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Graphical Abstract. The Role of Interferon α (IFNα) in human T peripheral helper 
cells and T follicular helper cells.  

 
 

 

 

 
 

 

 

 

 

 

 

 

In Brief 
 
 
There are conflicting data about the 
role of type I IFNs in inducing Tfh 
differentiation. The roles of the Type 
I IFN on the expression of 
transcription factors such as MAF 
and BCL6, and the roles of type I 
IFN on Tph cells in humans, remain 
uncertain. We found that in some 
contexts, IFNα affected human T 
cell expression of specific surface 
markers, transcription factors, and 
secreted factors implicated in T cell-
B cell interactions. 
 

 
 

Key Points 
 

 
 

- IFNα affected the expression of CXCR5+, ICOS+, 
HLA-DR+ and CD38+ in human CD4 T cells 
 

- IFNα induced BCL6 in human CD4 T cells. 
 

- IFNα promoted CXCL13 production by human CD4 T 
cells. 
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Abstract 

 

A strong correlation has been found between the interferon signature and the 

pathogenic expansion of Tph and Tfh cells in lupus. Still, the roles of the Type I IFN 

on the expression of transcription factors such as MAF and BCL6, and its role on 

Tph cells in humans is unclear. 

Through multiple in vitro approaches, CD4 T cells were activated in the presence 

of IFNα and other cytokines. We analyze through flow cytometry the expression of 

PD1, CXCR5, ICOS, and HLA-DR as well as some transcription factors present in 

Tfh and Tph cells. We also evaluated the production of CXCL13 and IL-21 by 

ELISA. We found that IFNα affected the expression of some surface markers and 

transcription factors in human T helper cells; moreover, IFNα up-regulated CXCL13 

expression in CD4 T cells. 

This data provide further support to the idea that type I IFN might be one of the 

drivers of the expansion of the pathogenic Tfh or Tph cells or the aberrant T and B 

cell interaction in lupus. This effect may be one of the mechanisms through which 

emerging therapies that block IFN, such as anifrolumab, may blunt the pathologic 

immune response in lupus. 
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Chapter 1.  Background 

1.1 The Interferon family in Lupus 

Interferons (IFN) are the principal mediators of innate antiviral responses; 

nevertheless, they have also been implicated in the pathogenesis of autoimmune 

diseases (1). The hallmark disease associated with IFN production is Systemic 

Lupus Erythematosus (SLE) (1). Interferons were first described in lupus patients in 

1979 when it was documented the presence of IFN in sera of patients with lupus 

and its correlation with disease activity (2). After genome-wide expression analysis 

became available, several groups showed that around 50%-75% of adult SLE 

patients and up to 90% of children with lupus had increased expression of 

Interferon regulated genes (Interferon signature) in PBMCs (3,7,57) as well as in 

glomerular tissue (4). This “Interferon signature” has also been correlated with 

clinical criteria and disease severity (3).  

The interferon family can be classified into three main types of cytokines: Type I, 

Type II, and Type III (5). Type I IFN is composed of 16 members (12 IFNα, IFNβ, 

IFNε, IFNκ, IFNω), type II IFN (IFNγ), and type III (IFNλ1, IFNλ2) (5). These 

cytokines mediate their biologic effects through the Janus/kinase signal transducer 

and activator of transcription (JAK/STAT) pathway (6). There is overlap between all 

types IFN signaling pathways and the genes they induce being more significant 

between type I and II IFN, which is why it has been challenging to differentiate 

among the IFNs contributing to the IFN signature observe in lupus patients (7).   
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However, IFN type I (α, β) has been identified as the most prominent cytokine 

elevated in lupus sera, most notably during disease flares (8,9). Another remarkable 

finding was first reported in 1990, where therapeutic administration of IFNα to 

patients with viral infection or malignancy occasionally results in the induction of 

typical lupus autoantibodies and, in some cases, clinical lupus (10). Moreover, in 

lupus mouse models, the deficiency of IFNα,β receptors (IFNAR) lead to a 

dramatic decrease in the clinical manifestations of lupus, supporting a requirement 

for activation of the Type I IFN pathway in lupus disease (11).  

 

Therefore, the induction of lupus by IFNα in some individuals indicated that given 

the lupus-prone genetic background, in the setting of trigger stimuli, lupus could be, 

at least in part, mediated by IFNα (12). Nonetheless, some studies have established 

that type II IFN (IFN-γ) also plays a crucial role in the development and severity of 

autoimmune diseases (13).  Microarray analysis of IFN induced genes in lupus, 

suggested a model for the effect of type I and type II IFNs in the lupus 

pathogenesis, where expression of type I IFN induced genes may be more 

prominent earlier in the course of the disease (12). In contrast, IFN γ induced genes, 

itself triggered by IFN α,  could contribute more to chronic inflammation and later 

organ damage (12). 

 

1.2 Implications of Chronic IFN Exposure in Lupus  

Regarding the immunopathogenesis of lupus, one of the characteristic features is 

the impaired clearance of apoptotic cells, necrotic cells, and NETs (7,9). This leads 
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to the accumulation of the nuclear components, promoting the production of 

autoantibodies against them and the consequent formation of autoantigen-antibody 

complexes in tissues (7,9).  These immune complexes (ICs) can act as endogenous 

IFN inducers, which cause continuous IFN-α production (14). 

Plasmacytoid dendritic cells (pDcs) are suspected to be a major source of type I 

IFN production in SLE (15,16,17). The ICs are recognized and internalized via 

FCγRIIa on pDCs (7). In the endosome of pDCs, the nucleic acid part of the ICs 

binds to TLR7 and TLR9 with the subsequent activation of transcription factors 

(The interferon-regulatory factor (IRF) family) and production of type I IFN (7).  

 

The generation of the ICs in lupus can be amplified by at least two processes:  for 

one, type I IFN produced by pDCs can directly act on B cells and promote their 

differentiation toward antibody-producing cells (18). Alternatively, type I IFN can 

induce myeloid antigen-presenting cells (mDC or macrophages) to produce Tfh-

promoting cytokines such as IL-12 and IL-23, as well as expression of OX40L (a 

Tfh-promoting co-stimulatory molecule) (18).  Likewise, ICs can bind to the surface 

of mDcs, internalized via FCγR, and stimulate via endosome TLR7 the secretion of 

these Tfh-promoting cytokines (18).  

It is the IFN chronic exposure that can lead to aberrant Tfh cell responses 

promoting the activation of autoreactive B cells, secretion of high-affinity 

autoantibodies, and the formation of more ICs leading to tissue damage (18). This 

vicious circle will induce the further release of a large number of nuclear 

components involved in the creation of more ICs (figure 1)(18). 
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Figure 1. Two positive feedback loops for the formation of immune 
complexes in SLE. The IFN chronic exposure can leads to an aberrant T:B cell 
interaction, which leads to persistent immune complex formation. The figure is 
taken and adapted from Blanco P, et al. Eur. J. Immunol. 2016 (18) 
 

Therefore, the uncontrolled generation of Tfh cells could lead to autoimmunity by 

increasing autoantibody production (19). Several murine models of autoimmune 

diseases exhibit an aberrant T-B interaction with increased Tfh cells and large 

germinal centers (20).  

1.3 B cell-helper T cells  

T follicular helper cells (Tfh) are considered promoters of B cell activities and high-

affinity antibody generation in germinal centers (21).  Tfh cells highly express 
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CXCR5, a chemokine receptor that drives its migration toward the lymphoid follicle 

in response to CXCL13 secretion (22). They highly express BCL6, a master 

transcription factor that is essential for the development and persistence of Tfh in 

vivo and promotes the expression of factors that defined the features of germinal 

center T follicular helper cells (GC-Tfh), such as high expression of CXCR5, ICOS, 

and PD1 (23).  Human Tfh cells, but not murine, produce large amounts of CXCL13, 

which helps to recruit CXCR5+ B cells to follicles (22,24,25). In addition, Tfh cells 

characteristically express IL-21, a cytokine that promotes B cell proliferation in 

germinal centers, and differentiation into plasma cells (22). 

 

Pathogenic B cell-helper T cells can also exist outside of secondary lymphoid 

organs(26, 27). It is well known that Tfh also infiltrates well-formed ectopic lymphoid-

like structures, also known as tertiary lymphoid structures- which resemble 

secondary lymphoid organs-  in chronic inflamed conditions such as cancer, 

chronic infection, and autoimmunity (26, 27).  

In lupus, autoreactive T cell–B cell interactions also can occur outside of germinal 

centers of secondary lymphoid organs (19). There is evidence that circulating Tfh 

cells are expanded in cohorts of lupus patients, which share phenotypic properties 

with germinal center follicular helper T cells and promote antibody production (19). 

The presence of T:B aggregates in the interstitium of the kidney had been 

associated with intrarenal B cell clonal expansion and somatic hypermutation in 

human lupus nephritis (28).  Also, murine lupus models have shown expanded 

extra-follicular CXCR4+CCR7+CD4+ T cells, which can induce plasmablast 



	 6	

development (29).  

In addition, the Rao lab has described a PD1hiCXCR5-  T peripheral helper (Tph) 

cells in inflamed synovial tissue in rheumatoid arthritis (RA) (30). These cell 

populations are identified as PD1hiCXCR5- CD4+ T peripheral helper (Tph) cells, 

which have a phenotype distinct from germinal center Tfh, but with a similar ability 

to drive B cell maturation (30). 

PD1hiCXCR5- Tph cells in RA synovium share several features with Tfh cells, 

including high expression of PD1, ICOS, TIGIT, and CD38, as well as secretion of 

both CXCL13 and IL-21; and ability to drive B cell differentiation into plasma cells 

in vitro, which depends on the production of IL-21 (30). Expression of MAF, a 

transcription factor that promotes IL-21 production in human T CD4 cells (25), was 

elevated in both PD1hiCXCR5- Tph and PD1hiCXCR5+ Tfh cells (30).  

However, Tph cells from RA synovium differ from Tfh cells in the expression of 

migratory receptors and key transcriptional regulators (30). Specifically, Tph cells 

lack CXCR5 and instead express more MHC II (HLA-DR) and  chemokine 

receptors such as CCR2 and CCR5 that promote migration to sites of peripheral 

inflammation (30). Regarding transcription factors, Tph expresses more Blimp -1 

and less BCL6 than Tfh cells (30). Figure 2 (27).  
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Figure 2.  Distinctions between Tph cells and Tfh cells. Tfh cells home to 
follicles following the chemokine CXCL13. In contrast, Tph cells express distinct 
chemokine receptors that direct migration to sites of inflammation, such as the RA 
joint. In both cases, Tph cells or Tfh cells interact with CXCR5+B cells by 
producing CXCL13 to help recruit B cells, and both express MAF, which secretes 
IL-21 to help B cell activation and differentiation. Figure adapted from Rao DA, 
Front Immunol 2018. (27) 

 

1.4 Tph cells are highly expanded in the blood of lupus patients 

In lupus, the Rao lab by multidimensional analysis of mass cytometry data (CyTOF) 

on PBMCs from 27 lupus nephritis patients, confirmed that circulating 

PD1hiCXCR5+CD4+ Tfh cells population are increased in lupus but not RA patients 

compared to controls (31). Rao lab identified that PD1hiCXCR5- Tph cells population 

was also significantly expanded (31). In lupus, that expansion even outnumbers the 

Tph frequency described in rheumatoid arthritis (31). After in vitro T-B cells co-

culture assay, these Tph cells from lupus patients induced differentiation of 

allogenic memory B cells into plasmablast (31).   
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1.5 IFN signature is highly correlated with Tph and Tfh cells in Lupus. 

Transcriptomic analysis of Tph from lupus patients compared to Tph cells from 

controls revealed that Tph cells from lupus patients expressed high levels of IFN 

inducible genes (31). Pathway analysis identified IFN signaling as the most enriched 

signature, and positive correlation was observed between Tph cell frequency in 

circulation and IFN score (31), indicating a strong IFN signature in Tph cells from 

lupus patients (31).   

1.6 Tph cells induce B cell responses in an IL-21 and MAF-dependent manner 

The Rao lab demonstrated that the ability of Tph cell to induce B cell activation and 

differentiation into plasmablast depends on the production of IL-21 (30).  In Lupus, it 

was evaluated the effect of neutralizing IL-21 in co-cultures of Tph cells from SLE 

patients with allogenic memory B cells, showing that blockade of IL-21, reduced by 

about 50% the generation of plasmablast (31).  B cell helper-function is often 

considered dependent on the transcription factor BCL6, a master regulator of Tfh 

phenotype (25). However, Tph cells do not express high levels of BCL6, which 

suggests that transcription factors other than BCL6 may control IL-21 production 

and B cell-helper function in human CD4+ T cells (31).   

In the human lupus cohort mentioned above, by RNA-seq analysis, it was 

determined that both Tph and Tfh cells express MAF (31), a transcription factor 

involved in IL-21 production in humans and mice (25,32,33).  

The role of MAF in Tph cells in lupus patients was evaluated by treating Tph cells, 
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where CRISP-mediated deletion of MAF strongly inhibited IL-21 secretion and 

abolished the ability of Tph to stimulate plasmablast differentiation after co-culture 

with memory B cells (31). Concluding that Tph cells induce B cell responses in an 

IL-21 and MAF- dependent manner (31). 

1.7  MAF controls IL21 secretion and B cell helper functions in CD4 T cells 

The transcriptor factor MAF, also known as c-MAF protooncogene, belongs to a 

family of basic leucine zipper (bZip) transcription factors. The members of the Maf 

family are subdivided into two groups, large Maf (c-Maf, MafB, MafA, NRL) and 

small Maf proteins (MafK, MafF, MafG), based on their structure and function (34). 

MAF is highly expressed by mature Tfh cells and is thought to be the master 

transcription factor for the expression of cytokines such as IL- 21 to promote B cell 

proliferation and differentiation in mice and humans (25,32). IL-21 has also an 

autocrine effect on IL-21 production in humans CD4 T cell (61). In addition, MAF 

promotes the expression of CXCR5 in human CD4+ T cells (25), which means that 

MAF probably cooperates with BCL6 to promote the maintenance of Tfh phenotype 

and function (25). 

In murine studies, MAF is also expressed in other T cells, including Th2 (35), Th17 

(36), and innate IL-17-producing γδT cells (37). In mice, MAF can be induced by IL-6 

during early TCR activation in CD4 T cells (38), by IL-27 in regulatory type 1 (Tr1) T 

cells (39), as well as by co-stimulatory molecules such as ICOS in  TH17 and Tfh 

cells (36). In humans and in mice, MAF can be also induced by cytokines such as 

IL-12 (41,62), and TGFβ (43,58). Other non-Tfh functions of MAF are described in vivo 
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disease mice models, where MAF regulates the anti-inflammatory cytokines IL-10 

expression in Th1, Th2, and Th17 cells (40).  

There are conflicting data about Type I IFN inducing Tfh differentiation between 

humans and mice. Nakayamada et al., in mice, described that type I IFN seems 

not to have an impact in the induction of MAF expression, but instead did induce 

expression of some features of Tfh cells (41). On the contrary, Ray et al., showed 

Type I IFN  signals inhibit the development of Tfh cell in mice in vivo (42).  In 

humans, type I and III IFNs were found to inhibit Tfh cell differentiation (43). 

However, the roles of the Type I IFN on the expression of transcription factors such 

as MAF and BCL6, and the roles of  type I IFNα on Tph cells in humans, remain 

uncertain.  
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Chapter 2. Materials and methods 

We used different in vitro co-culture approaches to study whether IFNα affects the 

differentiation or function of humans Tph and Tfh cells. We consider the following 

readouts as typical features of Tph or Tfh cells. 

1. Acquisition of PD1hi phenotype, either with CXCR5 (Tfh) or without CXCR5 

(Tph). It is important to highlight that while PD1intermediate (int) expression 

is a feature of activated cells, very high PD1 expression is characteristic of 

Tph/Tfh cells. 

2. Acquisition of other surface markers express in helper T cells such as ICOS 

and HLA-DR 

3. Acquisition of MAF (Tfh and Tph) and BCL6 (Tfh) expression 

4. Production of IL-21 

5. Production of CXCL13 

2.1 Isolation of naïve, memory, and total CD4: 

PBMCs were purified from apheresis blood samples obtained from adult volunteers 

at Brigham and Women's Hospital. Naive CD4 were isolated by negative selection 

with Cocktail of biotin-conjugated monoclonal antibodies against CD8, CD14, 

CD15, CD16, CD19, CD25, CD34, CD36, CD45RO, CD56, CD123, TCRγ/δ, HLA-

DR, and CD235a (Glycophorin A), and MicroBeads conjugated to a monoclonal 

anti-CD61 antibody (isotype: mouse IgG1) and anti-biotin antibody (isotype: mouse 

IgG1).(Miltenyi Biotec). Cell purity was 85% in pilot experiments. 
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Memory CD4 cells were isolated by negative selection using a cocktail of biotin-

conjugated antibodies against CD8, CD14, CD16, CD19, CD36, CD45RA, CD56, 

CD123, TCRγ/δ and Glycophorin A, and Anti biotin MicroBeads. (Miltenyi Biotec). 

Cell purity > 85% 

Total CD4 were isolated by negative selection with Cocktail of biotin-conjugated 

monoclonal antibodies against CD8a, CD14, CD15, CD16, CD19, CD36, CD56, 

CD123, TcRγ/δ, and CD235a (Glycophorin A). 2 mL CD4+ T Cell MicroBead 

Cocktail, human: MicroBeads conjugated to monoclonal anti-biotin antibody 

(isotype: mouse IgG1) and monoclonal anti-CD61 antibody (isotype: mouse IgG1). 

(Miltenyi Biotec). Cell purity > 85% 

 

2.2 Stimulation of naïve CD4, memory CD4, Total CD4 and PBMCs 

Human CD4 cells were stimulated with anti-human CD3-CD28 Dynabeads 

(Invitrogen) in RPMI complete medium supplemented with 10% FCS, cells were 

transferred to round-bottomed 96 well plates. 

For PBMCs experiments experiments were added the following cytokines: hIL-12 

(10 ng/ml), hIFN-α (5000 IU/ml), hIL-6 (50ng/ml), IL-27 (100ng/ml), neutralizing 

antibody IFNγ (10ug/ml). 

For total CD4 experiments were added the following cytokines: hIFN-α (0.33 

IU/ml), hIFN-α (1000 IU/ml), hIFN-α (5000 IU/ml), neutralizing antibody IFNγ 

(10ug/ml). 

For memory CD4 experiments were added the following cytokines: hIFN-α (5000 

IU/ml), hIL-12 (10 ng/ml), hIL-6 (50ng/ml), IL-27 (100ng/ml), and neutralizing 

antibody IFNγ (10ug/ml). 
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For naïve CD4 experiments were added the following cytokines: hIL-12 (10 ng/ml), 

hIFN-α (5000 IU/ml), hIL-6 (50ng/ml), hITGFβ (100ng/ml), hIL-18 (0.5ug/ml).  

 

2.3 Flow cytometry 
 

Cultured human T cells were stained with CXCR5 (BV 421) and ICOS  

(PECy7), PD1(APC),CD3(AF700), CD4(BUV395), CD38 (BV785), HLA DR 

(BV650) for 60 min at 4°C, the antibody dilution is described in table 1. For 

intranuclear staining, cells were fixed/perm FOXP3 buffer (Biolegend) for 45 min at 

37 °C and incubated with MAF (PE), and BCL6 (PCPef700) mAbs in Perm/wash 

buffer (BD) for 60 min at room temperature. All the samples were incubated with 

LIVE/DEAD fixable Aqua to exclude dead cells from the analysis.  

Cells were harvested on days 2 and 6 for PBMCs and memory CD4 experiments 

and at day 2 for Total and naïve CD4 experiments. 

Cells were acquired on FACS Fortessa. The expression of each molecule was 

assessed with FlowJo software. 

Table 1.  Surface and intracellular staining panel. 

Target Color Dilution  
L/D Amcyan-BV510 1 to 1000 in PBS   
CXCR5 BV421 1 to 20  
PD1 APC 1 to 100  
MAF PE 1 to 30  
CD38 BV785 1 to 100 
CD3 AF700 1 to 100  
CD4 BUV395 1 to 100 
ICOS PECY7 1 to 100 
HLA-DR BV650 1 to 100 
BCL-6 Pcp ef700 1 to 30 

 

2.4 ELISA for IL-21 and CXCL13 detection 

The supernatant was collected on days 1, 2, and 6 and stored at -80 degrees until 

cytokine analysis. Capture Ab with the optimal concentration determined from the 
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checkerboard was used and incubated overnight at 4°C. After wash steps, blocking 

buffers were added. The recombinant standard was prepared with each stock 

solution and added the plate as well as each sample. Detection Ab, SA–HRP, 

TMB, and sulfuric acid were added in the appropriate sequence. 
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Chapter 3: Results 

 
It is well known that there is an increased interferon signature in lupus (3), and the 

expansion of Tfh and Tph cell populations are now appreciated as examples of the 

aberrant T cell and B cell collaboration in lupus and other autoimmune diseases 

(19,20,28,31). MAF, the transcription factor responsible for T cell IL-21 production and 

the ability to induce B cell differentiation, is expressed in both Tph and Tfh cell 

populations (30,31), while BCL6 is necessary specifically for Tfh differentiation and 

survival in vivo (23). 

However, still, it is not well known whether there is a causal link effect between 

Type I Interferon cytokine and the expansion of Tph cell populations or the 

expression of MAF and BCL6 transcription factor in humans. 

Here, we used different in vitro co-culture approaches to study whether IFNα 

affects the expression of the T helper phenotypes such as PD1hiCXCR5- (Tph like 

phenotype), PD1hiCXCR5+ (Tfh like phenotype), ICOS and HLA-DR or whether 

IFNα induces expression of transcription factors such as MAF and BCL6. In 

addition to determining the IFNα effects in the production of IL-21 and CXCL-13 in 

CD4 T cells. 

To do so, we interrogate in serial experiments, the following order: 

3.1 PBMC experiments 

3.2 Total CD4 T cells experiments 

3.2 Memory CD4 T cells experiments 

3.4 Naïve CD4 T cell experiments 
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3.1 PBMCs experiments 

Previous mice studies documented that type I IFN acts as an adjuvant on DCs 

(dendritic cells) to selectively stimulate the generation of the lymph node-resident 

CXCR5+ Tfh cells (54). We wanted to test in humans the effect of IFNα on surface 

markers and transcription factors of T helper cells, in the presence of other immune 

cells by setting up the following in-vitro experiments in PBMCs. 

 

Effect of IFNα T cell phenotypes in stimulated human PBMCs. 

We first assessed the effects of IFNα on T cells stimulated in the context of mixed 

population of PBMCs. To do so we thawed PBMCs from two different healthy donors 

and stimulated the cells either with anti-CD3/CD28 beads alone or in combination with 

different cytokines. We harvested cells at days 2 and 6 for flow cytometry analysis and 

collected supernatant for CXCL13 ELISA detection.  

By day 2 from flow cytometry analysis we observed an increased frequency of PD1hi 

CXCR5+ and CXCR5- cells under IFNα condition, but this effect was not maintained by 

day 6, whereas IL-12, with or without IFNα had a longer lasting effect (Figure 3 a,b). 

We also evaluated ICOS expression as part of the T helper phenotype, and it 

displayed the same trend (Figure 4 a,b,c). 
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Figure 3. Frequency of PD1hi CXCR5- / CXCR5+	 gating on CD4 from PBMC 
experiments 
a. Gating strategy. c. b. expression of CXCR5- / CXCR5+  and PD1hi on activated 
PBMC cells following 2 and 6 d-culture experiments, stimulation with CD3-
Cd28mAbs (beads) in the presence of type I IFNα and cytokine combinations. A 
representative of two experiments, two different healthy donors (n=2).  
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Figure 4. Frequency of ICOS+CXCR5- / CXCR5+	 gating on CD4 from PBMC 
experiments 
a. b. expression of CXCR5-/CXCR5+ and ICOS+ on activated PBMC cells following 
6 d-culture experiments, stimulation with CD3-CD28mABs (beads) in the presence 
of type I IFNα and cytokine combination. Pooled results from two experiments, two 
different healthy donors (n=2).  
 
 
IL-12 induces expression of MAF in the presence of other immune cells 

We also evaluated the effect of IFNα and IL-12 on MAF expression gatted on CD4 

T cells from activated PBMCs. By day 6, IL-12 displayed an increase of MAF 

frequency, as well as in IFNα + IL-12 conditions (Figure 5 a,b), which suggested 

that IL-12 may affect the expression of MAF transcription factor at a later timepoint 

in the presence of other immune cells.   
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Figure 5. IL-12 increased MAF expression in PBMCs at a later timepoint.   
a.b. The expression of MAF gated on CD4 T cells generated by culturing activated 
human PBMCs cells with no cytokine or with the addition of IFNα, IL-12, or 
cytokine combinations for 2 to 6 days. A representative of two experiments, two 
different healthy donors(n=2).Two-side t-test: p-values ✱✱ <0.01. 
 
 
IFNα up-regulate the production of CXCL13 in PBMC experiments 

In parallel, we investigated whether IFNα could enhance production of CXCL13. 

We thawed PBMCs from two different healthy donors, and cultured the cells either with 

beads alone or with beads plus IFNα and IL-12. We harvested the supernatant on day 

6 for detection by ELISA. IFNα increased levels of secreted CXCL13 protein and even 

more with IFNα+IL12 combination (Figure 6a), which suggested that IFNα regulates 
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the expression of CXCL13, and may cooperate with IL-12 for the secretion of this 

chemokine.  

                                    

Figure 6.  Increased levels of CXCL13 detected in the supernatant of PBMCs 
activated in the presence of IFNα and IL-12. a. Pooled results from two different 
experiments, two healthy donors (n=2). 
 
 

Summary of PBMCs experiments: 

- IFNα increased the frequency of expression of T helper surface markers 

such as PD1hi, CXCR5+/-, and ICOS at an early timepoint. 

- IL-12 increased PD1hiCXCR5-, PD1hiICOS+ at an early time and 

maintained increased expression of PD1hi CXCR5+ and CXCR5- as well 

as ICOS later in time. 

- IL-12 increased the frequency of MAF. 

- IFNα up-regulated the production of CXCL13  
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3.2 Effects of IFNα on total human CD4 T cells 

As we documented from PBMC experiments that IFNα could up-regulate the 

production of CXCL13 we wanted to elucidate whether CXCL13 production under 

the IFNα condition comes from CD4 T cells. We isolated Total CD4 by negative 

selection from healthy donors PBMCs. Total CD4 T cells where activated and co-

cultured with or without IFNα and where harvested at day 3 for flow cytometry 

analysis, and the supernatant was collected for CXCL13 detection by ELISA. 

 

IFNα up-regulated the production of CXCL13, but not IL-21 in total CD4 T 

cells 

We collected the supernatant from total CD4 experiments and measured CXCL13 

production by ELISA at day 3 of co-cultured under the same cytokine conditions. 

IFNα increased the production of CXCL13 in CD4 T cells (Figure 7a).  

We had collected the supernatant from another independent initial experiment 

where we isolated total CD4 from healthy donor PBMCs and activated total CD4 

either in the absence or presence of IFNα at different concentrations for 24 hours. 

In that experiment, IL-21 was easily detected, but no substantial effect of IFNα was 

observed (Figure 7b). 
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Figure 7. IFNα up-regulated the production of CXCL13, but not IL-21 in total 
CD4  
a. ELISA results from two experiments using two independent donors (n=2). b. A 
representative of one independent experiment, one healthy donor (n=1). 
 
 

IFNα increased HLA-DR+ expression in total CD4 T cells 

In parallel, by day 3 total CD4 cells under the cytokine conditions described above 

were harvested for flow cytometry analysis of PD1hi, PD1+, CXCR5+, CXCR5-, 

ICOS+ and HLA-DR surface markers (Figure 8 a,b).  

IFNα did not increase the frequency of PD1hi, PD1+, CXCR5+, or CXCR5- and 

either ICOS+, but instead, IFNα increased the expression of HLA-DR+ in total CD4 

T cells, as well as double-positive populations of HLA-DR+PD1+, HLA-DR+CXCR5+ 

and HLA-DR+CXCR5- (Figure 8 c). 
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Figure 8. IFNα increased the expression of HLA-DR+ in Total CD4.   
a.b.c. The expression of PD1hiCXCR5+/-, PD1+CXCR5+/-, HLADR+PD1+, and HLA 
DR+CXCR5+/- on activated total CD4 T cells following 3 d-culture experiments, 
stimulation with CD3-CD28mABs (beads) in the presence or absence of type I IFN 
α. d. Gating of HLA-DR+ in total CD4 under the same experimental conditions. A 
representative of two experiments, two different healthy donors (n=2).  
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IFNα induced expression of CD38+ cells in total CD4 

We also evaluated the effect of IFNα in other surface markers such as CD38 in the 

same total CD4 experimental set up described above. CD38 was historically 

identified as a surface activation marker in T cells (49). By flow cytometry analysis,  

we measure the frequency of this marker in CD4 T cells population gate, which 

displayed that IFNα induced early expression of CD38+ cells (Figure 9a,b).   

  

        

Figure 9. Early expression of CD38 surface marker by IFNα in Total CD4 T 
cells  
a.b. Frequency of CD38 gated on CD4 T cells generated by culturing activated 
human Total CD4 T cells with no cytokine or with the addition of IFNα, cytokine for 
3 days. Experiments from two different healthy donors(n=2).  
 
Summary of total CD4 experiments: 

- IFNα up-regulated the production of CXCL13 in total CD4 T cells 

- IFNα increased the frequency of HLA-DR+ cells in total CD4 T cells 

- IFNα increased the frequency of CD38+ cells in total CD4 T cells 
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3.3 Effects of IFNα on purified memory CD4 T cells 

We next tested whether IFNα affects the maintenance of the PD1hiCXCR5+ and 

PD1hiCXCR5- expression, as well as MAF expresson in a group of cells that has 

less plasticity, such as the effector memory CD4 T cells (44).  

 

IFNα did not affect the acquisition of CD4+PD1hiCXCR5+ and 

CD4+PD1hiCXCR5- phenotypes in human memory CD4 T cells. 

We isolated memory CD4 T cells (mCD4) from PBMCs healthy donors and 

stimulated the cells either with CD3CD28 mAb (beads) alone or with beads and 

IFNα alone or cytokine combinations. The cells were harvested at days 2 and 6 

and were analyzed by flow cytometry. IFNα did not increase the frequency of 

CD4+PD1hiCXCR5- or CD4+PD1hiCXCR5+ surface markers (Figure 10a,b). By day 

6, IFNα decreased the frequency of these cell phenotypes, perhaps because of the 

effect of IFNα promoting Th1 cell responses(45), which could lead to a decrease of 

expression of Tfh or Tph-like phenotypes (Figure 10a,b). 
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Figure 10. Type I IFNα did not affect the acquisition of CD4+PD1hi CXCR5- 

/CXCR5+ phenotypes in human memory CD4 T cells.   
a. b. expression of CXCR5- / CXCR5+ and PD1hi on activated memory CD4 T cells 
following 6 d-culture experiments, stimulation with CD3CD28mABs (beads) in the 
presence of type I IFN α. Representative of three replicates from one experiment 
(n=1).  
 

IFNα did not affect the frequency of MAF expression in memory CD4 T cells 

We then assessed the expression of MAF in human memory CD4 cells from 

healthy donor PBMCs by flow cytometry. Activated memory CD4 were cultured 

with IFNα or IL-12 and with other cytokines known from the literature primarily 

derive from murine T cell experiments to affect the expression of MAF such as IL-6 

(38) and IL-27 (39). We collected the supernatant to measure IL-21 cytokine by 

ELISA. Flow cytometry analysis from cells harvested on day 2 showed that 

approximately 60% of CD4 memory T cells express MAF, which dropped to 30% 

by day 6. IFNα did not affect the frequency of MAF expression did not increase by 

day 2 and 6 (Figure 11a).   

 

																											 																							

Figure 11. IFNα did not induce MAF expression in memory CD4 T cells.   
a. The expression of MAF by CD4 T cells generated by culturing activated human 
memory CD4 T cells with no cytokine or with the addition of IFNα or in the 
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presence of IL-12, IL-6 and cytokine combinations for 2 to 6 days. Representative 
of three replicates from one experiment (n=1).  
 

IL-12, but not IFNα induced IL-21 production by humans memory CD4 T cells 

Then we wanted to measure the IL-21 production by ELISA. We collected the 

supernatant from the memory CD4 experiment described above. In this single 

experiment we detected little IL-21 production on day 2 and did not observe a 

strong effect of IFNα (Figure 12a). As a positive control, we confirmed that IL-12 

induces expression of IL-21, which is in line with other studies (46,47). Interestingly, 

in this experiment, in IFNα+IL-12 condition, the detection of IL-21 by ELISA 

decreased (Figure 12a). 

																																																		  

Figure 12. IL-12 regulated the expression of IL-21 
a. Memory CD4 T cells isolated from healthy donor PBMCs were stimulated for 48 
h under IFNα and IL-12 conditions. ELISA determined the levels of IL-21 in 
supernatants. ELISA plot corresponds to one experiment, one healthy donor (n=1).  
 
 
Summary of memory CD4 T cell experiments: 

- IFNα did not affect the expression of CD4+PD1hiCXCR5+ and 

CD4+PD1hiCXCR5- phenotypes in human memory CD4 T cells. 
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- Approximately 60% of CD4 memory T cells expressed MAF at an early 

timepoint. 

- IFNα did not affect the frequency of MAF expression in memory CD4 T cells 

- IL-12, but not IFNα induced IL-21 production by humans memory CD4 T 
cells 
 
 

3.4 Effects of IFNα on purified naive CD4 T cells  

To evaluate whether IFNα could induce differentiation of naïve T cells to acquire a 

CD4+PD1hiCXCR5-/+ phenotype, we designed an in vitro differentiation experiment 

where naïve CD4 T cells were isolated by negative selection from PBMC of healthy 

donors and cultured in the presence of IFNα and other cytokines. To avoid the 

effect on cell arrest by IFNα and TGFβ cytokines (59,60), we implemented a protocol 

followed by other researchers where naïve cells were primed overnight with 

CD3CD28 mAbs (beads) before the addition of cytokines to the culture (43).  The 

selection of other cytokines was base on what is known to be more important for 

Tfh cell generation in humans, such as IL-12 and TGFβ+IL12 (43).  

 
TGFβ+IFNα and TGFb+IL-12 combinations induced early acquisition of 

CD4+PD1hiCXCR5- /+ phenotypes. 

Naïve CD4 T cells under cytokine conditions described above where harvested at 

day 2. We analyzed by flow cytometry the frequency of CD4+PD1hiCXCR5- and 

CD4+PD1hiCXCR5+cells, which resemble the Tph and Tfh phenotype. The 

stimulation of human naïve CD4 T cells with the combination TGFβ+IFNα and 

TGFβ+IL-12 resulted in higher expression of CD4+PD1hiCXCR5- and 

CD4+PD1hiCXCR5+cells than IFNα or IL-12 alone. The frequency of 
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CD4+PD1hiCXCR5- cells was higher under the TGFβ+IFNα, whereas 

CD4+PD1hiCXCR5+expression was higher under TGFβ+IL-12 condition (Figure 

13a). When we gate on all PD1+ cells, which included PD1hi and PD1int, the plots 

followed the same trend (Figure 13b). 
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Figure 13. TGFβ+IFNα and TGFb+IL-12 induced early acquisition of 
PD1hiCXCR5 - /+ phenotypes.   
a. The expression of CD4+PD1hiCXCR5- (Tph like cells) and 
CD4+PD1hiCXCR5+(Tfh like cells), and b. The expression of CD4+PD1+CXCR5- 

/CXCR5+ by naive CD4 T cells cultured in the presence of IFNα and other 
cytokines described above, for 2 days. Representative of two experiments, two 
healthy donors (n=2).  
 

IFNα increased the frequency of ICOS+CXCR5+, HLA-DR+ and CD38+ cells in 

naïve CD4 T cells 

The frequency of double positive population ICOS+CXCR5+ increase mainly under 

IFNα condition. IL-12 induced expression of ICOS+CD4+ at day 2 of co-culture 
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(Figure 14a,b). Stimulation of human naïve CD4 with IFNα also resulted in high 

expression of HLA-DR (Figure 14c,d) and CD38 (Figure 14 e,f). 
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Figure 14. IFNα increased frequency of surface markers such as 
ICOS+CXCR5+ HLA-DR+ and CD38 in naïve CD4 T cells.   
a.b. The expression of ICOS and CXCR5. c.d. Frequency of HLA-DR+. e.f. 
Expression of CD38 by naive CD4 T cells cultured in the presence of IFNα and 
other cytokines described above, for 2 days. Quantification plots show pooled data 
from two experiments (n=2).  
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TGFβ+IL-12 induced MAF, and IFNα as well as IL-12 increased frequency of 

BCL6 in human naive CD4 T cells. 

We assessed the expression of transcription factors in human naive CD4 T cells 

cultured for 2 days with different cytokines as described above. TGFβ+IL-12 

induced higher expression of MAF than IL-12 or IFNα alone. Regarding to BCL6 

expression, IFNα and IL-12 mainly increased frequency of BCL6 (Figure 15a,b). 
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Figure 15. Frequency of MAF and BCL6 in human naive CD4 T cells. 
a.b. Frequency of MAF and BCL6 by naive CD4 T cells cultured in the presence of 
IFNα and other cytokines described above, for 2 days. Quantification shows results  
of two experiments (n=2).  
 
 
MAF is also induced by IL-6. 

In another additional independent experiment, we also isolated naïve CD4 T cells 

from PBMC healthy donor, and activated the cells with additional cytokines such as 

IL-6 for 2 to 6 days and analyzed the expression of MAF by flow cytometry. Flow 

cytometry analysis showed that approximately 7% of CD4 naïve T cells express 

MAF after in vitro stimulation. IL-12 and IL-6 alone drive high MAF expression that 

was maintained by Day 6 compared to the control condition (beads) (Figure 16a,b).   
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Figure 16. IL-12 and IL-6 are inducers of MAF expression in naïve CD4 T 
cells.   
a. The expression of MAF by CD4 T cells generated by culturing activated human 
naïve CD4 T cells with in the presence of IL-12, IL-6 for 2 to 6 days. 
Representative of one independent experiment, one healthy donors (n=1) 
 
Summary of naïve CD4 T cell experiments: 

- TGFβ appeared to increase PD1 expression in stimulated naïve human T 

cells. 

- IFNα increased expression of other surface markers such as ICOS+CXCR5+ 

HLA-DR+ and  CD38+ in naïve CD4 T cells. 

- IFNα and IL-12 increased expression of BCL6 in human naive CD4 T cells. 

- IL-12 and IL-6 alone, as well as TGFβ+IL-12 combination induced MAF 

expression. 
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Summary of IFNα findings in all in vitro experiments: 

Table 2. 
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Chapter 4: Discussion 

Multiple pathogenic mechanisms in lupus lead to loss of tolerance to self-antigens 

and generation of autoantibodies (51). These factors, in addition to the clinical 

heterogeneity of lupus, make it much more challenging to treat those patients 

effectively and control the severity of clinical manifestation efficiently to avoid 

chronic organ damage. 

There is strong evidence from humans and mice studies about the presence of 

interferon in lupus, among other autoimmune diseases (2,3,7,13). This cytokine has 

been associated with the manifestation of lupus flares (8,9) and disease severity 

(3,12).  

Many studies are trying to understand the role of the interferon in the 

immunopathogenesis of lupus disease (14,15,16,17,18). One of the theories is that 

chronic type I interferon (IFN) production is perpetuated in part by dysregulated or 

persistent stimulation of antigen-presenting cells (APCs), including plasmacytoid 

dendritic cells (pDCs), by immune complexes and by damage-associated 

molecular pattern molecules (DAMPs) (18,52). Persistent type I IFN exposure results 

in increase aberrant T and B cell effector function, leading to autoantibody 

production and, finally, chronic inflammation and tissue damage (18,52). 

 

However, it is not well understood yet how does interferon work in lupus, whether it 

induces the disease or whether it causes chronic organ damage. Some previous 

studies have suggested that IFNα could be related to the acute presentation of 
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lupus, whereas IFNγ contributes more to the chronic manifestation of lupus (12), but 

it is still unclear how does it happen. Knowing more about the role of IFNs in T 

helper cells would give as more information for possible therapeutic options in the 

future. 

 

There is evidence about the presence of pathogenic T:B cell collaboration in lupus,  

such as the expansion of GC-Tfh and circulating Tfh cells (19,18), as wells as the 

new expanded B cell helper T cells (T peripheral helper cells) recently described in 

the periphery of RA (30) and lupus patients (31). Highly correlation has been found 

between the interferon signature and the pathogenic expansion of these T helper 

cells (31), but we do not know how exactly does it happen.  

 

There are contradictory data about the effect of IFNα and Tfh cells. Mice studies 

described that IFNα,β can induce some Tfh features (41), but another human study 

mentioned that IFN did not affect Tfh cell development (43). There is no data about 

the role of IFNα in Tph cells and the effects of IFNα on MAF and BCL6 expression 

in humans. 

Through multiple in vitro approaches, CD4 T cells were activated in the presence 

of IFNα and other cytokines. We analyze through flow cytometry, the expression of 

PD1, CXCR5, ICOS, and HLA-DR as well as some transcription factors present in 

Tfh and Tph cells. We evaluated the production of CXCL13 and IL-21 by ELISA.  

 

We found in PBMCs experimental setup that IFNα induced early acquisition of 

PD1hiCXCR5- and PD1hi CXCR5+, which followed the same line of Nakayamada et 



	 42	

al. study where IFNα, β induced some Tfh features such as CXCR5 and PD1 in 

mice. We also could see that IFNα increased the frequency of other co-stimulator 

molecules such as ICOS.  However, CXCR5 and ICOS expression was lost over 

time, which could suggest that IFNα may have rapid and transitory effects on the 

appearance of some of the molecules that resemble T helper phenotypes. 

 

Human Tfh cells, as well Tph, produce large amounts of CXCL13, which helps to 

recruit CXCR5+ B cells (22,30,31). In mice, it has been described that under type I IFN 

stimuli, stromal cells but not Tfh produce CXCL13 to support ectopic germinal 

center formation (53). It was not known whether IFNα affects CXCL13 production by 

T cells in humans. We were able to describe that under the effect of IFNα, CXCL13 

was detected by ELISA in PBMCs experiments.  Indeed, from our Total CD4 

experimental setup, we could confirm that CXCL13 production in the IFNα 

condition comes from CD4 T cells. That suggests that IFNα also can be implicated 

in the B cell trafficking for T-B cell interactions.  

In terms of other cytokines involved; by day 6 from PBMC experimental co-culture 

setup, IL-12 displayed increase frequency of PD1hi CXCR5+ and ICOS+, which is 

expected (46,56) but also increase the expansion of PD1hi and CXCR5- phenotype. 

IL-12+IFNα combination condition increases the frequency of those cell 

populations, which is probably be driving more by the effect of IL-12. The possible 

explanation of why does IFNα effect happened earlier but lost quickly and why 

does the effect of IL-12 happened later but maintain over time is probably due to 

the effect of those cytokines on STAT4 phosphorylation. From previous studies, it 
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is known that type I IFN has a quick but not sustain effect on STAT4 

phosphorylation, whereas IL-12 induces STAT4 phosphorylation more consistently 

(5).  

In memory CD4 cells, we did not see changes in the frequency of PD1hi CXCR5+/- 

under the IFNα condition in days 2 and 6.  But that could be explained by the fact 

that effector memory CD4 cells are less plastic and are less flexible to be affected 

by these cytokines, under in vitro conditions (44).  

 

In our naive CD4 T cell in vitro experiments, we confirmed that TGFβ+IL-12 are the 

main cytokines that diferenciated Tfh phenotype. IFNα did not increase the 

frequency of PD1hiCXCR5+/-, but it induced expression of ICOS+CXCR5+ and HLA-

DR+ cells. However, Schmitt N, et al. Showed that IFNβ did not affect the 

expression of CXCR5 and ICOS in human naïve CD4 T cells (43). Such discrepancy 

might lie on the differences in the experimental designs; they harvested the cells 

on day 4 and did not show the findings we described by day 2 in our study. 

Perhaps, the IFN effects in vitro could be transitory and lost after 48 hours. 

 

In addition, there is difference between our PBMCs and our isolated naïve CD4 in 

vitro results in terms of some surface markers such as PD1hiCXCR5+/-, may 

suggest that some expanded T helper responses in type I IFN condition, is not 

caused by the direct effect of IFN on the induction of T helper phenotypes but 

might be due to an indirect effect of IFNα on other immune cells such as DCs. This 

hypothesis was previously suggested by other researchers (43) and demonstrated in 

mice studies, where type I IFN enhances T cell-dependent antibody responses by 
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acting as an adjuvant for the generation of CXCR5+ Tfh cells, but through 

stimulation of DCs (54,55). 

 

Regarding the transcription factors, MAF is the principal regulator of IL-21 

secretion by CD4 T cells in humans and mice (25,32), and IL-12 induces MAF 

expression in mice (41). In humans, IL-12 induces secretion of IL-21 (46). Previous 

studies, Nakayamada et al. described that IFNα did not induce MAF in mice CD4 T 

cells, but it did induce BCL6 expression (41). 

 

In our Naïve CD4 experiments, we confirmed an increase frequency of MAF under 

IL-12 (62), and more under TGFβ+IL-12 (43). IL-6 in mice induces MAF expression 

(41), we described that IL-6 also increased frequency of MAF in humans naïve CD4 

T cells, suggested that IL-12, IL-6, and TGFβ+IL12 combination are more effective 

for the induction and maintenance of MAF expression. We also corroborated that 

IL-12 also induces BCL6 (56), but interestingly we also observed that IFNα alone 

induced early BCL6 expression. That suggested there are similarities in terms of 

MAF and BCL6 expression between both species. 

 

However, we could not reproduce those findings in our memory CD4 T cell 

experiments, perhaps because of the less plasticity characteristic of memory CD4 

T cells.   

 

We described from our PBMC experiments that MAF expression is maintained 

over time by IL-12. Previous studies observed that DCs induce CD4 T cells to 
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produce IL-21 through IL-12 in humans (46). This suggests that IL-12 could induce 

IL-21 secretion through the IL-12 effect on MAF expression, but might be more 

efficient under the presence of other immune cells such as monocytes or DCs. 

Additional studies need to be done to address this effect. 

 

Studies of murine T cells indicate that IFNα does not induce IL-21(41). We did not 

observe IL-21 production under IFNα condition in memory CD4 by ELISA 

supernatant analysis. However, Strengell et al. described that  IFNα/β and IL-12 

enhance the mRNA expression of IL-21 in activated human T cells as early as 3 

hours of stimulation with IFNα or IL-12 (48). 

We also could confirm that under IL-12  activation, the IL-21 expression was 

detected by ELISA in memory CD4 experiment. Still, interestingly we also 

observed that addition of  IFNα to IL-12 stimulation reduced IL-21 production 

compared to IL-12 alone, although this observation needs to be reproduced. 

Previous studies indicating that IFNα down-regulate the expression of IL-21 

receptor (IL-21R) in T cells could explain our findings (48). 

From our preliminary data, we can suggest that IFNα may affect indirectly or 

directly, at least in part,  the early differentiation programming of some T helper 

cells features. Moreover, IFNα could have a role in the ectopic T-B cell interaction 

by the fact that IFNα up-regulates CXCL13 expression in CD4 T cells.  

This data gives more insights into the idea that type I IFN might be one of the 

drivers of the expansion of the pathogenic Tfh or Tph cells or the aberrant T and B 
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cell interaction in lupus.  This effect may be one of the mechanisms through which 

emerging therapies that block IFN, such as anifrolumab, a fully human monoclonal 

antibody against the type I IFN receptor (IFNAR1) (50) may blunt the pathologic 

immune response in lupus. 
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Chapter 5: Limitations and future experiments 

Limitation of the study 

- Even though we had different in vitro experimental approaches, we need to 

reproduce each of the experiments with additional donors for each 

experimental set up to confirm the reproducibility of the observed effects 

and demonstrate statistical significance.  

- All of our data comes from in vitro, but not in vivo experiments. 

- We were focused only on the effect of IFN on CD4 T cells but not in other 

cells such as B cell, which would give a better picture of the 

immunopathology of lupus in the context of the IFN effect. 

- The samples we analyzed were from healthy donors. We did not include 

blood samples from lupus patients. 

Future Experiments 

- Transcriptomic analysis to confirm and extend the findings from flow 

cytometry data 

- CXCL13 intracellular staining to confirm what type of T CD4 cells is 

producing CXCL13 under the IFNα condition. 

- Naive CD4 T cells and monocytes co-cultured under the influence of IFNα, 

and then T-B cell co-culture, to determine whether we can reproduce our 

findings on PBMCs experiments, and confirm the hypothesis from mice 

studies where IFN is an adjuvant for the generation of CXCR5+ Tfh cells, but 

through stimulation of dendritic cells (55,56) 



	 48	

Bibliography 

 

1. Rodero, M. P. et al. Detection of interferon alpha protein reveals differential 

levels and cellular sources in disease. Journal of Experimental 

Medicine 214, 1547–1555 (2017). 

2. Hooks, J. J. et al. Immune Interferon in the Circulation of Patients with 

Autoimmune Disease. New England Journal of Medicine 301, 5–8 (1979). 

3. Baechler, E. C. et al. Interferon-inducible gene expression signature in 

peripheral blood cells of patients with severe lupus. Proceedings of the 

National Academy of Sciences 100, 2610–2615 (2003). 

4. Peterson, K. S. et al. Characterization of heterogeneity in the molecular 

pathogenesis of lupus nephritis from transcriptional profiles of laser-

captured glomeruli. Journal of Clinical Investigation 113, 1722–1733 (2004). 

5. González-Navajas, J. M., Lee, J., David, M. & Raz, E. Immunomodulatory 

functions of type I interferons. Nature Reviews Immunology 12, 125–135 

(2012). 

6. Schindler, C., Levy, D. E. & Decker, T. JAK-STAT Signaling: From 

Interferons to Cytokines. Journal of Biological Chemistry 282, 20059–20063 

(2007). 

7. Rönnblom, L. & Leonard, D. Interferon pathway in SLE: one key to 

unlocking the mystery of the disease. Lupus Science & Medicine 6, e000270 

(2019). 



	 49	

8. Preble, O., Black, R., Friedman, R., Klippel, J. & Vilcek, J. Systemic lupus 

erythematosus: presence in human serum of an unusual acid-labile 

leukocyte interferon. Science 216, 429–431 (1982). 

9. Obermoser, G. & Pascual, V. The interferon-α signature of systemic lupus 

erythematosus. Lupus 19, 1012–1019 (2010). 

10. Rönnblom, L. E., Alm, G. V. & Öberg, K. E. Possible induction of systemic 

lupus erythematosus by interferon-α treatment in a patient with a malignant 

carcinoid tumour. Journal of Internal Medicine 227, 207–210 (1990). 

11. Nacionales, D. C. et al. Deficiency of the type I interferon receptor protects 

mice from experimental lupus. Arthritis & Rheumatism 56, 3770–3783 

(2007). 

12. Crow, M. K., Kirou, K. A. & Wohlgemuth, J. Microarray Analysis of 

Interferon-regulated Genes in SLE. Autoimmunity 36, 481–490 (2003). 

13. Pollard, K., Cauvi, D., Toomey, C., Morris, K. & Kono, D. Interferon-γ and 

systemic autoimmunity. Discovery Medicine 16, 123–131 (2013). 

14. Rönnblom, L. & Pascual, V. The innate immune system in SLE: type I 

interferons and dendritic cells. Lupus 17, 394–399 (2008). 

15. Siegal, F. P. The Nature of the Principal Type 1 Interferon-Producing Cells 

in Human Blood. Science 284, 1835–1837 (1999). 

16. Sisirak, V. et al. Genetic evidence for the role of plasmacytoid dendritic cells 

in systemic lupus erythematosus. Journal of Experimental Medicine 211, 

1969–1976 (2014). 

17. Lövgren, T., Eloranta, M.-L., Båve, U., Alm, G. V. & Rönnblom, L. Induction 

of interferon-α production in plasmacytoid dendritic cells by immune 



	 50	

complexes containing nucleic acid released by necrotic or late apoptotic 

cells and lupus IgG. Arthritis & Rheumatism 50, 1861–1872 (2004). 

18. Blanco, P., Ueno, H. & Schmitt, N. T follicular helper (Tfh) cells in lupus: 

Activation and involvement in SLE pathogenesis. European Journal of 

Immunology 46, 281–290 (2016). 

19. Zhang, X. et al. Circulating CXCR5+CD4+helper T cells in systemic lupus 

erythematosus patients share phenotypic properties with germinal center 

follicular helper T cells and promote antibody production. Lupus 24, 909–

917 (2015). 

20. Vinuesa, C. G. et al. A RING-type ubiquitin ligase family member required to 

repress follicular helper T cells and autoimmunity. Nature 435, 452–458 

(2005). 

21. Breitfeld, D. et al. Follicular B Helper T Cells Express Cxc Chemokine 

Receptor 5, Localize to B Cell Follicles, and Support Immunoglobulin 

Production. Journal of Experimental Medicine 192, 1545–1552 (2000). 

22. Crotty, S. Follicular Helper CD4 T Cells (TFH). Annual Review of 

Immunology 29, 621–663 (2011). 

23. Johnston, R. J. et al. Bcl6 and Blimp-1 Are Reciprocal and Antagonistic 

Regulators of T Follicular Helper Cell Differentiation. Science 325, 1006–

1010 (2009). 

24. Rasheed, A.-U., Rahn, H.-P., Sallusto, F., Lipp, M. & Müller, G. Follicular B 

helper T cell activity is confined to CXCR5hiICOShi CD4 T cells and is 

independent of CD57 expression. European Journal of Immunology 36, 

1892–1903 (2006). 



	 51	

25. Kroenke, M. A. et al. Bcl6 and Maf Cooperate To Instruct Human Follicular 

Helper CD4 T Cell Differentiation. The Journal of Immunology 188, 3734–

3744 (2012). 

26. Pitzalis, C., Jones, G. W., Bombardieri, M. & Jones, S. A. Ectopic lymphoid-

like structures in infection, cancer and autoimmunity. Nature Reviews 

Immunology 14, 447–462 (2014). 

27. Rao, D. A. T Cells That Help B Cells in Chronically Inflamed 

Tissues. Frontiers in Immunology 9, (2018). 

28. Chang, A. et al. In Situ B Cell-Mediated Immune Responses and 

Tubulointerstitial Inflammation in Human Lupus Nephritis. The Journal of 

Immunology 186, 1849–1860 (2010). 

29. Odegard, J. M. et al. ICOS-dependent extrafollicular helper T cells elicit IgG 

production via IL-21 in systemic autoimmunity. Journal of Experimental 

Medicine 205, 2873–2886 (2008). 

30. Rao, D. A. et al. Pathologically expanded peripheral T helper cell subset 

drives B cells in rheumatoid arthritis. Nature 542, 110–114 (2017). 

31. Bocharnikov, A. V. et al. PD-1hiCXCR5– T peripheral helper cells promote B 

cell responses in lupus via MAF and IL-21. JCI Insight 4, (2019). 

32. Hiramatsu, Y. et al. c-Maf activates the promoter and enhancer of the IL-21 

gene, and TGF-β inhibits c-Maf-induced IL-21 production in CD4+  T 

cells. Journal of Leukocyte Biology 87, 703–712 (2009). 

33. Sue, M. et al. IL-21–Producing Th Cells in Immunity and Autoimmunity. The 

Journal of Immunology 191, 3501–3506 (2013). 



	 52	

34. Kataoka, K. Multiple Mechanisms and Functions of Maf Transcription 

Factors in the Regulation of Tissue-Specific Genes. Journal of 

Biochemistry 141, 775–781 (2007). 

35. Kim, J. I., Ho, I.-C., Grusby, M. J. & Glimcher, L. H. The Transcription Factor 

c-Maf Controls the Production of Interleukin-4 but Not Other Th2 

Cytokines. Immunity 10, 745–751 (1999). 

36. Bauquet, A. T. et al. The costimulatory molecule ICOS regulates the 

expression of c-Maf and IL-21 in the development of follicular T helper cells 

and TH-17 cells. Nature Immunology 10, 167–175 (2008). 

37. Zuberbuehler, M. K. et al. The transcription factor c-Maf is essential for the 

commitment of IL-17-producing γδ T cells. Nature Immunology 20, 73–85 

(2018). 

38. Yang, Y., Ochando, J., Yopp, A., Bromberg, J. S. & Ding, Y. IL-6 Plays a 

Unique Role in Initiating c-Maf Expression during Early Stage of CD4 T Cell 

Activation. The Journal of Immunology 174, 2720–2729 (2005). 

39. Pot, C. et al. Cutting Edge: IL-27 Induces the Transcription Factor c-Maf, 

Cytokine IL-21, and the Costimulatory Receptor ICOS that Coordinately Act 

Together to Promote Differentiation of IL-10-Producing Tr1 Cells. The 

Journal of Immunology 183, 797–801 (2009). 

40. Gabryšová, L. et al. c-Maf controls immune responses by regulating 

disease-specific gene networks and repressing IL-2 in CD4+ T cells. Nature 

Immunology 19, 497–507 (2018). 

41. Nakayamada, S. et al. Type I IFN Induces Binding of STAT1 to Bcl6: 

Divergent Roles of STAT Family Transcription Factors in the T Follicular 



	 53	

Helper Cell Genetic Program. The Journal of Immunology 192, 2156–2166 

(2014). 

42. Ray, J. P. et al. Transcription Factor STAT3 and Type I Interferons Are 

Corepressive Insulators for Differentiation of Follicular Helper and T Helper 

1 Cells. Immunity 40, 367–377 (2014). 

43. Schmitt, N. et al. The cytokine TGF-β co-opts signaling via STAT3-STAT4 to 

promote the differentiation of human TFH cells. Nature Immunology 15, 

856–865 (2014). 

44. Geginat, J. et al. Plasticity of Human CD4 T Cell Subsets. Frontiers in 

Immunology 5, (2014). 

45. Matikainen, S. et al. IFN-α and IL-18 synergistically enhance IFN-γ 

production in human NK cells: differential regulation of Stat4 activation and 

IFN-γ gene expression by IFN-α and IL-12. European Journal of 

Immunology 31, 2236–2245 (2001). 

46. Schmitt, N. et al. Human Dendritic Cells Induce the Differentiation of 

Interleukin-21-Producing T Follicular Helper-like Cells through Interleukin-

12. Immunity 31, 158–169 (2009). 

47. Yu, S. et al. IL-12 induced the generation of IL-21- and IFN-γ-co-expressing 

poly-functional CD4+ T cells from human naive CD4+ T cells. Cell Cycle 14, 

3362–3372 (2015). 

48. Strengell, M., Julkunen, I. & Matikainen, S. IFN-α regulates IL-21 and IL-21R 

expression in human NK and T cells. Journal of Leukocyte Biology 76, 416–

422 (2004). 



	 54	

49. Malavasi, F. et al. Evolution and Function of the ADP Ribosyl Cyclase/CD38 

Gene Family in Physiology and Pathology. Physiological Reviews 88, 841–

886 (2008). 

50. Morand, E. F. et al. Trial of Anifrolumab in Active Systemic Lupus 

Erythematosus. New England Journal of Medicine 382, 211–221 (2020). 

51. Tsokos, G. C., Lo, M. S., Reis, P. C. & Sullivan, K. E. New insights into the 

immunopathogenesis of systemic lupus erythematosus. Nature Reviews 

Rheumatology 12, 716–730 (2016). 

52. Ivashkiv, L. B. & Donlin, L. T. Regulation of type I interferon 

responses. Nature Reviews Immunology 14, 36–49 (2013). 

53. Denton, A. E. et al. Type I interferon induces CXCL13 to support ectopic 

germinal center formation. Journal of Experimental Medicine 216, 621–637 

(2019). 

54. Le Bon, A. et al. Type I Interferons Potently Enhance Humoral Immunity and 

Can Promote Isotype Switching by Stimulating Dendritic Cells In 

Vivo. Immunity 14, 461–470 (2001). 

55. Cucak, H., Yrlid, U., Reizis, B., Kalinke, U. & Johansson-Lindbom, B. Type I 

Interferon Signaling in Dendritic Cells Stimulates the Development of 

Lymph-Node-Resident T Follicular Helper Cells. Immunity 31, 491–501 

(2009). 

56. Powell, M. D., Read, K. A., Sreekumar, B. K., Jones, D. M. & Oestreich, K. 

J. IL-12 signaling drives the differentiation and function of a TH1-derived 

TFH1-like cell population. Scientific Reports 9, (2019). 



	 55	

57. Bennett, L. et al. Interferon and Granulopoiesis Signatures in Systemic 

Lupus Erythematosus Blood. Journal of Experimental Medicine 197, 711–

723 (2003). 

58. Xu, J. et al. c-Maf Regulates IL-10 Expression during Th17 Polarization. The 

Journal of Immunology 182, 6226–6236 (2009). 

59. Sangfelt, O. Mechanisms of interferon-induced cell cycle arrest. Frontiers in 

Bioscience 5, d479 (2000). 

60. Hocevar, B. A. & Howe, P. H. Mechanisms of TGF-β-Induced Cell Cycle 

Arrest. Mineral and Electrolyte Metabolism 24, 131–135 (1998). 

61. Caprioli, F. et al. Autocrine Regulation of IL-21 Production in Human T 

Lymphocytes. The Journal of Immunology 180, 1800–1807 (2008). 

62. Schmitt, N. et al. IL-12 receptor β1 deficiency alters in vivo T follicular helper 

cell response in humans. Blood 121, 3375–3385 (2013). 

 


