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Abstract

Objective: This study performed an integrated analysis of the cellular and transcriptional 

differences in peripheral immune cells between patients with Systemic Lupus Erythematosus 

(SLE) and healthy controls (HC).

Methods: Peripheral blood was analyzed using standardized flow cytometry panels. 

Transcriptional analysis of CD4+ T cells was performed by microarrays and Nanostring assays.

Results: SLE CD4+ T cells showed an increased expression of oxidative phosphorylation and 

immunoregulatory genes. SLE patients presented higher frequencies of activated CD38+HLA-DR+ 

T cells than HC. Hierarchical clustering identified a group of SLE patients among which African 

Americans were overrepresented, with highly activated T cells, and higher frequencies of Th1, 

Tfh, and plasmablast cells. T cell activation was positively correlated with metabolic gene 

expression in SLE patients but not in HC.

Conclusions: SLE subjects presenting with activated T cells and a hyperactive metabolic 

signature may represent an opportunity to correct aberrant immune activation through targeted 

metabolic inhibitors.
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1. Introduction

Systemic Lupus Erythematosus (SLE) is a highly heterogeneous disease that affects 

predominantly women and has a higher prevalence in African American (AA), Hispanic, 

and Asian populations in the United States. Many immunological abnormalities affect both 

innate and adaptive immune cells during SLE pathogenesis and maintenance, including in 

CD4+ and CD8+ T cells and more specifically, T follicular helper (Tfh), regulatory T cells 

(Treg), T effector (Teff), as well as T memory subsets [1]. Increased HLA-DR+ [2, 3] and 

CD38+ [1] expression has been demonstrated on both CD4+ and CD8+ T cell subsets from 

SLE patients compared to healthy controls (HC). Previous studies have reported that 

CD8+HLA-DR+ T cell frequency correlated very strongly with disease flares [3]. 

Canonically, HLA-DR and CD38 expression on CD8+ T cells is associated with an active 

viral response, especially in human immunodeficiency virus (HIV) infection [4]. Moreover, 

CD38hiCD8+ T cells, which present with defective cytotoxic activity, are expanded in SLE 

patients with recurrent infections [5]. It remains unclear what role CD8+ T cells might have 

in direct SLE pathogenesis.

In parallel with differences in activation, CD4+ T cells from SLE patients have metabolic 

abnormalities including elevated activity of mammalian target of rapamycin (MTOR) 

glycolysis, and oxidative metabolism [6]. Chronic T cell stimulation increases oxidative 

metabolism [7], which may parallel the increased oxidation observed in SLE T cells that are 

chronically stimulated by autoantigens. Many metabolic alterations have been reported in 

CD4+ T cells of patients with SLE as well as in mouse models of the disease [6], but how 

these alterations contribute to lupus pathogenesis and correlate with the expansion of 

pathogenic T cell subsets during ongoing disease is not yet understood.

Herein, we compared immune phenotypes in peripheral leukocytes, with a particular focus 

on CD4+ and CD8+ T cells, in parallel with transcriptional programs in CD4+ T cells 

between SLE patients and HCs, and evaluated whether these variables could be used to 

define subsets of patients.

2. Materials and methods

2.1 Patients

Female SLE patients fulfilling at least four 1997 American College of Rheumatology (ACR) 

criteria for SLE were enrolled between 2013–2015 at the University of Florida (UF) Lupus 

clinic. Informed consent was obtained from 35 SLE patients and 19 female HCs in 

accordance with an UF Institutional Review Board (IRB) approved protocol. AA, Caucasian 

American (CA) and Hispanic American (HA) subjects were enrolled to perform three types 

of assays: gene expression measured with microarrays or NanoString code sets, and 

immunophenotyping (Table 1). The patients presented with stable disease and low SLE 

Disease Activity Index (SLEDAI) of 3 – 4, and were treated with conventional treatments. 

Although attempts were made to match SLE and HCs, the SLE cohort was older than the 

HC cohort in the immunophenotyping dataset (Table 1).
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2.2 Gene Expression

CD4+ T cells were isolated by negative selection from whole blood using the RosetteSep 

CD4+ T cell enrichment cocktail (Stemcell Technologies) and Ficoll-Plaque Plus (GE 

Healthcare) by gravity centrifugation. RNA isolated from eight HC and seven SLE patients 

(one individual with a pair of samples 6 months apart) using the RNeasy Mini Kit (Qiagen) 

was prepared for GeneChip™ Human Transcriptome Array 2.0 microarrays (Affymetrix, 

Thermo Fisher Scientific) with fragmentation, labeling, hybridization and scanning as a 

single batch. Microarray CEL files were processed by Partek Genomics Suite 6.6 (Partek) 

using the RMA normalization procedure. Gene set enrichment analysis was carried out with 

GSEA software [8] on RMA normalized values using the curated KEGG database v6.0 or 

HALLMARKS v6.0. A custom gene expression panel (Supplemental Table 1) was designed 

for nCounter® XT Assay (NanoString Technologies). 50 ng of RNA from CD4+ T cell 

samples were hybridized to cartridges and scanned according to manufacturer instructions. 

Data was analyzed with nSolver 2.5 with geometric mean normalization to housekeeping 

genes as well as to positive and negative spike-in controls.

2.3 Hierarchical Clustering

Hierarchical clustering of immunophenotypes or gene expression data was performed using 

clustermap with the Ward clustering method within the Seaborn library (version 0.9.0) in 

Python (version 3.6.6). Missing data were imputed as the group mean.

2.4 Immunophenotyping

Peripheral blood collected in EDTA tubes was stained for six flow cytometry panels 

covering Teff, Treg, Tfh, T memory, dendritic cell (DC)/monocyte/natural killer (NK), and B 

cell subsets (Supplementary Fig. 1). Panel design has been previously described [9], except 

the Tfh panel, which was designed in-house to quantify precursor and memory Tfh [10, 11]. 

Antibodies are listed in Supplemental Table 2. Samples were analyzed on a BD LSRFortessa 

(FACSdiva software, BD Biosciences) within 24 h of collection. Data were analyzed using 

FlowJo (FlowJo, Treestar) and graphed in GraphPad Prism software v7 (GraphPad).

2.5 Statistical Analysis

Z-scores of SLE subjects were normalized to the mean and standard deviation (SD) of the 

HC cohort. Correlations were evaluated by nonparametric Spearman’s rank. Fisher’s exact 

test was used to evaluate associations for categorical data. Statistical comparisons between 

groups were assessed by multiple t-tests with a False Discovery Rate (q) set to 5% using the 

Two-step up method of Benjamini, Krieger, and Yekutieli in GraphPad Prism software 

version 7.0b.

3. Results

3.1 Transcriptional profiling of SLE CD4+ T cells shows metabolic dysregulation

Microarray analysis of eight SLE and eight HC ex vivo CD4+ T cell samples was performed 

to provide for a broad transcriptional signature. The top five pathways differentially 

expressed between SLE and HC CD4+ T cells included three metabolic pathways: 
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OXPHOS, MTORC1 signaling, and MYC targets (Fig. 1A). An enrichment plot for 

OXPHOS showed increased expression of metabolic genes in SLE samples (Fig. 1B). A 

heatmap of specific genes in the OXPHOS pathway clearly illustrates their increased 

expression in SLE CD4+ T cells (Fig. 1C). In addition, increased expression of VDCA1 in 

SLE CD4+ T cells was also observed (fold change = 1.34, p = 0.020), which is consistent 

with the mitochondrial membrane hyperpolarization that has been associated with oxidative 

stress and mitochondrial dysfunction in SLE [12]. To validate these findings, we designed a 

custom Nanostring array to test a targeted set of metabolic genes selected from the 

microarray, as well as a set of T cell immune function genes in an independent cohort 

consisting of 19 HC and 35 SLE patients (Table 1). Three members of the electron transport 

chain (NDUFB6, encoding for a subunit of complex 1, SDHD for complex II, and COX6A1 
for complex IV), as well as SUCLG1, an enzyme that produces succinate in the tricarboxylic 

acid (TCA) cycle, were expressed at higher levels in SLE CD4+ T cells using this method 

(Fig. 1D). These results suggest that the characteristic metabolic alterations of SLE CD4+ T 

cells result from a global alteration of transcriptional programs, and confirm the major 

contribution of OXPHOS metabolism that has been reported in these cells [13, 14].

3.2 Immune and metabolic gene expression is globally upregulated in CD4+ T cells of a 
subset of SLE patients

We extended our analysis to all 35 genes in the NanoString set, which included both 

immunoregulatory and metabolic genes, and we identified four differentially expressed 

genes between HC and SLE subjects (Fig. 2A). Expression of FOXP3, IRF4, TIGIT, and 

IKZF2, which encodes for HELIOS, was significantly increased in SLE CD4+ T cells (Fig. 

2B). We also observed a general trend of increased expression of all 35 genes assessed in 

SLE CD4+ T cells with an average z-scored increase of 0.60 (inter-quantile range (IQR) 0.25 

– 0.84, Fig. 2A). Only three genes (BCL6, CD40L, CXCR5) exhibited mean expressions 

that trended to be lower in SLE than HC CD4+ T cells. Consistent with this, the first cluster 

in an unsupervised analysis of this gene expression dataset consisted entirely of SLE patients 

with broadly higher expression across all probed genes (Supplemental Fig. 2). When limited 

to all SLE patients, the analysis identified two main clusters (GE1 and GE2), which were 

again characterized by broad differences in gene expression (Supplemental Fig. 3A). We 

compared the cumulative gene expression of the two SLE clusters to HC and found that both 

the immunoregulatory and the metabolic genes were greatly increased for GE2, while GE1 

was similar to HC (Fig. 2C and D). We found 20 of the 35 measured genes to be 

significantly increased in GE2 over GE1, which included the four genes that were increased 

in all SLE samples over HC (Supplemental Fig. 3B and C). Interestingly, one gene, BCL6, 

the master transcriptional regulator of the Tfh subset, was expressed at a higher level in the 

GE1 group (Supplemental Fig. 3C). While age, SLEDAI, and treatments did not differ 

between clusters (Supplemental Fig. 3D, E and not shown), GE2 SLE patients more 

frequently reported as AA (Fisher exact test, p < 0.05). Taken together, we have identified a 

subset of SLE subjects who exhibit globally increased expression of immunoregulatory and 

metabolic genes in their CD4+ T cells.
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3.3 SLE patients display activated CD4+ and CD8+ T cell immunophenotypes

An activated immune signature involving both innate and adaptive immune subsets has been 

previously reported in SLE patients, as well as in mouse models of the disease [15]. The 

increased expression of immunoregulatory and metabolic genes that we found in CD4+ T 

cells of SLE patients corroborated these findings in one subgroup of patients. To better 

understand the functional significance of these findings, we performed an unbiased analysis 

of peripheral immune cell distributions between SLE patients and HCs using standardized 

human immunophenotyping panels (Supplemental Fig. 1) [9]. From a total of 62 

immunophenotypes examined, we identified seven that were significantly different between 

patients and HC (Fig. 3A and B). HC subjects exhibited higher frequencies of non-class-

switched memory B cells (16.5%, 5.4–21.4%, [median, IQR]) and plasmacytoid DCs 

(pDCs, 24.0%, 17.5–30.2%) as compared to SLE subjects ([2.3%, 1.0–4.0%] and [9.7%, 

5.27–14.0%], respectively). Conversely, within several T cell subsets, SLE subjects had 

higher frequencies of CD38+HLA-DR+ activated cells. These included CD4+ effector 

memory (Tem, Fig. 3C) for which the median CD38+HLA-DR+ frequency was 13.6% (IQR 

7.2–23.6%) for SLE and 6.24% (4.5–7.3%) for HC, CD8+ Tem (Fig. 3D), for which the 

median CD38+HLA-DR+ frequency was 33.7% (22.9–45.4%) for SLE and 13.9% (7.4–

19.4%) for HC, and CD8+ Temra (Tem that re-express CD45RA) for which the median 

CD38+HLA-DR+ frequency was 32.6% (25.4–48.9%) for SLE and 17.6% (IQR 9.4–30.8%) 

for HC. Finally, within CD4+ Teff subsets (Fig. 3E), SLE patients had higher frequencies of 

activated Th1 (8.0% [4.6–16.1%] in SLE and 4.3% [3.8–7.1%] in HC) and activated Th1/17 

(3.7% [2.5–8.6%] in SLE and 2.6% [1.6–3.3%] in HC). In addition to these top seven 

immunophenotypes, we compared the frequency of Tfh and T peripheral helper (Tph) cells, 

two populations that have been positively correlated with disease severity [16, 17]. There 

was a trend for Tfh cells and a significantly higher frequency of Tph cells in SLE patients as 

compared to HC (Fig. 3F and G). In addition, among SLE patients, the frequency of Tph 

cells was higher in AA than in CA and HA (Fig. 3H).

We next compared the frequency of the main immunophenotypes between the GE1 and GE2 

groups of patients to assess whether the GE2 group with the higher expression of 

immunoregulatory and metabolic genes presented with specific immunophenotypes. We 

found no difference in the frequency of Treg cells (Fig. 4A), but the GE2 patients presented 

a higher frequency of CD45RO+HLA-DR+CD194+ Treg cells (Fig. 4B), which represent 

effector or memory Treg cells. GE2 patients also presented a decreased expression of CD25 

on activated CD4+ T cells (Fig. 4C), increased frequencies of activated Th1, Th1/Th17, 

Th17, Tfh, Tph cells (Fig. 4D–H), as well as plasmablasts (Fig. 4E). These results showed 

that a higher expression of immunoregulatory and metabolic genes is associated with the 

presentation of more activated immunophenotypes in SLE patients.

We next analyzed the correlations between gene expression in total CD4+ T cells and the 

frequency of immunophenotypes focusing on Tfh and Tph cells, since their expansion 

strongly correlates with disease activity. No correlation was found between BCL6 and the 

frequency of either cell type (Fig. 5A and E), but another essential gene that characterizes 

these subsets, PDCD1 encoding for PD-1, was positively correlated with the frequency of 

both Tfh and Tph cells (Fig. 5B and F). PD-1 expression on Tfh correlates with disease 
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activity in SLE patients [16]. The expression of IL15R and TIGIT was also correlated with 

the frequency of Tfh but not Tph cells (Fig. 5C, D, G and H). Not much is known about the 

expression of IL-15R on Tfh cells, but IL-15 favors the development of Tfh cells [18]. 

TIGIT+ Tfh cells present a higher B cell helper function than Tfh cells lacking this receptor 

[19]. Overall, these results suggest that the expansion of Tfh cells in SLE patients correlates 

with the expression of genes that increase their effector function.

3.4 Hierarchical clustering reveals a distinct group of SLE patients

We next explored the notion that SLE patients may be stratified by their circulating immune 

profile. When a hierarchical clustering method was used on the entire cohort of SLE patients 

and HC, all 21 subjects in the top three clusters were SLE patients (clusters 1–3, 

Supplemental Fig. 4), while only 18 of 41 subjects in the remaining clusters were patients. 

Subject clustering was driven by three immunophenotype clusters consisting of 

hyperactivated CD38+HLA-DR+ effector and memory T cells (cluster a), differentiated B 

cells, NK and monocyte alterations (cluster b), and Tfh subsets (cluster c, Supplemental Fig. 

4). Subject cluster 1 was defined by the combination of immunophenotypes cluster a and c, 

cluster 2 by immunophenotype cluster a only, and cluster 3 by immunophenotype cluster b 

only. Taken together, we observed profound hyperactivation of T cell subsets, with or 

without an expansion of Tfh subsets, as well as dysregulation of B cells and innate subsets, 

that enabled a degree of subject stratification. Moreover, dysregulation in the B cell and 

innate subsets largely segregated apart from T cell dysregulation.

When applied to SLE patients only, hierarchical clustering of the 62 immunophenotypes 

revealed two groups defined by 24 immunophenotypes that included activated CD4+ and 

CD8+ memory and effector T cells, increased proportions of Th1 and Tfh cells, as well as 

increased B cell differentiation (Fig. 6A and Supplemental Fig. 5A and B). Cluster P1, 

containing 18 out of 39 SLE patients, displayed increased amounts of these phenotypes 

relative to P2. Most notably, all CD38+HLA-DR+ activated T cell phenotypes assessed were 

upregulated, constituting 10 of the 11 most dramatically altered immunophenotypes between 

P1 and P2 (Supplemental Fig. 5B). Also notable was a B cell differentiation signature in P1 

subjects, wherein naïve B cells were decreased while class-switched memory and 

plasmablasts were increased. Patients in cluster P1 did not differ from P2 in age or SLEDAI 

(Supplemental Fig. 5C and D). They were, however, significantly enriched for AA patients 

(14/16 in P1 vs. 5/21 in P2, Fisher’s exact test: p < 0.001). Taken together, these results 

indicate that a subset of SLE patients present with adaptive immune hyperactivation 

enriched for activated Th1 and Tfh subsets.

We next assessed whether B cell differentiation phenotypes correlated with activated T cells 

phenotypes. The frequencies of CD38+HLA-DR+ activated memory CD4+ T cells, Th1, 

Th1/17, and Tfh cells were each more strongly associated with B cell class switching and 

plasmablasts differentiation for SLE patients than for HC (Fig. 6B). The frequency of Tph 

cells was also positively correlated with the frequency of plasmablasts in SLE patients, but 

the correlation was weaker than for Tfh cells (Tfh: Spearman’s r = 0.572, p = 0.0008, Tph: r 

= 0.495, p = 0.0046). In addition to confirming that CD4+ T cells contribute to increased 

class-switching and plasma cell differentiation that characterize SLE, these results implicate 
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the activation of multiple CD4+ T cell subsets in favoring this process. Within SLE patients, 

the individual associations of class-switched B cells with activated memory and Th1 cells 

were only significant for P1 subjects (Spearman’s correlation tests, p = 0.027 and p = 0.013, 

respectively). However, since clusters P1 and P2 were defined these immunophenotypes, this 

latter observation was predictable.

3.5 CD4+ T cell activation is associated with increased OXPHOS gene expression in a 
subset of SLE patients

We next sought to explore relationships between phenotypes observed by flow cytometry 

and gene expression in CD4+ T cells. We therefore examined 9 HC and 22 SLE subjects for 

which immunophenotyping and CD4+ T cell gene expression data were available. Given the 

increased percentage and activation level of Th1 cells in SLE P1 subjects relative to P2 

subjects (Fig. 6), we examined the expression of STAT1, which mediates the signals for both 

type 1 and type 2 IFNs in all CD4+ T cell subsets [20]. STAT1 expression correlated more 

with memory and effector activation, including Th1 effectors, in SLE patients compared to 

HC (Fig. 6C). STAT1 expression also correlated more with IL21 and IRF4 expression in 

SLE patients. Among SLE patients, STAT1 correlations with T cell activation were similar 

in the P1 and P2 groups, except for activated Th17 cells, which were correlated with STAT1 

expression in the P1 but not P2 group (Spearman’s correlation tests, p = 0.0003 vs. p = 0.81, 

respectively).

Next, we explored the relationship between T cell activation with metabolic gene expression. 

In HC subjects, inverse correlations were observed for the frequency of activated memory 

CD4+ T cells and expression of seven out of eight metabolic genes, indicative of relative 

metabolic quiescence (Fig. 6D). Conversely, SLE patients had neutral to positive 

correlations between the expression of these genes and the frequency of activated memory 

CD4+ T cells, suggesting a dysregulation of metabolic quiescence in circulating CD4+ T 

cells. When comparing SLE P1 to P2 groups, we observed much stronger associations 

between the frequency of activated memory CD4+ T cells and metabolic gene expression, 

especially for OXPHOS genes (Fig. 6D). Finally, we examined the relationship between 

metabolic gene expression and IRF4, which is a transcription factor with reported roles in 

anabolic programming of Th1 cells, glucose uptake, and oxygen consumption [21, 22]. We 

observed positive correlations between IRF4 expression and that of several OXPHOS genes 

among SLE subjects, while these relationships were negatively correlated among HC 

samples (Fig. 6E). Together, these results suggest that circulating CD4+ T cells are 

phenotypically and metabolically more activated in SLE than in HC. Further, the 

hyperactivated SLE P1 subset is primed for increased OXPHOS activity relative to SLE P2 

patients. Overall the results define a group of predominantly AA SLE patients with activated 

immunophenotypes and high expression of OXPHOS genes.

4. Discussion

SLE is a clinically heterogeneous disease, which, in addition to implications for patient care, 

has impeded the implementation and interpretation of clinical trials, and hampered our 

comprehensive understanding of the disease etiology. Transcriptomic analyses comparing 
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peripheral blood mononuclear cells (PBMCs) between SLE patients and HC have identified 

increased interferon stimulated gene expression, as well as a granulocyte and a plasmablast 

signatures across several SLE cohorts [23–25]. These transcriptional signatures are not 

shared between all SLE patients, and it has been proposed that they can be used to stratify 

SLE cohorts based on distinct clinical and cellular phenotypic profiles [24].

Mouse models of lupus point to dysregulation of immune metabolism as a key feature of 

SLE pathogenesis [6], including at the transcriptional level [26], but molecular evidence 

from patients has been limited. An increased oxidative phosphorylation gene signature has 

been found in the PBMCs of SLE patients [27], and an increased expression of genes 

associated with an elevated mitochondrial membrane potential has been reported in the T 

cells from untreated SLE patients [28]. In addition, the glycolysis and gluconeogenesis 

pathways are downregulated in CD4+ T cells of AA but not CA patients [29]. However, 

there is no clear consensus on which genes are most representative of metabolic dysfunction 

in SLE for use as a “metabolic gene signature”. In this study, we observed two metabolic 

pathways, MTORC1 signaling and OXPHOS were overexpressed in CD4+ T cells of SLE 

patients. Moreover, the expression of an OXPHOS gene signature was highly enriched in 

SLE subjects and these findings were validated in an independent cohort. Several studies 

have implicated these two pathways as central to the dysfunction of lupus T cells [30], and 

they have been further supported by the therapeutic effects of rapamycin [31] and N-

Acetylcysteine [32], respectively, in SLE patients. We have also shown that inhibiting the 

electron transport chain decreases the response of CD4+ T cells to type 1 IFN [33], 

indicating that the OXPHOS metabolic gene signature constitutes a major driver of lupus 

pathogenesis. The expression of many MYC pathway genes were also elevated in SLE CD4+ 

T cells, although the pathway as a whole did not reach statistical significance. MYC is a 

central regulator of responses to T cell receptor (TCR) signaling [34]. High expression of 

cMYC in PBMCs of SLE patients correlates with disease activity [35] and it is controlled, at 

least in part, at the transcriptional level [36]. Our results suggest that it also contributes to 

their CD4+ T cell hyperactivation. Overall, our results demonstrate that these pathways are 

regulated at the transcriptional level and represent a metabolic signature of lupus CD4+ T 

cells. Although we have previously reported an increased glycolysis in in-vitro stimulated 

CD4+ T cells from SLE patients [13], we have not found here evidence for a glycolytic gene 

signature in ex-vivo SLE CD4+ T cells. We have not found evidence either for an increased 

activation of the pentose phosphate pathway (data not shown), which dominates the 

metabolites of SLE patients [37]. This suggests that while SLE CD4+ T cells can become 

more glycolytic upon activation, their steady-state metabolism relies on OXPHOS, at least in 

patients with low disease activity.

In addition to metabolic genes, we showed globally increased expression of immune genes 

in CD4+ T cells of SLE patients. Among them, four stood out as highly expressed, FOXP3, 

IKZF2 (encoding for HELIOs), IRF4, and TIGIT. HELIOS+FOXP3+ Treg cells are 

expanded in SLE patients with active disease, mostly likely in response to inflammation [38, 

39]. Although our cohort was limited to patients with low disease activity, the high 

expression of FOXP3 and IKZF2 most likely corresponds to the expansion of this subset. 

IRF4 is a transcription factor involved in Th17 and Tfh cell differentiation, for which 

consensus binding sites are overrepresented in the promoters of SLE-susceptibility genes 

Perry et al. Page 8

Clin Immunol. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[40]. Our results suggest that overexpression of IRF4 may account for this finding. TIGIT is 

a negative regulator that is highly expressed on SLE CD4+ T cells in correlation with disease 

activity, and TIGIT+ T cells are more activated than their TIGIT-negative counterparts [41].

Only three genes tended to be expressed at lower levels in SLE patients relative to HC: 

BCL6, CXCR5 and CD40L. BCL6 is the master regulator of Tfh and Tph cells, which are 

both expanded in SLE patients [16, 17]. The Tph population is relatively more abundant than 

the Tfh population and it is characterized by a lack of CXCR5 expression, as well as a 

relatively low BCL6 expression [17]. However, there was no difference in BCL6 expression 

between Tfh and Tph cells in our cohort and it was not correlated with their expansion. 

There was a trend for a negative correlation between the frequency of Tph cells and the 

expression of CXCR5 in total CD4+ T cells. A more detailed study comparing gene and 

protein expression levels in these subsets will be necessary to address the significance of this 

finding.

An immunophenotypic screen of PBMCs from SLE patients and HC showed that 

unswitched memory B cells and pDCs were significantly reduced in SLE patients, 

corroborating previous studies [42–44]. This finding confirms that our cohort is 

representative and that our results are within expectations. Key differences between SLE 

patients and HC were driven by higher frequencies of HLA-DR+CD38+ T cell subsets. 

Active disease and autoantibody production has been associated with higher levels of T cell 

activation in SLE patients [3, 45], which has been linked to abnormal TCR signaling [46]. 

Here we show that T cell activation represents a major phenotypic feature in SLE patients, 

even when they present with stable disease activity. The majority of SLE patients belonged 

to three phenotypic clusters, two of which were characterized by T cell hyperactivation with 

the addition of Tfh subsets in one of them, while the third subset being dominated by 

dysregulation of B cell and innate immune subsets. A recent study identified three 

immunophenotype clusters in Japanese SLE patients: T cell independent, Treg dominant and 

Tfh dominant, with a dramatic increase in activated T cell subtypes in the latter cluster [1]. 

This cohort was ethnically homogeneous and had higher disease activity, representing two 

key differences from our cohort. However, their Tfh dominant cluster overlaps with our 

cluster a, and its T-independent cluster overlaps with our cluster b. The Treg subsets did not 

segregate in our cohort for reasons that are unclear.

The frequency of activated HLA-DR+CD38+ T cells separated SLE patients into two 

clusters in our study. These hyperactivated phenotypes were not specific to any subset of 

effector T cells. The expression of metabolic genes was globally higher in the CD4+ T cells 

from patients in the hyperactivated SLE cluster 1, with a positive correlation between 

activated memory T cell phenotypes. These results correspond to the functional link between 

T cell activation, proliferation and metabolism in general [47] and the correlation between 

increased mitochondrial metabolism and activation in T cells from SLE patients [28]. 

Disease severity and drug regimens were similar between the two clusters, suggesting that 

these variables were not involved. The only distinctive feature of cluster 1 with 

hyperactivated T cell phenotypes was a much higher frequency of AA patients. AA SLE 

patients tend to have a more severe disease [48], and their genetic risk is higher than CA 

patients [49]. It has been suggested that disease is more B cell-driven in AA patients, who 
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present higher expression of typical activation markers such as CD80, CD86, and CD40L 

than CA SLE patients [50]. To our knowledge, our study is the first to report globally 

increased T cell activation in AA SLE patients. There are indications, however, of increased 

T cell activation in AA subjects that may precede disease manifestations. Naïve CD4+ T 

cells present a higher level of DNA demethylation in AA HC and SLE patients than in their 

CA counterparts [51]. Anti-nuclear autoantibody (ANA)-positive healthy AA but not CA 

subjects present a higher level of T cell activation than ANA-negative individuals [52].

5. Conclusion

Overall, our results suggest that T cell activation is an important contributor to SLE 

pathogenesis in AA patients. Future studies in larger cohorts should define the relationship 

between T cell and B cell activation in this group, and whether it corresponds to specific 

disease manifestations. Furthermore, our study identified a group of patients in which the 

hyperactivation of T cells correlated with a high metabolic profile. Metformin and mTOR 

inhibitors have been shown to normalize the activation and effector functions of lupus CD4+ 

T cells [13, 31, 33]. Recent clinical trials have shown a beneficial effect of these drugs in 

SLE patients [31, 53]. Our results suggest that the cluster with hyperactivated T cells may 

serve as a biomarker to identify a subgroup that might respond more readily to treatment 

with these metabolic inhibitors.
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Highlights

• CD4+ T cells from SLE patients express higher levels of metabolic genes, 

including in the oxidative phosphorylation pathway, as well as 

immunoregulatory genes

• SLE patients with low disease activity present higher frequencies of 

circulating activated CD38+HLA-DR+ CD4+ and CD8+ T cells across several 

effector subsets than healthy controls.

• Among SLE patients, highly activated T cell subsets defines a group in which 

African American patients were overrepresented, with higher frequencies of 

Th1 and Tfh cells, as well as plasmablasts than the low activation group.

• A higher expression of immunoregulatory and metabolic genes is associated 

with the presentation of more activated immunophenotypes in SLE patients.

• T cell activation was positively correlated with metabolic gene expression in 

SLE patients but not in healthy controls.
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Fig. 1. 
SLE CD4+ T cells have increased oxidative metabolism gene signature when compared with 

HC. A. Top five HALLMARKS pathway analysis differentially expressed between SLE and 

HC CD4+ T cells. B. Gene set enrichment plot for OXPHOS. C. Heatmap of microarray 

data for oxidative metabolism genes. Each row represents a SLE or HC subject. 131 of 193 

total OXPHOS pathway genes comprised the core enrichment set. Genes are ranked right to 

left by enrichment score, and only the top 50 are shown due to space limitation. D. 

Nanostring nCounter validation of OXPHOS genes overexpressed in SLE CD4 T cells. N = 

19 HC and 35 SLE, *p < 0.05. Student’s t-tests.
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Fig. 2. 
Immune gene expression is altered in SLE CD4+ T cells. A. Volcano plot of gene expression 

from a Nanostring code set of 35 genes indicates that 4 genes are significantly upregulated 

in SLE CD4 T cells. B. Normalized expression of individual genes: FOXP3, IRF4, IKZF2, 

and TIGIT. SLE cluster GE2 had a higher cumulative gene expression score (CGES) for 

immunoregulatory (C) and metabolic genes (D) than either SLE cluster GE1 or HC. Gene 

function is defined in Supplemental Table 1. CGES was computed as the sum of z-scored 

gene expression. Box plots are Tukey box and whiskers. Two-stage step-up method FDR t-

test *q < 0.05, **q < 0.01. HC: n = 19, SLE: n = 35, GE1: n = 17; GE2: n = 18.
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Fig. 3. 
Immunophenotyping identified circulating immune subset differences in SLE subjects (N = 

39) versus HC (N = 23). A. Volcano plot of SLE z-scored immunophenotype difference 

from HC. The horizontal dashed line indicates q = 0.05. B. Comparison of the seven top 

immunophenotypes between SLE and HC subjects, with representative gatings of activated 

(CD38+HLA-DR+) naïve and memory CD4+ (C) and CD8+ (D) subsets, as well as activated 

(CD38+HLA-DR+) CD4+CD45RO+ Teff subsets (E). Comparison of the frequency of Tfh 

(F) and Tph (G) among CD4+ T cells between SLE and HC subjects. G. Comparison of the 

frequency of of Tph cells among CD4+ T cells between AA and the combination of CA and 

HA patients. Box plots are Tukey box and whiskers. Two-stage step-up method FDR T-test * 

q <0.05, ** q < 0.01, *** q < 0.001, **** q < 0.0001.
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Fig. 4. 
SLE patients from cluster GE2 present activated immunophenotypes. GE1 and GE2 

transcriptional clusters were defined in Fig. 2. A. Frequency of Treg cells among CD4+ T 

cells. B. Frequency of effector cells among Treg cells. C. CD25 expression (mfi) on 

activated Tconv cells. Frequency of Th1 (D), Th1/Th17 (E), and Th17 (F) among activated 

CD4+ T cells. Frequency of Tfh (G) and Tph (H) cells among CD4+ T cells. (I) Frequency 

of plasmablasts among B cells. Box plots are Tukey box and whiskers. Two-stage step-up 

method FDR T-test * q <0.05, ** q < 0.01.
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Fig. 5. 
Correlations between the frequency of Tfh (top) or Tph (bottom) cells and the expression in 

total CD4+ T cells from SLE patients for BCL6, PDCD1, IL15R and TIGIT. GE1 and GE 

patients are represented by open and closed symbols, respectively. Spearman correlation r 

values and corresponding p values are shown.
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Fig. 6. 
SLE CD4+ T cells present altered patterns of immunophenotype and gene expression 

correlation. A. Hierarchical clustering of SLE patients by immunophenotypes reveals two 

major groups, P1 and P2. Cluster P1 featured increased frequencies of the 24 

immunophenotypes shown on the heatmap. The color bar legend indicates age (top), 

ethnicity (middle), and SLEDAI (bottom). Due to space limitations, the phenotype 

dendrogram is not shown and heatmap excludes all phenotypes that were not in the top 

phenotype cluster. B – E. Correlations between immunophenotypes and gene expression are 

shown for HC and SLE, as well as for the SLE immunophenotypes subsets, P1 and P2, 

defined by hierarchical clustering. B. Correlation between class-switched B cells and plasma 

cells with CD4+ T cell subsets. C. Correlation between STAT1 gene expression in CD4+ T 
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cells and T cell immunophenotypes, or other genes from the Nanostring code set. D. 

Correlations between activated memory CD4+ T cells and metabolic gene expression. E. 

Correlation between the expression of IRF4 and that of metabolic genes. Correlations were 

evaluated by Spearman r. Activated memory CD4+ T cells (Act. Mem. CD4+, B, C, and D) 

is the proportion of CD38+HLA-DR+ cells within non-naïve cells (Tcm, Tem, and Temra). 

For immunophenotype comparisons (B), HC n = 23, SLE n = 39, P1 n = 18, and P2 n = 21. 

For gene expression and immunophenotype comparisons (C and D), HC n = 9, SLE n = 22, 

P1 n = 12, and P2 n = 10. For gene expression comparisons (E), HC n = 19 and SLE n = 35, 

P1 n = 12, and P2 n = 10.
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Table 1.

Demographic characteristics of SLE patients and HC

Dataset Microarray Nanostring Immunophenotyping

Clinical Status SLE HC SLE HC SLE HC

Female # 7 8 35 19 39 23

Age average (range) 33.1 (24–54) 39.0 (27–59) 43.0 (24–69) 37.5 (20–56) 45.8 (26–69)*** 30.9 (20–52)

Race # (%)

 African American 1 (14.3) 2 (28.6) 13 (37.1) 3 (15.8) 19 (48.7) 5 (21.7)

 Caucasian 5 (71.4) 5 (71.4) 14 (40.0)‡ 16 (84.2) 15 (38.5)† 16 (69.6)

 Hispanic 1 (14.3) 1 (14.3) 8 (22.9) 0 (0) 5 (12.8) 2 (8.7)

SLEDAI average (range) 4 (0 – 18) 3 (0 – 14) 3.1 (0–12)

Drug regimen # (%)

 Hydroxychloroquine 6 (85.7) 32 (91.4) 37 (94.8)

 Mycophenolate Mofetil 3 (42.9) 17 (48.6) 17 (43.6)

 Prednisone 3 (42.9) 7 (20.0) 8 (20.5)

 Methotrexate 1 (14.3) 2 (5.7) 2 (5.1)

 Azathioprine 1 (14.3) 7 (20.0) 10 (25.6)

 Tacrolimus 0 (0) 1 (2.9) 0 (0)

 Dapsone 1 (14.3) 0 (0) 0 (0)

Age and race distributions were compared for each data set.

Student’s t test ***p<0.001,

Fisher’s exact test †p<0.05,

‡
p<0.01
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