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Abstract 21 

Objective: To investigate the immune cell profiling and their longitudinal changes in 22 

systemic lupus erythematosus (SLE). 23 

Methods: We employed mass cytometry with three different 38-39 marker panels 24 

(Immunophenotyping, T cell/monocyte, and B cell) in cryopreserved peripheral 25 

blood mononuclear cells (PBMCs) from nine patients with early SLE, 15 patients 26 

with established SLE, and 14 non-inflammatory controls. We used machine 27 

learning-driven clustering, FlowSOM (Flow Self-Organizing Maps) and dimensional 28 

reduction with tSNE (t-distributed Stochastic Neighbor Embedding) to identify 29 

unique cell populations in early and established SLE. For the nine early SLE patients, 30 

longitudinal mass cytometry analysis was applied to PBMCs at three time points (at 31 

enrollment, six months post-enrollment, and one year post-enrollment). Serum 32 

samples were also assayed for 65 cytokines by Luminex multiplex assay, and 33 

associations between cell types and cytokines/chemokines assessed. 34 

Results: T peripheral helper cells (Tph cells), T follicular helper cells (Tfh cells) and 35 

several Ki67+ proliferating subsets (ICOS+ Ki67+ CD8 T cells, Ki67+ regulatory T 36 

cells, CD19int Ki67hi plasmablasts, and Ki67hi PU.1hi monocytes) were increased in 37 

early SLE. Longitudinal mass cytometry and multiplex serum cytokine assays of 38 

samples from early SLE patients revealed that Tfh cells and CXCL10 decreased at 39 

one year post-enrollment. CXCL13 correlated positively with several of the 40 

expanded cell populations in early SLE.   41 

Conclusions: Two major helper T cell subsets and unique Ki67+ proliferating 42 

immune cell subsets were expanded in the early phase of SLE, and the immunologic 43 

features characteristic of early SLE evolved over time. 44 
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Systemic lupus erythematosus (SLE) is a prototypical autoimmune disease 45 

that affects multiple vital organs. Untreated immune activation in SLE can lead to 46 

tissue inflammation and irreversible organ damage, thus rapid recognition of lupus 47 

disease activity is an important goal in the care of patients with SLE. Delays in 48 

treatment are associated with poorer treatment responses and worse outcomes 49 

(1-3).  50 

Despite the importance of early recognition and intervention, diagnosis of 51 

early SLE is often difficult because initial manifestations of the disease frequently 52 

include relatively non-specific symptoms. Fever, autoantibody production, 53 

hypocomplementemia and leukopenia are relatively common in early SLE (4), 54 

indicating that systemic immunologic features are already altered in the early phase. 55 

We hypothesize that defining the alterations in immune cell populations early in 56 

disease will provide critical insights into the early evolution of pathologic immune cell 57 

activation in SLE and may yield key metrics to diagnose SLE in the early phase. 58 

A series of single-cell RNA sequencing studies from inflamed tissues recently 59 

identified aberrant immune cell expansions and cytokine/chemokine-mediated 60 

cellular networks within the affected organs in SLE (5, 6). These unbiased analyses 61 

provided broad and robust information on the composition of the immune cell 62 

infiltrates in the kidney in lupus nephritis. However, since multiple biopsies are 63 

difficult in most cases and most of the tissue samples were obtained from patients 64 

with established disease, there is limited information on immunologic features early 65 

in disease and little description of changes in inflammatory features between early 66 

and later established phases of disease. This information is important for the 67 

definition of immune response evolution over time in lupus, which may provide 68 

insights into differences in treatment response over time. From this perspective, 69 
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blood samples are easier to access and analyse longitudinally, yet few longitudinal 70 

studies of associations between immunophenotype and clinical features in SLE over 71 

time have been reported (7, 8).  72 

Mass cytometry (or Cytometry by Time Of Flight, CyTOF) is a powerful tool to 73 

broadly assess surface markers as well as intracellular proteins on immune cells. 74 

Dimensional reduction and visualization with tSNE (t-distributed Stochastic 75 

Neighbor Embedding) (9) combined with machine learning-driven clustering with 76 

methods such as FlowSOM (Flow Self-Organizing Maps) (10) allow for 77 

discrimination of distinct immune cell clusters in an unbiased way. Previously, the 78 

increase of PD-1hi CXCR5- CCR2+ CD4 T cells (T peripheral helper cells; Tph cells) 79 

in the peripheral blood of patients with SLE was identified by this methodology (11). 80 

CCR2 is a homing protein that promotes migration of immune cells to inflammatory 81 

sites, suggesting that the increase of the circulating immune cell subset reflects an 82 

inflammatory condition in the affected sites. Two studies have recently reported 83 

analyses using mass cytometry to examine blood samples from patients with 84 

established SLE (12, 13), but the longitudinal changes have not yet been studied.        85 

Here we report broad mass cytometry data analyses with three different 86 

38-39 marker panels in blood cells from patients with a new diagnosis of SLE. We 87 

first identified several unique immune cell populations in early SLE through 88 

unsupervised clustering and then verified the frequencies of these immune cell 89 

subsets. We further investigated the immune cell frequencies and serum cytokine 90 

levels in early SLE over time (at enrollment, six months, and 12 months post- 91 

enrollment). These longitudinal analyses indicated that several unique Ki67+ 92 

proliferating immune cell subsets are expanded even in the early phase of SLE and 93 

remain consistently elevated over time. In contrast, T follicular helper cells (Tfh cells) 94 
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appeared elevated early after diagnosis and decreased over time. Serum cytokine 95 

profiling identified CXCL10, CD40L, IL-20, and TWEAK increased in early SLE, but 96 

among them, CXCL10 decreased longitudinally. Our data provide a detailed 97 

assessment of the immunologic features characteristic of early SLE as well as their 98 

changes over time. 99 

 100 

Results 101 

An unsupervised cell clustering view of the immune cell landscape in SLE. 102 

To investigate immunological and longitudinal changes in SLE, we evaluated 103 

cross-sectional and longitudinal analyses of peripheral blood mononuclear cells 104 

(PBMCs) by mass cytometry using three different panels (broad immunophenotype 105 

panel, T cell/monocyte-focused panel, and B cell-focused panel), along with 106 

65-analyte serum cytokine profiling data (Figure 1A, S-Table 1). As an overview of 107 

our approach, we first applied unsupervised cell clustering using FlowSOM and 108 

dimensionality reduction by tSNE to the cross-sectional mass cytometry data from 109 

nine patients with early SLE who were enrolled within six months after the diagnosis, 110 

15 patients with established SLE, and 14 non-inflammatory controls to identify 111 

distinct populations in an unbiased way. Early SLE patients were younger than 112 

established SLE patients (21.6 vs 36.5 years old, P<0.001), and corticosteroid (CS) 113 

use (33.3 vs 93.3%, P=0.03) and the dose (2.5 vs 14.5 mg/day, P=0.01) were higher 114 

in established SLE patients. SLEDAI-2K disease activity were comparable between 115 

the two groups (5.8 vs 5.1, P=0.80) (S-Table 2, 3). We then investigated the 116 

longitudinal changes of the distinct immune cell populations and 65 cytokine levels 117 

from the nine patients with early SLE (Figure 1B), at three time points (A = at 118 

enrollment, B = six months after the enrollment, C = 12 months after the enrollment). 119 
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Finally, we analysed associations between cell types and cytokines by hierarchical 120 

clustering.  121 

 For an initial, high-level view of the circulating immune cell populations, we 122 

first performed tSNE clustering of Immunophenotype panel mass cytometry data 123 

from the cross-sectional cohorts (Figure 1C). tSNE allowed clear visualization of 124 

distinct immune cell clusters, including three major CD3+ T cell populations, CD3- 125 

CD56+ NK cells, CD19+ B cells, CD14+ monocytes, CD14- CD11c+ myeloid dendritic 126 

cells (mDCs). Two of the CD3+ clusters were CD3+ CD4+ T cells and CD3+ CD8+ T 127 

cells. A third cluster, CD3+ CD4- CD8- T cells expressed TCRγδ, identifying this 128 

population as γδ T cells. Among these high-level immune cell subsets, the proportion 129 

of CD3+ CD8+ T cells was increased and the proportion of CD3+ CD4+ T cells was 130 

decreased in established SLE patients compared to controls, but none of these 131 

populations were higher in early SLE compared to controls. 132 

 133 

Expanded Ki67+ activated CD8 T cells in SLE patients. 134 

We next investigated changes in CD8 T cell populations in early SLE. To 135 

identify cell populations that differ between controls and SLE patients, we clustered 136 

CD8 T cells based on the 39-marker T cell-focused panel using FlowSOM. We 137 

compared the abundances of the clusters between SLE and controls and identified 138 

metacluster 10 as significantly increased in early SLE patients (5.2-fold, P<0.05, 139 

Kruskal-Wallis with Dunn’s multiple comparisons test) (Figure 2A). Heatmap 140 

expression analysis revealed that metacluster 10 contained cells with high 141 

expression of Ki67 and ICOS, suggesting that they are proliferating CD8 T cells 142 

(Figure 2B). Metaclusters 5 and 9 showed a similar expression pattern to 143 

metacluster 10 with high expression of Ki67 and ICOS and tended to be higher in 144 
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SLE (Figure 2A). tSNE visualization of merged data from early SLE patients 145 

confirmed that the Ki67+ proliferative population expressed ICOS (Figure 2C). This 146 

population also expressed PD-1 and HLA-DR, suggesting that these are activated 147 

CD8 T cells. Interestingly, the Ki67+ CD8 T cells did not highly express granzyme B 148 

and granzyme K. Biaxial plots demonstrated that Ki67+ ICOS+ CD8 T cells 149 

significantly increased in early SLE compared to controls (0.8 vs 3.5%, P<0.01, 150 

Kruskal-Wallis with Dunn’s multiple comparisons test) (Figure 2D).  151 

In longitudinal analyses including time points six and 12 months 152 

post-enrollment, Ki67+ ICOS+ CD8 T cells remained persistently elevated over time. 153 

Disease activity in this patient cohort remained similarly active during this time frame 154 

(Figure 2E, F). We also identified metacluster 13, which contained T cells with high 155 

expression of CD94, CD56, and TCRVδ2, as significantly decreased in early SLE 156 

and established SLE patients (Figure 2A, B). Metacluster 3, which contained CD96+ 157 

CD8 T cells, was reduced in established SLE, but not in early SLE (Figure 2A, B).  158 

 159 

Tfh cells but not Tph cells decreased over time in early SLE. 160 

We next applied FlowSOM to CD4 T cells in controls and SLE patients. We 161 

identified metaclusters 6 (2.3-fold, P<0.01), 13 (5.8-fold, P<0.01), 14 (2.8-fold, 162 

P<0.05), and 15 (3.9-fold, P<0.01) significantly increased in early SLE patients at 163 

diagnosis (Figure 3A). Cells in metacluster 6 and metacluster 13 highly expressed 164 

PD-1, ICOS, and CD40L, but lacked CXCR5, suggesting that these two 165 

metaclusters contained Tph cells (Figure 3B). Interestingly, these two clusters were 166 

quite different in expression of CXCR3 and T-bet; low expression in metacluster 6 167 

and high expression in metacluster 13. Metacluster 14 could be classified as Tfh 168 

cells with the high expression of PD-1, ICOS, and CXCR5. Metacluster 15 169 
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demonstrated a proliferating Treg phenotype with high expression of Ki67, FoxP3, 170 

CTLA-4, Helios, CD25, and CD39, and low expression of CD127 (Figure 3B). tSNE 171 

visualization revealed distinct clusters of PD-1 in either CXCR5+ or CXCR5- regions 172 

and Ki67+ FoxP3-expressing Treg in early SLE patients (Figure 3C). 173 

Quantification by biaxial gating confirmed that CXCR5- PD-1hi Tph cells  174 

(controls: 3.0%, early SLE: 7.0%, established SLE: 8.9%, P<0.05 in controls vs early 175 

SLE, P<0.01 in controls vs established SLE), CXCR5+ PD-1hi Tfh cells (controls: 176 

2.0%, early SLE: 6.2%, established SLE: 4.4%, P<0.001 in controls vs early SLE, 177 

P<0.05 in controls vs established SLE), and Ki67+ FoxP3+ Treg cells (controls: 1.0%, 178 

early SLE: 3.6%, established SLE: 2.5%, P<0.01 in controls vs early SLE, P<0.01 in 179 

controls vs established SLE) were increased in both early SLE and established SLE 180 

patients (Figure 3D, E). We also found that Tph cells and Ki67+ Treg cells were 181 

consistently elevated at one year after the diagnosis, whereas Tfh cells decreased 182 

over time in the early SLE cohort (Figure 3F). The proportion of Tfh cells did not 183 

correlate with corticosteroid dose and was not significantly different between the 184 

patients treated with prednisone >10mg and/or mycophenolate mofetil (MMF) and 185 

those without, suggesting that the decrease is independent from 186 

immunosuppressive treatment (Figure 3G). We identified metaclusters 1 and 3 187 

significantly decreased in established SLE patients (Figure 3A). These metaclusters 188 

highly expressed CD127 and CD40L, but CXCR5 was quite distinct between 189 

metacluster 1 (CXCR5-) and metacluster 3 (CXCR5+) (Figure 3B).  190 

 191 

Increased CD19int Ki67hi plasmablasts in early SLE. 192 

We next applied the same clustering approach to CD19+ B cells, now using 193 

the B cell-focused mass cytometry panel (S-Table 1). We found metacluster 4 194 
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increased in early SLE patients (4.7-fold, P<0.05), metaclusters 11, 12, 13, and 15 195 

increased in established SLE patients, and metacluster 14 increased in both early 196 

SLE (3.0-fold, P<0.05) and established SLE (Figure 4A). Expression heatmap 197 

analysis indicated that metacluster 4 contained a CD19int Ki67hi population with high 198 

expression of CD27 and CD38, indicating proliferating plasmablasts (Figure 4B). 199 

We also identified 5 metaclusters consistent with CD11c+ T-bet+ CD21low CXCR5- 200 

age-associated B cells (ABCs): HLA-DR+ CD38- IgG+ ABCs (metacluster 11), 201 

HLA-DR++ CD38+ Ki67+ IgG+ ABCs (metacluster 12), CD1c+ IgM+ ABCs 202 

(metacluster 13), IgM+ IgD+ ABCs (metacluster 14), and CD11chi T-bethi ABCs 203 

(metacluster 15). tSNE visualization demonstrated distinct marker expression of 204 

CD19int Ki67hi plasmablasts and CD11c+ T-bet+ CD21low CXCR5- ABCs in early SLE 205 

(Figure 4C). Biaxial plots confirmed that the CD19int Ki67hi population contained 206 

CD27+ CD38+ plasmablasts, but CD19hi Ki67low population did not (Figure 4D). 207 

CD19int Ki67hi CD27+ CD38+ plasmablasts were significantly increased in early SLE 208 

patients (controls: 0.07%, early SLE: 0.88%, established SLE: 0.18%, P<0.01 in 209 

controls vs early SLE), whereas CD11c+ CD21low ABCs were more expanded in 210 

established SLE patients (controls: 3.8%, early SLE: 7.6%, established SLE: 14.8%, 211 

P<0.001 in controls vs established SLE) (Figure 4D, E). CD19int Ki67hi CD27+ 212 

CD38+ plasmablasts were significantly lower in established SLE compared to early 213 

SLE patients, but also significantly lower in the SLE patients treated with prednisone 214 

>10mg and/or MMF compared the others (0.14% vs 1.1%, P<0.01) (S-Figure 1), 215 

suggesting that treatment may affect plasmablast abundance in treated SLE 216 

patients. Consistent with the increased abundance of metacluster 14 in early SLE, 217 

IgM+ IgD+ ABCs were significantly higher in early SLE patients compared to controls 218 

(Figure 4F). For other subclasses, almost 40% of CD19int Ki67hi CD27+ CD38+ 219 
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plasmablasts were IgA, and IgG was rare, whereas IgG was more frequent (20%) in 220 

CD11c+ CD21low ABCs (Figure 4G), indicating that class-switching isotypes were 221 

different in CD19int Ki67hi CD27+ CD38+ plasmablasts and CD11c+ CD21low ABCs. In 222 

longitudinal analyses, CD19int Ki67hi CD27+ CD38+ plasmablasts and ABCs, and IgG 223 

or IgA class-switched CD19int Ki67hi CD27+ CD38+ plasmablasts and ABCs, stayed 224 

at high levels at one year after enrollment (S-Figure 2, Figure 4H). We also 225 

identified metacluster 6, which contained IgA+ IgD- CD27+ memory B cells, as 226 

relatively decreased in early SLE patients. 227 

   228 

Increased PU.1hi Ki67hi monocytes in early SLE. 229 

In the CD14+ monocyte FlowSOM analysis using the T cell/monocyte panel, 230 

metacluster 8 was decreased and metacluster 13 was increased in early (5.6-fold, 231 

P<0.05) and established SLE patients compared to controls (Figure 5A). Heatmap 232 

analysis indicated that metacluster 13 contained HLA-DR- PU.1hi Ki67hi monocytes 233 

(Figure 5B). tSNE visualization confirmed that Ki67hi monocytes highly expressed 234 

PU.1 but not HLA-DR (Figure 5C). Biaxial plots revealed that metacluster 13 was 235 

well correlated with HLA-DR- Ki67hi monocytes and PU.1hi Ki67hi monocytes but 236 

more strongly in PU.1hi Ki67hi monocytes (Figure 5D). Consistent with the FlowSOM 237 

analysis, PU.1hi Ki67hi monocytes were increased in patients with early SLE, with 238 

comparable levels to established SLE patients (controls: 7.6%, early SLE: 29.6%, 239 

established SLE: 29.7%, P<0.05 in controls vs early SLE, P<0.05 in controls vs 240 

established SLE) (Figure 5E). PU.1hi Ki67hi monocytes expressed higher levels of 241 

CCR2 compared to PU.1low Ki67low monocytes (P<0.001) (Figure 5F). PU.1hi Ki67hi 242 

monocyte frequency did not change over time in early SLE patients (Figire 5G).  243 

 244 
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Associations between expanded immune cell populations in SLE. 245 

Since the analyses across multiple mass cytometry panels revealed that 246 

several Ki67+ proliferating populations were expanded in patients with SLE, we 247 

hypothesized that Ki67+ NK cells would also be increased in SLE. As we expected, 248 

biaxial plots indicated that NKG2D+ Ki67+ CD3- CD56+ NK cells were highly 249 

increased in SLE, with stable levels in patients with early SLE over time (Figure 6A, 250 

B). The Ki67+ population did not express PD-1, HLA-DR, and ICOS, unlike Ki67+ 251 

CD4 or CD8 T cells (Figure 6C). Next, to identify associations between expanded 252 

immune cell populations in early SLE, we applied a hierarchical clustering analysis 253 

using the frequencies of Ki67+ ICOS+ CD8 T cells, Tph cells, Tfh cells, IgG+ CD19int 254 

Ki67hi plasmablasts, IgA+ CD19int Ki67hi plasmablasts, IgG+ ABCs, IgA+ ABCs, 255 

PU.1hi Ki67hi monocytes, and NKG2D+ Ki67+ NK cells. This analysis segregated cell 256 

populations into clusters with distinct patterns, including one cluster of PU.1hi Ki67hi 257 

monocytes and NKG2D+ Ki67+ NK cells (innate immunity cluster), one cluster of 258 

Ki67+ ICOS+ CD8 T cells, Tph cells, and Tfh cells (T cell cluster), and one larger 259 

cluster of IgG+ CD19int Ki67hi plasmablasts, IgA+ CD19int Ki67hi plasmablasts, IgG+ 260 

ABCs, and IgA+ ABCs (B cell cluster) (Figure 6D). Notably, Tph cells correlated with 261 

ABCs (ρ=0.51 P=0.006) and CD19int Ki67hi plasmablast (ρ=0.43 P=0.01), whereas 262 

Tfh cells did not (Figure 6E).  263 

 264 

Longitudinal cytokine and chemokine profiling in early SLE. 265 

We next measured levels of 65 cytokines and chemokines in serum from 9 266 

controls and nine early SLE patients, with the early SLE patients again analysed at 267 

three timepoints as in the cytometry analyses. Among the 65 cytokines/chemokines 268 

we selected a priori to be potentially important in early SLE pathogenesis, 33 269 
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cytokines were detected in serum samples. Interestingly, these cytokines positively 270 

correlated with each other together, suggesting a co-ordinately regulated underlying 271 

cytokine network in early SLE (Figure 7A). Most cytokines, with the exception of 272 

IL-16, had higher levels in early SLE samples, and IL-2R, CXCL10, CXCL13, 273 

IL-12p70, IL-17A, TSLP, CCL8, CCL24, TNF-RII, IL-2, IL-20, CD40L, CCL3, CD30, 274 

and TWEAK were significantly increased in early SLE samples, and CXCL10, 275 

CD40L, IL-20, and TWEAK remaining significantly higher even after Bonferroni 276 

correction to adjust for multiple testing (Figure 7B, S-Figure 3, S-Figure 4). Among 277 

these four cytokines, CXCL10 (P=0.03) was significantly decreased at 1 year after 278 

diagnosis, but CD40L, IL-20, and TWEAK stayed high levels. (Figure 7C, S-Figure 279 

5). Next, to clarify the potential association between immune cells and chemokines, 280 

we investigated correlations between immune cell frequencies and serum 281 

chemokine levels in early SLE. Notably, CXCL13 broadly and strongly correlated 282 

with expanded lymphocyte subsets (Tph, Tfh, Ki67hi ICOS+ CD8, ABC, 283 

plasmablasts) in samples from patients with SLE (Figure 7D). In contrast, CCL2 was 284 

strongly correlated with PU.1hi Ki67hi monocytes, the subset that highly expressed 285 

CCR2, suggesting the involvement of CCL2-CCR2 axis for PU.1hi Ki67hi monocytes 286 

migration to inflamed sites. These results suggest that different co-regulated 287 

pathways, which link cell types to related circulating factors, are active in early SLE 288 

patients.  289 

 290 

Discussion 291 

By broad and longitudinal cellular immunophenotyping and serum 292 

cytokine/chemokine profiling, we identified multiple expanded immune cell 293 

populations in patients with early SLE and evaluated their changes in the first year of 294 
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disease and their relationships with serum cytokines/chemokines. We found that 295 

several lymphocyte populations expanded in early SLE share a common feature of 296 

expression of Ki67, a well-established marker of lymphocyte proliferation. This 297 

shared cytometric feature may capture the broad, active immune response occurring 298 

in early SLE. These Ki67+ populations, as well as Tph cells and ABCs, remain 299 

consistently elevated over the first year and are similarly elevated in established SLE 300 

patients, suggesting that these pathways are activated early and continue to 301 

characterize the pathologic immune response in SLE.  302 

Notably, we also identified specific features of the immune response that 303 

change over time in early SLE patients. In particular, Tfh cells decreased over time in 304 

early SLE patients. Although Tfh cells and some of their inducing factors, such as 305 

IL-12, have been considered as therapeutic targets in SLE (14, 15), a phase III study 306 

of ustekinumab, a monoclonal antibody targeting interleukin IL-12 and IL-23, was 307 

discontinued due to the lack of efficacy (LOTUS study; NCT03517722). Since Tfh 308 

expanded initially, but decreased longitudinally, this target may have the therapeutic 309 

“window of opportunity”. Moreover, CD40L, IL-20, and TWEAK were increased at 310 

the initial time point and persistently elevated, while CXCL10 decreased over time. 311 

These data suggested that immune profiles change in each phase of SLE (Figure 8), 312 

such that quantification of some features of the immune response in SLE need to be 313 

adjusted based on disease duration.  314 

 Diagnosing early SLE is challenging because the initial clinical manifestations 315 

are often non-specific. Identifying the immune system activation associated with 316 

early SLE may help to diagnose SLE as early as possible. Our study revealed that 317 

both antibody-secreting plasmablasts and B cell-helper T cells, including Tfh cells 318 

and Tph cells, were activated in the early phase and could be markers for early SLE. 319 
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Since autoantibodies are increased several years prior to SLE onset (16), but not all 320 

autoantibody positive individuals develop SLE, it will be of major interest to 321 

determine whether alterations in circulating activated B cells and B cell-helper T can 322 

serve as specific hallmarks to predict risk of developing clinically evident SLE. 323 

Both Tph cells and Tfh cells contribute to B cell responses through the 324 

production of IL-21, CD40L, and CXCL13 (17, 18). Strikingly, Tph cells stayed at 325 

high levels during the first year post-enrollment, whereas Tfh cells decreased 326 

longitudinally, suggesting distinct roles for Tph cells and Tfh cells over the course of 327 

the disease. One major difference between Tph cells and Tfh cells is their 328 

chemokine receptor expression, which determines their migratory capacity. Tph 329 

cells migrate into local inflammatory sites through receptors such as CCR2 and 330 

CCR5, while Tfh cells accumulate in B cell follicles within secondary lymphoid 331 

organs via a CXCR5-CXCL13 axis (19). Our data imply that Tfh-B cell interactions in 332 

secondary lymphoid organs may be particularly important at the initial onset of SLE, 333 

but the importance may shift to Tph-B cell interactions at local inflammatory sites 334 

over time. We did collect detailed data on SLE therapies administered to the newly 335 

diagnosed patients, but our small sample size precludes detailed analysis of how 336 

these therapies may impact lymphocyte populations and cytokines/chemokines over 337 

the first year of disease and this also deserves further study. 338 

In the B cell analysis, the dominant subclasses differed in ABCs and CD19int 339 

Ki67hi plasmablasts. Recent broad BCR analysis of six different autoimmune 340 

diseases indicated that plasmablasts expressed more IgA1/2 compared to IgG1/2, 341 

whereas IgD- CD27- B cells, which contain much of the ABC population, expressed 342 

more IgG1/2 (20). Among these six autoimmune diseases, the frequency of IgA1/2 343 

in PBMC B cells was higher in SLE, IgA vasculitis, Crohn’s disease, and Bechet’s 344 
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disease compared to healthy controls. Considering that the mucosal associated 345 

lymphoid tissues (MALT) or gut-associated lymphoid tissues (GALT) are the main 346 

source of IgA+ plasmablasts (21), intestinal dysbiosis might be involved in the 347 

increase of plasmablasts in SLE.  348 

We found that an expanded monocyte population in SLE expressed elevated 349 

levels of PU.1, a transcription factor implicated in macrophage development and 350 

function (22). Previous single-cell RNA-seq analyses of kidney biopsy samples 351 

suggested that inflammatory monocytes differentiate into phagocytic and M2-like 352 

macrophages in lupus nephritis (5). As PU.1hi Ki67hi monocytes expressed CCR2 353 

and correlated well with serum CCL2, this monocyte population in the blood may be 354 

a precursor of inflammatory monocytes that infiltrate tissues.  355 

A hierarchical clustering of immune cell subsets revealed distinct clusters of 356 

immune subsets with correlated abundance patterns, including clusters reflective of 357 

innate immunity, T cell activation, and B cell activation. Of note, Tph cells and Ki67+ 358 

ICOS+ CD8 T cells were strongly correlated, suggesting that these two subsets may 359 

be regulated through a common inducing factor. In this context, type I IFN may play 360 

an important role in the regulation. A series of RNA-seq analyses indicated that IFN 361 

signatures were highly enriched in Tph cells in SLE (11) and Ki67hi CD8 T cells in 362 

immune checkpoint inhibitor-associated arthritis patients (23). In addition, type I IFN 363 

has negative regulatory effects on the expression of CXCR5 (24, 25). As Tph cells 364 

and Ki67+ ICOS+ CD8 T cells may be pathogenic drivers of SLE, anifrolumab, a fully 365 

human monoclonal antibody against the type I IFN receptor (26), may act to 366 

ameliorate the disease activity in part through the regulation of Tph cells and Ki67+ 367 

ICOS+ CD8 T cells. 368 
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Our study has several limitations. The relatively small cohort of early SLE 369 

patients followed limits the ability to identify co-correlated immune features and 370 

precludes evaluation of clinical correlates of the cellular features identified. A larger 371 

cohort will be required in subsequent studies to determine the potential prognostic 372 

significance of the immune features detected here. We have quantified cytometric 373 

and serum protein features but have not interrogated transcriptional programs. In 374 

addition, our study focuses only on blood samples and does not contain parallel 375 

tissue studies. Nonetheless, the substantial alterations demonstrated in circulating 376 

immune cells from patients with lupus support the idea that clinically relevant signals 377 

may be detectable in blood samples. 378 

In conclusion, this study highlighted persistent activation of Tph, ABCs, and 379 

Ki67+ proliferating immune cells populations in the blood in early SLE and 380 

underscores the value of broad, longitudinal immunophenotyping to define patterns 381 

of SLE immune activity that may help refine potential biomarkers and prioritize 382 

therapeutic targets for early and established phases of SLE. 383 

 384 

Methods  385 

Study Subjects 386 

All SLE patients met 1997 ACR classification criteria (27). For the early SLE 387 

cohort, nine SLE patient were who were within six months of disease diagnosis and 388 

without treatment with major immunosuppressive therapies (treatment with 389 

prednisone ≤ 10mg and hydroxychloroquine were permitted). For the 390 

cross-sectional study, 14 non-inflammatory controls and 15 patients with established 391 

SLE were also included. For the longitudinal cytometry study, the same nine patients 392 

with early SLE were evaluated at six months and 12 months after enrollment. For 393 
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serum analyses, the same nine early SLE patients were evaluated, along with nine 394 

non-inflammatory controls different from the cross-sectional study. Detailed clinical 395 

information is shown in Supplementary Table 2, 3.   396 

 397 

Mass cytometry 398 

Blood samples were collected into heparin tubes and PBMCs were isolated 399 

by density centrifugation using Ficoll-Hypaque in 50mL conical tubes. PBMCs were 400 

washed by PBS and cryopreserved in a 10% DMSO + 90% FBS solution. Samples 401 

from the cross-sectional cohorts as well as longitudinal samples from the early SLE 402 

cohort were collected and thawed together in batches of 20 samples per batch (total 403 

three batches) and processed for mass cytometry within a one-week period. The 404 

three longitudinal samples from each early SLE patient were included in the same 405 

batch to minimize potential batch effects.  406 

Cryopreserved PBMCs were thawed into RPMI Medium 1640 (Life 407 

Technologies #11875-085) supplemented with 5% heat-inactivated fetal bovine 408 

serum (Life Technologies #16000044), 1 mM GlutaMAX (Life Technologies 409 

#35050079), antibiotic-antimycotic (Life Technologies #15240062), 2 mM MEM 410 

non-essential amino acids (Life Technologies #11140050), 10 mM HEPES (Life 411 

Technologies #15630080), 2.5 x 10-5 M 2-mercaptoethanol (Sigma-Aldrich #M3148), 412 

20 units/mL sodium heparin (Sigma-Aldrich #H3393), and 25 units/mL benzonase 413 

nuclease (Sigma-Aldrich #E1014). Cells were counted and 0.5-1x106 cells from 414 

each sample were transferred to a polypropylene plate for staining. The samples 415 

were spun down and aspirated. 5 μM of cisplatin viability staining reagent (Fluidigm 416 

#201064) was added for two minutes and then diluted with culture media. After 417 

centrifugation, Human TruStain FcX Fc receptor blocking reagent (BioLegend 418 
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#422302) was used at a 1:100 dilution in PBS with 2.5 g bovine serum albumin 419 

(Sigma Aldrich #A3059) and 100 mg of sodium azide (Sigma Aldrich #71289) for 10 420 

minutes followed by incubation with conjugated surface antibodies for 30 minutes. 421 

All antibodies were obtained from the Harvard Medical Area CyTOF Antibody 422 

Resource and Core (Boston, MA). 423 

16% stock paraformaldehyde (Fisher Scientific #O4042-500) dissolved in 424 

PBS was used at a final concentration of 4% formaldehyde for 10 minutes in order to 425 

fix the samples before permeabilization with the FoxP3/Transcription Factor Staining 426 

Buffer Set (ThermoFisher Scientific #00-5523-00). The samples were incubated with 427 

SCN-EDTA coupled palladium based barcoding reagents for 15 minutes and then 428 

combined into a single sample. Conjugated intracellular antibodies were added into 429 

each tube and incubated for 30 minutes. Cells were then fixed with 1.6% 430 

formaldehyde for 10 minutes. DNA was labelled for 20 minutes with an 18.75 μM 431 

iridium intercalator solution (Fluidigm #201192B). Samples were subsequently 432 

washed and reconstituted in Milli-Q filtered distilled water in the presence of EQ Four 433 

Element Calibration beads (Fluidigm #201078) at a final concentration of 1x106 434 

cells/mL. Samples were acquired on a Helios CyTOF Mass Cytometer (Fluidigm). 435 

 436 

FlowSOM and tSNE analyses 437 

The raw FCS files were normalized to reduce signal deviation between 438 

samples over the course of multi-day batch acquisitions, utilizing the bead standard 439 

normalization method established by Finck et al (28). These normalized files were 440 

then deconvoluted into individual sample files using a single-cell based debarcoding 441 

algorithm established by Zunder et al (29) Mass cytometry data were gated to 442 

exclude debris and identify DNA+ events. Non-viable cisplatin+ cells and equalization 443 
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beads were excluded. FlowSOM analyses were performed using Cytobank. HCs 444 

(n=14) and SLE (n=24: early SLE n=9, established SLE n=15) samples were 445 

included. Metacluster and cluster numbers were 15 and 225, respectively. Each 446 

metacluster abundances were compared between HCs, early SLE, and established 447 

SLE. Heatmap analyses were performed with Z score of metacluster medians in 448 

each marker. For tSNE clustering, HCs and SLE fcs files were concatenated using 449 

FlowJo 10.4.2. tSNE analyses using Cytobank was performed with equal number 450 

events from the concatenated HCs or SLE fcs files. Gating for cell frequencies and 451 

expression intensity quantification were performed using FlowJo 10.4.2.  452 

 453 

Cytokines 454 

65 cytokines (Supplementary figure 1) were measured by Luminex multiplex 455 

assay according to the manufacturer’s instructions. Associations between cytokines, 456 

and association cytokines and cell types assessed with heatmap analysis using 457 

Spearman’s correlation coefficient.  458 

 459 

Study approval 460 

SLE patients and non-inflammatory controls were enrolled at Brigham and 461 

Women’s Hospital with informed consent under IRB protocols (2014P002558 and 462 

2016P001660) approved by Mass General Brigham IRB. 463 

 464 

Statistics 465 

Statistical comparisons were performed in Prism. Mann-Whitney test was 466 

used for comparison between two groups, and Kruskal-Wallis with Dunn’s multiple 467 

comparisons test for comparisons between three groups. Wilcoxon test was used for 468 
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comparison between time point A and C in the longitudinal analyses. Correlation 469 

analysis was performed by Spearman’s test, and the best fit line were drawn when 470 

significant. Heatmap analysis was performed P-value < 0.05 (two sided) was 471 

regarded as significant. Data are shown as mean + SE. 472 

 473 

Data availability 474 

Data are available upon reasonable request to the corresponding author. 475 
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 653 

Figure legends 654 

Figure 1. Overview of immunophenotyping early SLE using cross-sectional 655 

and longitudinal samples. (A) PBMCs were acquired from 14 controls, nine early 656 

SLE, and 15 established SLE and profiled with three different mass cytometry 657 

panels. (B) For the nine early SLE patients, longitudinal PBMC and serum samples 658 

were collected reflecting three timepoints: at enrollment (time A), six months after 659 

enrollment (time B), and 12 months after enrollment (time C). Immune cell frequency 660 

was assessed with mass cytometry and serum cytokines were assessed by Luminex 661 

cytokines assay. (C) Immunophenotyping panel mass cytometry data from nine 662 
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early SLE and 15 established SLE were merged and visualized with tSNE plots. 663 

Frequencies of labelled immune cell types were compared between controls, early 664 

SLE, and established SLE cohorts by Kruskal-Wallis with Dunn’s test of multiple 665 

comparisons. *P<0.05, **P<0.01, ***P<0.001. Data are shown as mean + SE. 666 

 667 

Figure 2. Expanded Ki67+ ICOS+ CD8 T cells in early SLE. (A) Abundance (% of 668 

total CD8 T cells) of FlowSOM metaclusters of CD8+ T cells in 14 controls, nine early 669 

SLE and 15 established SLE. Kruskal-Wallis with Dunn’s test was used for 670 

comparisons. (B) Heatmap of normalized expression of mass cytometry markers in 671 

each metacluster. Markers with average of metacluster medians > 0.2 are shown. 672 

(C) tSNE visualization of CD8 T cells from nine early SLE patients. The orange 673 

circle: Ki67+ ICOS+ CD8 cells. (D) Representative gating for Ki67+ ICOS+ CD8 T cell 674 

population in CD3+CD14-CD4-CD8+ cells, and the comparison between 14 controls, 675 

nine early SLE, and 15 established SLE. (E) Longitudinal changes of Ki67+ ICOS+ 676 

CD8 T cell frequency in early SLE at enrollment (time A), six months after enrollment 677 

(time B), and 12 months after enrollment (time C). Wilcoxon log-rank test to compare 678 

between A and C was used for p-value calculation. (F) Longitudinal changes of 679 

disease activity by SLEDAI in early SLE patients as in (E). *P<0.05, **P<0.01, 680 

***P<0.001. Data are shown as mean + SE. 681 

 682 

Figure 3. Distinct longitudinal changes of Tph cells and Tfh cells in early SLE. 683 

(A) Abundance (% of total CD4 T cells) of FlowSOM metaclusters of CD4+ T cells in 684 

14 controls, nine early SLE and 15 established SLE. Kruskal-Wallis with Dunn’s 685 

multiple test was used for comparisons. (B) Heatmap of normalized expression of 686 

mass cytometry markers in each metacluster. Markers with average of metacluster 687 
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medians > 0.2 are shown. (C) tSNE visualization of CD4 T cells in nine early SLE 688 

patients. The orange circle: Tfh cells, the green circle: Tph cells, the grey circle: 689 

Ki67hi cells Treg cells. (D, E) Representative gating for Tph cells, Tfh cells, and Ki67hi 690 

Treg in CD3+CD14-CD4+CD8-CD45RO+ memory CD4 T cells, and the comparison 691 

between 14 controls, nine early SLE, and 15 established SLE. Kruskal-Wallis with 692 

Dunn’s multiple test was used for comparisons. (F) Longitudinal changes of Tph 693 

cells, Tfh cells, and Ki67+ Treg cell in early SLE at enrollment (time A), six months 694 

after enrollment (time B), and 12 months after enrollment (time C). Wilcoxon log-rank 695 

test to compare between A and C was used for calculation of p-value. (G) 696 

Correlation between prednisone dose and Tfh cell frequency in 27 datapoints (nine 697 

early SLE patients x three timepoints each). Spearman statistics shown. (H) Tfh 698 

frequency in early SLE patients with or without MMF treatment as in (G) (n=27 data 699 

points). Mann-Whitney U test was used for the comparison. *P<0.05, **P<0.01, 700 

***P<0.001. Data are shown as mean + SE. 701 

 702 

Figure 4. Expanded ABCs and plasmablasts in early SLE patients.  703 

(A) Abundance (% of total B cells) of FlowSOM metaclusters of B cells in 14 controls, 704 

nine early SLE and 15 established SLE. Kruskal-Wallis with Dunn’s multiple test was 705 

used for comparisons. (B) Heatmap of normalized expression of mass cytometry 706 

markers in each metacluster. Markers with average of metacluster medians > 0.2 707 

are shown. (C) tSNE visualization of CD19+ B cells in nine early SLE patients. The 708 

orange circle: CD19int Ki67hi plasmablasts, the green circle: ABCs. (D-F) 709 

Representative gating for CD19int Ki67hi plasmablasts, ABCs, and IgM+ IgD+ ABCs in 710 

CD19+CD14- B cells, and the comparison between 14 controls, nine early SLE, and 711 

15 established SLE. Kruskal-Wallis with Dunn’s multiple test was used for 712 
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comparisons. (G) Proportion of IgG+ and IgA+ cells in CD19int Ki67hi plasmablasts 713 

and ABCs in nine early SLE and 15 established SLE patients. Wilcoxon 714 

matched-pair signed rank test was used for the comparison. (H) Longitudinal 715 

changes of IgG+ CD19int Ki67hi plasmablasts, IgA+ CD19int Ki67hi plasmablasts, IgG+ 716 

ABCs, and IgA+ ABCs in early SLE at enrollment (time A), six months after 717 

enrollment (time B), and 12 months after enrollment (time C). Wilcoxon matched-pair 718 

signed rank test to compare between A and C was used for calculation of P value. 719 

*P<0.05, **P<0.01, ***P<0.001. Data are shown as mean + SE. 720 

 721 

Figure 5. PU.1hi Ki67hi monocytes were expanded in early SLE.  722 

(A) Abundance (% of total monocytes) of FlowSOM metaclusters of monocytes in 14 723 

controls, nine early SLE and 15 established SLE. Kruskal-Wallis with Dunn’s 724 

multiple test was used for comparisons. Kruskal-Wallis with Dunn’s multiple test was 725 

used for comparisons. (B) Heatmap of normalized expression of mass cytometry 726 

markers in each metacluster. Expression of PU.1, CD69, Ki67, CCR2, CD14, 727 

HLA-DR, CD16 are shown. (C) tSNE visualization of CD14 monocytes in nine early 728 

SLE. The orange circle: PU.1hi Ki67hi monocytes. (D) correlation of metacluster 13 729 

with HLA-DR- Ki67hi monocytes and PU.1hi Ki67hi monocytes. Spearman correlation 730 

statistics shown. Solid line represents line of best fit. (E) Representative gating for 731 

PU.1hi Ki67hi monocytes and the comparison between 14 controls, nine early SLE, 732 

and 15 established SLE. Kruskal-Wallis with Dunn’s multiple test was used for 733 

comparisons. (F) CCR2 expression on PU.1hi Ki67hi monocytes and PU.1low Ki67low 734 

monocytes (nine early SLE and 15 established SLE). (G) Longitudinal changes of 735 

PU.1hi Ki67hi monocytes in 9 early SLE at enrollment (time A), six months after 736 

enrollment (time B), and 12 months after enrollment (time C). Wilcoxon log-rank test 737 
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to compare between A and C was used for calculation of P value. *P<0.05, **P<0.01, 738 

***P<0.001. Data are shown as mean + SE. 739 

 740 

Figure 6. Association of Tph, Tfh, and Ki67 proliferative immune cells in early 741 

SLE.   742 

(A) Representative gating for NKG2D+ Ki67+ NK cells and the comparison between 743 

14 controls, nine early SLE, and 15 established SLE. Kruskal-Wallis with Dunn’s 744 

multiple test was used for comparisons. (B) Longitudinal changes of NKG2D+ Ki67+ 745 

NK cells in nine early SLE patients at enrollment (time A), six months after 746 

enrollment (time B), and 12 months after enrollment (time C). Wilcoxon log-rank test 747 

to compare between A and C was used for calculation of P value. (C) tSNE 748 

visualization of NKG2D+ Ki67+ NK cells in 14 controls, nine early SLE, and 15 749 

established SLE. The orange circle: NKG2D+ Ki67+ NK cells. (D) Hierarchical 750 

clustering heatmap with expanded immune cell types in early SLE. 27 data points 751 

from early SLE patients (nine patients x three time points) were used for this analysis. 752 

Correlation coefficients calculated by Spearman’s test were used for the heatmap. 753 

(E) Correlation analysis between Tph cells, Tfh cells, ABCs, and CD19int Ki67int 754 

plasmablasts. 27 early SLE patient data points were used as in (D). Spearman 755 

correlation statistics shown. Solid line represents line of best fit. *P<0.05, **P<0.01, 756 

***P<0.001. Data are shown as mean + SE. 757 

 758 

Figure 7. Dysregulated cytokine- and chemokine-networks in early SLE.   759 

(A) A hierarchical clustering heatmap with serum cytokines and chemokines in early 760 

SLE patients. 65 cytokines were assessed by Luminex assay, and 33 cytokines 761 

were detected. 27 data points from early SLE patients (nine patients x three time 762 
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points) were used for this analysis. Correlation coefficients calculated by 763 

Spearman’s test were used for the heatmap. (B) Comparison of serum cytokine 764 

levels between nine controls and nine early SLE (time A). 15 cytokines were 765 

significantly different between controls and early SLE (time A). Mann-Whitney U test 766 

was used for the comparison. (C) Longitudinal changes of CXCL10, CD40L, IL-20, 767 

and TWEAK in nine early SLE at enrollment (time A), six months after enrollment 768 

(time B), and 12 months after enrollment (time C). Wilcoxon log-rank test to compare 769 

between A and C was used for calculation of p value. (D) A hierarchical clustering 770 

heatmap with expanded immune cell types and chemokines in early SLE. 27 data 771 

points from early SLE patients (nine patients x three time points) were used for this 772 

analysis. Correlation coefficients calculated by Spearman’s test were used for the 773 

heatmap. *P<0.05, **P<0.01, ***P<0.001. Data are shown as mean + SE. 774 

 775 

Figure 8. Dysregulated immune cell types, cytokines, chemokines, and 776 

chronological changes in early SLE. The increase pattern of cell types and 777 

cytokines/chemokines levels at the diagnosis and one year after the diagnosis in 778 

early SLE.  779 
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Figure 8
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