been shown to drive NK cell 

development.17 However, FOXO1, in particular FOXO1 signaling and function, has been 

investigated in lymphocyte development and function, both in T and B cells.18,19 These 

studies on CD4 and CD8 T cell-specific and B cell-specific roles of FOXO1 will be 

discussed in more detail below. As discussed above, FOXO1 is key TF involved in 

multiple cellular processes, but is not the only TF that can act as a homeostatic integrator. 

Other members of the Forkhead family also regulate homeostasis, including FOXO3, 

which is also important in maintaining lymphocyte metabolic signaling. However, 

FOXO1 plays a non-redundant role in human lymphocytes, making it an ideal candidate 

for study in the context of human autoimmunity, where immune homeostasis is disrupted. 

 Taken together, this body of work suggests that FOXO1 signaling plays a key role 

in regulating cellular homeostasis and activation. Additionally, FOXO1 signaling is 
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closely regulated by post-translational modifications, and in particular, phosphorylation 

excludes FOXO1 from the nucleus and prevents it from acting as a TF, linking 

subcellular localization to function.  

 

1.2: FOXO1 in T cells 

 FOXO1 is a crucial TF in all T cells, where it integrates environmental cues and 

regulates both development and function of both CD4 (naïve, regulatory, and effector), as 

well as CD8 (naïve, effector, and memory) T cells.20 FOXO1 plays a central role in 

regulating T cell migration, differentiation, and activation to mediate a balanced immune 

response. In mice, when FOXO1 is deleted specifically in naïve T cells, both the CD4 

and CD8 T cells have a more activated phenotype and lack IL-7Rα expression, which 

prevents them from maintaining a naïve, unactivated phenotype in the periphery. 

Additionally, they cannot upregulate the migratory molecules, CCR7 and L-selectin, 

preventing the T cells from leaving the thymus and populating the secondary lymphoid 

organs.21-24 This shows that FOXO1 is crucial for maintaining naïve cell quiescence in 

the periphery, but also for upregulation of key survival and homing molecules.  

 

 1.2a. FOXO1 in CD4 T cells 

 In addition to controlling development and migration of naïve T ells (as discussed 

above), FOXO1 also regulates both activation (after antigenic signal and costimulation) 

as well as differentiation in CD4 T cells. FOXO1 plays a role in CD4 naïve T cell 

activation. When a the T cell receptor (TCR) is activated via an MHC:antigen complex, 

PI3K is recruited to the TCR and further activates Akt, which goes to the nucleus, 
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phosphorylates and inactivates FOXO1.25 P-FOXO1 then binds to the carrier 14-3-3 and 

translocates from the nucleus into the cytoplasm, where it remains inactive.26 This then 

allows the T cell to re-enter the cell cycle via cyclin-dependent kinase 2 activation, thus 

linking FOXO1 inactivation to T cell activation (Figure 1.1A, B). Nuclear FOXO1 acts 

as a TF that both negatively (e.g. Sema4A) and positively (e.g. Foxp3 and Klf2) regulates 

gene expression 27 in both CD4 regulatory T cells (Tregs), whose master TF is FoxP3, 28 

and CD4 effector T cells (Teff) at different stages of development. 20,29 Specifically, 

when Foxo1 is deleted in CD4 T cells during thymic development, CD4 Tregs do not 

develop and the naïve CD4 T cells are skewed towards a Th1, inflammatory phenotype, 

likely because Tregs are not present. 30 FOXO1 has also been shown to reinforce the Treg 

phenoytpe. It stabilizes FoxP3 expression by binding to the CNS2 region of the promoter. 

29,30 Not only does FOXO1 play a role in thymic or natural Treg development, but it also 

reinforces the development of induced Tregs via IL-10-mediated Akt inhibtion and 

increased FoxP3 and CTLA4 expression. 31 Additionally, deactivation of FOXO1 is 

necessary for the generation of follicular T helper cells. The E3 ubiquitin ligase, Itch, 

decreases FOXO1 activity via ubiquitination, leading to FOXO1 degradation. 32 

 When FOXO1 is deleted specifically in FoxP3+ Tregs after thymic development, 

mice develop a fatal systemic lymphoproliferative disease resembling Foxp3 mutant 

scurfy mice. 27 Interestingly, this happens despite the presence of normal numbers of 

peripheral Tregs, suggesting that it is due to lack of Treg function. 27 Increasing FOXO1 

expression strengthened Treg proliferation by activating IL-7 signaling, and suppressed 

apoptosis via Aven, another anti-apoptotic TF. 33 One group has investigated whether 

modulating FOXO1 function alters Treg function. As previously mentioned, 
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phosphorylation deactivates FOXO1. One of the ways that FOXO1 phosphorylation can 

be reversed is via the action of phosphatases, including PTEN 34 and PP2A 35. This 

provides a potential modulation point, particularly in T cell types where active FOXO1 is 

critical to maintaining that T cell’s phenotype. However, not all manipulation seems to 

have an effect. Ex vivo alteration of FOXO1 phosphorylation via a PP2A inhibitor in 

mouse Tregs did not alter Treg suppressive function, highlighting that it is an interplay of 

signals that we cannot recapitulate in an ex vivo experiment that may allow FOXO1 to 

play such a crucial role in vivo in Treg function.36 However, FOXO1 localization is not 

an all-or-nothing type of signaling in Tregs. Luo et al. found that depending on the 

activation state and localization, FOXO1 promotes a different function in Tregs. 

Activated Tregs have more cytoplasmic FOXO1, less turnover, and decreased homing to 

the peripheral tissues compared to resting Tregs. When this differential and graded 

FOXO1 program was shut off via an Akt-insensitive mutant, the Tregs could not leave 

the central lymphoid organs and the mice developed a CD8-mediated spontaneous 

autoimmunity. On the other hand, in tumors, this cytoplasmic FOXO1 promoted active 

Tregs, and prevented CD8 specific tumor responses.37 These studies suggest that in CD4 

T cells, particularly Tregs, FOXO1 signaling is necessary for initiating and maintaining 

peripheral function, but this signaling must be plastic to allow the cells to carry out their 

function. If the FOXO1 signaling is not graded, the balance is altered towards cancer or 

autoimmunity.  
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Figure 1.1: FOXO1 signaling in human lymphocytes. Lymphocyte receptor ligation signals 
activate PI3K and/or mTOR, which phosphorylates Akt. Akt then translocates to the nucleus and 
triple phosphorylates FOXO1, pushing triple phosphorylatd FOXO1 into the cytoplasm, where it 
can no longer act as a transcription (A). In a T cell at rest, there is no TCR signaling, while 
Tregs and B cells require tonic TCR and BCR signaling. Intracellular phosphatases inactivate 
PI3K and Akt. This allows FOXO1 to remain nuclear, bind to gene promoters and generate 
FOXO1-dependent gene expression in both T and B cells, stabilizing quiescence and peripheral 
phenotypes (B).   
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1.2b: FOXO1 in CD8 T cells 

 While FOXO1 seems to be a crucial part of multiple aspects of CD4 T cell 

development, activation, and function, it plays a slightly different role in CD8 T cells. 

Naïve CD4 T cells require FOXO1 inactivation to proceed with their proliferation, but 

deleting FOXO1 appears to play little role in naïve CD8 activation and proliferation.21-23 

However, CD8 Teff require FOXO1 inactivation via IL-12 signaling. When FOXO1 

remains nuclear, CD8 Teff cannot upregulate T-bet, preventing them from making IFNγ 

and granzyme B.38 Furthermore, CD8 memory T cell formation requires active FOXO1 

for initiation and maintenance of this phenotype.39,40 When Foxo1 is deleted in activated 

CD8 cells, Hess Michelini et al. found that memory T cells do not form.41 When Foxo1 is 

deleted in already formed memory cells, similar to naïve CD4s, CD8 memory cells 

cannot populate the lymph nodes due in part to reduced induction of TCF7 and CCR7.42 

Further investigation of the signaling mechanisms that drive this dichotomy has revealed 

that activated CD8 Teff require mTORc2 activation, but memory T cells must inactivate 

mTORc2 and activate FOXO1 in order to mount an appropriate memory response to an 

intracellular pathogen.43 Thus CD8 T cells also require differential FOXO1 signaling to 

initiate and maintain their effector and memory functions.  

  

 As a whole, this body of literature demonstrates the crucial and finely tuned role 

FOXO1 plays in both CD8 and CD4 T cell development, activation, differentiation, and 

memory formation, with its subcellular localization being linked to function (Figure 1.2). 

As a homeostatic integrator, FOXO1 is an ideal target for modulating T cell function in 

both health and disease.  
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•  proliferate 

FOXO1 
FOXO1 

FOXO1 
FOXO1 

Secondary lymphoid organ 

FOXO1 

Tbet 

CD8 Teff inactive FOXO1 
•  Tbet expressed 
•  CD8 effector T cells act as CTLs  

IFNγ 
Granzyme B 

FOXO1 

Tbet 

CD8 Teff 
FOXO1 

Memory CD8 

active FOXO1 
•  Key in memory T cell 

formation & maintenance 

Figure 1.2 The roles of FOXO1 in T cells. FOXO1 plays many roles in the development, 
activation, function and differentiation of both CD4 and CD8 T cells. FOXO1 is key maintaining 
peripheral T cell quiescence as well as in the formation and function of memory CD8 T cells and 
both thymically-derived and induced regulatory T cells. FOXO1 inactivation is also necessary 
for naïve CD4 T cell activation and proliferation. Finally, FOXO1 binds to promoters of L-
selectin and CCR7 and allows naïve T cells to traffic to secondary lymphoid organs. tTreg (CD4 
thymically-derived regulatory T cell); iTreg (induced Treg); TH2 (T helper type 2); TH1 (T 
helper type 1); TFH (T follicular helper); Teff (effector T cell). 
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1.3 FOXO1 in B cells  

 FOXO1 also plays a crucial, non-redundant role in B cells, controlling early 

development, late activation responses, 19,44 and multiple fate decisions, both in the 

germinal center (GC), 45,46 as well as in memory 45,47 and plasmablast formation 48,49 

(Figure 1.3). Similar to T cells, B cell activation, initiated by strong B cell receptor 

(BCR) ligation, drives Syk and Btk phosphorylation,50 which in turn activates PI3K. 

PI3K then activates Akt, which phosphorylates FOXO1 and excludes it from the 

nucleus.51 Nuclear FOXO1 maintains B cell quiescence by decreased binding to the 

promoters of the pro-apoptotic factors Bim/Bcl2 and increased binding to anti-apoptotic 

factor Bcl2 like protein 1,48 and the Akt phosphorylation inactivates FOXO1 and allows 

the B cell to re-enter the cell cycle and begin proliferating by decreased expression of 

Bcl6 and increased c-myc activity.52,53 This closely timed, tightly regulated signaling 

cascade is activated by strong BCR ligation and cross-linking.44 However, B cells require 

tonic BCR signaling to maintain them in the periphery and FOXO1 plays a role in this 

maintenance, because deleting FOXO1 in mature peripheral B cells decreases B cell 

survival.48 This low level of BCR signaling does not tip the balance of FOXO1 signaling 

towards P-FOXO1, allowing it to remain nuclear and bind to the promoters of anti-

apoptotic proteins, as well as induce Syk expression and maintain B cell quiescence.54 

This tightly tuned signaling is one of the ways that B cell peripheral tolerance is 

maintained. If this tonic BCR signaling is lost, while FOXO1 remains nuclear, there is no 

longer any of the signaling that leads to apoptosis inhibition. FOXO1 can then induce 

Bim, Bcl2, and FOXP1 expression, which initiate the apoptotic cascade and B cell 

deletion, thus maintaining only B cells with appropriate signaling.55 PTEN plays a key 
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role in this maintenance, as a phosphatase that can reactivate FOXO1, because knocking 

out Pten is able to replicate the FOXO1-activation-induced apoptosis in B cells. 56 

 

 1.3a: FOXO1 in B cell development  

 Without FOXO1 activity, B cell development could not occur. Variable FOXO1 

signaling occurs at multiple stages of B cell development. Beginning from the common 

lymphoid progenitor, where E47 induces Foxo1 transcription,57 FOXO1, along with E2A 

and EBF1 initiates the transcription of Pax5, the key TF that commits the progenitor the 

B cell lineage fate.58 In pro-B cells, FOXO1 binds to GADD45a, which leads to 

transcription of RAG1 and RAG2 and initiation of V(D)J recombination . However, Akt 

signaling then begins, suppresses FOXO1 activity, and allows the B cell to proceed 

through the immature stages.48,59,60 This inactivation of FOXO1 is necessary for the 

variable heavy (VH) and light (VL) chain gene rearrangement. Ramadani et al. found that 

mice without PI3K activity in their pre-B cells have increased numbers of pre-B cells 

with two heavy chain alleles and no light rearranged allele.61 Another way that FOXO1 

controls B cell development is through IL-7R expression. Foxo1-deficient pro-B cells 

cannot proliferate in an IL-7-rich environment because they do not express IL-7R.48,62 

PI3K activity also downregulates RAG activity in the immature B cell stage via tonic 

BCR signaling and allows the cell to move into the periphery.63  

  

 1.3b: FOXO1 in B cell differentiation  

 Not only does FOXO1 localization and function regulate the different transitions 

in B cell development. It also regulates B cell maintenance in the periphery, migration to 
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the secondary lymphoid organs, and fate determination as either a marginal zone (MZ) or 

germinal center (GC) B cell. Transitional B cells in which Foxo1 is inactive, fail to 

populate the peripheral lymphoid organs appropriately via reduced expression of 

CD62L,48 and show an increased fraction of marginal zone (MZ) B cells.64 This MZ 

increase can be reversed by Foxo1 or in a Btk-independent Cd19-Cre mouse,64,65 

suggesting that MZ B cell commitment depends on the PI3K/Akt/FOXO1 signaling 

pathway.  

 Mature B cells also require FOXO1 activity for appropriate BCR tonic signaling. 

With FOXO1 inactive, Dengler et al. show that mature B cells have reduced BCR on the 

surface and impaired BCR signaling responses.48 There is likely a feedback loop in 

mature peripheral B cells where FOXO1 activity allows activation signaling molecules to 

accumulate, and then BCR tonic signaling decreases FOXO1 expression enough to allow 

the cell to persist in the periphery.66 This is supported by the fact that BCR-negative cells 

have reduced Akt activity, and can be rescued from apoptosis via deletion of PTEN or 

FOXO1.56  

 Once mature B cells encounter antigen and are clonally selected, they can commit 

to two different fates: a). a rapidly dividing, low affinity immunoglobulin M (IgM)-

secreting, plasmablast fate or b). the germinal center (GC) fate.51 A number of different 

groups have shown that this fate decision is dependent on the PI3K/Akt/FOXO1/PTEN 

signaling axis. Loss of PTEN and increase in PI3K/Akt signaling promotes plasmablast 

formation,67 but constitutively active Foxo1 can rescue this fate and shift the balance 

towards affinity maturation in the GC and initiation of class switch recombination 

(CSR).47 Once the B cell has gone to the GC, if Foxo1 is still deficient, CSR does not 
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occur because Foxo1 is necessary for Aicda upregulation and expression.47,48 Other 

signaling pathways, including costimulation and cytokines, can bypass this BCR-

activation-driven proliferation and downregulation of FOXO1.  Fruman et al. and Omori 

et al. showed that CD40 and IL-4 will drive B cell proliferation even in the presence of 

PI3K inhibitors.47,68 Deletion of Foxo1 rescued BCRneg B cells stimulated by CD40 and 

IL-4, but BCRpos cells required FOXO1 to proliferate in response to CpG.69 However, 

there are special cases, as AID, which drives CSR, is enhanced by PI3K in the context of 

TLR activation.70  

 These findings demonstrate that, depending on the type, intensity, and timing of 

the signaling that FOXO1 receives in a B cell, it can drive the B cell towards opposing 

fates and functions. As Limon and Fruman state, “the Akt-FOXO1 axis controls 

differentiation.”51 In other words, FOXO1 is both a homeostatic regulator and a rheostat 

TF for external BCR signal source and fate determination in human B cells in the 

periphery.  

 

 1.3c: FOXO1 is crucial for the germinal center program 

 FOXO1 also plays a distinct and special role in the initiation and formation of the 

dark zone (DZ) region of the germinal center (GC), as well as maintenance of the DZ 

program. Two papers appeared simultaneously in the December 2015 issue of Immunity 

showing that differential FOXO1 activity is crucial for appropriate GC signaling. 

Dominguez-Sola et al. demonstrated that Foxo1 is only expressed in the DZ of the GC. 

Additionally, they showed that when Foxo1 is deleted in GC B cells, the DZ could not 

form. FOXO1acting as a TF transactivated CXCR4 expression and together with Bcl6, 
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repressed genes involved in immune activation and plasma cell differentiation.45 Sander 

et al. showed that counter to its traditional role as a tumor-suppressor, FOXO1 is 

necessary for the proliferation that occurs in the DZ. Active FOXO1 also controlled CSR 

through accessibility to the Aicda switch region. This contributed to FOXO1’s role in the 

selection of somatic antibody mutants. However, the light zone (LZ) program required 

increased PI3K signaling and inactive FOXO1 for further GC B cell differentiation.46 

Later, Inoue et al., building on the previously mentioned papers, further explored 

FOXO1’s role in the LZ program. In addition to confirming that FOXO1 is necessary for 

proper GC architecture, they discovered that FOXO1 is transiently active in LZ 

centrocytes and is necessary for appropriate proliferation, even when T cell help is 

abundant. This transient FOXO1 activation drives the expression of BATF, which after 

appropriate T cell help, triggers the switch from the DZ to the LZ.71 Together, this body 

of work shows how minutely and kinetically FOXO1 controls B cell maturation within 

the GC and highlights the drastic changes in GC formation, B cell differentiation and 

affinity maturation that occur when appropriate FOXO1 activity is altered. These findings 

point towards the finesse of FOXO1 signaling involved in GC, and raise a potential 

answer as to how some of the GC-derived diffuse B cell lymphomas have mutations in 

FOXO1 that prevent Akt phosphorylation,72 thus allowing FOXO1 to play a counter-

intuitive role in proliferation in the periphery. Most recently Luo et al. have shown that 

GC B cells have rewired their BCR signaling networks so that in DZ GC B cells, Akt 

signaling is transiently but specifically induced by BCR cross-linking and together with 

Syk, efficiently inactivates FOXO1, allowing the cells to transition to the LZ program. 73 

On the other hand, GC B cells have rewired CD40 signals to propagate specifically via 
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NF-κB. Together the BCR and CD40 signaling pathways synergistically induce c-myc 

and p-S6 and allow B cells to be selected for cell cycle reentry.73 

 

 1.3d: FOXO1 in B cell tolerance checkpoints  

 As the B cells move through development and differentiation, there are a number 

of checkpoints where self-tolerance is assessed and autoreactive B cells are deleted, 

saved via Ig chain rearrangement, or inactivated via anergy.74 The first checkpoint occurs 

during development, in the Ig chain rearrangement stages and is termed the central B cell 

tolerance checkpoint. The first peripheral tolerance checkpoint, which usually occurs in 

the spleen after emigration from the bone marrow, is in the transitional immature B cell 

and results in a reduction from 40% autoreactive B cells to 20% autoreactive B cells.75 

Tonic BCR signaling, which activates PI3K/Akt and inactivates FOXO1 is the first 

tolerance checkpoint that B cells encounter. Autoreactive cells that signal too strongly or 

not enough at this stage are removed from the circulation, and this is controlled by 

appropriate levels of signaling through the PI3K/Akt/FOXO1 axis.76,77 Weak self-

recognition does not induce much signaling, and the cells become anergic.78 Very strong 

self-recognition can either lead to elevated PTEN signaling and reduced CD19 

expression, which attenuates BCR signaling and PI3K activity, leaving FOXO1 nuclear 

and able to induce apoptotic gene expression.76 Alternately, the BCR:self-antigen 

complex can induce BCR endocytosis, less PI3K/Akt signaling, and theoretically more 

FOXO1 activity and RAG1/2 activation and receptor editing.79 Although it has been 

shown that loss of PTEN in anergic B cells can rescue peripheral autoreactive B cells,77 

the role of FOXO1 in peripheral B cell tolerance, anergy and autoreactive B cell deletion 
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has yet to be elucidated. Szydłowski et al. in their review suggest that FOXO1 signaling 

downstream of the BCR may play a key role in maintaining peripheral B cell tolerance, 

however, to date, few studies have explored FOXO1 signaling in anergy or autoreactive 

B cells in the periphery.19  

 

 Together this body of work suggests that FOXO1 acts as a rheostat TF in B cells, 

controlling both the maintenance of each differentiation phase, as well as the transitions 

to the next activation and functional state. Interestingly, the finely tuned kinetics of 

FOXO1 signaling in B cells play a crucial role in each of these transitions, and mediate 

differential function depending on which phase of differentiation the B cell is currently in 

and transitioning towards. Between its role in B cell fate and the specific, highly kinetic 

nature of its signaling, FOXO1 is an ideal protein that likely serves as one of the key TFs 

maintaining B cell tolerance. However, there have been few investigations into the role 

that FOXO1 plays in cementing and maintaining peripheral B cell tolerance. 

Additionally, it is important to note that FOXO1 localization and function differ 

depending on the stage and location of the B cell, thus FOXO1 localization in a 

peripheral B cell can mark both activation state as well as its potential response to other 

signals that lead to cell death or maintenance. Ultimately, FOXO1 has been well 

investigated in normal functioning B development and differentiation, but little is known 

about whether FOXO1 is involved in maintaining peripheral tolerance, either at the 

immature transitional B cell stage or after affinity maturation in the GC. 
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Figure 1.3 The roles of FOXO1 in B cells. FOXO1 plays a non-redundant role in B cell 
development, activation, differentiation, and maintenance. The finely tuned kinetics of FOXO1 
activation and inactivation in place it at the center of B cell homeostasis mainte-nance and make it 
an ideal candidate transcription factor to target for modulating B cell peripheral persistence as well 
as terminal differentiation states. As a rheostat transcription factor, FOXO1 integrates a multitude 
of activation, cytokine, and metabolic signals that determine B cell fate and may play a role in 
maintaining peripheral B cell tolerance. HSC (hematopoietic stem cell); CLP (common lymphoid 
progenitor); BCR (B cell receptor); Ag (antigen); MZ (marginal zone); GC-BC (germinal center B 
cell); SHM (somatic hypermu-tation); CSR (class switch recombination); checkpoint (self-
tolerance checkpoint) part of figure adapted from motofolio. 
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1.4 FOXO1 dysregulation in lymphocytes: cancer and autoimmunity 

 FOXO1 was initially studied in human tissues because of its dysregulation in 

number of chronic diseases including various blood and muscle cancers, and more 

recently in a few autoimmune diseases, both organ-specific and systemic. The first 

mention of FOXO1 in human disease was in alveolar rhabdomyosarcoma, a skeletal 

muscle tumor, as a translocation with PAX3.13 It has also been shown to be increased in 

activity in GC-derived diffuse B cell lymphomas.72 However, in BCR signal-dependent 

diffuse large B-cell lymphomas, FOXO1 actually drives cell toxicity and apoptosis and 

opposes Syk signaling.80 It is also known that the Epstein Barr virus (EBV) represses 

FOXO1 in lymphoblastic cell lines derived from human EBV-infected peripheral B 

cells,81 while in classical Hodgkins lymphoma, FOXO1 repression suppresses plasma cell 

differentiation.49 Although its role as a homeostatic TF and key molecule in lymphocyte 

function has been well established, FOXO1 has not been closely investigated in 

autoimmunity. A few studies have examined its role in lymphoctye-driven 

immunopathogenesis very superficially. In a multiple sclerosis relapsing remitting mouse 

model, Tregs have developed a Th1-like phenotype with active PI3K/Akt signaling. 

Ablating this restored nuclear FOXO1, decreased IFNγ production and improved Treg 

suppressive capabilities.82 One group has reported that FOXO1 transcript and total 

protein are decreased in total peripheral blood mononuclear cells (PBMCs) from active 

SLE patients.83  

 

 Although FOXO1 has not been implicated in the pathogenesis of many 

autoimmune diseases, its central role in controlling lymphocyte homeostasis and 
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differentiation make it an ideal target to investigate in systemic autoimmunity, which 

often involves lymphocyte dysregulation, both in numbers and signaling. Additionally, as 

a central molecule involved in integrating and coordinating many different signaling 

inputs, FOXO1 presents an interesting field for investigation in diseases where immune 

cells are receiving multiple types of dysregulated inputs from self-antigens as well as 

inflammatory cytokines.  

 

2. Systemic Lupus Erythematosus 

2.1 Disease  

 SLE is a highly heterogeneous, multi-factorial disease that involves both systemic 

inflammation and multi-organ damage.84 Although its presentation and course can be 

incredibly variable, as a whole, SLE patients are united by their high titers of 

autoantibodies specific for intracellular targets, presence of immune complexes, 

increased inflammatory cytokine levels, and imbalance and dysfunction of a number of 

different lymphocyte subsets.85,86 Thus, SLE end-organ damage, which can be in nearly 

any tissue in the body, is immune-mediated.  

 As an autoimmune disease, SLE affects more women more than men86 and is 

marked by differential progression among races.87 Of note, African American (AA) SLE 

patients have a higher incidence of SLE at approximately 43% in the US, an increased 

amount of severe SLE manifestations and a worse terminal prognosis.88-91 While AA 

patients do have more severe SLE disease,92 all patients have a range of disease activity, 

which can be active, go into remission, and flare, depending on medication and or 

environmental exposures.84 Since SLE symptoms include such a wide-range of 
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manifestations, a number of different clinical indices are used to compare disease activity 

and treatment effects.93 These indices allow a clinician to not only compare disease 

activity but also monitor the improvement or worsening of the disease in a number of 

different body systems.  US clinicians commonly use the SLE Disease Activity Index 

(SLEDAI) to generate a score based on twenty-four abnormalities in nine different organ 

systems.94 A patient’s disease activity score at any given time is a number from 0 to 105 

generated by the physician, and is based on the presence or absence of the individual 

weighted abnormalities. Generally, a score of >5 is associated with therapy initiation,95 

and many clinical studies consider patients with a score of 4 or higher to be active.96 The 

SLEDAI scoring is a valid, specific, and reliable measure of disease activity, but to date, 

there is no standard SLE disease activity measure. Therefore, the field needs specific 

disease biomarkers and parameters that characterize and or predict which patient is more 

likely to flare and have a worse outcome compared to another patient.  

 

2.2 Lymphocytes subset dysregulation in SLE  

 While SLE remains a multi-factorial, highly heterogenous disease with varying 

presentations and outcomes, there are a few immunological findings that remain 

consistent across all patient types and disease presentations. One of these findings is 

peripheral lymphocyte subset dysregulation. As SLE is both a T cell-mediated and B cell-

mediated disease, SLE patients develop skewed percentages of specific T and B cell 

subpopulations that likely reflect the course, progression, and activity of their disease 

over time.  
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 2.2a SLE T cell subset dysregulation 

 While there is still debate in the field as to whether peripheral T cells are the main 

drivers of SLE immunopathogenesis, the major categories of CD4 T cells still reflect the 

overall systemic inflammation that characterizes the disease. SLE patients have been 

shown to have an increase in total CD45RO+ memory CD4 T cells and a decrease in 

naïve CD4 T cells.97 When explored further, the CD27+ central and effector memory 

CD4 T cells in the periphery are both increased, although these cells are less proliferative 

than the naïve cells.98 CD27 is a member of the tumor necrosis receptor family and is 

expressed on most human memory cells, as well as naïve CD4 and CD8 T cells.99-101 

More recently, Shah et al. discovered that SLE patients had a CD4 compartment skewed 

towards the TH17 subset, a subpopulation known for producing IL-17, an key 

inflammatory cytokine thought to play a role in SLE pathogenesis.102 The patients with 

more active disease had an increased number of TH17, but not TH1 cells, which correlated 

with disease activity. Circulating T follicular helper cells, defined as CD4CXCR5+PD-

1+/high and/or ICOS+ T lymphocytes are also increased in SLE patients and this increase 

positively correlates with a more severe disease.103 Another CD4 T cell subset that is 

altered in SLE, are Tregs. Initially, it was reported that SLE patients have decreased 

numbers of peripheral Tregs.104-106 However, when more stringent markers of Treg 

identity are used, including FoxP3, the Treg master TF, and Helios, a TF that marks 

natural or thymically derived Tregs,107 SLE patients actually have normal or increased 

numbers of Tregs compared to healthy controls, suggesting that the Tregs may be 

functionally defective instead of changed in number.108 Another CD4 subset, follicular 

helper T cells (TFH), is altered in SLE patients. Specifically, TH2-type TFH are 
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significantly increased in SLE patients with active disease.109 There are many fewer 

descriptions of CD8 T cell subsets and phenotype in SLE patients in general.110 A few 

groups have reported that effector memory CD8 T cells are increased in SLE patients, 

particularly the IL-7Rα low memory CD8 Teff.111,112 Overall, the major T cell subset 

dysregulations in SLE patients are found in the CD4 T cell compartment, indicating that 

T cell help contributes and potentiates SLE immunopathogenesis. 

 

 2.2b SLE B cells subset dysregulation  

 While the heterogenous presentation of SLE points towards a complex 

immunologic pathology in multiple systems, the high titers of autoantibodies 

ubiquitously present in SLE patients implicate B cells as a central player in SLE 

immunopathogenesis. Many different groups have examined the circulating peripheral B 

cell subsets in various subgroups of SLE patients. The most common B cell groups 

examined in both SLE patients and healthy controls are defined by the expression of the 

CD19, which is expressed on all B cells, but not plasma cells,113 and the two surface 

molecules IgD and CD27. IgD is an immunoglobulin isotype expressed on most naïve B 

cells as well as on a select number of memory cells in humans termed IgD memory B 

cells or unswitched memory B cells.114 Normally, when a memory B cell is generated, the 

IgD locus, which is located near the IgM switch region, is spliced out during CSR, 

leading to a change in Ig isotype.115 CD27 is a member of the tumor necrosis factor 

family and is expressed on memory B cells in both the tissue and periphery.116,117 CD27 

binds to CD70, which can be expressed on a CD4 T cell. This interaction on a memory B 

cell will drive Ig production and differentiation into a plasma cell.118 Using CD19, IgD, 
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and CD27, peripheral B cells can be divided into four subpopulations: a) naïve mature 

(IgD+ CD27-), b) switched memory (IgD- CD27+), c) unswitched memory (IgD+ 

CD27+), and d) double negative (DN) (IgD- CD27-) B cells. 119,120 

 In attempts to determine better biomarkers for SLE diagnosis, disease prognosis, 

and treatment outcome monitoring, many different groups have examined peripheral B 

cell subset proportions in SLE. In the early 2000s, Huang et al. described that in five SLE 

patients treated with anti-CD40L antibody, before and after treatment, these patients had 

a significant increase in the DN B cell subset and a significant decrease in the unswitched 

memory B cell compartment.121 Peripheral B cell subset skewing was not altered by the 

antibody treatment. Iñaki Sanz and his group also reported the same changes in the 

peripheral B cell subsets, most of which were normalized by rituximab, an anti-CD20 

monoclonal antibody, treatment. However, the increase in DN did not resolve if all of the 

B cells were not completely ablated.122 Although these DN B cells are present in healthy 

donors, (they make up about 4% of the peripheral B cells), until the late 2000s, they were 

a relatively unstudied population in both healthy individuals and SLE patients.123 In 2007, 

the Sanz group published a more thorough characterization of the DN B cell subset that is 

expanded in SLE. They described these as atypical memory cells that are significantly 

increased in SLE patients (~14.5% of peripheral B cells), lack CD27, but still extrude 

rhodamine, a typical characteristic of memory B cells,123 and express 9G4, an 

autoreactive antibody highly associated with SLE.124-126 Additionally, they and other 

groups have shown that DN B cells have hypermutated VH genes, although the mutation 

rate is lower than in the CD27+ classical, switched memory B cells.123,127 These DN B 

cells have also been shown to be elevated in other chronic inflammatory disease such as 
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malaria,128 HIV,129 and in the elderly130. Although these DN B cells are increased in SLE 

patients, their percentage of the total B cell population does not correlate with disease 

activity. However, when CD95 is added to the analysis, the percentage of CD95-positive, 

or activated, DN B cells does positively correlate with SLE disease activity.131 One 

caveat with this analysis done by Jacobi et al. is that the gating was not specifically on 

IgD- CD27- CD95+ B cells, but on CD19+CD95+ CD27- B cells, which were then back 

gated for IgD. Consistent with the altered in peripheral B cell subsets, SLE patients are 

also know to have significant increases in circulating plasmablasts and plasma cells.132 

These increases in the terminally differentiated plasmablasts and plasma cells usually 

correlate with disease activity.133 Despite an abundance of reports describing the 

disrupted B cell subpopulations in SLE, particularly the expansion of the DN atypical 

memory B cell compartment, some studies have attempted to characterize these B cells in 

SLE and but few have assessed their role in immunopathogenesis.   

 

2.3 Dysregulated lymphocyte signaling in SLE 

 One of the hallmarks of SLE, regardless of clinical subtype, is altered signaling 

and lymphocyte hyperactivity.134 A number of groups have described altered T and B cell 

activity and function in both mouse models of SLE as well as in lymphocytes from 

patients with active disease.135,136 While this phenomenon has been detailed multiple 

times and a number of key, dysregulated signaling molecules have been identified, the 

field still lacks clarity as to how and why these lymphocytes are hyperactive. Are they 

intrinsically hyperactive or does some environmental factor trigger a few aberrant 

lymphocytes, which then sets off a cascade of cytokines and signaling that lead to 
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hyperactivation in many more lymphocytes? A better understanding of the signaling that 

is occurring downstream of lymphocyte activation will allow us to further target SLE 

treatments towards the cells that are initiating and perpetuating the disease. 

 

 2.3a: SLE T cell hyperactivity 

 A number of groups have investigated T cell activity in SLE and have reported 

dysregulated T cell activation signaling and generalized CD4 and CD8 T cell 

hyperactivation.137,138 General characteristics include increased signaling via tyrosine 

kinases with faster calcium fluxes,139 changes in the subunits of the T cell receptor 

complex and increased expression of costimulatory molecules. Beginning most 

proximally, SLE T cells isolated from human patients have more lipid rafts that contain 

higher concentrations of FcRγ, Syk, and phospholipase Cγ, and altered localization of 

CD45 with a decreased in its linked kinase, Lck, which is crucial T cell activation.140-143 

These findings are also confirmed in the lpr mouse model, where lipid rafts with high 

concentrations of signaling molecules peak before disease manifestation, which can be 

delayed if these rafts are disturbed.144  

 The TCR:CD3 complex is also altered in SLE T cells, with CD3ζ replaced by 

FcRγ, which interacts with Syk instead of ZAP70, and produces a 100-fold stronger 

activation reaction without an increase in IL-2 production, which is restored when a 

normal CD3ζ is transfected into the cell.139,145,146 More distally, SLE T cells have 

increased expression of Syk and downstream signaling molecules Vav-1 and PLCγ.147 

Lupus-prone mice also have increased Akt signaling in their CD4 T cells, which resolves 

with a PI3K inhibitor treatment.148 In addition to increased signaling intermediates, SLE 



25 

T cells have higher CD40 ligand expression than healthy controls, which correlates with 

disease activity in some SLE patients.149,150 

 Hypomethylation of various genes involved in regulating T cell activation, such 

as the phosphatase PP2A also likely play a role in the hyperactivation of SLE T cells.151 

CD8 T cells from SLE patients also display defective cytotoxic lysis, which has been 

associated with poor regulation of autoreactive B cells.152,153 All of these alterations and 

defects in SLE CD4 and CD8 T cell signaling lead to generalized lowering of the 

activation threshold, increased hyperactivity, and likely potentiate SLE 

immunopathogenesis by providing more T cell help to and less T cell-mediated 

regulation of autoreactive B cells. Ultimately, the field debates these cause and effect 

relationships between T and B cell-mediated activity in SLE immunopathogenesis 

because human studies preclude many of the specific manipulations that would answer 

these questions. 

 

 2.3b: SLE B cell hyperactivity 

 While T cells assist in SLE immunopathogenesis by providing help to 

autoreactive B cells, autoreactive B cells are the main producers of the high titers of 

autoantibodies, a major cause of SLE immunopathogenesis.84B cell hyperactivity has 

been reported for decades in SLE, both in human SLE patients154,155and murine models of 

SLE.156,157 This B cell hyperactivity usually positively correlates with disease activity.155 

Although it has been known for at least forty years that SLE B cells are hyperactive, 

comparatively fewer studies than in SLE T cells have investigated the signaling specifics 

of this altered activation.134  
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 A number of the same signaling defects found in SLE T cells also characterize 

SLE B cells, including increase calcium flux. This is a result of defective FcγRIIb 

signaling which cannot effectively recruit the inhibitory phosphatase SH2 domain-

containing inositol 5′-phosphatase,145 and dysregulated CD19 and complement receptor 2 

expression.158,159 SLE B cells also display decreased expression of Lyn, a kinase whose T 

cell counterpart is Lck. This is correlated with spontaneous B cell proliferation, as well as 

expression of an altered CD45 isoform, which likely promotes altered BCR signaling and 

activation.160 Additionally, SLE patients have single nucleotide polymorphisms (SNPs) in 

LYN and another tyrosine family kinase, BLK, which are associated with an increased risk 

of developing SLE.161,162 Other than activating kinases, SLE patients also have alterations 

in their tyrosine phosphatases. Genome-wide association studies have identified SNPs in 

PTPN22, the LYP tyrosine phosphatase, that are associated with increased risk of SLE 

and lead to kidney disease, anti-dsDNA autoantibodies and spontaneous GC formation in 

murine lupus.163,164  As discussed previously, a key signaling molecule involved in 

regulating FOXO1 function, is PI3K. Importantly, in SLE B cells from patients and in 

murine models of lupus, PI3K activity is increased.165 Apart from this direct evidence of 

PI3K dysregulation in SLE, there is indirect evidence that this pathway is important in B 

cell hyperactivation in lupus. PTEN, a key phosphatase that regulates PI3K activity, has 

decreased expression in B cells from SLE patients, and the levels of PTEN expression 

correlated with disease activity.159 Upstream of PI3K are Syk and Btk, two key kinases 

activated immediately downstream of the BCR. B cells isolated from SLE patients have 

significantly higher levels of both Syk and p-Syk compared to healthy controls.166 SLE 

patients also have increased Btk phosphorylation.166 Together these findings indicate that 
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the PI3K signaling axis, which actively regulates FOXO1 localization and function is 

altered in SLE patients and contributes to the overall state of B cell hyperactivation in 

lupus. 

 Additionally, another signaling pathway that is dysregulated in SLE B cells that 

has great implications for B cell hyperactivation is the innate immune-receptor mediated 

signaling through toll-like receptors (TLRs). A number of groups have provided evidence 

that the BCR and TLR signaling pathways interact to cross-activate autoreactive B 

cells.167,168 This involves BCRs engaging self-antigens which traffic endosomally to 

intracellular TLRs, specifically TLR7 and TLR9.169,170 The pathogenic role of TLR7 has 

also been confirmed in murine models of lupus and via identification of human SNPs in 

TLR7.171-173 Finally, SLE B cells also have changes in cytokine production and receptor 

expression, which can rescue self-reactive B cells. Increased BAFF, a key B cell survival 

cytokine in the periphery, has also been associated with autoimmunity.174 SLE patients 

also have increased serum levels of BAFF associated with inflammatory markers. 175  

 

 Taken together, all of these findings suggest that SLE B cells have dysregulated 

signaling at multiple levels. Not only do they have altered expression of BCR-associated 

signaling intermediates, but they are prone to increased activation via TLRs and are 

further primed for activation by various cytokines in the serum as well as increased 

cytokine receptor expression. Of note, the PI3K pathway, which activates Akt, thereby 

inactivating FOXO1, is overactive in SLE patients. This suggests that FOXO1, which 

controls B cell homeostasis, function, differentiation, and potentially tolerance, could be 

altered in SLE B cells compared to healthy controls. Together, the fact that many of these 
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dysregulated signaling molecules involved in B cell activation also play roles in B cell 

differentiation implies that the B cell hyperactivity that characterizes SLE contributes to 

the derangement of peripheral B cell subsets.  

 

3. Scope of Dissertation 

 SLE is a severe, systemic inflammatory autoimmune disease characterized by 

extreme heterogeneity, but unified by the presence of high titers of autoantibodies and 

lymphocyte subset dysregulation, signaling abnormalities, and hyperactivity. Well-tuned 

kinetic signaling controls normal lymphocyte activation and function, which involves a 

number of crucial homeostatic TFs whose subcellular localization is linked to their 

function. One such TF, FOXO1, controls development, activation, and differentiation in 

both human T and B cells and may be dysregulated in SLE. Importantly, there is 

evidence that disrupting normal FOXO1 function leads to lymphocyte dysregulation and 

altered activation and function. This thesis sought to determine whether peripheral 

subsets of human T and B cells had differential FOXO1 localization in SLE patients and 

healthy donors. I hypothesize that lymphocytes from SLE patients will have more 

cytoplasmic FOXO1 localization relative lymphocytes from healthy volunteers.  

 In chapter 2, I describe the development and validation of a method for 

visualizing dynamic native FOXO1 localization in peripheral human T cells using 

imaging flow cytometry (IFC). Using this method, I assessed FOXO1 localization 

kinetics in both a CD4 cell line and primary human CD4 and CD8 T cell subsets in 

response to a TCR signaling mimic and demonstrated that IFC can reliably detect 

significant differences over time in FOXO1 localization within various user-defined 
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subsets, including human Tregs. Finally, I used IFC to demonstrate CD4 T cells, CD8 T 

cells, and Tregs have primarily nuclear FOXO1 localization and this did not significantly 

differ between the 17 SLE patient and the 15 healthy volunteer samples that were 

assessed. 

 In chapter 3, I demonstrate that the IFC FOXO1 visualization method described in 

chapter 2 can be used to detect significant kinetic changes in dynamic native FOXO1 

within user-defined subsets of primary peripheral human B cells. I confirmed that the 

SLE patient cohort recruited for this study had a significant increase in the percentage of 

double negative (DN) atypical memory B cells. Additionally, I used IFC to show that the 

DN (IgD- CD27-) atypical memory B cell subset has significantly more cytoplasmic 

FOXO1 localization in SLE patients than healthy donors, and this is associated with 

increased disease activity in African American females. I characterized these cytoplasmic 

FOXO1+ DN B cells as activated, with an increased representation of the IgM class. 

Finally, I propose a model by which these activated, cytoplasmic FOXO1+ DN B cells 

persist in the periphery and serve as a reservoir of autoreactive memory B cells ready to 

produce autoantibodies against endogenous proteins, thereby potentiating and 

perpetuating SLE disease activity. 



30 

Chapter 2. Using imaging flow cytometry to examine dynamic 
FOXO1 localization in human T cell subsets in health and 
SLE1  

 
2.1 Introduction 

 To study lymphocyte activation in clinical samples, which often are restricted in 

size and quantity, it is necessary to gain the greatest amount of data possible from the 

fewest available cells.176,177 Flow cytometry offers a distinct advantage for studying rare 

lymphocytes, using gating strategies to identify many different cell types. Multiple flow 

cytometry-based strategies for measuring the precise activation status of lymphocytes 

have been advanced, including cell surface activation markers and phospho-flow 

cytometry.178-180 However, flow cytometry is unable to provide concurrent information on 

protein localization, another key component of lymphocyte activation.181 This deficiency 

in standard flow cytometry precludes the thorough study of certain families of 

transcription factors whose localization influences their function.182 One such molecule 

that influences lymphocyte fate and function is Forkhead box O1 (FOXO1).2,44 

 As discussed in chapter 1, FOXO1 plays a central role in regulating CD4 

lymphocyte differentiation and activation to mediate a balanced immune response via its 

effects on both regulatory lymphocytes and effector CD4 lymphocytes.20 FOXO1 itself is 

regulated by lymphocyte signaling–when the PI3K/Akt pathway is activated downstream 

of lymphocyte receptor and co-stimulation, Akt phosphorylates FOXO1 and excludes it 

from the nucleus, preventing it from acting as a TF and allowing for potential 

                                                
1Adapted from195 (Hritzo MK, Courneya JP, Golding A. Imaging flow cytometry: A 
method for examining dynamic native FOXO1 localization in human lymphocytes. J 
Immunol Methods.	2018 Mar;454:59-70. doi: 10.1016/j.jim.2018.01.001.) 
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ubiquitination and degradation.2 CD8 lymphocytes use FOXO1 signaling in a similar 

keystone role for appropriate differentiation and viral memory responses,2,38,43 making 

FOXO1 a key molecule for study in T cell activation.  

 As mentioned in chapter 1.2, SLE is a heterogeneous disease characterized by 

systemic inflammation perpetuated by hyperactive lymphocytes.137,183 A number of key 

signaling molecules including CD3, Zap70 and Syk are dysregulated in SLE T cells, 

leading to stronger, faster signaling via these molecules.137 The central role FOXO1 plays 

in regulating T cell effector differentiation and function suggests that it could serve as a 

potential hub in the signaling cascade that is dyregulated in SLE T cells. However, to 

date, FOXO1 localization has not been examined in SLE T cell subsets.  

 A standard method for examining FOXO1 localization in lymphocytes is 

subcellular fractionation and western blotting.184,185 However, this method requires a 

large numbers of cells, is dependent on the purity and viability of the starting cell 

population, and is more qualitative than quantitative. When studying human 

lymphocytes, many different functional subsets such as effector lymphocytes and 

regulatory lymphocytes may exist within the population, and can differentially use 

various signaling molecules. Subcellular fractionation requires at least 3 x 106 cells for an 

accurate analysis.181,186 However, an example of a rarer peripheral blood subset, human 

Tregs are only a small fraction (~1%) of lymphocytes in the peripheral blood107,108 and 

often, the yield is no more than ~200,000 Tregs from 50 ccs of whole blood.187 This 

small number prevents accurate and quantitative analysis of FOXO1 localization by the 

classic method of subcellular fractionation and western blotting in human lymphocyte 

subsets such as Tregs. 
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 To dissect the role of FOXO1 in various lymphocyte subsets, a method is needed 

that can make use of a small numbers of cells and provide both qualitative and 

quantitative information. Additionally, when cells are fractionated for WB analysis, there 

are multiple cell types within a heterogenous population. This can blur the effect of 

changes in protein signal within subsets of a population.188 If an alternative approach 

could also distinguish different subsets within a parent population, and characterize the 

sub-cellular localization of native cellular proteins, such as TF, this could offer valuable 

insights into human lymphocyte developmental stage or activation status.181  

 We evaluated imaging flow cytometry (IFC), which combines the qualitative 

precision of microscopy with the quantitative measure of flow cytometry, as a reliable 

method of assessing FOXO1 localization in human lymphocytes. IFC, like classic flow 

cytometry, can analyze single cells within a population based on specific fluorescence 

staining, while providing qualitative images of each single cell.189,190 This allows for 

gating and analysis of the sub-cellular distributions of any chosen parameter within a 

specific subpopulation. A crucial consideration is the fact that IFC has previously been 

described as a reliable method for quantifying nuclear translocation,84 specifically the 

nuclear translocation of NF-κB, a key lymphocyte transcription factor.191 Another 

group,192 has previously stained isolated human CD4 T cells for native FOXO1 and used 

IFC to assess the effect of HIV infection on FOXO1 localization within memory and 

naïve CD4 cells, showing that HIV infected CD4 cells have decreased nuclear FOXO1 

compared to HIV negative cells. While these authors did demonstrate that IFC could be 

used to visualize native FOXO1 localization in two different, gated populations of human 

CD4 T cells, to date, there is limited information regarding using IFC to assess dynamic 
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changes in FOXO1 localization in either total human CD4 T cells, or in T cell 

subpopulations cultured within a population of total human peripheral blood mononuclear 

cells (PBMCs).  

 In this report, we use a human CD4 lymphocyte line, HuT102, which we 

demonstrate has baseline nuclear FOXO1, and dynamically alter FOXO1 localization 

using a T cell receptor (TCR) signaling mimic with or without Akt inhibition. We 

assessed FOXO1 localization via the standard method of subcellular fractionation and 

WB as well as our protocol for imaging flow cytometry. We also examined IFC as a 

method for reliably detecting qualitative and quantitative changes in native FOXO1 

localization in primary human CD4 and CD8 T cells over time, when total PBMCs were 

cultured with a TCR signaling mimic. Thus, we report the validation of IFC as a reliable 

method for quantitative analysis of dynamic native FOXO1 localization in human 

lymphocytes on a per cell basis within user defined subpopulations. Advantages of this 

method include the small number of cells needed, the ability to gate on subpopulations, 

and the proven capability to detect differences in nuclear translocation of human TFs. We 

then used this method to determine if there are any differences in FOXO1 localization 

between SLE and healthy donor T cell subsets.  

 

2.2 Materials and Methods 

2.2a HuT102 cell culture 

 HuT102 cells (kind gift of Dr. Arnob Banerjee, UMSOM, authenticated by 

UMSOM Biopolymer Genomics Core Laboratory - 100% similarity to ATCC reference 
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strain TIB-162) were maintained in complete RPMI 1640 medium at 37 °C at a 

concentration of between 2 × 105 and 1.5 × 106 cells per mL. 

 

2.2b In vitro HuT102 Stimulation 

 HuT102 cells were cultured at 37°C at a concentration of 1 x 106 cells per mL 

with either phorbol 12-myristate 13-acetate (PMA)/ionomycin (PMA/I)(eBioscience™ 

Cell Stimulation Cocktail (500X) # 00-4970-03) or an Akt inhibitor (Akt inhibitor VIII, 

Isozyme-Selective, Akti-1/2 - CAS 612847-09-3 – Calbiochem, # 124018) for a time 

course of 0.5 to 24 hours.  

 

2.2c Subcellular fractionation and western blot analysis 

 Subcellular fractionation of HuT102 cells was performed according to 

manufacturer’s instructions using the Nuclear Extract Kit (Active Motif, Carlsbad, CA). 

FOXO1 localization in the nuclear/cytoplasmic extracts was confirmed via standard 

western blot technique. Antibodies used include anti-nuclear lamin B (Cell Signaling 

Technology; (D9V6H) Rabbit mAb #13435), anti-FOXO1 (CST; (C29H4) Rabbit mAb 

#2880), and anti-β-actin (Pierce Beta-actin loading control monoclonal antibody #MA5-

15739). Image analysis was done in ImageJ193 and nuclear to cytoplasmic ratio of FOXO1 

was calculated via the following equation: Net nuclear FOXO1/Net cytoplasmic FOXO1.  

 

2.2d Primary human T cell culture and stimulation 

 Peripheral blood mononuclear cells (PBMCs) were isolated over a Ficoll gradient 

from human buffy coats (kind gift of Dr. Scott Strome, UMSOM) and were cultured in 
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complete RPMI 1640 medium at 37 °C at a concentration of 1x106 cells with either 

media alone or PMA/I (eBioscience™ Cell Stimulation Cocktail (500X) #00-4970-03) 

for a time course of 0.5 to 24 hours.  

 

2.2e Imaging flow cytometry – FOXO1 staining and image acquisition  

 After culture, 1x 106 HuT102 cells or human PBMCs were collected and washed 

in 1X MACs Buffer (Miltenyi, #130-091-221). Cells were resuspended in 100 µl of 

buffer and stained with a live/dead fixable yellow dye (405 nM excitation, Invitrogen, 

#L34967) for 30 minutes at 4°C. After washing, HuT102 cells were resuspended in 100 

µl of MACs buffer and surface stained with 2 µl CD4 PE (Clone RPA-T4, Biolegend, 

#300508) for 1 hour at 4°C. PMBCs were resuspended in 100 µl of MACs buffer and 

surface stained with 1 µl CD3 PE-Cy7 (Clone OKT-3, Biolegend #317334), 1 µl CD4 PE 

(Clone RPA-T4, Biolegend, #300508), and 4 µl CD8 APC (Clone RPA-T8, Biolegend 

#301014) for 1 hour at 4°C. Cells were washed MACS buffer (eBioscience) and 

resuspended in 500 µl of 1x eBioscience FoxP3 Fixation/Permeabilization buffer (#00-

5523) for overnight incubation at 4°C. HuT102 cells and PBMCs were then washed in 

500 µl of eBioscience 1X Perm Buffer (#00-8333) and resuspended in 100 µl of 1X Perm 

Buffer for intracellular staining with anti-FOXO1 (CST; (C29H4) Rabbit mAb #2880) at 

a 1:200 concentration. After a 1 hour incubation at 4°C, the cells were again washed in 

500 µl of 1X Perm Buffer and resuspended in 100 µl of 1X Perm Buffer for the second 

portion of intracellular staining with 0.5 µg of FITC Goat anti-Rabbit IgG (BD 

Bioscience, #554020). Cells were then washed in DPBS without calcium and magnesium, 

filtered, and resuspended in 30-50 µl of DPBS without calcium and magnesium to a final 
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concentration of 3x107 cells/mL. DAPI (1 µl, Amnis® Intracellular Staining Kit, 

ACS10002) was added 5 minutes before sample acquisition. HuT102 images were 

acquired in the INSPIRETM software on the ImagestreamX Mark II imaging flow 

cytometer (Amnis Corporation, Seattle, WA) in the Baltimore Veterans Affairs Research 

Core at 40X magnification, with lasers 405 nm (85.00 mW), 488 nm (200.00 mW), and 

side scatter (782 nm) (1.14 mW). Human PBMC images were acquired on the same 

machine at 60X magnification, with lasers 405 nm (85.00 mW), 488 nm (200.00 mW), 

642 nm (120.00 mW) and side scatter (782 nm) (1.14 mW). Single color controls for each 

of the specific markers at the concentrations used above were also acquired with 

brightfield and 782 laser turned off and subsequently used for compensation. Single-

stained HuT102 cells were used for compensation in the cell line experiments and single-

stained total human PBMCs were used for compensation in the primary cell experiments. 

Brightfield images were acquired in channels 1 and 9, FOXO1 FITC in channel 2, CD4 

PE in channel 3, DAPI in channel 7, yellow live dead dye in channel 8, CD8 APC in 

channel 11, and SSC in channel 12.  

 

2.2f FOXO1 localization analysis via imaging flow cytometry 

 Channel compensation was performed via the compensation wizard in IDEASTM 

(v6.2), and used the corresponding specific single color controls acquired with the 

experiment. The compensation matrix created was applied before any further analysis 

was performed. All compensation matrices were visually checked for appropriate 

compensation via image preview within matrix wizard (Figure 2.1). FOXO1 nuclear 

translocation was analyzed in IDEASTM (v6.2) analysis software, using the nuclear 
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translocation wizard. This wizard calculates the mean similarity of a nuclear probe 

(DAPI) and a translocating probe (FOXO1) using Pearson’s Correlation Coefficient. A 

mean similarity greater than or equal to 1 (R1≥1) indicates nuclear localization.191,194 A 

more detailed gating strategy will be described in the results section. The feature used in 

IDEASTM to determine FOXO1 and DAPI similarity was Similarity_Dilate 

(Object(M07,Ch07, Tight),1)_Ch02-Ch07. This included the morphology mask 

Dilate(Object(M07,Ch07, Tight),1) for DAPI channel as well as the (M02,Ch02, Tight) 

mask for FOXO1, both of which are generated by the nuclear translocation wizard in the 

IDEASTM software (v6.2), and are based on previously published work.194 

 

2.2g SLE patients and healthy controls  

 Whole blood was obtained from 17 SLE patients and 15 healthy donors under Dr. 

Golding’s IRB approved protocol. SLE patients were recruited from either the Baltimore 

Veterans Affairs Hospital or the University of Maryland Medical Center and met the 

American College of Rheumatology criteria for SLE diagnosis and had hemoglobin 

levels above 9.0, precluding more severe anemia. Healthy volunteers did not have any 

other known autoimmune diseases. 
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A.  

B.  

C.  

D.  

Figure 2.1. Compensation 
matrices and channel 07 and 
channel 08 compensated 
images show appropriate 
compensation. Representative 
compensation matrices for 
HuT102 cells (A) and primary 
human PBMCs (C) were 
generated by the compensation 
wizard in IDEASTM (v6.2). 
Compensation was adjusted by 
the user based on the various 
channels parameters and gated 
compensation populations were 
chosen and verified to be single 
positive for the corresponding 
channel. Representative 
compensated images of ch07 
and ch08 single positive stained 
HuT102 (B) and primary human 
PBMCs (D) shown that there is 
appropriate compensation 
between ch07 (DAPI) and ch08 
(live dead dye), which are both 
activated by the 405 nm laser.  
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2.2h Imaging flow cytometry analysis of FOXO1 localization in human Tregs 

 PBMCs from six healthy donors and four SLE patients were washed with flow 

cytometry buffer, surface stained the Treg panel (CD3, CD4, CD127, and CD25) and 

fixed and permeabilized overnight as previously reported.187 FOXO1 staining and 

staining of the nucleus was performed based on our published protocol as described 

above.195 Gating will be further described in the results section. FOXO1 localization 

analysis was also performed as described above. 

 

2.2i Statistical analysis 

 Statistical analyses were performed in Graphpad Prism v7.0 for Macintosh. The 

statistical test used was a two way RM ANOVA with Turkey’s multiple comparisons test. 

P values in individual figures/experiments are indicated as follows: * indicates p<0.05, 

** indicates p<0.01, *** indicates p<0.001, and **** indicates p<0.0001. Error bars 

indicate standard error of the mean. 

 

2.3 Results 

2.3a Nuclear FOXO1 localization in human CD4 HuT102 lymphocytes can be modified 

over time 

 HuT102 cells are a human cutaneous lymphocyte lymphoma line, previously 

characterized to be CD4 and known to constitutively express high levels of CD25, the 

high affinity IL-2 receptor.196-198 Since mature murine CD4 helper lymphocytes are 

reported to have a more nuclear localization of FOXO1 at baseline, we expected resting 

HuT102 cells also to exhibit a similar profile.23 When assessed using the classic method 
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of subcellular fractionation (confirmed by lamin B1 staining in Figure 2.2A) and western 

blotting, HuT102 cells have more nuclear FOXO1 at baseline (Figure 2.2A, B), while 

some FOXO1 is still present in the cytoplasm. In order to determine if this cell line would 

be a good system for assessing FOXO1 signaling dynamics in human lymphocytes, 

HuT102 cells were cultured with a TCR signaling mimic, PMA/ionomycin (PMA/I) and 

assessed for changes in FOXO1 localization at three timepoints using subcellular 

fractionation and western blot (WB). PMA/I decreased the nuclear to cytoplasmic ratio of 

FOXO1, pushing FOXO1 more cytoplasmic at the 0.5-hour time point (Figure 2.3A, B). 

This returned to baseline at the later timepoints, confirming that FOXO1 localization is 

dynamic and can be manipulated in the HuT102 cell line. Additionally, we were 

interested in whether nuclear FOXO1 could be increased in the HuT102 cells. To that 

end, the HuT102 cells were cultured with an Akt inhibitor, (Akti, 10µM), PMA/I or 

PMA/I and the Akt inhibitor. FOXO1 localization was assessed via the classic method of 

subcellular fractionation and WB at three timepoints. The Akt inhibitor increased the 

nuclear to cytoplasmic ratio of FOXO1 at all timepoints, and was able to reverse the 

effect of the PMA/I at later time points (Figure 2.3C, D). The TCR signaling mimic 

PMA/I was also able to dynamically decrease the nuclear to cytoplasmic ratio of FOXO1, 

this time at the one-hour time point (Figure 2.3C, D). While this is different from the 

panel above, it may be due to the heterogeneity of the cell population in terms of cell 

cycle, which does change over time. These findings confirmed that the HuT102 human 

CD4 T cell line has baseline nuclear FOXO1, and that FOXO1 localization is dynamic 

and can be altered via Akt activation or inhibition. Overall, the HuT102 cell line is a good 

model for assessing dynamic FOXO1 signaling in human lymphocytes.  
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Lamin B1 (~68 kDa) 

FOXO1 (~78 kDa) 

Β-actin (~42 kDa) 

HuT102 A. B. 

Figure 2.2 HuT102 cells have more nuclear FOXO1 at baseline. HuT102 cells were 
subjected to sub-cellular fractionation and analyzed via western blotting (representative 
blot shown in A). Nuclear extraction was confirmed by blotting for lamin B1 (~68 kDa) in 
the nuclear fraction (A). FOXO1 sub-cellular localization was confirmed by blotting with 
anti-FOXO1 (~78 kDa) (A). β-actin (~42 kDa) was used as a loading control (A). 
Densitometry performed in ImageJ confirms more nuclear FOXO1 than cytoplasmic in 
HuT102 cells at baseline (B). The black line indicates a 1:1 ratio, or equivalent amounts of 
nuclear and cytoplasmic FOXO1. 
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Figure 2.3 FOXO1 subcellular localization can be altered in HuT102 cells via Akt 
activation or inhibition. HuT102 cells were cultured with PMA/I and harvested at three time 
points. After subcellular fractionation and western blotting for FOXO1 protein, it can be seen 
that PMA/I treatment results in predominantly cytoplasmic FOXO1 (representative blots shown 
in A). PMA/I decreased the nuclear to cytoplasmic ratio of FOXO1 at the 0.5 hour time point 
(calculated from the densitometry of 3 separate experiments, B). HuT102 cells were also 
stimulated with an Akt inhibitor (10 µM) and/or PMA/I for a similar time course (representative 
blots shown in C.). The Akt inhibitor was able to increase the nuclear to cytoplasmic ratio of 
FOXO1 and reverse the effect of the PMA/I at all time points (2 separate experiments, D.). 
Error bars depict standard error of the mean. 
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2.3b Imaging flow cytometry demonstrates baseline nuclear FOXO1 localization in 

human CD4 HuT102 lymphocytes 

 To assess FOXO1 localization using imaging flow cytometry (IFC), HuT102 cells 

were stained as described in the Methods section. Briefly, ~1 X 106 HuT102 cells were 

first stained with a live dead exclusion dye and then surface stained for CD4. After 

overnight fixation and permeabilization, HuT102s were intracellularly stained for 

FOXO1 in a stepwise fashion with a). rabbit anti-human FOXO1 monoclonal antibody, 

b). FITC-Goat anti-rabbit IgG, and then c). DAPI, a nuclear stain (Figure 2.4). Cells 

were acquired on an Amnis ImagestreamX Mark II imaging flow cytometer at 40X 

objective. Approximately 10,000 single cell events were acquired in each sample. 

Analysis of FOXO1 localization was performed in the Amnis IDEASTM software suite 

(v6.2) using the nuclear translocation wizard. A specific subpopulation of focused, single, 

live, CD4 FOXO1+ DAPI+ HuT102 cells was analyzed for FOXO1 nuclear 

translocation. This specific population was determined by the following gating strategy. 

First, cells with focused nuclei were gated on using the gradient root mean squared 

(RMS) of DAPI, usually greater than 10 (Figure 2.5A). The gate limits were confirmed 

via visual inspection for focused nuclei. Within this gate, single cells were chosen based 

on area of the cell (determined by Ch01 - the bright field) versus aspect ratio (ratio of 

width to height) (Ch01) of the cell (Figure 2.5B).  
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Figure 2.4 Imaging flow cytometry (IFC) staining scheme for FOXO1. HuT102 cells were 
cultured with media alone, PMA/I, Akti 10 µM, or Akti 10 µM + PMA/I for various 
timepoints. Cells were collected, stained with a live dead exclusion dye, washed then surfaced 
stained for CD4. After overnight fixation and permeabilization, cells were intracellularly 
stained, first with rabbit anti-human FOXO1, then with FITC Goat anti-rabbit IgG. Finally 
cells were stained with DAPI and acquired on the Imagestream Mark II imaging flow 
cytometer. 
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 Generally, a cutoff of area no greater than 300 and aspect ratio no less than 0.6 

were used. However, specific gates for each individual experiment were confirmed by 

visual examination of the gated objects (a gallery of DAPI and brightfield, data not 

shown) to ensure that only single cells were included in the ‘single’ gate. Only live cells 

were further analyzed by gating on DAPI+, live dead dye negative cells (Figure 2.5C). 

Within the live cell gate, CD4 DAPI+ cells (Figure 2.5D) were assessed for co-

expression of both FOXO1 and DAPI (Figure 2.5E). The mean similarity of FOXO1 and 

DAPI was then calculated for the cells in the FOXO1+ gate using a log-transformed 

Pearson’s Correlation Coefficient calculation that is denoted as a similarity score (Figure 

2.5F). The similarity score is a pixel-by-pixel correlation of the similarity between the 

image of the nuclear probe, i.e. DAPI, with the image of the designated translocating 

probe, here, FOXO1. This calculation also takes into account the individual paired pixel 

intensities compared in each of the images and allows the mean similarity score range to 

increase above one. Nuclear localization is considered anything with a similarity score 

greater than or equal to one (R1≥1).194,199 The nuclear translocation wizard in IDEASTM 

used the Similarity_Dilate (Object(M07,Ch07, Tight),1)_Ch02_Ch07 feature with DAPI 

in Ch07 and FOXO1 in Ch02 to calculate FOXO1/DAPI similarity. Using the mean 

similarity, we showed that at baseline, the majority of HuT102 CD4 lymphocytes are 

within the R1 gate (mean similarity score greater than or equal to 1), indicating that 

FOXO1 is predominantly nuclear (Figure 2.5E). This confirms that, within a specifically 

gated subpopulation of human lymphocytes, we are able to detect FOXO1 localization, 

specifically nuclear FOXO1, on a per cell basis, using IFC. 
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Figure 2.5. Gating strategy 
and graph of mean similarity 
of FOXO1 and DAPI in 
HuT102 cells. To assess 
FOXO1 nuclear translocation in 
HuT102 cells, each file was 
analyzed in IDEASTM v6.2 
using the nuclear translocation 
wizard. First, focused cells are 
gated based on the gradient 
RMS of the nuclear dye, DAPI 
(A). Within the focused cells, 
single cells are gated based on 
area and aspect ratio (ratio of 
width to height) (B). Within the 
focused single cells, Live/Dead 
Dye+ cells are excluded (C) 
and then live cells are gated for 
CD4 (D) and DAPI+FOXO1+ 
cells are chosen for further 
analysis (E). In order to 
quantify nuclear localization of 
FOXO1 by co-localization with 
nuclear dye DAPI, mean 
similarity is calculated using 
Pearson’s correlation 
coefficient (F). Cells within the 
gate R1 have a similarity ≥1 
between DAPI and FOXO1, 
indicating predominantly 
nuclear FOXO1. Representative 
dot plots and histograms taken 
from the 1 hour media time 
point. 
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2.3c Imaging flow cytometry reliably and quantitatively assesses changes in FOXO1 

localization in human CD4 HuT102 lymphocytes 

 To determine whether IFC can reliably and quantitatively detect dynamic changes 

in FOXO1 localization in human CD4 lymphocyte subsets, HuT102 cells were stimulated 

with either an Akt inhibitor, Akt VIII (Akti, 10µM), a T cell receptor (TCR) signaling 

mimic, PMA/ionomycin (PMA/I), or for 0.5, 1, 6 and 24 hours. After each stimulation, 

HuT102 cells were stained (Figure 2.4), and 10,000 cells were acquired and analyzed as 

described above (Figure 2.4). An analysis template, with gating determined by the 

unstimulated sample, was generated for each experiment and applied to all samples 

within that experiment. When treated with an Akt inhibitor, nuclear FOXO1 increases, at 

all timepoints, (p<0.01), (p<0.01), (p<0.0005), (p<0.005) (Figure 2.6B, E). This 

demonstrates that IFC can reliably detect and quantify increased nuclear FOXO1 

compared to a already nuclear-predominant FOXO1 protein at baseline. As a TCR 

signaling mimic, PMA/I will activate Akt,200 and should drive FOXO1 more into the 

cytoplasm. The PMA/I stimulation did indeed shift FOXO1 from the nuclear to the 

cytoplasm (Figure 2.6C). At the one-hour timepoint, PMA/I significantly decreased the 

nuclear FOXO1 (p<0.001) (Figure 2.6E), demonstrating that FOXO1 localization can be 

changed to the cytoplasm in HuT102 cells. Next, we were interested in determining 

whether the PMA/I effect on FOXO1 localization could be blocked by Akt inhibition. 

When the Akt inhibitor was added along with the PMA/I, Akt inhibition was able to 

reverse the effect of PMA/I on FOXO1 (Figure 2.6D). Analysis of the effect of the Akt 

inhibitor on the PMA/I effect on mean similarity of FOXO1 and DAPI at different time 

points in HuT102 CD4 T cells, revealed that Akt inhibition reverses the effect of PMA/I 
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only at the later timepoints of 6 (p<0.001) and 24 hours (p<0.0005) (Figure 2.6E). 

Together, these data indicate that IFC can be used to detect dynamic FOXO1 localization 

in response to external stimuli in a human CD4 T cell line. 

 

 

Bright field  DAPI (nuclear)  FOXO1 (intracellular) CD4 (surface) 

Media 

Akt VIII inhibitor 10 µM 

PMA/I 

PMA/I + Akti 10 µM  

A.  

B.  

C.  

D.  

E.  

Figure 2.6 IFC can detect dynamic FOXO1 localization in HuT102 cells treated with an 
Akt inhibitor or a TCR signaling mimic. HuT102 cells were exposed to media (A), an Akt 
inhibitor (AktVIII, 10µM) (B), a TCR signaling mimic, PMA/I (C), or PMA/I + Akti (10µM) 
(D), intracellularly stained for FOXO1 and the nucleus (DAPI), and analyzed via IFC. Overlay 
images confirm that HuT102 cells have nuclear FOXO1 (A), while Akt inhibition increases 
nuclear FOXO1 (B), PMA/I pushes FOXO1 more cytoplasmic (C) (representative images, 
40X, 1 hr), and Akti reverse the PMA effect (representative image, 40X, 6hr, D). The mean 
similarity of FOXO1 and DAPI in HuT102 cells was quantified at 0.5, 1, 6, and 24 hours (E) 
and showed that Akt inhibition significantly increases nuclear FOXO1 at all time points 
(p<0.001, p<0.01, p<0.0005), PMA/I significantly decreases nuclear FOXO1 (p<0.001) at 1 
hour, while the Akti reverses the PMA/I effect on FOXO1 at 6 and 24 hours (p<0.01, 
p<0.0005). Average of three separate experiments. Mean similarity≥1 (black line) indicates 
nuclear FOXO1. Error bars depict standard error of the mean. 
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 HuT102 cells were also gated on DNA content (lower or higher DAPI intensity) 

(Figure 2.7A), and FOXO1 mean similarity assessed and compared (Figure 2.7B). These 

two populations in DAPI intensity were confirmed to be single cells via inspection of an 

image gallery of both populations (Figure 2.8). Differences in FOXO1 localization were 

still present and significant in the lower DAPI intensity population when comparing 

media to the other populations. The Akt inhibitor increased nuclear FOXO1 at all 

timepoints (p<0.001, 0.001, 0.0005, 0.0005), while again at the 1 hour timepoint, PMA/I 

decreased nuclear FOXO1 (p<0.001) (Figure 2.7C). The Akt inhibitor reversed this 

effect at the 6 (p<0.05) and 24 hour (p<0.0005) timepoints (Figure 2.7C). The effects of 

the Akt activation and inhibition were noticeable in the higher DAPI population because 

these cells did not have baseline nuclear FOXO1 (Figure 2.7D). Since a portion of 

double-DNA content cells are expected to be actively replicating, it is not surprising that 

there would be less nuclear FOXO1, because there are more cells without an intact 

nuclear architecture. It is also in line with previously published findings that, in dividing 

cells, FOXO1 localizes to the cytoplasm.201 However, the Akt inhibitor was able to 

reverse this and increased nuclear FOXO1 at all time points (Figure 2.7D), which also 

tallies with previous published work.202 It is important to note that none of the treatments 

significantly increased or reduced the percent of higher DAPI cells (data not shown). 

These findings confirm that we are able to use IFC to detect FOXO1 localization on a per 

cell basis and demonstrate uniquely different FOXO1 cellular localization in different 

subsets within a population. Overall, these results demonstrate that IFC can reliably and 

quantitatively assess dynamic FOXO1 localization in HuT102 CD4 lymphocytes on a per 

cell basis. 
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higher DAPI 

lower DAPI 
B.  

A.  C.  

D.  

Figure 2.7 Gating on discrete DAPI populations yields different FOXO1 localization after 
Akt activation or inhibition. HuT102 cells from the experiments described above (cultured with 
media, Akti, PMA/I, or PMA/I + Akti for 0.5-24 hrs) were subjected to further gating within the 
CD4 population (Fig 4D). Within the CD4s, cells were gated on DAPI intensity (A) and then 
assessed for FOXO1 localization. Overlay histograms of the higher and lower DAPI intensity 
population confirm different FOXO1 localization between the two discrete populations, (R1 = 
mean similarity ≥1) (B). Representative histograms from media, 1 hr. Mean similarity of FOXO1 
and DAPI in HuT102 cells was quantified for the 4 treatments at all time points. Within the lower 
DAPI cells, the conclusions from the CD4 cells hold true; Akti increases FOXO1 nuclear 
localization at all timepoints and reverses the effect of PMA/I at 6 and 24 hours (C). PMA/I still 
decreased nuclear FOXO1 at 1 hour (C). The effects on FOXO1 localization differ in the higher 
DAPI cells. FOXO1 localization is no longer nuclear at baseline, but the Akti still increased 
nuclear FOXO1 at all timepoints (D). Average of three separate experiments. Mean similarity ≥1 
(black line) indicates more nuclear FOXO1. Error bars depict standard error of the mean. 
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A.  

C.  

B.  

Figure 2.8 Live, single CD4 FOXO1+ HuT102 cells in the higher and lower DAPI 
populations are single cells. Within the gated population of focused, single, live, CD4 HuT102 
cells, the cells were then gated based on DAPI intensity (A). Representative image galleries of 
brightfield and DAPI image overlays for the lower DAPI (B) and higher DAPI (C) populations 
confirm that these are truly single cells and that they higher DAPI population is not from 
doublets. Representative images from the 1 hour media timepoint, 40X objective. 
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2.3d Imaging flow cytometry reliably and quantitatively assesses changes in FOXO1 

localization in subpopulations of primary human T cells 

 As FOXO1 localization and function has been shown to influence both CD4 20 

and CD8 38 T cell function and phenotype, we were interested in using IFC to assess 

dynamic native FOXO1 localization in these two T cell subsets within a larger population 

of human primary peripheral blood mononuclear cells (PBMCs). To further confirm that 

IFC is a reliable technique to quantitatively assess dynamic native FOXO1 localization in 

human lymphocytes, PBMCs were obtained from human buffy coats via Ficoll density 

gradient isolation and cultured for 0.5, 1, 6, and 24 hours with either media or the TCR 

signaling mimic, PMA/I. After culture, cells were collected and surface stained with the 

T cell panel of CD3 PE-Cy7, CD4 PE, and CD8 APC. After fixation and 

permeabilization, the cells were then stained for FOXO1 and DAPI as described above 

(Figure 2.4). Stained PBMCs were acquired on an Amnis ImagestreamX Mark II imaging 

flow cytometer at 60X objective. 10,000 single cell events were acquired for each 

sample. Analysis of FOXO1 localization was performed in the Amnis IDEASTM software 

suite (v6.2) using the nuclear translocation wizard. Since we were interested in assessing 

dynamic FOXO1 in T cell subsets, we followed the following gating strategy prior to 

FOXO1 nuclear translocation analysis. First, cells with focused nuclei were gated on 

using the gradient root mean squared (RMS) of DAPI, usually greater than 10 (Figure 

2.9A). The gate limits were confirmed via visual inspection for focused nuclei. Within 

this gate, single cells were chosen based on area of the cell (determined by ch1 - the 

bright field) versus aspect ratio (ratio of width to height) (ch1) of the cell (Figure 2.9B). 

A cutoff of area ~125 and aspect ratio no less than 0.6 were used. However, specific 
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gates for each individual experiment were confirmed by visual examination of the gated 

objects (a gallery of DAPI and brightfield, data not shown) to ensure that only single cells 

were included in the ‘single’ gate. Only live cells were further analyzed by gating on 

DAPI+, live dead dye negative cells (Figure 2.9C). Within the live cell gate, CD3+ 

DAPI+ cells (Figure 2.9D) were then further subgated on either CD4 or CD8 (Figure 

2.9E). FOXO1+ DAPI+ populations (Figure 2.9F) were determined for total T cells 

(CD3+), CD4 (CD3+ CD4), and CD8 (CD3+CD8). The mean similarity of FOXO1 and 

DAPI was then calculated for the cells in the FOXO1+ gate using a log-transformed 

Pearson’s Correlation Coefficient calculation that is denoted as a similarity score (Figure 

2.9G). Using the Similarity_Dilate (Object(M07,Ch07, Tight),1)_Ch02-Ch07 feature 

generated by the nuclear translocation wizard in IDEASTM (v6.2) with DAPI in Ch07 and 

FOXO1 in Ch02, nuclear localization was determined and denoted as any image with a 

similarity score greater than or equal to one (R1≥1) (George TC, et al., 2006).199  
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Figure 2.9 IFC gating strategy 
for FOXO1 nuclear 
translocation analysis in T cell 
subsets within human 
PBMCs. To assess FOXO1 
nuclear translocation in T cell 
subsets within a total population 
of PBMCs, each file was 
analyzed in IDEASTM v6.2 
using the nuclear translocation 
wizard. First, focused cells are 
gated based on the gradient 
RMS of the nuclear dye, DAPI 
(A). Within the focused events, 
single cells are gated based on 
area and aspect ratio (B). Within 
the focused, single cells, 
Live/Dead Dye+ cells are 
excluded (C) and then live cells 
are gated for CD3+ (D) and then 
further gated on either CD8 or 
CD4 (E). Within each T cell 
subset, mean similarity of 
FOXO1 and DAPI in the 
FOXO1+DAPI+ population (F) 
is calculated using a log-
transformed Pearson’s 
correlation coefficient (G). 
Cells within the gate R1 have a 
similarity ≥1 between DAPI and 
FOXO1, indicating nuclear 
FOXO1. Representative dot 
plots and histograms taken from 
media, 0.5 hours. 
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At baseline, total T cells (Figure 2.10E), CD4 (Figure 2.10B, F), and CD8 (Figure 

2.10A, G) T cells have nuclear FOXO1. The average baseline mean similarity score in 

total T cells is higher (Figure 2.10E) than the HuT102 CD4 T cell line used in the 

previous experiment (Figure 2.6E), highlighting the need to evaluate both cell lines and 

primary cells when examining crucial signaling molecules. After PMA/I stimulation, 

FOXO1 moves to the cytoplasm in CD4 (Figure 2.10C) and CD8 (Figure 2.10D), as 

indicated by the significant decreases in FOXO1 mean similarity in all T cell subsets, 

including total T cells (p<0.0005) (Fig 8E), CD4 (p<0.0005) (Figure 2.10F) and CD8 

(p<0.0005) (Figure 2.10G), at the 0.5 and 1 hour time points. However, at the later time 

points, differences appear in the CD4 and CD8 T cell subsets that are lost when only total 

CD3+ T cells are analyzed. The PMA/I effect disappears much slower over the time 

course in the CD4 T cells (Figure 2.10F), with the decrease in FOXO1 mean similarity 

remaining significantly decreased at both 6 (p<0.05) and 24 hours (p<0.01), while the 

PMA/I effect has practically disappeared and is no longer significant at the 6 hour and 24 

hour time points in the CD8 T cells (Figure 2.10G). From these results, we can conclude 

that IFC is a reliable method for detecting dynamic changes of native FOXO1 

localization within user-defined subsets of human lymphocytes as part of a larger 

population of primary human PBMCs. IFC also allows the user to delineate differences in 

native FOXO1 localization within small gated subpopulations of primary cells, which can 

be rare in peripheral blood, that maybe lost in a larger population analysis. 
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Figure 2.10 TCR signaling mimic causes a kinetic decrease in FOXO1 mean similarity in T 
cell subpopulations. PBMCs from healthy volunteers were exposed to either media (A, B) or a 
TCR signaling mimic (PMA/I) (C, D) for a time course (0.5, 1, 6 and 24 hours), stained for CD3, 
CD4 and CD8 (surface), and intracellularly for FOXO1 and the nucleus (DAPI) then analyzed 
via IFC. Gating was performed as described in Fig. 7. Overlay images show that at baseline CD4 
T cells (B) and CD8 T cells (A) have nuclear FOXO1 (representative images from 0.5 hr, 60X). 
However, with PMA/I, FOXO1 mean similarity decreases significantly in both T cell subsets, 
CD4 (p<0.005) (C,F) and CD8 (p<0.005) (D,G) at the early timepoints. This effect is kinetic and 
FOXO1 mean similarity increases over time, notably, returning close to baseline by 24 hr in the 
CD8 T cells (G). The kinetic effect is also apparent in the total CD3+ T cell population (E).  
Average of three separate donors/experiments. Mean similarity≥1 (black line) indicates nuclear 
FOXO1. Error bars depict standard error of the mean. 
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2.3e Multiple T cell subsets from both healthy donors and SLE patients display mainly 

nuclear FOXO1 

 In order to test our hypothesis that FOXO1 localization will be altered in T cells 

from SLE patients, we first explored FOXO1 localization in the two major T cell subsets, 

CD4 (CD4CD3+) and CD8 (CD8CD3+). Using the method we previously developed, 

total peripheral blood mononuclear cells (PBMCs) from SLE patients (n= 17) and healthy 

donors (n=15) were assessed for FOXO1 localization within CD4 and CD8 T cells.195 

Contrary to our hypothesis, we found that CD8 T cells had mostly nuclear FOXO1 in 

both SLE patients (Figure 2.11B) and healthy donors. However, healthy donors had 

somewhat higher FOXO1 mean similarity in CD8 T cells compared to SLE patients, but 

it did not reach significance (Figure 2.11E). This indicates that CD8 T cells from SLE 

patients have more cells with FOXO1 localized to the cytoplasm (Figure 2.11A) than do 

healthy donors. This could indicate that SLE is contributing altered FOXO1 localization 

in human CD8 T cells. We also found that CD4 T cells in SLE patients have a high 

FOXO1 mean similarity score, indicating mostly nuclear FOXO1 (Figure 2.11C) and 

this does not significantly differ from the FOXO1 mean similarity in healthy donors 

(Figure 2.11E). Additionally, we compared FOXO1 mean similarity to disease activity 

and found that FOXO1 mean similarity does not correlate with disease activity in CD8 T 

cells (Figure 2.11F) or CD4 T cells (Figure 2.11G).  
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Bright field  FOXO1       CD3        CD8           CD4       DAPI   FOXO1/DAPI 

A.  

B.  

C.  

D.  

F.  

G.  

E.  

Figure 2.11 CD4 & CD8 T cells from SLE patients have nuclear FOXO1. PBMCs from SLE 
patients (n=17) and healthy donors (n=15) were stained for CD3, CD4 and CD8 (surface), and 
intracellularly for FOXO1 and the nucleus (DAPI) then analyzed via IFC. Gating was performed 
as described above. Representative overlay images (60X) from a SLE patient show that CD8 T 
cells have both cytoplasmic (A) and nuclear FOXO1 (B), as do CD4 T cells (C, D). FOXO1 
mean similarity in SLE CD8 T cells is significantly lower (p = 0.015) than in healthy donors, 
however overall FOXO1 mean similarity is still nuclear (E). Both CD4 T cells and total CD3+ T 
cells have more nuclear FOXO1 and this is not significantly different between SLE patients and 
healthy donors (E). FOXO1 mean similarity does not significantly correlate with SLEDAI in 
either CD8 T cells (F) or CD4 T cells (G). The correlation was measured via a two-tailed 
spearman rank test. Mean similarity≥1 (black line) indicates nuclear FOXO1. 
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 We also assessed FOXO1 localization in regulatory T cells (Tregs), another 

subpopulation of CD4 T cells. FOXO1 is a key transcription factor for maintaining Treg 

stability in the periphery,27,29,30 making it a potential signaling hub that could be altered in 

SLE Tregs. We used a gating strategy similar to our previously published method for 

examining FOXO1 localization using IFC.195 After gating on focused, single, CD3+ cells 

(Figure 2.12A, B, C), cells were then gated on CD4 T cells (CD3+CD4) (Figure 2.12D), 

then separated based on CD25 and CD127. It has been well validated that CD25 hi 

CD127- cells delineates Tregs, even without FoxP3 staining.107  We gated the CD4 T 

cells on Tregs (CD25hi CD127-) and nonTregs (CD25- CD127+) (Figure 2.12E), gated 

on FOXO1+ cells (Figure 2.12F), and compared FOXO1 mean similarity (Figure 

2.12G) in these two populations. Both SLE patients and healthy donors had nuclear 

FOXO1 in Tregs and non Tregs (Figure 2.12H, J). However, in SLE patients, Tregs had 

significantly more nuclear FOXO1 compared to nonTregs (p < 0.05) (Figure 2.12I).  

 Taken together, our findings that FOXO1 localization in peripheral CD4, CD8, 

and CD4 Tregs is nuclear in both SLE patients and healthy donors indicates that SLE 

does not alter FOXO1 localization, and likely function, in peripheral T cell subsets. 

Although there is a suggestion that SLE CD8 T cells might have less nuclear FOXO1 

than healthy volunteers. 
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Figure 2.12 IFC can detect native FOXO1 localization in human Tregs and this is not 
different in SLE patients. PBMCs from SLE patients (n=6) and healthy donors (n=4) were 
stained for CD3, CD4, CD25, CD127 (surface), and intracellularly for FOXO1 and the nucleus 
(DAPI) then analyzed via IFC. Gating was performed on focused nuclei based on gradient RMS 
of DAPI (ch07) (A), then single cells based on area vs aspect ratio of the brightfield image (B). 
Within single cells, CD4 T cells were gated on first CD3+DAPI+ (C), then CD4CD3+ cells (D). 
Within the CD4 cells, Tregs (CD25hi CD127-) and nonTregs (CD25- CD127+) (E) were gated 
on FOXO1+ (F) cells and assessed for similarity of FOXO1 and DAPI, with those in the R1 
gate being considered nuclear (G). Tregs and nonTregs from both SLE patients and healthy 
donors demonstrated nuclear FOXO1 and there is no significant difference (H), however, in 
SLE patients, Tregs have significantly more nuclear FOXO1 than nonTregs (p<0.05) (I). 
Representative images from a SLE patient and healthy donor. 
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2.4 Discussion 

 We have successfully used imaging flow cytometry (IFC) as a reliable technique 

for examining dynamic FOXO1 localization in human lymphocytes on a per cell basis. 

We showed, using the classic method of subcellular fractionation and western blot, that 

HuT102 T cells have a baseline predominantly nuclear FOXO1 and that FOXO1 

localization can be altered over time with Akt activation or inhibition. Using this same 

model system of dynamic FOXO1 localization in human lymphocytes, we show that IFC 

can be used to determine population subsets by gating on operator-determined features, 

such as DNA content. This demonstrates that IFC can detect differential FOXO1 

localization in different subsets of lymphocytes within a heterogenous cell population. 

We also demonstrated that IFC can detect changes in native FOXO1 localization over 

time by assessing the effect of stimulation with either a TCR signaling mimic, which 

activates Akt, or Akt inhibition on HuT102 cells. When assessed by IFC, PMA/I 

significantly decreased nuclear FOXO1 (p<0.01), and Akt inhibition significantly 

increased nuclear FOXO1 in single, live, CD4 HuT102 lymphocytes. Akt inhibition was 

also able to reverse the effect of PMA/I on FOXO1 localization (p<0.001).  

 A key reason IFC is an ideal method for examining FOXO1 localization in human 

lymphocytes is the small cell number needed. A minimum of 5000 events should be 

acquired for analysis in the IDEASTM software,203 much less than is needed for 

subcellular fractionation and western blotting, a standard method of examining native 

FOXO1 localization. This is a key consideration for future studies, because our patient 

cohort of interest, those with SLE and other rheumatologic conditions, are often 

lymphopenic,84 and research sample collection is often performed while routine 
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diagnostic labs are being drawn. There are, therefore, limitations on the amount of blood 

a patient is able to safely donate for research. Therefore, because of the small cell number 

needed for meaningful results, IFC is an ideal technique to reliably assess and quantify 

dynamic native FOXO1 localization in lymphocytes from patients with systemic 

autoimmune diseases. 

 Another important reason IFC is our preferred method for assessing FOXO1 

localization is that human PBMCs as a whole contain many different lymphocytes 

subsets 204,205 and each of these subsets has different functions.206,207 It has previously 

been shown in mice that regulatory lymphocytes (Treg) require nuclear FOXO1 for both 

thymic development,30 and peripheral stability of the Treg phenotype.27 On the other 

hand, effector CD4 lymphocytes (Teff) require FOXO1 inactivation downstream of 

TCR/PI3K/Akt signaling to differentiate and proliferate.20 We have shown that the flow 

cytometry component of IFC allows the user to gate on specific subpopulations of cells 

within one sample and to analyze FOXO1 localization in each of the specific subsets. 

This feature of IFC will allow us to delineate the differences in FOXO1 localization in 

lymphocyte subsets, such as Teff and Tregs. 

 Using IFC as a method of assessing FOXO1 localization in human lymphocytes, 

we demonstrated that HuT102, a CD4 T cell line, has predominantly nuclear FOXO1 at 

baseline. We were able to show that in specific subpopulation of live, 1X DNA-content, 

focused single CD4 cells, HuT102s have more nuclear FOXO1 as indicated by a mean 

similarity score of greater than 1 in the population. These results were confirmed via the 

classic method of western blotting. The mean similarity scores of the HuT102 cells 

treated with the Akt inhibitor indicate increased nuclear FOXO1 while the mean 
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similarity scores of PMA/I-treated HuT102 cells (Similarity Score < 1.0) indicate 

significantly increased cytoplasmic FOXO1 at early time points. Additionally, we 

demonstrated that IFC could be used to examine FOXO1 localization in various 

lymphocyte subpopulations within primary human PBMCs. Using the nuclear 

translocation feature of Amnis IDEASTM (v6.2), we were able to show that IFC allows 

the user to delineate varied kinetic native FOXO1 localization differences within primary 

human CD4 and CD8 T cells in response to a TCR signaling mimic, PMA/I, even when 

the starting cell population was total PBMCs. We conclude that IFC is a reliable 

technique for assessing FOXO1 localization on a per cell basis in a homogeneous 

population of human lymphocytes. 

 Our goal was to evaluate imaging flow cytometry as a reliable method for 

assessing and quantifying differences in FOXO1 localization in specific subpopulations 

of human lymphocytes on a per cell basis. Imaging flow cytometry is a powerful tool for 

examining changes in FOXO1 localization and will be used to determine variations in 

FOXO1 localization in multiple peripheral lymphocyte subsets from human primary 

peripheral blood mononuclear cells. We chose imaging flow cytometry as a robust 

method of assessing FOXO1 localization in human lymphocytes because it combines the 

qualitative images necessary to assess FOXO1 localization with the quantitative power of 

traditional flow cytometry together in one technique.  

 This assay was also used to assess the effects of SLE on FOXO1 localization in 

human T cell subsets. It has been previously published that T cells are hyperactivated in 

rheumatologic autoimmune diseases such as systemic lupus erythematosus (SLE).84 

FOXO1, as a homeostatic integrator crucial to lymphocyte phenotype and function,2 may 
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be differentially regulated in SLE lymphocyte subsets as compared to healthy volunteers. 

We found all peripheral T cell subsets had nuclear FOXO1 localization, including CD4 

Tregs. This likely reflects the fact these are circulating cells in the periphery, which are 

less likely to be activated. Under normal conditions, peripheral T cells are considered 

naïve, unactivated, and quiescent. However, the CD8 T cells from the SLE patients did 

appear to have somewhat less nuclear FOXO1 than the CD8 T cells from the healthy 

donors, and this did not correlate with disease activity. Although this did not reach 

significance, it is possible that if we were to further subcategorize the CD8 T cells into 

memory, naïve, and activated cells, that a clear difference would emerge. In in the case of 

SLE, the CD8 T cells with more cytoplasmic FOXO1 could be activated memory T cells 

because in T cells that undergo activation, PI3K/Akt signaling begins when the TCR is 

ligated, leading to FOXO1 phosphorylation and nuclear extrusion.20 This hypothesis is in 

line with the finding that T cells in SLE are hyperactive.137 CD8 memory T cells 

normally activate and begin secreting cytokine and performing cytotoxic killing in 

response to virally infected cells that are presenting viral antigen in their major 

histocompatibility complex 1 (MHC I). However, in the case of SLE, the antigens are self 

intracellular DNA, RNA, and nuclear proteins presented on MHC complex II by an 

autologous autoreactive B cell. Our data suggests that while there is no difference in 

peripheral CD4 T cell FOXO1 localization and function, in SLE, the CD8 T cells may 

have turned on an alternate signaling cascade that involves FOXO1. However, to 

delineate any effect, in the future we will need to recruit more patients and stain with 

markers for CD8 T cell memory and activation to determine exact which subset of CD8 T 

cells have altered FOXO1 localization. Understanding this alternate signaling will allow 
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us to further advance our understanding of lymphocyte memory and its role in 

perpetuating the SLE inflammatory process.  

 In summary, we describe imaging flow cytometry as a reliable method for 

examining dynamic native FOXO1 localization in peripheral human T cells. We were 

able to show kinetic differences in FOXO1 localization in user-defined subpopulations of 

both a CD4 T cell line and primary peripheral T cell subsets. We thus conclude that IFC 

can reliably assess dynamic changes in native FOXO1 localization in human 

lymphocytes, both within a homogenous population, such as a cell line, or within a 

heterogenous population of primary cells, such as human PBMCs. We were able to use 

IFC to show that SLE and healthy donor T cells have nuclear FOXO1, likely reflective of 

the fact that these are peripheral T cells, and not activated. Future experiments will focus 

on determining whether the more cytoplasmic FOXO1 localization in the SLE CD8 T 

cells is in activated memory, or activated naïve CD8 T cells.  
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Chapter 3. Double negative (IgD-CD27-) atypical memory B 
cells have altered FOXO1 localization in SLE patients  

 
3.1 Introduction 

 As discussed in previous chapters, FOXO1 plays a critical role in committing 

human lymphocytes to a specific differentiation stage, as well as influencing effector 

function. Specifically in B cells, if the timing and function of FOXO1 is perturbed, the B 

cell cannot proceed to its directed function, and B cell responses and fate decisions are 

either ablated or skewed towards only one type of response. Key to understanding 

FOXO1’s function at each of these stages is assessing FOXO1 localization, because, like 

many TFs, localization is linked to function (Figure 1.1).  Autoreactive B cells, 

particularly memory B cells, play a central role in perpetuating SLE immunopatho-

genesis.183 Thus, we sought to investigate FOXO1 localization in peripheral human B 

cells in both healthy controls and SLE patients. As discussed in chapter 2, classic 

methods of assessing FOXO1 localization require greater cell numbers than are recovered 

from a peripheral blood sample, particularly when one is interested in rare subpopulations 

of lymphocytes. To examine native FOXO1 localization in human lymphocyte subsets 

without the need for subpopulation isolation, we developed a method using imaging flow 

cytometry (IFC) to assess dynamic native FOXO1 localization in human T cells, which 

we described in chapter 2. Here we describe our findings using this method to assess 

native FOXO1 localization in SLE B cell subsets. 

 As discussed in chapter 1, SLE is an extremely heterogeneous disease that can 

affect any system in the body. A common characteristic that all SLE patients share is high 

levels of autoantibodies made by hyperactive B cells, particularly those specific for 
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dsDNA and nuclear proteins.84 However the reasons that these autoreactive B cells are 

hyperactive and produce such high titers of autoantibodies are still not well understood. 

One way that SLE systemic inflammation and high levels of autoantibodies can be 

maintained is through memory B cells that continue to encounter autoantigen, reactivate, 

and continue to produce more autoantibodies, perpetuating the cycle. SLE patients have 

perturbed proportions of different peripheral B cell subsets.183 As discussed in chapter 1, 

within the normal human immune system, there are four major subsets of B cells that 

comprise the peripheral B cell compartment: naïve (IgD+CD27-), switched memory 

(IgD-CD27+), unswitched memory (IgD+CD27+), and double negative (DN) atypical 

memory (IgD-CD27-) B cells. Normally, the naïve B cells predominate, with a fairly 

even distribution of switched and unswitched memory cells and a small number (~4%) of 

DN B cells.123 However, in SLE, these proportions are altered: unswitched memory cells 

are decreased, and DN atypical memory B cells and plasmablasts are increased.123 In 

addition to these peripheral disturbances, another hypothesis in the field as to how these 

high titers of autoantibodies are maintained is through the hyperactive B cells. A number 

of different internal signaling pathways have been shown to be perturbed, leading to 

increased signaling, hyperactivation, and potentially to increased autoantibody 

production.50  

 While a number of studies have examined key B cell signaling molecules such as 

Btk and Syk and their signaling dysfunction in SLE, key B cell regulatory signaling 

molecules have not been fully explored in the context of SLE. In chapter 1, we discussed 

how under normal conditions, FOXO1 is a rheostat transcription factor that crucially 

regulates B cell development, differentiation, trafficking, effector function, GC 
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maintenance, and transition to memory or antibody secreting cells (Figure 1.3). The 

finely tuned role FOXO1 plays in regulating B cell function makes its proper signaling 

crucial to maintaining normal B cell activity, and suggests that it may be one of the 

signaling molecules that is dysregulated and contributing to B cell hyperactivation in 

SLE. Despite its central function, FOXO1 has not been well studied in SLE. One group 

showed that total FOXO1 is decreased in active SLE PBMCs.83 However, to date, 

FOXO1 localization has not been explored in SLE peripheral B cells.  

 Herein, we present data showing that in peripheral DN atypical memory B cells, 

FOXO1 localization is altered in the setting of SLE, and that this represents a subset of 

activated memory B cells in African American females. We hypothesize that this 

activated memory subset may serve as a pool to maintain autoantibody production and 

disease exacerbation in SLE within this group. 

 

3.2 Materials and Methods 

3.2a PBMC isolation and B cell stimulation 

 PBMCs were obtained from either human buffy coats (kind gift of Dr. Scott 

Strome, UMSOM) or from whole blood donated by 17 SLE patients or 15 healthy donors 

(recruited under Dr. Golding’s IRB-approved protocol). PBMCs were isolated over a 

Ficoll gradient and used in subsequent experiments. 1 x 106 per mL of PBMCs were 

cultured in RPMI 1640 with supplemented with 10% FBS, 5% antibiotic antimycotic, L-

glutamine, nonessential amino acids, and MEM. 10µg/mL goat anti-human Fab’2 (Anti-

Human IgG IgA IgM (H+L), F(ab′)2 fragment, Sigma SAB3701056) was added to 

stimulate B cells and cells were harvested at various time points for subsequent analysis. 
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3.2b Flow cytometry analysis 

 PBMCs from healthy donors and SLE patients were washed with flow cytometry 

buffer and surface-stained for 1 hour with the following panel of B cell antibodies: CD19 

(AF-647 Biolegend #302220; PE-Dazzle 594 Biolegend#302252), CD20 (PerCP-Cy5.5 

Biolegend#302326), CD38 (FITC Tonbo biosciences#35-0389-T100), IgD (PE 

Biolegend#348204 or BV605 BD Biosciences #563313), IgM (PacBlue eBioscience#48-

9998-42; PE eBiosciences#12-9998-42), and the other surface markers: CD27 (PE-Cy7 

Biogems#09311-77-100) and CD95 (PE-Dazzle 594 Biolegend#305633), and IgG (PE 

BD Biosciences#555787) and acquired on a BD LSR Fortessa flow cytometer. Isotype 

controls were obtained from Biolegend. Analysis was performed in FlowJo software (v 

10.1). Lymphocytes were gated on based on forward and side scatter and single cells 

based on forward scatter area versus height. B cells were gated on using the 

CD19+CD20+ gate.  

 

3.2c Imaging flow cytometry (IFC) analysis 

 PBMCs from healthy donors and SLE patients were washed with flow cytometry 

buffer, surface stained the B cell panel (CD19, CD20, IgD, IgM, IgG, CD27 and CD95) 

and fixed and permeabilized overnight. FOXO1 staining and staining of the nucleus was 

performed based on our published protocol.195 Briefly, cells were washed in 

permeabilization buffer, then incubated with rabbit anti-human monoclonal FOXO1 

antibody for an hour, washed again, incubated with a fluorophore-conjugated goat anti-

rabbit secondary antibody for an hour, washed again and resuspended in 30–50 µl of 
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DPBS without calcium and magnesium to a final concentration of 3 x 107 cells/mL. For 

detection of the nucleus, DAPI was added to the samples at RT, 5 minutes before 

acquisition. Samples were acquired in the INSPIRETM software on the ImagestreamX 

Mark II imaging flowcytometer (Amnis Corporation, Seattle, WA) in the Baltimore 

Veterans Affairs Research Core at 60X magnification with lasers 405 nm (85.00 mW), 

488 nm (200.00 mW), 642 nm (120.00 mW) and side scatter (782 nm) (1.14 mW). Single 

color controls for each of the specific markers were also acquired with brightfield and 

782 laser turned off and subsequently used for compensation. Cells were gated on 

focused nuclei, single cells, B cells (CD19+DAPI+ then CD19+CD20+ gates), then 

further gated on various subpopulations within each group as described below.  FOXO1 

localization was analyzed via the nuclear translocation wizard in IDEASTM (v6.2). The 

feature used in IDEASTM to determine FOXO1 localization is the similarity feature which 

generated the mask: Similarity_Dilate(Object(M07,Ch07, Tight),1)_Ch02-Ch07. This 

included the morphology mask Dilate(Object(M07,Ch07, Tight),1) for DAPI channel as 

well as the (M02,Ch02, Tight) mask for FOXO1, both of which are generated by the 

nuclear translocation wizard in the IDEAS™ software (v6.2), and are based on 

previously published work.194 

 

3.2e B cell activation for NF-κB analysis 

 PBMCs from SLE patients or healthy donors were analyzed for B cell activation 

by detection of NF-κB nuclear translocation. This was performed by staining freshly 

isolated PBMCs with the IFC B cell panel described above, FOXO1 (AF647 secondary 

Ab), and Anti-Hu NFκB (p50) Alexa Fluor 488 (ACS10000 | Amnis® NFκB 
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Translocation Kit). A positive control was generated by stimulating 1x106 healthy 

PBMCs in 1 mL of complete RPMI with 10µg/mL of affinity-purified goat anti-human 

Fab’2 (Anti-Human IgG IgA IgM (H+L), F(ab′)2 fragment, Sigma SAB3701056) and 

1µg/mL goat anti-human CD40 antibody (R&D systems# AF632) for 30 minutes 

according to previously published work.73,208 Samples were acquired in the INSPIRETM 

software on the ImagestreamX Mark II imaging flowcytometer (Amnis Corporation, 

Seattle, WA) in the Baltimore Veterans Affairs Research Core at 60X magnification with 

lasers 405 nm (85.00 mW), 488 nm (200.00 mW), 642 nm (120.00 mW) and side scatter 

(782 nm) (1.14 mW). Single-color controls for each of the specific markers were also 

acquired and used for compensation. B cell activation was assessed by determining NFκB 

nuclear translocation using the nuclear translocation wizard in IDEASTM (v6.2). The 

feature used in IDEASTM to determine NFκB translocation is the similarity feature, which 

calculates mean similarity of NFκB and DAPI. Anything with a mean similarity of 1 or 

greater is considered nuclear.  

 

3.2f Statistical Analysis 

 Statistical analyses were performed in Graphpad Prism v7.0 for Macintosh. The 

statistical tests used were: the Mann Whitney test for the regular flow cytometry analysis 

of percent B cell subsets and the Wilcoxon matched-pairs signed rank test for the 

combined SSC/CD20 intensity four subsets analysis. All other analyses used the 2-way 

ANOVA corrected for multiple comparisons via the Sidak method, with the dynamic 

FOXO1 localization in primary B cells with BCR activation specifically using the RM 2-

way ANOVA corrected for multiple comparisons via the Sidak method. Correlations 
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were assessed via the nonparametric two-tailed Spearman rank correlation. Associations 

of clinical features and B cell populations were assessed using Fisher’s exact test. P 

values in individual figures/experiments are indicated as follows: * indicates p < .05, ** 

indicates p < .01, *** indicates p < .001, and **** indicates p < .0001. Error bars indicate 

standard error of the mean. 

 

3.3 Results 

3.3a Imaging flow cytometry reliably and quantitatively assesses changes in FOXO1 

localization in subpopulations of primary human B cells 

 Since FOXO1 localization and function have been shown to guide both B cell 

function and differentiation,44 we were interested in using IFC to assess dynamic native 

FOXO1 localization in B cell subsets based on IgD and CD27 expression within a larger 

population of human primary peripheral blood mononuclear cells (PBMCs). To further 

confirm that IFC is a reliable technique to quantitatively assess dynamic native FOXO1 

localization in human lymphocytes, PBMCs were obtained from whole blood of healthy 

donors via Ficoll density gradient isolation and cultured for 5, 15, 30, and 60 minutes 

with either media or the BCR cross-linker, αIg Fab’2. After culture, cells were collected, 

stained with a live dead dye, and surface stained with the B cell panel of CD19, CD20, 

IgD, and CD27. After fixation and permeabilization, the cells were then stained 

intracellular for FOXO1 and DAPI as previous described.195 Stained PBMCs were 

acquired on an Amnis ImagestreamX Mark II imaging flow cytometer at 60X objective. 

10,000 single cell events were acquired for each sample. Analysis of FOXO1 localization 

was performed in the Amnis IDEASTM software suite (v6.2) using the nuclear 
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translocation wizard. As we were interested in assessing dynamic FOXO1 in B cell 

subsets, we used the following gating strategy prior to FOXO1 nuclear translocation 

analysis. First, cells with focused nuclei were gated on using the gradient root mean 

squared (RMS) of DAPI, usually greater than 10 (Figure 3.1A). The gate limits were 

confirmed via visual inspection for focused nuclei. Within this gate, single cells were 

chosen based on area of the cell (determined by ch1 - the bright field) versus aspect ratio 

(ratio of width to height) (ch1) of the cell (Figure 3.1B). A cutoff of area ~125 and 

aspect ratio no less than 0.6 were used. However, specific gates for each individual 

experiment were confirmed by visual examination of the gated objects to ensure that only 

single cells were included in the ‘single’ gate. Only live cells were further analyzed by 

gating on DAPI+, live dead dye negative cells (Figure 3.1C). Within the live cell gate, 

CD19+ DAPI+ cells (Figure 3.1D) were then further subgated on CD19+CD20+ double 

positive cells to ensure we were analyzing only B cells (Figure 3.1E). Total B cells were 

then gated into four subsets based on IgD and CD27 expression (Figure 3.1F). FOXO1+ 

DAPI+ populations (Figure 3.1G) were determined for naïve (CD19+ CD20+ IgD+ 

CD27-), DN atypical memory (CD19+ CD20+ IgD- CD27-), switched memory (CD19+ 

CD20+ IgD- CD27+), unswitched memory (CD19+ CD20+ IgD+ CD27+) and total B 

cells (CD19+ CD20+). The mean similarity of FOXO1 and DAPI was then calculated for 

the cells in the FOXO1+ gate using a log-transformed Pearson’s Correlation Coefficient 

calculation that is denoted as a similarity score (Figure 3.1H). Using the Similarity_ 

Dilate(Object(M07,Ch07, Tight),1)_Ch02-Ch07 feature generated by the nuclear translo-

cation wizard in IDEASTM (v6.2) with DAPI in Ch07 and FOXO1 in Ch02, nuclear  
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Figure 3.1 IFC gating 
strategy for FOXO1 nuclear 
translocation analysis in 
primary B cell subsets 
within human PBMCS. To 
assess FOXO1 nuclear 
translocation in B cell subsets 
within a total population of 
PBMCs, each file was 
analyzed in IDEASTM v6.2 
using the nuclear translocation 
wizard. First, focused cells are 
gated based on the gradient 
RMS of the nuclear dye, 
DAPI (A). In the focused 
events, single cells are gated 
based on area and aspect ratio 
(B). In the focused, single 
cells, Live/Dead Dye+ cells 
are excluded (C) and then live 
cells are gated for CD19+ (D), 
CD19+CD20+ cells (E), then 
further gated on IgD and 
CD27 (F). In each B cell 
subset, mean similarity of 
FOXO1 and DAPI in the 
FOXO1+DAPI+ population 
(G) is calculated using a log-
transformed Pearson’s 
correlation coefficient (H). 
Cells in the gate R1 have a 
similarity ≥1 between DAPI 
and FOXO1, indicating 
nuclear FOXO1. 
Representative dot plots and 
histograms taken from 
PBMCs from a healthy donor 
cultured in complete RPMI 
for 30 minutes.  
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localization was determined and denoted as a similarity score greater than or equal to one 

(R1≥1).194,199 At baseline, total B cells (Figure 3.2G, H), IgD+CD27- (Figure 3.2A, C, 

I), IgD-CD27- (Figure 3.2A, D, J), IgD-CD27+ (Figure 3.2A, E, K), and IgD+CD27+ 

(Figure 3.2A, F, L) have nuclear FOXO1. After αIg Fab’2 stimulation, FOXO1 moves to 

the cytoplasm in all B cell subsets (Figure 3.2B), as indicated by the significant 

decreases in FOXO1 mean similarity in all B cell subsets, including total B cells (p<0.01) 

(Figure 3.2G), IgD+CD27- (p<0.01) (Figure 3.2C), IgD-CD27- (p<0.01, p<0.05) 

(Figure 3.2D), IgD-CD27+ (p<0.01) (Figure 3.2E), and IgD+CD27+ (p<0.01) (Figure 

3.2F) at the 30 and 60 minute time points. However, at the 15 minute time point 

differences appear in the and memory B cell subsets that are lost when only total 

CD19+CD20+ B cells are analyzed. The BCR activation effect can be seen earlier in the 

time course in the switched B cells (Figure 3.2E), with FOXO1 moving more 

cytoplasmic even at the 15 minute timepoint, (p=0.053). These findings are consistent 

with previously published work indicating that cytoplasmic FOXO1 localization is 

necessary for B cell activation and transition to a new differentiation state.51 From these 

results, we can conclude that IFC is a reliable method for detecting dynamic changes of 

native FOXO1 localization within user-defined subsets of peripheral human B cells 

within a larger population of primary human PBMCs. IFC also allows the user to 

delineate kinetic differences in native FOXO1 localization within small gated 

subpopulations of primary B cells that may otherwise be undetectable in a larger 

population analysis.  
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Figure 3.2 IFC can reliably detect dynamic changes in native FOXO1 localization in primary 
human B cells. PBMCs from healthy donors were exposed to either media (A) or a BCR 
crosslinker (αIg Fab’2) (B) for 5, 15, 30, and 60 minutes, stained for CD19, CD20, IgD, and CD27 
(surface), and intracellularly for FOXO1 and the nucleus (DAPI) then analyzed via IFC. Gating 
was performed as in Fig. 3.1. Overlay images show that at baseline all B cell subsets have nuclear 
FOXO1(A,C,D,E,F,G). However, with αIg Fab’2, FOXO1 mean similarity decreases significantly 
in all B cell subsets, IgD+CD27- (p<0.01) (B, C, I), IgD-CD27- (p<0.01, p<0.05) (B, D, J), IgD-
CD27+(p<0.01) (B, E, K), IgD+CD27+ (p<0.01) (B, F, L) at 30 and 60 minutes. This effect is 
kinetic: FOXO1 mean similarity decreases over time with αIg Fab’2 in total B cells (p<0.01) (G, 
H), but in the switched memory cells (E), FOXO1 is already cytoplasmic at 15 minutes. Average 
of three separate donors. Mean similarity≥1(black line, or R1 gate) indicates nuclear FOXO1. 
Representative images (60X) and histograms from 30 min.  
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3.3b SLE patients have higher percent DN B cells compared to healthy donors 

 SLE patients are known to have abnormal peripheral lymphocyte subsets,123,183 

particularly in the B cell compartment, reflective of the role that hyperactive lymphocytes 

play in SLE immunopathogenesis. Using classical flow cytometry analysis, we used IgD 

and CD27 expression to examine the percent of four peripheral B cell subsets as part of 

the total B cell compartment in 17 SLE patients and 15 healthy donors. Total PBMCs 

were surface-stained with CD19, CD20, IgD, and CD27 and acquired on a BD LSR II 

Fortessa flow cytometer. Files were analyzed in FlowJo (v10.0) using the following 

gating strategy. Lymphocytes were gated based on forward (FSC) and side scatter (SSC) 

(Figure 3.3A), then single cells based on FSC area and FSC height (Figure 3.3B). 

Within the single lymphocytes, we gated on total B cells (CD19+ CD20+) (Figure 3.3C) 

and then assessed the four subpopulations of B cells based on IgD and CD27 expression: 

naïve (IgD+ CD27-), double negative (DN) atypical memory (IgD- CD27-), switched 

memory (IgD- CD27+), and unswitched memory (IgD+ CD27+) B cells (Figure 3.3D). 

When comparing the percentage of each of the B cell subsets as part of total B cell 

compartment, we found a number of abnormalities in the peripheral B cell compartment 

of the SLE patients.  In accord with previously published work,122 SLE patients have a 

significantly increased percentage of the DN B cell population compared to healthy 

donors (p=0.0006) (Figure 3.3F). Additionally, we found that SLE patients have a 

significantly decreased percentage of unswitched memory B cells (p=0.001) (Figure 

3.3I), and switched memory B cells (p=0.03) (Figure 3.3 H). Total (Figure 3.3E) and 

naïve (Figure 3.3G) B cell percentages did not significantly differ between SLE patients 

and healthy donors. These altered frequencies of the peripheral memory B cell 
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compartments likely reflect the B cell-driven pathogenesis that characterizes SLE and the 

large role that memory cells play in this process.  

 

 Since one of the largest differences in the B cell compartment was the significant 

increase in the percent DN atypical memory B cells in SLE patients, we compared the 

percent DN B cells to the patient’s disease activity, as measured by SLEDAI. The percent 

DN B cells in SLE patients did not correlate with SLEDAI. This was true either when 

patients with all SLEDAI scores are considered (Figure 3.4A) or when only those with 

active SLE (SLEDAI≥4) were considered (Figure 3.4B). Percent DN B cells have been 

reported to increase with age, even in healthy adults;130 therefore we also considered 

whether age correlated with the percent DN B cells. However, there was no correlation 

between age and percent DN B cells in either SLE patients (Figure 3.4C) or in healthy 

donors (Figure 3.4D). Our findings on percent DN B cells and SLE disease activity 

correspond with previously published findings that percent DN B cells, while 

significantly increased in SLE patients, do not correspond with disease activity.131 This 

finding points towards a role for these atypical memory B cells in perpetuating SLE 

disease activity. 
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Figure 3.3 SLE patients have increased percent DN B cells compared to healthy donors. 
PBMCs isolated from SLE patients and healthy donors were stained for CD19, CD20, IgD, and 
CD27. Lymphocytes were gated on based on FSC and SSC (A), and single cells based on FSC-
A and FSC-H (B). Within the lymphocyte gate, B cells were gated on CD19+ CD20+ cells (C). 
B cells were further subgated based on IgD and CD27 expression (D). SLE patients had higher 
percent DN B cells (IgD- CD27-) (p<0.005) (F), lower percent switched memory (IgD- CD27+) 
(p<0.05) (H), and lower unswitched memory B cells (IgD+ CD27+) (p<0.0001) (I) compared to 
healthy donors. Representative plots from a SLE patient. Error bars depict standard error of the 
mean. 
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Figure 3.4 The percentage of DN B cells does not correlate with SLEDAI or age in SLE 
patients. The percentage of DN B cells determined by regular flow cytometry as described in 
Fig. 3.3, does not correlate with SLE disease activity as measured by SLEDAI (A). There is no 
correlation between percent DN B cells and disease activity even when only considering active 
disease (SLEDAI ≥4) (B). There is also no correlation between percent DN B cells and age in 
either SLE patients (C) or healthy donors (D). All correlations were measured via a two-tailed 
Spearman rank correlation.   
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3.3c Double negative and switched memory B cells from SLE patients demonstrate 

significantly more cytoplasmic FOXO1 compared to healthy donors 

 As discussed above, FOXO1 plays a significant role in integrating the 

differentiation and activation signals in B cell development and function, both in the 

secondary lymphoid organs, and in the periphery. Since FOXO1 plays a homeostatic role 

in B cell activation and function and FOXO1 localization is used as a measure of its 

function, we examined peripheral B cell subsets from SLE patients and healthy donors in 

order to determine whether FOXO1 localization was altered in SLE. PBMCs from 16 

SLE patients and 15 healthy donors were surface-stained with our B cell panel: CD19, 

CD20, IgD, and CD27, fixed and permeabilized, then stained intracellularly for FOXO1 

and the nucleus. FOXO1 localization was assessed via IFC as described above. The mean 

similarity of FOXO1 and DAPI as calculated by the similarity feature in IDEASTM (v6.2) 

was used as the measure of FOXO1 localization, with a similarity score of one or greater 

indicating nuclear FOXO1 localization. We compared the same four subsets of peripheral 

B cells, naïve (IgD+ CD27-), DN atypical memory (IgD- CD27-), switched memory 

(IgD- CD27+), and unswitched memory (IgD+ CD27+) in SLE patients and healthy 

donors. In healthy donors, all peripheral B cell subsets displayed nuclear FOXO1 (Figure 

3.2A, 3.5G). However, in SLE patients, DN B cells have significantly lower mean 

similiarity of FOXO1 and DAPI compared to healthy volunteers (p<0.0001) (Figure 

3.5G) indicating more SLE DN B cells have cytoplasmic FOXO1 (Figure 3.5A). Not 

every SLE DN B cell has cytoplasmic FOXO1, some still have nuclear FOXO1 (Figure 

3.5B), like those found in healthy controls. As we and others have demonstrated mean 

similarity is an accurate measure of FOXO1 localization in human lymphocyte,73,192,195 
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and using this score with an upper cutoff of 0.95, we designated these cells as 

cytoFOXO1+ B cells and compared the percent cytoFOXO1+ DN B cells in SLE patients 

and healthy donors. SLE patients have significantly more cytoFOXO1+ DN B cells 

(~80% vs. ~25%) (p<0.0001) (Figure 3.6A). While the mean similarity score was lower 

than one in the SLE DN, mean similarity is a scale, with lower numbers indicating that a 

higher percent of cells have cytoplasmic FOXO1. As this is a range, we examined 

whether FOXO1 mean similarity correlates with SLE disease activity. In patients with 

active SLE (SLEDAI≥4), there is a negative correlation between FOXO1 mean similarity 

and disease activity (r = -0.6895) (p = 0.006), indicating that SLE patients with more 

active disease have DN B cells with lower FOXO1 mean similarity (Figure 3.5H). 

Percent cytoFOXO1+ DN B cells also positively correlates with disease activity in 

patients with active disease (SLEDAI≥4) (p = 0.0432) (Figure 3.6B), with higher percent 

cytoFOXO1+ DN B cells corresponding to patients with higher disease activity. 

  Additionally, we also found that SLE switched memory B cells have significantly 

lower FOXO1 and DAPI mean similarity compared to healthy donors (p = 0.0066) 

(Figure 3.5G), indicating that SLE patients have more IgD- CD27+ cells with 

cytoplasmic FOXO1 (Figure 3.5D) than those with nuclear FOXO1 (Figure 3.5E). SLE 

switched memory B cells also have significantly increased percent cytoFOXO1+ cells (p 

= 0.002) (Figure 3.6A). Since this population also had lower FOXO1 mean similiarity in 

SLE, we examined whether FOXO1 mean similarity in DN B cells and switched memory 

correlated. Although there was no correlation between the two factors, it does appear that 

there is a positive trend between FOXO1 mean similarity in DN and switched memory B 

cells in SLE patients (Figure 3.5I). 
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 Bright field   DAPI        FOXO1       CD19          CD20          IgD        CD27   FOXO1/DAPI 
A.  

IgD-CD27- 

B.  

IgD+CD27- 

C.  

IgD-CD27+ 

D.  

E.  

IgD+CD27+ 

F.  

H.  I.  

G.  

Figure 3.5 SLE DN B cells have significantly more cytoplasmic FOXO1 mean similarity 
scores than do healthy donors. PBMCS isolated from SLE patients (n=17) and HC (n=15) were 
stained with CD19, CD20, CD27, and IgD (surface), and intracellularly for FOXO1 and the 
nucleus (DAPI) then analyzed via IFC. Cells were gated on focused, single, CD19+DAPI+ cells, 
and then CD19+CD20+ cells were gated on IgD and CD27. The four subsets of B cells were 
assessed for FOXO1 localization in IDEASTM (6.2). Representative SLE images (60X) show that 
within DN B cells (IgD-CD27-), some cells have nuclear FOXO1 (B), however the majority of the 
SLE DN B cells have significantly lower mean similarity (p<0.0001) com-pared to healthy donors 
(A,G), indicating more cytoplasmic FOXO1. SLE patients also have lower mean similarity in 
switched memory cells (IgD-CD27+) (p<0.05) (D,E,G). Naïve B cells (IgD+CD27-) (C) and 
unswitched memory B cells (IgD+CD27+) (F) had mostly nuclear FOXO1. FOXO1 mean 
similarity does negatively correlate (r = -0.6895) (p<0.01) with disease activity in active SLE 
(SLEDAI≥4) (I), but not with IgD-CD27+ FOXO1 mean similarity (H). Mean similarity≥1 (black 
line) indicates nuclear FOXO1. 
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 In the other subsets, FOXO1 mean similarity in SLE naïve B cells (Figure 3.5C, 

G) and unswitched memory B cells (Figure 3.5F, G) does not significantly differ from 

healthy volunteers, while SLE total B cells also have significantly decreased FOXO1 

mean similarity (p = 0.0004) (Figure 3.5G). The lower FOXO1 mean similarity in SLE 

total B cells is likely due to the increased percentage of DN B cells in the SLE patients, 

which with the majority of the DN B cells having cytoplasmic FOXO1, would decrease 

the overall mean similarity for total B cells in SLE patients.  

 

 Together these findings of cytoplasmic FOXO1 and increased percent 

cytoFOXO1+ DN B cells in SLE patients point towards a disturbance in activation within 

this atypical memory compartment. Given that SLE is a chronic systemic inflammatory 

disease, this increase in both percent of the atypical memory cells as part of the total B 

cell population, as well as a significant increase in cytoFOXO1+ cells in this memory 

compartment in SLE patients, are suggestive of hyperactive cells that have escaped 

normal signaling mechanisms. 

 



85 

A.  B.  

Figure 3.6 SLE patients have more cytoplasmic FOXO1 and this correlates with disease 
activity in active SLE. Based on the mean similarity scores calculated in Fig 3.5, (nucl. 
FOXO1=mean similarity ≥1) (cytoFOXO1+ = mean similarity <1) percent gated cytoFOXO1+ 
CD19+CD20+ B cells were compared in SLE patients (n=17) and healthy donors (n=15). SLE 
patients have significantly more cytoFOXO1+ DN (IgD-CD27-) (p<0.0001), and switched 
memory (IgD-CD27+) (p<0.05) B cells than healthy donors (A). The percent cytoplasmic 
FOXO1 DN B cells positively correlates with disease activity (r=0.5334) in active SLE patients 
(SLEDAI≥4) (p<0.05) (B). Black line in A indicates mean percent cytoFOXO1+ in total B cells 
from healthy donors.  
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3.3d Cytoplasmic FOXO1 DN B cells from SLE patients have lower CD20 and increased 

granularity  

 In order to further characterize this cytoFOXO1+ population of DN B cells in 

SLE, we examined a number of phenotypic markers to better enable us to understand and 

eventually isolate this population for further study.  First we examined CD20 levels on all 

FOXO1+ B cells in the same SLE patients and healthy donors. CD20 is a member of the 

MS4A family and is expressed on all mature B cells and pre-B cells, but is down 

regulated as the B cell differentiates into a plasma cell.44 Mean intensity of CD20 

expression was determined in IDEASTM (v6.2) for the FOXO1+ B cells in each of the 

four subsets analyzed above. Additionally, the FOXO1+ cells were divided into 

cytoplasmic FOXO1+ (cytoFOXO1+) or nuclear FOXO1 (nucl. FOXO1+). In total B 

cells, only cytoFOXO1+ B cells had significantly lower CD20 intensity in SLE patients 

(p = 0.0191) (Figure 3.7A). CD20 intensity did not significantly differ between SLE 

patients and healthy donors in naïve (Figure 3.7B), total FOXO1+ or nuclear FOXO1+ 

switched memory (Figure 3.7C), or in unswitched memory B cells (Figure 3.7D). 

CytoFOXO1+ switched memory B cells did have significantly lower CD20 expression 

than the healthy volunteers (p = 0.0232) (Figure 3.7C). However, all FOXO1+ DN B 

cells in SLE patients had significantly lower CD20 intensity (p = 0.0007), including 

nuclear FOXO1+ (p = 0.018) and cytoFOXO1+ DN B cells (p = 0.0005) (Figure 3.7E). 

It is also important to note that while both nuclear and cytoplasmic FOXO1+ DN B cells 

had lower CD20 expression than their healthy counterparts, SLE cytoFOXO1+ DN B 

cells had significantly decreased CD20 expression compared to nuclear FOXO1+ DN B 

cells (p = 0.0353) (Figure 3.7F). This decreased CD20 expression on SLE cytoFOXO1+ 
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DN B cells is a surface characteristic that will allow us to identify these cells for further 

isolation without the need to fix and kill the cells. Additionally, the lower CD20 suggests 

that these cells may be activated and primed for Ig secretion. 

 Another parameter we assessed in the DN B cell population was side scatter 

(SSC). SSC is a parameter in flow cytometry that uses the light hitting the cell as a 

measure of granularity or internal complexity.209 In flow cytometric B cell analysis, 

activated B cells and plasmablasts are known to have higher SSC.178 Therefore as one 

measure of activation, we assessed SSC in the FOXO1+ DN B cells of the SLE patients 

and healthy donors previously analyzed. Cells were gated based on higher or lower SSC 

in the total CD19+CD20+ population (intensity and visual inspection confirmed, data not 

shown). These gates were applied to all of the FOXO1+ populations within the DN B cell 

subset. Gating on higher (beige) and lower (pink) SSC, SLE patients had a significantly 

increased percentage of higher SSC nuclear FOXO1+ (p = 0.0034) and higher SSC 

cytoFOXO1+ DN B cells (green box, p<0.0001) compared to healthy volunteers (Figure 

3.7G, H), indicating that these cells have increased granularity, and are likely activated.  
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Figure 3.7 CytoFOXO1+ SLE DN B cells have lower CD20 intensity and higher side scatter. 
B cells analyzed via IFC from 17 SLE and 15 healthy donors were assessed for CD20 intensity 
within each of the four FOXO1+ B cell subsets. Overall, cytoFOXO1+ SLE total B cells had 
significantly lower CD20 expression compared to healthy controls (p<0.05) (A). However, all 
FOXO1+ IgD+CD27- (B) and IgD+CD27+ (D) B cells in both SLE and healthy donors had 
similar levels of CD20. CytoFOXO1+ IgD-CD27+ B cells had lower CD20 (p<0.05) (C). All SLE 
FOXO1+ IgD-CD27- B cells had significantly lower CD20 than did healthy donors (p<0.0001, 
p<0.01, p<0.0001) (E), while within the SLE FOXO1+ DN B cells, cytoFOXO1+ cells had signif-
icantly lower CD20 (p<0.05) compared to nucl. FOXO1+ cells (F). B cells were also analyzed for 
levels of side scatter (SSC). The percent of cytoFOXO1+ DN B cells with high SSC was signif-
icantly increased in SLE patients com-pared to healthy donors (p<0.01) (G). Within SLE DN B 
cells, gating based on high (beige) and low (pink) SSC distinguishes the nuclear (black) and cytop. 
(blue) FOXO1+ cells, with more of the cytoFOXO1+ DN B cells falling in the high SSC gate (H). 
The black line is the mean CD20 intensity in total B cells in healthy donors. Representative 
histogram from SLE. 
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 FOXO1, as a TF, resides in the interior of the cell. In order to visualize native 

FOXO1 in human PBMCs, we must fix and permeabilize the cells, which kills the cells 

limits further functional and mechanistic studies. One need in studying these SLE 

cytoFOXO1+ DN B cells is a surface phenotype that will allow for live cell sorting.  

Based on the findings described above, we designed an IFC gating strategy based on 

CD20 and SSC intensity to determine if we could reliably gate on a population of cells 

with ~80-90% cytoFOXO1+ (Figure 3.8A).  

 DN B cells were gated into four subsets based on SSC intensity and CD20 

intensity: a). SSChi CD20lo, b). SSClo CD20lo, c). SSClo CD20hi, and d). SSChi CD20hi. 

The cutoff for low CD20 was 1.1x104 based on the CD20 intensity analysis (Figure 

3.7E,F), while high and low SSC were determined based on individual sample intensities. 

The SSChi CD20lo subset was significantly enriched in the DN B cell compartment 

compared to the other three subsets (p = 0.0182, p = 0.025, p = 0.0008) (Figure 3.8B). 

When the DN cells were further subgated into nuclear FOXO1+ and cytoFOXO1+ cells, 

the SSChi CD20lo group contained on average ~95% cytoFOXO1+ cells, which was 

significantly more than the SSClo subsets (p = 0.0002, p = 0.0009) (Figure 3.8C). While 

it was not significantly more than the SSChi CD20hi subset, it did approach significance 

(p = 0.0580). Additionally the percentage of SSChi CD20lo within the DN B cell 

compartment positively correlated with disease active in patients with active SLE 

(SLEDAI≥4) (r = 0.6245) (p = 0.0151) (Figure 3.8D). Finally, to test whether this would 

be a feasible strategy to use in the future for live cell-sorting, data from the same SLE 

patients, but subjected to classical flow cytometry analysis were gated in a similar 

manner. SSC intensity (on a log scale) was gated on low SSC and high SSC populations 
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on the total B cell population. Those gates were then applied to the DN B cell subset. 

Percentages of the high SSC fraction gated via classic flow cytometry corresponded to 

those of the SSChi CD20lo gated via IFC analysis in representative SLE patients with low 

(11.1%, blue) (Figure 3.8F), medium (33.5%, black) (Figure 3.8G), and high (88.3%, 

red) (Figure 3.8H) frequency SSChi CD20lo DN B cells. This confirmed that we would 

be able to gate on this particular fraction using classical flow cytometry parameters. We 

did examine this gating strategy in our historical samples, however, the intensity of CD20 

in our classic flow cytometry data was higher than that in the Amnis data, likely because 

we were using a higher concentration of antibody. In the future, in order to utilize this 

gating strategy, we will titrate down the amount of CD20 used in our classic flow 

cytometry staining in order to detect and reliably isolate the lower CD20+ cells. 

Additionally, we will also have to transform the traditional linear scale of SSC to the log 

scale used by the Amnis Imagestream Mark II, which was done in the classical flow 

histograms shown above (Figure 3.8 E,F,G). By gating on SSChi CD20lo cells that are 

also IgD- CD27-, we are able to reliably identify the cytoFOXO1+ cells, which will allow 

us to live-sort these cells for future studies.   
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Figure 3.8 Higher SSC and lower CD20 intensity reliably identify cytoFOXO1+ DN B cells. 
After IFC analysis, within the SLE DN B cells, cells were gated into four subsets based on levels 
of SSC and CD20 (A). The SSChi CD20lo subset was a significantly higher percent of the DN B 
cells compared to the SSClo CD20lo, SSClo CD20hi, and SSChi CD20hi ((p<0.05, p<0.001) subsets 
(B). Within each of the SSC/CD20 groups, the cells were also gated on cytoFOXO1. Those with 
high SSC low CD20 had significantly more cytoplasmic FOXO1 compared to the lower SSC 
groups (p<0.001) (C). Also, the percentage of the SSChi CD20lo DN B cells positively correlated 
with SLE disease activity in active SLE patients (SLEDAI ≥ 4) (r = 0.6245) (p = 0.0151) (D). DN 
B cells from the classic flow cytometry analysis of the same patient were also gated based on SSC 
intensity. The percent SSChi CD20lo gated in IFC analysis corresponds with the percent SSChi 
gated in classic flow cytometry analysis in patients with low frequency (blue) (E), middle 
frequency (black) (F), and high frequency (red) (G) SSChi CD20lo DN B cells. Error bars represent 
standard error of the mean. Representative gating dot plot from an active SLE patient analyzed via 
IFC. Representative histograms of SSC use a log scale for SSC intensity. 
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3.3e Cytoplasmic FOXO1 DN B cells from SLE patients are activated  

 The cytoFOXO1+ DN B cells in SLE had increased granularity, which is 

sometimes used as a measure of activation.209 However, in order to more definitely assess 

the activation state of these cytoFOXO1+ DN B cells, the six SLE and ten healthy donor 

samples were also surface stained with CD95, a classic activation maker, also known as 

Fas.210  CD95 is upregulated on active cells and has been shown to be increased on B 

cells in SLE, including DN B cells.131,211 Additionally, the percentage of CD95+ DN B 

cells correlated with disease activity in SLE patients. We confirmed that both SLE 

patients (Figure 3.9A) and healthy donors (Figure 3.9B) have CD95+ DN B cells. The 

other B cell subsets also expressed CD95 as well, with SLE patients having a higher 

percent of each subset that is CD95+ compared to healthy volunteers (Figure 3.9E). This 

is not statistically different, likely because of the small number of donors in each group, 

particularly in the SLE donor group. Despite the small numbers, CD95+ DN B cells have 

more cytoplasmic FOXO1 than CD95- DN B cells in SLE patients (Figure 3.9A, C), 

while both CD95+ and CD95- DN B cells from healthy donors have predominantly 

nuclear FOXO1 (Figure 3.9B, D). Healthy volunteers have significantly more nuclear 

FOXO1, particularly in the memory subsets: DN atypical memory (p = 0.0182), switched 

memory (p = 0.0085), and unswitched memory (p = 0.0107) B cells (Figure 3.9F). On 

the other hand, SLE patients have a significantly increased percentage of cytoFOXO1+ 

DN atypical memory (p = 0.0014), switched memory (p = 0.0013), and unswitched 

memory (p = 0.0009) B cells (Figure 3.9G). These findings suggest that the 

cytoFOXO1+ B cells are activated and potentially primed for Fas-mediated apoptosis, 

opening a new avenue to exploring how the DN B cells undergo activation and cell death.  
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Figure 3.9 SLE CD95+ DN B cells have more cytoplasmic FOXO1. PBMCs from 4 SLE and 
6 healthy donors were stained for CD19, CD20, CD27, IgD, and CD95 (surface) and 
intracellularly stained for FOXO1 and the nucleus (DAPI) then analyzed for FOXO1 
localization via IFC. Cells were gated on focused, single, CD19+CD20+ cells then based on IgD 
and CD27. Total B cells and the four B cell subsets were assessed for CD95 expression. In SLE 
CD95+ DN B cells, FOXO1 had more cyto-plasmic FOXO1 (A, C), while CD95+ DN B cells 
from healthy donors had nuclear FOXO1 (B, D). There was no significant difference in the 
percent of CD95+ B cells between SLE patients and healthy donors (E). However, healthy 
donors did have significantly more CD95+ switched memory B cells with nuclear FOXO1 
(p<0.05) compared to SLE patients (F). SLE patients had significantly more cytoFOXO1+ 
CD95+ DN B cells (p<0.05) (G).  
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 To assess whether these DN B cells were using NF-κB signaling, which is linked 

to BCR activation, we used IFC to measure NF-κB translocation in the same four subsets 

of FOXO1+ B cells. In B cells, NF-κB translocates to the nucleus upon BCR activation in 

a short time period and also plays a role in the LZ of the GC reaction.212,213 We assessed 

NF-κB localization in the four B cells subsets of one SLE patient sample and discovered 

that most B cell subsets in the SLE patient had cytoplasmic (inactive) NF-κB (Figure 

3.10A). In the SLE patient, only the naïve B cells (Figure 3.10C) and the DN B cell 

memory B cells (Figure 3.10B) had nuclear NF-κB. This suggests that these subsets may 

be being activated via BCR signaling. However, the sample used in this analysis was 

from an SLE patient with a SLEDAI of 4. It is possible that in a patient with higher 

disease activity, other B cell subsets could be utilizing NF-κB signaling, and undergoing 

BCR activation. 

 

 

Bright field     FOXO1    NF-κB          CD19         CD20          IgD           CD27          DAPI 
FOXO1/   NF-κB/    FOXO1/NF-  
DAPI        DAPI       κB/DAPI	

A. 

B. 

C. 

Figure 3.10 SLE naïve and DN atypical memory B cells have translocated NF-κB. One SLE 
patient sample was surface stained with CD19, CD20, IgD, and CD27, fixed and permeabilized 
and then stained intracellularly for FOXO1, NF-κB (p50), and the nucleus (DAPI) (A). The 
sample was analyzed via IFC for FOXO1 and NF-κB nuclear translocation. Only the DN (B) 
and naïve (C) B cells demonstrated nuclear NF-κB while the switched memory B cells (A) from 
the SLE patient demonstrated cytoplasmic NF-κB. However, the DN and naïve B cells were not 
FOXO1+, while the switched memory cell was, with the FOXO1 more nuclear in this cell. 
Representative images, 60X objective. 
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3.3f SLE cytoFOXO1+ DN B cells express a mix of Ig classes, with a more IgM+ cells 

 We also wanted to explore which classes of Ig comprise the DN B cell 

compartment and to confirm whether or not these cells also contained plasmablasts. To 

that end, 5 SLE and 5 healthy donor samples were surface stained with CD19, CD20, 

IgD, CD27, CD38, IgM, and IgG. These samples were analyzed via classic flow 

cytometry. SLE patients have both IgG+ (Figure 3.11A) and IgM+ (Figure 3.11B) DN B 

cells. DN B cells do not express CD38, a marker of GC plasmablasts (Figure 3.11C). 

This tells us that the DN B cells in both SLE and healthy patients are not plasmablasts 

and express either IgG or IgM. IgA and IgE expression were not explored. 

 As others and we have demonstrated, IgM+ unswitched memory cells are 

decreased in SLE patients214 (Figure 3.4I). We, and others, have also shown that there is 

a concurrent increase in DN B cells (Wei et al., 2009; Figure 3.4F). The DN B cell 

compartment could be one possible destination for these cells.215 If this possibility were 

true, SLE patients should have a higher percent of the DN B cell compartment that are 

IgM+ than do healthy volunteers. To identify any differences in the composition of the 

SLE DN B cell subset, we determined the percent of the DN B cell compartment that was 

IgM+. We found that SLE patients have a significantly higher percentage of IgM+ DN B 

cells compared to healthy donors (p = 0.0052) (Figure 3.11H). However, this analysis 

was via regular flow cytometry, and did not assess what the specific classes of Ig that the 

cytoFOXO1+ DN B cells express. In order to answer this question, samples from the 

three SLE patients and three healthy donors were also surface stained with CD19, CD20, 

IgD, CD27, IgM, and IgG and then intracellularly stained for FOXO1 and the nucleus 

and analyzed as described above via IFC (Figure 3.1).  
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Figure 3.11 DN B cells and cytoFOXO1+ DN B cells from SLE patients are a mix of Ig 
positive cells and do not express CD38. PBMCs from 3 SLE patients and 4 healthy donors were 
stained with CD19, CD20, IgD, CD27, CD38, IgG and IgM and analyzed by flow cytometry.  
SLE DN B cells do express IgG (A), IgM (B), but do not express CD38, a plasmablast and plasma 
cell marker (C). PBMCs from SLE patients (n=3) and healthy donors (n=2) were also stained 
with CD19, CD20, IgD, CD27, CD95, IgG and IgM on the surface and intracellularly stained for 
FOXO1 and the nucleus and analyzed via IFC for FOXO1 localization. DN B cells from SLE 
patients have cytoplasmic FOXO1 and express both IgG and IgM (D,F) while DN B cells from 
healthy donors do express IgG and IgM, but have nuclear FOXO1 (E,G). SLE patients have more 
cytoFOXO1+ IgG+ cells (H) and cytoFOXO1+ IgM+ cells (I) than healthy donors. Represen-
tative histograms from a SLE patient. Representative images from IFC at 60X magnification.  
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SLE patients have both IgG+ cytoFOXO1+ (Figure 3.11D) and IgM+ cytoFOXO1+ 

(Figure 3.11F) DN B cells, while healthy donors have IgG+ (Figure 3.11E) and IgM+ 

(Figure 3.11G) DN B cells with more nuclear FOXO1. When comparing the proportion 

of cytoFOXO1+ DN B cells, SLE patients had more IgM+ cytoFOXO1+ DN B cells than 

healthy volunteers (Figure 3.11I), but the less IgG+ cytoFOXO1+ DN B cells (Figure 

3.11J). While IgG, IgM and nonIgG nonIgM cells make up the DN B cell compartment 

in both SLE and healthy donors, SLE patients have a higher percentage of IgM+ and 

IgM+ cytoFOXO1+ DN B cells, pointing towards an expansion of IgM+ atypical 

memory cells that could be playing a role in the immunopathogenesis of SLE.   

 

3.3g African American females have high percentages of cytoFOXO1+ DN B   

 Finally, we were interested in examining the possible relationship between a 

number of demographic features, including disease activity, and the percent of high SSC 

low CD20 cytoFOXO1+ DN B cells in our SLE patient cohort. Due to the fact that SLE 

is a systemic autoimmune disease with multiple presentations, we wanted to assess a 

variety of demographic parameters to potentially identify a specific type of patient with a 

high percentage of high SSC low CD20 cytoFOXO1+ DN B cells. When we assessed our 

patient cohort, 15 of 17 of the patients, or 88%, with a high percentage of cytoFOXO1+ 

DN B cells were African American females (Table 3.1). The two patients, who had 

cytoFOXO1+ DN B cells but were not African American females, were Caucasian 

females with lower disease activity (SLEDAI = 2, 6).  
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 When we further divided the patients into those with greater than or less than 50% 

SSChi CD20lo DN B cells, a significantly increased number of patients with a SLEDAI 

greater than 7 were in the more than 50% SSChi CD20lo DN B cell cohort (p = 0.0098) 

(Figure 3.12A). We also categorized our patients based on two of the SLE symptoms 

associated with poorer outcomes and more active, inflammatory disease, nephritis and 

double stranded DNA autoantibodies (dsDNA autoAb).84 While a higher number of 

patients with greater than 50% SSChi CD20lo DN B cells had nephritis (n = 5) or dsDNA 

autoAbs (n = 4) than those that had neither (n = 3), there was no significant association 

(Figure 3.12B). This is possibly because we have only a few patients in each of the 

categories. In the future, in order to better delineate if these cytoFOXO1+ DN B cells are 

Patient Age Gender SLEDAI Race Clinical Findings Medications 
RA206 43 F 4 AA Arthritis None 
RA76-02 42 F 4 AA Mild Arthritis CellCept 500 mg, Plaquenil 200 mg 
RA202-02 26 F 8 AA Myositis, Arthritis 
RA216 41 F 2 Caucasian Headache, not lupus related Prednisone 40 mg, Plaquenil 400 mg 

RA217 52 F 4 AA Low complement; dsDNA elevated; previously 
had active Nephritis 

CellCept 500 mg twice a day; 
Plaquenil 400  mg 

RA218 31 F 6  Caucasian Arthritis, Rash (Panniculitis) None 
RA219 65 F 6 AA Arthritis, Alopecia None 

RA220 36 F 14 AA Rash, Oral Ulcers, Alopecia, Arthritis, Low 
Complement, developed nephritis a week later 

Off all for 2 weeks, then steroids for 
flare; restarted Imuran 100 mg & 
Plaquenil 400 mg 

VR-01 37 F 8 AA known nephritis; proteinuria; hematuria Cellcept 250 bid.  Plaquenil 200 mg 

RA205-02 54 F 8 AA History of Class V Nephritis; Low complement; 
elevated dsDNA; Pyuria Cellcept 250 bid.  Plaquenil 

RA221 34 F 12 AA Flare with arthritis, pleurisy, dsDNA, low 
complement, Malar rash 

Prednisone 60 mg, Methotrexate 10 
mg, Plaquenil 400 mg 

RA226 66 F 4 AA History of Class IV Nephritis & Vasculitis 
Daily oral Cytoxan 100 mg; Plaquenil 
400 mg; Prednisone 20 mg every other 
day 

RA205-03 55 F 4 AA History of Class V Nephritis; Low complement; 
elevated dsDNA Cellcept 250 bid.  Plaquenil 

RA076-03 42 F 2 AA Mild Arthritis CellCept 500 mg, Plaquenil 200 mg 
RA230 53 F 6 AA Arthritis None 

RA226-02 66 F 4 AA History of Class IV Nephritis & Vasculitis Cytoxan 100 mg daily; Plaquenil 400 
mg; Prednisone 20 mg every other day 

RA233 32 F 11 AA kidney involvement (increased GFR and 
protein/creatinine ratio, dsDNA elevated None 

Table 3.1 SLE Patient Demographics – cytoFOXO1+ DN B cells 

Table 3.1 SLE patient demographics. This table delineates the demographics as well as 
clinical findings and medications at the time of sample acquisition for 18 SLE patients who 
had cytoFOXO1+ DN B cells. African American is abbreviated AA. 88% (15 of 17) SLE 
patients with cytoFOXO1+ DN B cells were African American females. The two patients who 
were not African American females were Caucasian females with lower disease activity. 
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characterisitic of many types of SLE or are associated with a few of the more severe 

symptoms, we would need to recruit more patients with nephritis, dsDNA autoAbs, and 

other symptoms associated with active inflammatory SLE.  

 

 

 

 Additionally, towards the end of our study, we obtained samples from seven 

patients that did not fit the pattern we have described above in the rest of the chapter. 

These patients had FOXO1 mean similarity scores comparable to healthy donors, above 

one, indicating nuclear FOXO1 in all of their B cell subsets (Figure 3.13A). When we 

explored the patient demographics, the one unifying feature of these patients was that 

they were not African American females (Figure 3.13B). The one patient in this group 

who is an African American was a younger male.  

Figure 3.12 SLEDAI greater than 7 is associated with more high SSC low CD20 DN B cells 
in SLE. When the SLE patients with cytoFOXO1+ DN B cells were divided into those with 
greater than 50% high SSC low CD20 DN B cells, this positively associated with a SLEDAI of 
greater than 7 (p = 0.0440) (A). The same patients were also categorized based on two clinical 
features of SLE associated with greater disease activity, nephritis and dsDNA autoantibodies. 
While a greater number of patients with more than 50% high SSC low CD20 DN B cells had 
either nephritis or dsDNA autoantibodies than those that had neither, there was no significant 
association between any of the clinical findings and more of the cytoFOXO1+ DN B cells (B).  
 

A.  B.  
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 Ultimately, based on our analysis of the patient cohort we have screened, African 

American females with active SLE have increased cytoFOXO1+ DN B cells, while other 

SLE patients who are not African American females are more likely to have nuclear 

FOXO1+ B cells, regardless of disease activity. 

 

3.4 Discussion 

 With our modified protocol for visualizing dynamic native FOXO1 localization in 

primary human lymphocytes, we demonstrated that IFC could be used to reliably detect 

dynamic native FOXO1 localization in both SLE and healthy B cell subsets. In samples 

from healthy donors, we examined naïve (IgD+CD27-), atypical DN memory (IgD-

Patient Age Gender SLEDAI Race Clinical Findings Medications 
RA225 28 F 2 Caucasian mild Arthritis none 
RA227 35 M 4 AA Rash, dsDNA positive CellCept 500 mg daily 
RA225-02 28 F 6 Caucasian flaring - Arthritis (low complement) none 
RA228 37 F 2 Hispanic Mild Arthritis Imuran 50 mg; Plaquenil 400 mg 
RA229 52 F 2 Hispanic Sicca Symptoms Plaquenil 200 mg daily 
RA231 25 F 8 Caucasian Organic Brain Syndrome; CVA/stroke none 
RA227-02 35 M 5 AA  Rash, dsDNA positive CellCept 500 mg daily 

A.  

SLE patient demographics – nuclear FOXO1+ B cells B.  

Figure 3.13 SLE patients with nuclear FOXO1+ B cells are not African American 
females. Seven SLE patients had FOXO1 mean similarity scores comparable to those in 
healthy donors, indicating mostly nuclear FOXO1 in their B cells (A). There was no 
unifying feature that indicated whether or not a patient would have nuclear FOXO1 in their 
B cells, however, these patients were not African American (AA) females (B). The African 
American patient who had nuclear FOXO1 in his B cells was a younger male. 
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CD27-), switched memory (IgD-CD27+), and unswitched memory (IgD+CD27+) B cells 

as part of a larger sample of total human PBMCs, and were able to delineate differing 

effects in specific, user-defined subpopulations of B cells. Additionally, we were able to 

distinguish different kinetics in the dynamic FOXO1 localization, with switched-memory 

and naïve B cells moving FOXO1 into the cytoplasm earlier than the other B cell subsets. 

This speaks to a potential signaling model whereby dynamic native FOXO1 localization 

in peripheral human B cells is influenced by the strength of BCR ligation. Other factors 

that could be playing a role are the availability of 14-3-3, the FOXO1 transport molecule 

from the nucleus to the cytoplasm and the presence and amount of different phosphatases 

that regulate FOXO1 phosphorylation, such as PTEN and PP2A.  

Using this IFC protocol, we compared FOXO1 localization within the four 

subsets of B cells in both SLE patients and healthy donors and discovered that SLE 

patients have significantly more cytoplasmic FOXO1+ (cytoFOXO1+) DN B cells 

compared to healthy volunteers, and the percentage of cytoFOXO1+ DN B cells 

positively correlates with disease activity. As discussed in chapter 1.2b, SLE patients 

have altered peripheral B cell subsets. We and others have shown that the DN B cell 

population makes up a significantly larger proportion of total B cells in SLE patients,123 

which makes our finding of altered FOXO1 localization in the setting of SLE, a step 

forward in understanding the phenotype of and potential role that these atypical memory 

cells play in SLE pathogenesis. Additionally, based on the potential model described 

above, these cytoFOXO1+ DN B cells, which are present at higher levels in SLE patients, 

could have altered BCR signaling based on changes in other inhibitory (FcγRIIB) or 

receptors and activating kinases (Lyn) that are known to be altered in SLE BCR lipid 
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rafts,216 or fewer of the FOXO1-altering phosphatases, such PTEN or the SHP family 

members. Given that SLE patients have a number of SNPs in phosphatases like PTPN22 

and SHP2,217 this could be one explanation as to how these cytoFOXO1+ DN B cells 

retain cytoplasmic FOXO1 in the periphery.  

 In order to better characterize these cytoFOXO1+ DN B cells, we examined a 

number of surface characteristics determinable by flow cytometric analysis, including 

expression of the ubiquitous B cell protein, CD20, and intracellular granularity. We 

showed that SLE FOXO1+ DN B cells have significantly lower CD20 expression 

compared to healthy volunteer DN B cells, while cytoFOXO1+ DN B cells have even 

lower CD20 expression and higher SSC, or granularity, compared to other FOXO1+ DN 

B cells. By gating on SSChi CD20lo cells, we were able to identify a population of DN B 

cells that were 80-90% cytoFOXO1+. In the future, this gating strategy will allow us to 

live-sort and isolate these cells for further in vitro functional experiments.  

 SSC, or granularity can also be used as a measure of activation.209 Since these 

cytoFOXO1+ DN B cells have higher SSC, this suggests they are more activated than the 

other B cell subsets with more endoplasmic reticulum (ER) on their way to antibody 

secretion.218 However, we confirmed that these SLE cytoFOXO1+ DN B cells are 

activated by other methods. We showed both that SLE patients have increased CD95+ 

DN B cells and significantly more cytoFOXO1+ CD95+ DN B cells than healthy 

volunteers. Taken together, our findings suggest that the cytoplasmic localization of 

FOXO1 in these SLE DN B cells is linked to enhanced B cell activation. This could be 

further confirmed by determining whether these cytoFOXO1+ DN B cells are actively 

secreting Ig via an ELISPOT assay for IgG, IgM, and IgA. 
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 As discussed in the introduction, SLE lymphocytes are known to be hyperactive. 

In particular, SLE B cells have increased signaling via the BCR.50 Additionally, SLE B 

cells are also known to be activated by TLR signaling, particularly in response to 

intracellular nucleic acids sensed via TLR7.171 FOXO1 plays a key role in integrating 

signaling from the BCR and other innate sources.69 Signaling via FOXO1 could represent 

one of the pathways downstream of BCR activation or TLR9 that are altered, 

intrinsically, or by external factors in the SLE environment, in these DN B cells, 

ultimately leading to the hyperactive B cell state that characterizes SLE. It is known that 

anergic, autoreactive B cells can be activated by T-independent antigens and increase 

their Ig production.219 Further experiments to examine the upstream signaling that leads 

to the cytoplasmic FOXO1 in the SLE DN B cells would include culturing sorted SLE 

DN B cells with either BCR activators or a TLR9 agonist, like CpG, and assessing 

FOXO1 localization changes. Another potential difference in the SLE and healthy DN B 

cell signaling could lie in differences in cellular phosphatase expression or activity. 

GWAS studies have identified a number of polymorphisms in phosphatases such as 

PTPN11 (SHP2),217 and other groups have shown that SLE B cells have decreased 

activity of PTEN related to changes in miRNA expression.220 PTEN and SHP2 heavily 

regulate the PI3K/Akt/FOXO1 signaling axis by dephosphorylating PI3K and Akt, and 

PI3K respectively.76,221 In order to identify if there are any specific differences in SLE 

DN B cell phosphatases, we could perform a phosphatase and miRNA expression screen 

via RNA sequencing, including phosphatases with known polymorphisms or altered 

activity in SLE. 



104 

 Given our findings that the cytoFOXO1+ DN B cells in SLE are activated, one 

potential avenue for further study would be to understand how these cells persist in the 

blood. As mentioned above, peripheral DN B cells are significantly increased in SLE 

patients, particularly those with active disease.131 However, although SLE is a B cell-

mediated disease, B cell-ablating therapies, such as rituximab, an anti-CD20 mAb, are 

not efficacious treatments in SLE.222 It has also been found that DN B cells persist in the 

peripheral B cell compartment of SLE patients treated with rituximab.223 Our finding that 

the cytoFOXO1+ DN B cell in SLE patients are lower in CD20 and activated provides a 

possible explanation for the persistence of the peripheral DN B cells, even in the presence 

of rituximab. Another possible reason for the peripheral DN B cell persistence is that 

these particular cells are resistant to killing in the SLE environment. Our finding that a 

higher percentage of these cytoFOXO1+ DN B cells are CD95+ (Fas) in SLE raises the 

question of whether, within the genetic and inflammatory environment of active SLE, the 

DN B cells are resistant to Fas-mediated killing despite expressing CD95. In the future, 

we could address this by using our SSChi CD20lo gating strategy to live-sort these cells 

and perform an in vitro killing experiment by culturing them with Fas ligand and 

assessing death over time in an Annexin V and 7AAD flow cytometric assay. If the SLE 

DN B cells are resistant to Fas-mediated death, in conjunction with their lower CD20, 

these atypical memory cells could be the source of continued autoreactive antibody 

production when other B cells are ablated or silenced by conventional SLE treatment 

strategies. Alternatively, these cytoFOXO1+ DN B cells could be hyperactive, and more 

susceptible to death, but a more inflammatory cell death, such as necroptosis.  Fan et al. 

found that CD27- and IgM+ B cells were increased in SLE, but also had increased 
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necroptotic death after activation, compared to other B cell subsets.224 Due to the increase 

in this population, DN B cell necroptosis could be contributing to the maintenance of 

circulating autoantigen. These B cells may maintain themselves in the periphery by 

deactivating FOXO1 and upregulating anti-apoptotic factors, since active, nuclear 

FOXO1 can cause FOXO1-mediated apoptosis.225 In light of our findings, discovering 

whether these activated cytoFOXO1+ DN B cells are resistant to killing makes further 

efforts to characterize the cytoFOXO1+ DN atypical memory cells and understand their 

signaling pathways a goldmine of potential SLE treatments.  

 Alternatively, another way these cells could maintain themselves in the periphery 

is by upregulating receptors for B cell survival factors. Rituximab and other current SLE 

treatments are known to increase serum levels of BAFF,226 which enhances B cell 

survival.183 The activity of TFs Aiolos and Ikaros  in SLE memory B cells can also be 

increased with BAFF, which leads to further differentiation of naïve and memory B cells 

into antibody-secreting plasmablasts.227 In the future, we will investigate the levels of 

TFs and B cell survival receptors such as BAFFR, CD22, and others on the cytoFOXO1+ 

DN B cells and assess their response to culture with these pro-survival B cell cytokines. 

 As mentioned in the introduction, DN B cells are categorized as an atypical 

memory subset,123 with no CD27 expression. As discussed in chapter 1 section 1.3, 

human memory B cells usually undergo class switch recombination (CSR) in the process 

of antigen affinity maturation, a process in which FOXO1 plays a crucial role in the GC 

reaction.45,46 In the original study characterizing the SLE peripheral DN B cells, Wei et 

al. showed that these cells expressed IgG, IgA, and IgM.123 In our characterization of the 

cytoFOXO1+ DN B cells, we demonstrated that cytoFOXO1+ SLE DN B cells are a mix 
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of IgG+, IgM+ and IgG-IgM- cells. In contrast to the healthy volunteers, the IgM+ 

subclass significantly dominated the DN B cell compartment of SLE patients. Multiple 

memory Ig classes have been identified in humans, including switched (IgD-

CD27+IgM+), DN atypical memory (IgD-CD27-IgM+), and unswitched or “innate-like” 

(IgD+CD27+IgM+) memory cells, however, human IgM memory has only been recently 

more characterized. The increase in IgM+ cytoFOXO1+ DN B cells in SLE patients 

suggests that these B cells may be capable of responding to one of the self-antigens that 

drive SLE pathogenesis. The question is, which of these memory pools serve as the 

source of the cytoFOXO1+ DN B cells.  

 One possible theory is that these IgM+cytoFOXO1+ DN B cells began as 

autoreactive, polyreactive, unswitched memory cells, which are known to respond to 

intracellular self-antigens and can be activated in a T-independent manner.215 Type 1 T-

independent antigens, (TI-1) such as RNA or DNA, can activate both TLR and 

autoreactive BCR, leading to NF-κB signaling, and CSR.228,229 It is known that anergic, 

autoreactive B cells can be activated by T-independent antigens, class switch, and 

increase their Ig production.219 As discussed in chapter 1.3b, TLR driven B cell activation 

and proliferation require strong PI3K signaling and inactive FOXO1.70 Perhaps, these 

cells encountered something like a NET immune complex, which has been shown to 

directly activate autoreactive memory B cells in SLE,230 undergo TI-1 activation, splice 

out IgD, and go on to produce pathogenic autoantibodies. Somewhere in the periphery 

they lose CD27 (it is not known why), thus putting them in the DN B cell pool. Our 

finding that the unswitched memory subset is decreased in the SLE also supports this 

possibility (Figure 3.14C).  
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 Alternatively, these cytoFOXO1+ DN B cells could be more clonally related to 

CD27- switched memory cells.  The group that originally described these cells has shown 

that the SLE DN B cells do have mutated VH regions,123 while others have shown that in 

healthy adults, the switched IgD-CD27+ and IgD-CD27- B cells share a more similar 

IGHV repertoire than do the IgD-CD27- and IgD+CD27+ cells.127,215 However, the CDR-

H3 region of the DN B cells was smaller than that of the CD27+ switched memory cells, 

but larger than the naïve B cells, indicating that these memory cells have not mutated as 

much and could be responding to a more conserved antigen.127 All of this work, minus 

the initial SLE DN B cell characterization, has been done in healthy controls. To better 

understand how these SLE cytoFOXO1+ DN B cells are generated, in the future, we will 

isolate and single-cell deep sequence their BCRs and run subsequent CDR-H3 size and 

mutational analysis on them to determine how they are clonally related to the other 

memory populations, and what their BCRs bind to in the periphery.  

 Lastly, after assessing whether our finding of increased cytoFOXO1+ DN B cells 

correlated with any disease characteristics of specific patient demographics, we found 

that the percentage of high SSC, low CD20 cytoFOXO1+ DN B cells positively 

correlated with disease activity in African American females. The percentage of high 

SSC, low CD20 cytoFOXO1+ DN B cells was significantly associated with disease 

activity in patients with a SLEDAI of greater than 7. Additionally, while it was not 

significant, there were a higher number of patients with nephritis and dsDNA autoAbs 

who had increased cytoFOXO1+ DN B cells. The one African American male in our 

cohort did not have cytoFOXO1+, suggesting that this activated subset of B cells maybe 

female-specific. However, we must enroll a larger number of African American male 
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patients with active SLE to confirm this. African American SLE patients often have a 

more severe disease presentation and course with poorer outcomes than do SLE patients 

of European descent and have three times the risk of developing SLE.231 A number of 

groups have hypothesized that this could be because AAs carry more of the SNPs 

associated with SLE risk because they confer a positive selection advantage against 

various infectious agents.232 Another group found that African American patients have 

increased surface expression of the activation markers CD86, CD80, PD1, and CD40L 

and lower CD40 on their B cells.233 Taken together, our discovery of increased 

cytoFOXO1 that correlate with disease activity in African American females, represents a 

potential biomarker for increased risk of active disease, as well as a source of therapeutic 

targets to improve outcomes in African American SLE females.  

 In summary, we have identified a subset of IgD-CD27- (DN) atypical memory B 

cells with cytoplasmic FOXO1, higher SSC, and lower CD20 that are significantly 

increased in African American females diagnosed with SLE and whose levels positively 

correlate with disease activity. These cells are also activated and it is likely that the 

cytoplasmic FOXO1 reflects this increased activation (Figure 3.14A). Additionally, the 

higher representation of the IgM class in this population in the SLE patients potentially 

represents a pool of memory cells that can respond in a T-independent fashion to 

intracellular autoantigens like RNA and DNA and a potentiate the smoldering immune 

activity that characterizes SLE, resulting in the numerous flares that plague both patients 

and clinicians. Future experiments will focus on further characterizing the origin of these 

cytoFOXO1+ DN B cells as well as a investigating the mechanisms that maintain these 
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cells in the periphery (death-resistant or more likely to die) in the setting of SLE 

inflammation.  
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Figure 3.14 Characteristics of SLE cytoFOXO1+ DN B cells and their potential role in 
SLE. We discovered that SLE patients have an increased number of IgD-CD27- B cells in their 
periphery and that this subset is significantly enriched for cytoplasmic FOXO1 cells (A). The 
SLE cytoFOXO1+ DN B cells have lower CD20, are more granular (high SSC) and are 
activated (CD95+) compared to DN B cells in healthy donors (B). Additionally, the SLE DN B 
cells have more IgM+ B cells and are correlate with increased disease activity in African 
American females. Finally, we propose a model where by these cytoFOXO1+ DN B cells in 
SLE maybe death resistant T-independent antigen activated and able to sustain disease activity 
in SLE (C). 
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Chapter 4. Concluding Remarks 

 
 Although SLE is a heterogeneous systemic inflammatory autoimmune disease, it 

can be unified by two major characteristics: lymphocyte subset and function 

dysregulation and high titers of circulating autoantibodies.84 The lymphocyte subset 

dysfunction includes an increase in circulating peripheral autoreactive memory B cells, 

particularly an atypical memory subset of IgD-CD27- DN B cells.123 Current therapeutic 

approaches for SLE include immunosuppression and B cell depletion. However none of 

these treatments is fully effective at preventing disease flares. 

 In addition to dysregulated numbers of lymphocytes, SLE patients have T and B 

cells with altered, hyperactive signaling.137,183 While a number of kinases in both T and B 

cells have been identified as having increased signaling in SLE lymphocytes, little is 

known about the downstream signaling events that control peripheral function and 

maintenance. A key homeostatic transcription factor, FOXO1 plays distinct, non-

redundant roles in maintaining peripheral phenotypes and functions in T and B cells.  

Importantly, like many TFs, FOXO1 subcellular localization is linked to its function: in 

the nucleus it acts as a TF, and upon phosphorylation, it translocates to the cytoplasm and 

remains inactive.  While one group has shown that total FOXO1 protein is decreased in 

SLE PBMCs, FOXO1 localization has not been investigated in SLE lymphocytes.83 

Taking into account the lymphocyte hyperactivity that characterizes SLE, and FOXO1’s 

role as an integrator TF and a determinant of cell fate and function, we hypothesized that 

peripheral lymphocytes from SLE patients would have altered FOXO1 localization 

compared to lymphocytes isolated from normal, healthy volunteers.  
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 One important factor that has thus far limited the study of native FOXO1 in 

peripheral human lymphocytes is the high number of cells needed for classic methods of 

FOXO1 visualization, such as subcellular fractionation and western blotting. Many of the 

peripheral lymphocyte subsets, while they are increased in SLE patients, do not provide 

sufficient cells for an accurate analysis. Importantly, classic methods of assessing 

FOXO1 localization may lose any possible differences because the various subsets are 

merged into the larger parent population. Therefore, we sought to identify and validate a 

technique that would allow one to visualize native FOXO1 localization within user-

defined subsets with a smaller number of cells. This would allow us to assess samples 

from SLE patients, who are often lymphophenic and anemic.84  

 In chapter 2, we describe the development and validation of a method using 

imaging flow cytometry to examine dynamic, native FOXO1 localization in human T 

cells. We demonstrate that imaging flow cytometry allows us to reliably detect significant 

kinetic changes in native FOXO1 localization in smaller user-defined subpopulations of 

T cells after TCR activation in a CD4 T cell line, HuT102, as well as peripheral subsets 

of primary human T cells. We explain the rationale for using IFC to examine dynamic 

native FOXO1 localization in human lymphocytes as compared to classic methods of 

FOXO1 visualization. We then used imaging flow cytometry to assess FOXO1 

localization within the gated subsets: CD8, CD4, and regulatory T cells. When SLE 

patient samples were compared to healthy controls, we found, contrary to our hypothesis, 

that SLE patients and healthy volunteers have nuclear FOXO1 in all of the peripheral T 

cell subsets examined. Although all of the subsets had more nuclear FOXO1, SLE CD8 T 

cells did have less nuclear FOXO1 than the healthy donors, however this did not reach 
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significance. To further examine this trend towards more cytoplasmic FOXO1 in the SLE 

CD8 T cells, future experiments will focus on delineating any possible differences in 

activation status in cytoFOXO1+ SLE CD8 T cells. 

 In chapter 3, we describe how we used our imaging flow cytometry method to 

compare FOXO1 localization in naïve, switched memory, unswitched memory, and 

atypical double negative memory B cells from SLE patients and healthy controls. We 

find that DN B cells from SLE patients have significantly more cytoplasmic FOXO1 than 

their counterparts in healthy donors. Furthermore, we determined that these SLE 

cytoFOXO1+ DN B cells have lower CD20, higher granularity, are activated, and are 

predominatly IgM+. Additionally, we determined that these cytoFOXO1+ DN atypical 

memory B cells were found mainly in African American female patients with high SLE 

disease activity and that the percentage of these cells within the DN B cell compartment 

positively correlated with disease activity. Finally, we propose a model whereby these 

SLE cytoFOXO1+ double negative cells serve as a death-resistant reservoir of 

autoreactive, activated memory B cells which perpetuate and exacerbate SLE disease 

activity. Alternatively these cells could also be more death-prone, but are dying via 

necroptosis or via other inflammatory types of cell death and the resulting inflammatory 

mediators and intracellular proteins could also be driving SLE immunopathogenesis. 

 The results discussed in this thesis advance our understanding of the role FOXO1 

plays in peripheral human memory B cells, particularly the atypical DN memory B cell 

subset and how this is altered in presence of a systemic inflammatory autoimmune 

condition, SLE. Many groups have studied how FOXO1 functions in various B cell 

stages under normal conditions, and have highlighted its homeostatic role in both 



113 

activation and transition from one stage to another. Thus it is logical that in an 

autoimmune disease characterized by dysregulated lymphocyte signaling, the localization 

and thereby, function, of FOXO1, a key integrative TF, may be altered, particularly 

within a subset that is enriched for autoreactive B cells. Future studies will focus on 

determining whether the cytoplasmic FOXO1 is linked to dysregulated activation 

signaling pathways or whether this altered FOXO1 localization allows these cells to 

persist in the peripheral circulation. Our discovery that these cytoFOXO1+ DN B cells 

are SSChi CD20lo indicates that these cells are activated, have begun downregulating 

CD20 and increasing their ER for antibody secretion. We plan to assess whether these 

cytoFOXO1+ DN B cells are actively secreting Ig in an ELISPOT assay.  

 Part of this investigation will involve determining whether these cytoFOXO1+ 

DN B cells are resistant to Fas-mediated apoptosis.  We demonstrated that more of these 

cytoFOXO1+ double negative B cells are CD95+ in SLE patients than in healthy 

controls. Yet, as we and others have shown,131 SLE patients have an increase in both 

CD95+ and total numbers of these atypical double negative memory cells. We found that 

not only are the total numbers of these double negative B cells increased in SLE, but so 

are the cytoFOXO1+ cells, particularly in the CD95+ fraction. Although these cells 

express CD95, they may not be able to upregulate the necessary apoptotic mediators, 

such as Bim and FasL and Puma, which are known targets of nuclear FOXO1.51 To 

evaluate this hypothesis, experiments will be performed to determine whether addition of 

Fas ligand to isolated cytoFOXO1+ double negative B cells induces apoptosis. We could 

also assess levels of CD27, BCR, and CD40, as well as FOXO1-dependent apoptotic 

gene expression at baseline and after culture with Fas ligand. 
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 In addition, to determine whether these cells are death-resistant or not, we are also 

interested in elucidating the specific intracellular targets that serve as autoantigens for the 

cytoFOXO1+ atypical memory B cells. We also found that SLE patients had an increased 

percent of IgM+ cytoFOXO1+ DN B cells compared to healthy donors. IgM memory 

cells are a unique population in human immunology and this subset is composed of both 

IgM-only and unswitched (IgM+IgD+) memory cells, which can be activated by T-

independent antigens.215 It is possible that the expansion of cytoFOXO1+ double 

negative cells in SLE represents cells that were activated by intracellular proteins in a T-

independent manner. While this could be occurring in the GC, it also could be taking 

place in extrafollicular lymphoid follicles, which are elevated in SLE.234 Future 

experiments will be directed towards assessing whether these cytoFOXO1+ DN cells 

respond to any specific T-independent antigen activation, particularly T1 T-independent 

antigens. 

 Finally, we found that the percentage of the cytoFOXO1+ DN B cells correlated 

with disease activity in African American females with a higher SLEDAI. Our current 

study involved a limited number of active SLE patients. In the future, we plan to recruit 

additional active patients of both African American, as well as Caucasian and Hispanic 

descent to determine whether these cells represent a potential biomarker of disease 

activity in African American females or active SLE patients as a whole. We also would 

like to assess whether these cytoFOXO1+ DN cells are associated with any particular 

disease manifestations. Our data suggested that there may be an association with both 

kidney involvement and elevated dsDNA antibodies, but we require increased numbers of 
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patient samples with a varied disease presentation to determine whether this association is 

real or not.  

 In conclusion, our results demonstrate that IFC is a reliable method for examining 

dynamic native FOXO1 localization in primary human lymphocytes and can be used to 

compare FOXO1 localization in SLE and healthy donor samples and elucidate significant 

differences within various user-defined subpopulations. We also show that SLE patients 

who are African American females have a significantly increased percentage of activated, 

IgM+ atypical DN memory B cells with cytoplasmic FOXO1 and this positively 

correlates with increased disease activity. Our results not only contribute to the greater 

understanding of SLE pathogenesis, but also provide us new insight into FOXO1’s role in 

memory B cell function. Additionally, with further study, this cell population may serve 

as a reliable measure of disease activity and indicate potential disease flares. These 

cytoFOXO1+ DN atypical memory cells represent a fruitful field primed for additional 

investigation that will further elucidate basic immune mechanisms of B cell memory 

formation and persistence, as well as provide clinicians with a new tool for monitoring 

and treating SLE. 

 

Unanswered Questions for SLE cytoFOXO1+ DN B cells 

• Death resistant or death prone? 

o What type of death? 

• Is the increased SSC an increase in ER?  

o Have they upregulated genes and/or proteins related to the unfolded 

protein response? 
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• Are they secreting Ig?  

o If so, what Ig classes?  

• Which lineage of memory cells is the original source of the cytoFOXO1+ DN B 

cells? 

• Do they respond to T1 T-independent antigens? 

• What is the BCR specificity? 

• What is the IGHV mutation rate and CDR-H3 length? 
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