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Introduction: Most childhood-onset SLE patients (cSLE) develop lupus nephritis

(cLN), but only a small proportion achieve complete response to current

therapies. The prognosis of children with LN and end-stage renal disease is

particularly dire. Mortality rates within the first five years of renal replacement

therapy may reach 22%. Thus, there is urgent need to decipher and target

immune mechanisms that drive cLN. Despite the clear role of autoantibody

production in SLE, targeted B cell therapies such as rituximab (anti-CD20) and

belimumab (anti-BAFF) have shown only modest efficacy in cLN. While many

studies have linked dysregulation of germinal center formation to SLE

pathogenesis, other work supports a role for extrafollicular B cell activation in

generation of pathogenic antibody secreting cells. However, whether

extrafollicular B cell subsets and their T cell collaborators play a role in specific

organ involvement in cLN and/or track with disease activity remains unknown.

Methods: We analyzed high-dimensional mass cytometry and gene expression

data from 24 treatment naïve cSLE patients at the time of diagnosis and

longitudinally, applying novel computational tools to identify abnormalities

associated with clinical manifestations (cLN) and disease activity (SLEDAI).
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Results: cSLE patients have an extrafollicular B cell expansion signature, with

increased frequency of i) DN2, ii) Bnd2, iii) plasmablasts, and iv) peripheral T

helper cells. Most importantly, we discovered that this extrafollicular signature

correlates with disease activity in cLN, supporting extrafollicular T/B interactions

as a mechanism underlying pediatric renal pathogenesis.

Discussion: This study integrates established and emerging themes of

extrafollicular B cell involvement in SLE by providing evidence for

extrafollicular B and peripheral T helper cell expansion, along with elevated

type 1 IFN activation, in a homogeneous cohort of treatment-naïve cSLE patients,

a point at which they should display the most extreme state of their immune

dysregulation.
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1 Introduction

Systemic lupus erythematosus (SLE) is a systemic multi-organ

autoimmune disease with heterogeneous clinical presentation and

an unpredictable waxing/waning disease course. Both features pose

significant management challenges, as current diagnostic measures

are insufficient to predict; i) severity of current/future organ

involvement, ii) disease flare, and iii) response to specific

immunomodulatory therapy. Childhood onset SLE (cSLE) poses

additional challenges as these patients present with worse disease,

including higher prevalence of central nervous system and renal

involvement (lupus nephritis, LN), with consequent increased

morbidity and mortality compared to adult-onset patients (1–3).

Up to 80% of cSLE patients develop lupus nephritis (cLN),

compared with 50% of aSLE (aLN). Prognosis is poorer in cLN

with up to 75% of cLN classified as Class III or IV disease (3, 4). In

LN, failure to achieve renal remission at 6 and 12 months after

initiation of therapy is associated with end stage renal disease

(ESRD)/dialysis (5). This is particularly concerning for children

who, by definition, have a longer lifetime to accrue organ damage.

Despite this greater risk of disease development and progression,

eligibility for LN clinical trials is frequently restricted to patients

>18 years, limiting generalizability of published clinical data to

pediatric patients.

Despite improved renal outcomes in proliferative lupus

nephritis following standardization of cyclophosphamide and

mycophenolate mofetil (MMF) treatment regimens, up to 45% of

these patients do not achieve remission within the first 6 months of

standard therapy (6). In addition, protocolized repeated kidney

biopsies have shown continued histologic disease activity in a

significant portion of patients achieving apparent complete

clinical remission (7). In recent years, lupus nephritis clinical

trials have shown limited success, including large, randomized

control trials demonstrating no benefit of drugs targeting diverse

immune mechanisms, such as co-stimulatory blockade (CTLA4-Ig,

abatacept) (8, 9), B cell depletion (anti-CD20, rituximab (10, 11)
02
and ocrelizumab (12)), and cytokine blockade (anti-IL-6,

sirukumab (13)). The i) poor rate of clinical remission, ii) limited

clinical trial data in pediatric populations, and iii) lack of sensitivity

and specificity of conventional histologic renal biopsy classifications

to predict response to therapy (14–16), emphasize the urgent need

to decipher underlying immune mechanisms driving cLN in order

to predict response to currently-approved and novel-

targeted therapies.

While it is well established that a breakdown in tolerance of

both autoreactive T and B cells contributes to the pathogenesis of

SLE, knowledge of the role of specific lymphocyte subset

derangements in different ‘SLE phenotypes’ (i.e., organ-specific

involvement) remains unknown. Despite the clear role of

autoantibody production in SLE, targeted B cell therapies such as

rituximab (anti-CD20) and belimumab (anti-BAFF) have shown

only modest efficacy (10–12), particularly in cLN. While many

studies have linked dysregulated germinal center formation to SLE

pathogenesis, other work supports a role for extrafollicular (EF) B

cell activation in generation of cells secreting pathogenic antibodies

(17, 18). However, whether extrafollicular B cell subsets, their

cytokine production, and downstream effects on their T cell

counterparts play a role in specific organ involvement or track

with disease activity remains poorly understood. Autoreactive B

cells that escape central tolerance in the bone marrow and populate

the periphery are normally tolerized by anergy, a mechanism that

renders self-reactive B cells unresponsive to stimulation due to

increased activity of inhibitory signaling circuitry. Anergic

autoreactive B cells (Bnd), have been identified in healthy

humans (19). Type 1 diabetes (T1D) and autoimmune thyroid

disease (AITD) are associated with incipient loss of Bnd cells from

the peripheral blood suggesting activation of these self-reactive B

cells and their instigation of disease (20, 21). Further supporting this

concept, a subpopulation of Bnd cells that expresses activation

markers (Bnd2, activated and formerly anergic B cells), has been

shown to be increased in T1D patients that develop disease at an

early age (22).
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The antibody secreting cells (ASC) found in peripheral blood

within a few weeks following active immunization are primarily

CD38+CD27+ plasmablasts (PB). Increased frequency of PB in

blood is also correlated with SLE disease activity (23–25).

Likewise, longitudinal whole blood transcriptome profiling of

cSLE patients demonstrated increased expression of a PB mRNA

module correlated with increased disease activity (26). Generation

of ASC occurs canonically in germinal centers with help from PD1hi

CXCR5+ T follicular helper cells (Tfh), but can also occur through

extrafollicular pathways with help from PD1hi CXCR5- T cells (T

peripheral helper, Tph) (27). One recent study demonstrated that

increased frequency of Tph cells correlated with disease severity in

adult SLE patients, underscoring the potential importance of

extrafollicular T/B interactions in SLE (28). Moreover, recent

studies have highlighted an important role for the extrafollicular

B cell response in both adult and pediatric SLE through the

generation of CD27-IgD- double negative B cells (DN2) that lack

expression of CD21 and CXCR5 (29, 30). Because these DN2 cells

do not express the chemokine receptor CXCR5, which is important

for homing to follicles, this B cell subset is likely to be extrafollicular

in localization. In addition, the DN2 compartment has been shown

to be enriched in autoreactive B cells that are precursors of

autoantibody secreting ASCs (30–33). Taken together, when B

cell tolerance mechanisms such as anergy fail, either because of

receipt of T cell help or alterations in inhibitory signaling (i.e., Tph,

Tfh, or T cell subsets), these B cells can be activated and enticed to

participate in disease pathogenesis. Recent studies indicate that SLE

development may involve extrafollicular autoimmune responses

that result from coordination of Tph and DN2 cells (28, 30).

However, such extrafollicular T/B signature has not been studied

in cSLE with or without cLN.

However pathogenic ASC arises, immune complexes (IC)

containing antibodies they produce can deposit in various tissues

leading to inflammation and end-organ damage. Previous studies

using single-cell RNA sequencing of dissociated kidney biopsy

samples from adult LN patients and healthy controls revealed

evidence of activation of B cells with an age-associated B cell

(ABC) signature (34). ABC are very reminiscent of DN2 cells

(increased gene expression of TBX21 (Tbet), FCRL5, and ITGAX

(CD11c) (35, 36). These studies also revealed evidence of

progressive monocyte differentiation in the kidney. A clear

interferon response was observed in most dissociated renal biopsy

cells but was most pronounced in B and CD4+ T cells, suggesting a

role for these cells at the diseased tissue-level (37). However, such

studies have not been pursued in cLN, despite renal involvement

occurring in up to 80% of cSLE and being the greatest predictor of

mortality (38). Therefore, there is a strong need to understand

which cell types i) drive the development of cLN (37, 39–41), and ii)

what biomarkers are predictive of cLN development/progression

over the course of cSLE disease (42).

While previous studies have shown that different cSLE

phenotypes are associated with a unique immune signature (26),

such studies have been limited by several factors including cross-

sectional analysis, patient’s previous immunosuppressive treatment,

and/or use of only one analytic modality. To better guide patient

specific therapy in cSLE, and in particular SLE with cLN, we
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patients with and without cLN both at diagnosis and over time

(longitudinal follow up over 1-2 years), compared to age and sex-

matched healthy controls. We integrated clinical laboratory and

exam, mass cytometry (CyTOF), and gene expression data

(DxTerity®). Paired with unbiased computational analyses to

capture high-dimensional phenotypic (i.e., cell identity) and

functional (i.e., cytokine, activation, interferon-response)

parameters, relevant to ‘patient-level ’ and ‘organ-level ’

phenotypes, we identified biologically meaningful signals that

have escaped conventional approaches.
2 Results

2.1 Demographic and clinical
characteristics of cSLE patient cohort

24 cSLE patients and 30 age and sex-matched healthy controls

(HC) were enrolled in the study. Participants’ demographics and

baseline clinical and laboratory characteristics are summarized in

Table 1. The age and sex distribution between cSLE and HC cohorts

was similar. The racial/ethnic distribution within the cSLE and HC

groups was different, with a Hispanic predominance in the cSLE

patients (p = 0.01). The average age at study enrollment for the cSLE

cohort was 14.6 years (SD = 2.6), with a female predominance

(75%). The demographic characteristics of our cSLE patient group

reflect the incidence/prevalence of cSLE disease in general, which

has a predominance of female patients of minority racial/ethnic

background. Information about ancestral genetic backgrounds in

this study was limited to self-reporting of demographic information

and thus did not allow deeper exploration of genetic influences

within our predominantly Hispanic patient group. We also did not

collect any specific SES information with which to explore

such associations.

Almost every patient in our cSLE patient group was enrolled at

diagnosis, except for one patient who was enrolled during a flare

episode after medication discontinuation for several years prior to

flare. At baseline (enrollment), the median SLEDAI score was 14.5

(IQR 8.0 – 18.5), consistent with moderate-to-high disease severity.

The most common clinical features were arthritis (66.7%),

cutaneous manifestations (54.2%), and cytopenias (54.2%)

(Supplementary Table 1). Seven patients (29%) had lupus

nephritis (cLN) at diagnosis based on kidney biopsy; all cLN

patients had Class III or IV proliferative nephritis (International

Society of Nephrology and the Renal Pathology Society, ISN/RPS),

and 4/7 (57.1%) had concurrent membranous disease (ISN/RPS

class V), reflecting typical severity range of cLN (Table 1).

The median follow-up duration for the cSLE patients was 42.7

weeks (IQR 11.7 – 79.4) with an average number of three total study

visits (min 1 – max 7, Supplementary Figure 1A). Study visits were

concurrent with routine clinical care follow up, and hence most

visits occurred during the first year of diagnosis when follow up is

more frequent . Al l pat ients received treatment with

hydroxychloroquine and 90% received corticosteroids. The most

prescribed immunosuppressive steroid sparing agent was
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mycophenolate mofetil (65%). Other targeted biologics, including

rituximab, belimumab and abatacept, were used sparingly with only

one individual having received either therapy (Supplementary

Table 2). Most patients experienced improvement in disease

activity as evidenced by a decrease in median SLEDAI score over

time (Supplementary Figures 1A, B). The median change in

SLEDAI from first to last study visit was 7.5 (IQR 2.0 – 14.3); the

maximal improvement in SLEDAI score of 20 points, occurred in

one patient. 7/24 patients (35%) reached lupus low disease activity

state (LLDAS) during the study follow-up period (Supplementary
Frontiers in Immunology 04
Figures 1A, B), consistent with the increased disease severity in the

pediatric population.

Of the seven patients with cLN at enrollment, six had

longitudinal data, and of these, four achieved a partial renal

response, and none achieved a complete response. Definitions for

partial and complete response followed previously published metrics

(43). Proteinuria and total SLEDAI-2K values improved compared to

baseline values (Supplementary Figures 1B, C). None of the cLN

patients achieved lupus low disease activity state (LLDAS) during the

study period, consistent with the high morbidity/mortality of LN

(Supplementary Figure 1A). One additional patient developed new-

onset proliferative LN one year after enrollment (and sample

analysis) and experienced a refractory course.
2.2 Newly diagnosed cSLE patients
demonstrate a type I interferon
signature and downstream
immune cellular activation

We investigated the whole blood transcriptional profile of cSLE

patients using a targeted gene expression panel that assesses 10 gene

expression ‘modules’ (i.e., groups of genes) covering different cell

types and downstream signaling pathways previously implicated in

SLE immunopathogenesis (DxTerity®, see Methods). It is well-

established that SLE patients exhibit increased interferon-stimulated

gene (ISG) expression at the time of diagnosis, with wide variability in

their specific ISG signatures (26). 3/10 DxTerity® gene modules

cover ISG targets induced by type I/II IFN ligands, and they all

demonstrated statistically significant increased gene expression in

cSLE baseline visits versus HC (Figure 1A, Supplementary

Figures 2A, B). Consistent with previous reports of an increased

peripheral plasmablast (PB) mRNA signature in pediatric and adult

SLE (26, 44), the PB module was significantly elevated in our cSLE

cohort (Figure 1A, Supplementary Figure 2C), while B, T, and

dendritic cells (DC), and neutrophil modules showed no significant

difference (data not shown).

Unsupervised hierarchical clustering of all baseline cSLE and

HC samples based on modular gene expression profiles grouped

most cSLE distinctly from HC (p = 4.8e-8, with most cSLE grouped

together in bottom half; SLE n = 13/16, 81%; HC n = 4/29, 14%;

Figure 1B). In addition to these modules, we queried expression of

specific gene targets complementary to the mass cytometry analysis,

discussed below. Notably, CD38, a marker highly expressed on PB

and indicative of T cell activation, was significantly elevated in cSLE

compared to HC, along with the lymphocyte activation/exhaustion

markers such as PDCD1 (PD-1) and LAG3 (Supplementary

Figures 2C, D). While all of the individual genes comprising the

type I and II IFN, PB, and activation/exhaustion T cell modules

were significantly different between cSLE and HC groups (Figure 1,

Supplementary Figure 2C), only PDCD1 and LAG3 were

significantly different between cSLE patients with and without LN

(Supplementary Figure 2C). While not significant, all plasmablast

module genes demonstrated an elevated trend in the cSLE with cLN

patients when compared to those without cLN, except for BAFF

(LN vs. No LN; Supplementary Figures 2C, D). These data suggest
TABLE 1 Demographic, Clinical and Laboratory Information.

Healthy
Control

SLE p-
value

n = 30 n = 24

Age at enrollment in years,
mean (SD)

13.5 (4.3) 14.6 (2.6) 0.23

Female, n (%) 21 (70.0) 18 (75.0) 0.68

Race/Ethnicity, n (%) 0.01

White/Caucasian 13 (43.3) 2 (8.3)

Hispanic 9 (30.0) 17 (70.8)

Black or African American 5 (16.7) 3 (12.5)

Asian or Pacific Islander 3 (10.0) 2 (8.3)

Clinical and Laboratory Characteristics of the SLE Cohort

Age at SLE diagnosis in years, mean (SD) 14.2 (2.6)

Total study visits, mean (min - max) 3 (1 - 7)

Total follow up time in weeks, median (IQR)
42.7 (11.3 -

79.4)

SLEDAI-2K at enrollment, median (IQR)
14.5 (8.0 -

18.5)

Change in SLEDAI-2Ka, median (IQR)
7.5 (2.0 -
14.3)

Proliferative Lupus Nephritis, n (%) 7 (29.2)

ISN-RPS Class

Class III, n (%) 1/7 (14.3)

Class IV, n (%) 6/7 (85.7)

Concurrent Class V, n (%) 4/7 (57.1)

Baseline eGFR in mL/min/1.73 m2, median
(IQR)b

118.2 (84.6 -
124.7)

Baseline Proteinuria in mg pr/mg cr, median
(IQR)c

2.9 (0.9 - 7.2)

Individuals who reached LLDASd, n (%) 7/20 (35%)
SD, standard deviation; IQR, interquartile range; SLEDAI-2K= systemic lupus erythematosus
disease activity index-2000.
ISN-RPS, International Society of Nephrology-Renal Pathology Society; eGFR, estimated
glomerular filtration rate.
aCalculated as baseline SLEDAI – last study visit SLEDAI.
bModified Schwartz equation.
cProteinuria assessed via spot urine protein to creatinine ratio.
dModified lupus low disease activity state defined as SLEDAI 2K ≤4; without major organ
activity; no new disease activity; prednisolone ≤7.5 mg/d and standard immunosuppressant
dosage.
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that B cell activation in particular may play a role in

cLN immunopathogenesis.

We analyzed peripheral leukocytes via mass cytometry to

investigate alterations of immune cell subsets and their functional

state (Methods, Supplementary Table 3). 26 surface markers

delineated lymphoid and myeloid cell subsets including T, B, NK,

DC, monocytes, granulocytes, and their cellular activation states

(gating of representative mass cytometry data in Supplementary

Figure 3). Intracellular proteins measured 14 innate pro-

inflammatory and T cell-specific cytokines in response to the in

vivo ‘SLE inflammatory state’ (no ex vivo stimulation, only protein

transport inhibitor added). The prominent type I IFN gene

expression signature observed in the cSLE cohort at diagnosis

(p = 1.75e-14, median score SLE = 1.16 vs. HC = -2.75;

Figure 1A) is also reflected in increased CD66+ neutrophil

frequency, and monocyte cytokine production (Figure 2A). We

have previously identified a pro-inflammatory cytokine signature in

CD14hi monocytes of newly diagnosed cSLE patients defined by

increased intracellular levels of monocyte chemoattractant protein 1

(MCP-1 or CCL2), macrophage inflammatory protein 1-beta (Mip-

1 b or CCL4) and interleukin-1 receptor antagonist (IL-1RA) (45).

That same study showed that type I IFN signal is necessary, but not

sufficient to induce these cytokines. In the present study we

observed a statistically significant increase in the percentage of

MCP-1+ CD14hi cells (p = 0.025, median SLE = 40.4% vs.

HC = 3.63%) in cSLE, as well as a trending, though not

significant, increase in the percent of IL-1RA+ CD14hi cells,

compared to HC (Figure 2A). We did not observe a difference in

the percent of Mip-1 b + CD14hi cells (Figure 2A). Consistent with

our prior report, no difference in the frequency of CD14hi

monocytes between cSLE and HC accompanied this difference in
Frontiers in Immunology 05
cytokine expression (Figure 2A). cSLE patients with LN at the time

of diagnosis exhibited a trend towards a higher frequency of MCP-

1+ CD14hi cells compared to cSLE patients without LN (p = 0.060,

median LN = 47.7% vs. No LN = 31.3%) (Figure 2B).

To determine overall cellular compositional differences (i.e.,

differences in immune cell population distribution) between cSLE

(at diagnosis) and HC, we applied CODAK (46), a kernel-based

statistical learning method optimized for high-dimensional and low

sample size data sets (Methods). In brief, this approach uses kernel

distance covariance to test whether cell type composition associates

with a predictor (i.e., disease state – cSLE vs. HC). This

methodology requires non-overlapping input populations, and

therefore, only CD27- (naïve), CD27+ (memory), and PB B cells

were included in this clustering approach, since DN2, Bnd, Bnd2,

isotype switched B cells, and other B cell subpopulations studied

below overlap with the CD27+ and CD27- B cell subsets and PB

populations. For the same reason, T follicular and peripheral helper

cells were also not included in this analysis. To assess whether and

how the cSLE vs. HC subjects segregated based on cellular

compositional difference, we applied unsupervised clustering

based on each study subject’s cellular compositional distribution,

which grouped most cSLE samples distinctly from HC (p = 2.19e-7,

with most cSLE grouped together in bottom half; SLE n = 16/22,

73%; HC n = 11/23, 48%; Figure 2C). Once cellular compositional

differences between cSLE and HCwere determined to be statistically

significant (p = 1.2e-4, Figure 2C), specific cell types that

significantly contributed to this overall compositional difference

were identified. cSLE patients showed significantly lower

frequencies of CD4+ T naïve (TN) cells and CD56dim NK cells

compared to HC (Figure 2D), but these cell type frequencies did not

differ between LN and No LN groups (Figure 2E).
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FIGURE 1

Untreated cSLE patients demonstrate enhanced interferon and plasmablast gene expression signatures compared to HC. HC (black, n=29) and SLE
(red, n=16) subjects were assessed for gene expression of 10 mRNA modules. (A) Box plots (median, Q1, Q3) of module score (mean of Log2
normalized expression of constituent genes). p-values shown within each module comparison determined by Mann-Whitney U test with FDR
correction; signficance<0.05. (B) Subject-wise dendrogram generated by unsupervised clustering of subjects (rows) according to modular gene
expression (columns). Black line at 2nd branch level indicates significant enrichment (p = 4.8e-8) of SLE samples in lower branch ($, SLE n = 13/16,
81%; HC n = 4/29,14%) compared to the upper branch (#, SLE n = 3/16, 19%; HC n = 25/29, 86%). Clustering and testing detailed in methods.
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These data are consistent with previous literature describing

prominent type I IFN, type II IFN, and PB transcriptional

signatures in cSLE patients. Extending these studies, we

demonstrate downstream T and B cellular activation consequences

of such transcriptional signatures, including increased frequency of

ISG-dependent cytokine production by classical monocytes,

increased frequency of neutrophils, and decreased frequency of

naïve T cells. Taken together, our gene expression and immune

cellular profiling data extend previously published findings and

demonstrate the robustness of the technical and analytical platforms.
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2.3 Newly diagnosed cSLE patients
demonstrate an activated/exhausted
memory T cell phenotype that is correlated
with disease activity in LN patients only

We investigated the frequencies and phenotype of manually-

gated CD4+ and CD8+ T cell subsets using CD27 and CD45RA to

define cells as naïve (TN, CD45RA+CD27+), central memory (TCM,

CD45RA+CD27-), effector memory (TEM, CD45RA-CD27+), and

effector memory RA (TEMRA, CD45RA-CD27-) within each
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FIGURE 2

Untreated cSLE patients demonstrate lymphoid and myeloid cellular features consistent with elevated interferon signaling compared to HC. Mass
cytometry analysis of HC (black, n=23) and SLE (red, n=22) subjects without LN (purple, n=15) or with LN (green, n=7) at time of diagnosis (A) For HC
vs. SLE, CD66+ Neutrophils frequency from all live cells, CD14hi Monocytes frequency from all lymphocytes, and percent of these cells expressing
cytokines (MCP-1, Mip-1 b , IL-1RA) after 6 hours with protein transport inhibitor relative to 95th percentile time-zero threshold (methods). (B) Same
as A, for No LN (purple) vs. LN (green). (C) Compositional Analysis using Kernels (CODAK) of 16 manually gated immune cell subsets (listed with color
code at right) shows the proportion of each cell type (x-axis) per subject (y-axis). Overall significance of disease-specific compositional difference,
p = 1.2e-4. Row-wise dendrogram generated by unsupervised clustering of subjects according to cell type composition. Black line at 3rd branch
level indicates significant enrichment (p = 2.19e-7) of SLE subjects clustering in the lower branch ($, SLE n = 16/22, 73%; HC n = 11/23, 48%)
compared to the upper branch (#, SLE n = 6/22, 27%; HC n = 12/23, 52%). (D, E) Frequency of populations shown as percentage of lymphocytes
(Y-axis), comparing HC vs. SLE (D) and SLE patients with LN and No LN (E). For all box plots (median, Q1, Q3) p-values shown within each module
comparison determined by Mann-Whitney U test with FDR correction; signficance<0.05.
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lineage. CD4+ TN cells were less frequent in cSLE vs. HC, but no

differences in CD4+ TCM, TEM, or TEMRA were found

(Supplementary Figure 4A). Among cSLE patients at diagnosis,

there were no differences in CD4 T cell subset frequencies between

LN and No LN (Supplementary Figure 4A). The frequencies of

CD8+ TN, TCM, TEM, and TEMRA cells were also comparable

between cSLE patients and HC, but an increase in CD8+ TCM was

found when comparing LN vs. No LN (p = 0.05, median LN =

4.70% vs. No LN = 2.26%; Supplementary Figure 4A).

We further investigated these T cell subsets by analyzing their

expression of activation markers and cytokines. Non-naïve CD8+ T

cells from cSLE patients at diagnosis expressed higher levels of the

activation markers CD38, PD-1, and HLA-DR (Figure 3A,
Frontiers in Immunology 07
Supplementary Figure 4B). However, differences in activation

marker expression were not observed when comparing LN vs. No

LN (Figure 3A, Supplementary Figure 4B). CD4+ TEM cells from

cSLE patients expressed more CD38 compared to HC, but no other

significant differences in activation marker expression were identified

in cSLE vs. HC nor LN vs. No LN (Supplementary Figure 4C). We

did not find significant differences in T cell IFN-g , TNF-a, or IL-17
cytokine production between cSLE vs. HC, nor LN vs. No LN, in the

absence of exogenous stimulation (only addition of protein transport

inhibitor, Supplementary Figure 4D).

We applied linear mixed models to test correlations between

CD4+ and CD8+ T cell subset frequencies, and their expression of

activation markers, against clinical disease activity metrics over the
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FIGURE 3

CD8+ T cells from untreated cSLE patients exhibit an activated/exhausted phenotype that correlates with disease score in cLN. Mass cytometry
analysis of HC (black, n=23) and SLE (red, n=22) subjects without LN (purple, n=15) or with LN (green, n=7) at time of diagnosis (A) or longitudinally
(B). (A) Median CD38 MMI (arcsinh transformed value) for CD8+ T cell subsets. (B) Differential correlations of surface activation marker expression
(CD38, PD1, and HLA-DR untransformed MMI) on CD8+ TCM vs. SLEDAI score (left) and C3 (mg/dL; right) for No LN and LN subjects including all
timepoints (accounting for repeated measures). p values at top of plots test differential correlations between No LN (purple, n=48) and LN (green,
n=16) r and p values at right of plots describe No LN and LN specific correlations. Correlation tests performed by linear mixed model (methods). For
all box plots (median, Q1, Q3) p-values shown within each module comparison determined by Mann-Whitney U test with FDR correction;
signficance <0.05.
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course of the study (i.e., SLEDAI and complement C3 levels;

reduced C3 levels are indicative of increased disease activity).

Correlations between T cell activation marker expression and

disease activity (SLEDAI) were tested differentially based on LN

status at time of diagnosis (Figure 3B, differential correlation p-

value at top of panels). Expression of CD38, PD-1 and HLA-DR in

CD8+ TCM cells correlated with baseline SLEDAI score only in

patients with LN, and the corresponding LN-specific inverse

correlations to complement C3 levels were observed for CD38

and PD-1 (Figure 3B). Expression of activation markers CD38

and HLA-DR was correlated with disease severity in CD8+ T naive

(TN) cells but not other CD8+ T cell subsets (Supplementary

Figure 4E). Additionally, there was no correlation found between

the frequency of any CD8+ T cell subsets and SLEDAI score,

regardless of LN status (Supplementary Figure 4F). Overall, these

findings support a specific relationship between highly activated

CD8+ TCM cells and disease severity amongst cSLE patients with

LN at diagnosis.
Frontiers in Immunology 08
2.4 Newly diagnosed cSLE patients
demonstrate increased frequencies
of circulating T follicular and peripheral
helper cells, but the frequency of
cTph correlates with disease activity
in cLN patients only

Considering the prominent role of autoreactive antibody-

secreting cells (ASC) in SLE, we evaluated peripheral circulating

CD4+ T cells known to promote B cell differentiation in either

germinal center (cTfh) or extrafollicular sites (cTph) as a surrogate

for T-B (and myeloid) cellular interactions. The CD4+ T cell

compartment of cSLE patients at diagnosis contained higher

percentages of both cTfh (PD-1hi, CXCR5+) and cTph (PD-1hi,

CXCR5-) compared to HC (cTfh: p = 3.2e-4, median SLE = 1.27%

vs. HC = 0.371%; cTph: p = 1.2e-7, median SLE = 11.5% vs.

HC = 3.43%; Figure 4A). The frequency of cTph, but not cTfh, was

significantly higher in LN patients compared to those without LN at
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FIGURE 4

Untreated cSLE patients demonstrate increased frequency of T follicular helper (cTfh) and T peripheral helper (cTph) compared to HC, and cTph
frequency correlates with disease activity longitudinally in cLN. Mass cytometry analysis of HC (black, n=23) and SLE (red, n=22) subjects without LN
(purple, n=15) or with LN (green, n=7) at time of diagnosis (A) or longitudinally (B). (A) cTfh and cTph cells as % of CD4+ T cells for HC vs. SLE and
No LN vs. LN. (B) Differential correlations of cTfh and cTph frequencies at all timepoints vs. SLEDAI score (top) and C3 (mg/dL; bottom) for No LN
and LN subjects including all timepoints (accounting for repeated measures). p values at top of plots test differential correlations between No LN
(purple, n=48) and LN (green, n=16) r and p values at right of plots describe No LN and LN specific correlations. Correlation tests performed by
linear mixed model (methods). For all box plots (median, Q1, Q3) p-values shown within each module comparison determined by Mann-Whitney U
test with FDR correction; signficance <0.05.
frontiersin.org

https://doi.org/10.3389/fimmu.2023.1208282
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Baxter et al. 10.3389/fimmu.2023.1208282
diagnos i s (p = 0 .037 , median LN = 14 .3% vs . No

LN = 8.87%; Figure 4A).

Correlations between cTph or cTfh frequency and disease

activity (SLEDAI) were tested differentially based on LN status at

time of diagnosis. The frequency of cTph cells correlated with

SLEDAI score for LN patients only (LN r = 0.48, p = 0.046; No LN

r = -0.09, p = 0.52; differential p = 0.019 at the top of the panel;

Figure 4B). These data indicate that an increased frequency of cells

that promote B cell differentiation into ASC at extrafollicular or

inflamed tissue sites is associated with increased disease severity

amongst cSLE patients with LN. No such correlation between cTfh

frequency and disease activity was observed regardless of LN status

(Figure 4B), indicating that while cTfh cells are more frequent in

cSLE generally, they are not increased in the setting of LN and their

frequency does not correlate with disease severity. Taken together,

our multi-dimensional analysis of T cells demonstrates; i) a bias

toward increased activated CD8+ TCM cells coupled with CD4+ T

helper cells that support B cell differentiation as general features of

cSLE, and ii) increased cTph frequency as a correlate of disease

activity in LN only.
2.5 Newly diagnosed cSLE patients
demonstrate increased frequency of
extrafollicular B cell subsets

The gene expression analysis showed an increased PB mRNA

module score in the blood of newly diagnosed untreated cSLE

patients compared to HC (p = 2.7e-6, median SLE score = 2.17 vs.

HC = -0.199; Figure 1A), and this module trended higher in LN
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patients (Supplementary Figure 3C). The CyTOF analysis

demonstrated increased PB frequency (% of total B cells), though

this was not significant (p = 0.15, median SLE = 2.12% vs. HC =

0.602%; Figure 5A), and the PB frequency was significantly higher

in LN patients (p = 0.037, median LN = 5.56% vs. No LN = 1.53%;

Figure 5B). We evaluated non-plasmablast B cell subtypes defined

by CD27- B cell subsets (IgM-IgD- atypical memory, IgM-IgD+

anergic, IgM+IgD- immature naïve, IgM+IgD+ mature naïve) and

CD27+ B cell subsets (IgM-IgD- class switched memory, IgM-IgD+

c-delta class switched, IgM+IgD- IgM memory, IgM+IgD+ pre-

switched) and observed no disease-specific differences in

frequency (Supplementary Figures 5A, B). However, cSLE patients

demonstrated an increased frequency of CD21lo B cells (p = 1.65e-5,

median SLE = 42.3% vs. HC = 14.0%; Supplementary Figure 5B).

Because it has been previously demonstrated that PB in SLE

patients can differentiate from a pool of activated naive cells

(aNAV) (47, 48), we evaluated aNAV population frequency as

defined by CD27-CD38-CD21loCXCR5-IgD+CD11c+. We did not

find any difference in aNAV frequency between SLE vs. HC, or LN

vs. No LN (Supplementary Figure 5A). aNAV B cells have been

shown to be progenitors of DN2 B cells (30, 48). As mentioned

above, the DN2 B cell subset can differentiate into ASC via an

extrafollicular pathway, and their frequency has been shown to

correlate with SLE disease activity (30). In our study, we found this

DN2 population to be increased in cSLE vs. HC (p = 0.055, median

SLE = 3.04% vs. HC = 1.32%; Figure 5A), with an increased trend in

LN vs. No LN (p = 0.22, median LN = 3.85% vs. No LN = 3.00%;

Figure 5B). Because the ASC in SLE likely derive from precursors

with autoreactive specificity that escape anergy, we evaluated the

anergic B cell compartment (Bnd, CD27-IgM-IgD+) and found a
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FIGURE 5

Untreated cSLE patients demonstrate increased frequency of activated B cell subsets compared to HC, and plasmablasts are more frequent in cLN
compared to No LN. Mass cytometry analysis of HC (black, n=23) and SLE (red, n=22) subjects without LN (purple, n=15) or with LN (green, n=7) at
time of diagnosis. (A) Boxplots of B cell subsets shown % of CD19+ B cells in HC vs. SLE. (B) Same as A but comparing No LN (purple) vs. LN (green).
For all box plots (median, Q1, Q3) p-values shown within each module comparison determined by Mann-Whitney U test with FDR correction;
signficance <0.05.
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trend toward reduced frequency in cSLE patients (p = 0.087, median

SLE = 5.50% vs. HC = 6.40%; Figure 5A). This is consistent with

observations in other autoimmune diseases that argue a loss of the B

cell anergic phenotype occurs in asymptomatic autoantibody

positive T1D and new-onset pediatric T1D and AITD patients

(21, 49–51). We further evaluated the Bnd compartment and found

that Bnd2 cells (CD27-IgM-IgD+CD21loCXCR5-), which express

increased markers of activation and are thought to be extrafollicular

in derivation (52), are increased in cSLE vs. HC (p = 0.0058, median

SLE = 1.48% vs. HC = 0.913%; Figure 5A). Neither DN2, Bnd, nor

Bnd2 cell frequencies were significantly different between LN and

No LN groups (Figure 5B). These findings demonstrate increased

frequency of extrafollicular B cellsin cSLE, consistent with

breakdown of the B cell tolerance.

Given the correlations between cTph and SLEDAI disease

activity in cLN, we also evaluated whether different B cell subset

frequencies correlated with disease activity over the course of

disease. While such analyses demonstrated lack of correlation of

any of the a priori user defined populations with SLEDAI

(Supplementary Figure 5D), the application of unsupervised

machine learning algorithms showed otherwise, as described below.
2.6 An extrafollicular B/T cell
signature correlates with disease
activity in LN patients only

To further explore the differences in the B cell compartment, we

leveraged a machine learning tool designed to identify rare and/or

heterogeneous disease-associated cell signatures based on many

parameters simultaneously. CellCnn is a supervised, neural

network-based (Cnn), multiple instance representation learning

algorithm that has been used to identify disease-associated cell

signatures in another autoimmune disease such as multiple sclerosis

(53, 54). In brief, this tool is trained to identify a multi-parametric

signature (filter) of cells that differs most distinctly between disease

states – it is supervised with respect to disease state but is agnostic

with respect to any user-defined definition of cell gates or functional

features. The researcher can then query the frequency and

characteristics of cells strongly conforming to this signature

(quantified by CellCnn score) in all samples, to make inferences

about cells relevant to disease.

Using surface markers measurements made by CyTOF analysis

(Supplementary Table 3) as features to select disease-associated cells

(those cells that probabilistically and statistically differentiate LN

from no LN disease state at diagnosis), we found a heterogeneous

subset of B cells that is more frequent in cSLE patients with LN than

without LN (p = 6.22e-4, median LN = 17.6% vs. No LN = 6.94%;

Figures 6A, B). The selected population was comprised of two

clusters visualized on a UMAP projection (Figure 6A, CellCnn score

greater than 3), one with a CD11c-CD27+CD38hiIgD- phenotype

(cluster A), and one with a CD11c+CD27-CD38midIgD- phenotype

(cluster B) (Figure 6C). These phenotypes resemble PB and DN2

populations respectively, suggesting that CellCnn identifies a

continuum of disease-associated B cells along the extrafollicular

and ASC differentiation pathway. This continuum most
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distinctively differentiates LN vs. No LN disease state (at

diagnosis). A phenotypically similar CellCnn-associated B cell

population (named ‘CellCnn PB-DN2’ for short) was also found

to differ significantly between the disease states of cSLE without LN

vs. HC (p = 2.56e-7, median SLE = 6.87% vs. HC = 0.725%;

Supplementary Figures 6A, B).

To further discern the phenotype of the heterogeneous LN-

associated ‘CellCnn PB-DN2’ population, these cells were mapped

to conventionally gated B cell subsets (on an individual patient

basis), and this demonstrated that isotype switched B cells and PB

constitute over a third of the ‘CellCnn PB-DN2’ cells that best

differentiate LN and No LN status (Figure 6D, bottom two

populations of the stacked bar graph). However, while the PB

frequency from the ‘CellCnn PB-DN2’ is significantly different

between LN and No LN (p = 0.018, median LN = 30.11% vs. No

LN = 7.84%; Figure 6E), the isotype switched B cell frequency (from

the ‘CellCnn PB-DN2’) is not (p = 0.97, median LN = 22.92% vs. No

LN = 21.21%; Figure 6F). The frequencies of both PB and isotype-

switched B cells determined from the CD19+ Bmanual gate (X-axis,

% from CD19+, Figures 6E, F) correlate with their frequencies

determined using the CellCnn selected B cells (Y-axis, % from

CellCnn, Figures 6E, F). Thus while the abundance of these cells

among total CD19+ B cells from each patient is indeed consistent

with abundance of cells defined using the CellCnn signature, only

the PB frequency is statistically different between LN and No LN.

These findings further support a unique role of B cell activation/

differentiation toward ASC in cLN immunopathogenesis.

Frequency of LN-associated ‘CellCnn PB-DN2’ cells (%

‘CellCnn PB-DN2’ on X-axis of Figures 6G, H) strongly

correlated with the frequency of manually gated cTph (r = 0.536,

p = 0.022; Figure 6G) and cTfh cells (r = 0.568, p = 0.016; Figure 6H)

in cSLE patients. Particularly, for LN patients who demonstrated

higher percentage of ‘CellCnn PB-DN2’ B cells, cTph and cTfh, the

correlation amongst them was even more robust and significant

(green dots in Figures 6G, H), supporting the strong relationship

between cTph cells and B cell differentiation toward ASC in LN.

Further supporting ASC differentiation as the driving feature

distinguishing LN and No LN in this ‘CellCnn PB-DN2’ B cell

signature, we found a robust correlation between the frequency of

PB population from the CellCnn selected B cells (% PB from

CellCnn on X-axis of Figures 6J-L) to cTph (r = 0.532, p = 0.013;

Figure 6J) and cTfh (r = 0.723, p = 2.1e-4; Figure 6K). Neither the

frequency of these ‘CellCnn PB-DN2’ B cells or PB population from

the ‘CellCnn PB-DN2’ significantly correlated with disease activity

(SLEDAI) in cSLE (all purple and green dots, r = 0.382, p = 0.11;

Figures 6I, L). However, while all cLN patients (green dots only)

demonstrated the highest frequency of ‘CellCnn PB-DN2’ B cells

correlated with the highest SLEDAI scores (Figure 6I), they did not

demonstrate the same pattern for the percent PB from CellCnn

selected cells (Figure 6L), suggesting that other B cell populations in

the ASC trajectory (extrafollicular and germinal center derived)

contribute to LN pathogenesis.

We also investigated T cell and monocyte compartments using

the CellCnn methodology but did not detect statistically significant

differences associated with LN (or cSLE in general) disease state

(data not shown). Overall, our findings using both manual gating
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FIGURE 6

Untreated cLN patients exhibit a B cell disease-specific population spanning plasma cell differentiation that correlates with cTph and cTfh
frequencies. Mass cytometry analysis of No LN (purple, n=15) and LN (green, n=7) subjects at time of diagnosis. A supervised neural network-based
learning algorithm (CellCnn) was applied to analyze B cells from SLE patients with and without LN at time of diagnosis to identify i) an
immunophenotypic signature based on surface markers (A–C) that discriminates between No LN and LN. (A) UMAP projection composite for all
samples showing 85th percentile of cells with CellCnn scores conforming to filter (see methods; CellCnn Score coloration indicates strength of
conformity to cell-selection signature). (B) Frequency of CellCnn-selected cells in No LN and LN subjects. (C) Overlay of relevant characteristic
marker intensities on UMAP projection (as in A); corresponding histogram of marker intensity between selected (red) and all (blue) B cells (KS =
Kolgorov-Smirnov distance). (D) B cell subset composition of CellCnn-selected B cells based on manually-gated populations for No LN (n=15) vs. LN
(n=6*) groups (methods). (E) Boxplots of plasmablast frequency from CellCnn-selected B cells from LN vs. No LN groups. Spearman correlation of
PB frequency from % CellCnn-selected B cells vs. manually-gated PB frequency from % total B cells analyzed. (F) Same as E but for isotype switched
B cells. Spearman correlations of the frequency manually-gated cTph, cTfh cells, and SLEDAI vs. % CellCnn PB-DN2 cells (G–I) and those CellCnn-
selected B cells that were identical to user-gated plasmablasts (J–L). *For one LN subject, CellCnn-selected cells comprised 98.4% PBs. Subject
excluded from panels E-L to calculate correlation coefficient and significance. For all box plots (median, Q1, Q3) p-values shown within each
module comparison determined by Mann-Whitney U test with FDR correction; signficance <0.05.
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and CellCnn suggest an important role for the continuum of

extrafollicular T/B interactions toward ASC and their potential

involvement in development of LN. Remarkably, one non-LN

cSLE patient who at the time of sampling demonstrated an

increased percentage of ‘CellCnn PB-DN2’ B cells (and manually

gated PB), cTph, and cTfh cells (purple diamond in Figures 6G-L),

with the same “signature/pattern” as the LN patients (green dots,

Figures 6G-L), developed LN a year later. These data support the

notion that increases in these populations may precede

LN development.
2.7 A cytokine-producing heterogeneous
LN-associated B cell signature is correlated
with disease activity in LN patients only

While production of autoantibodies is typically considered the

most pathogenic effector function of B cells in SLE, B cells can also

act as antigen presenting cells and make pro-inflammatory

cytokines, such as IFN-g , TNF-a, IL-6, IL-23, and IL-12. These

functions may influence T cell differentiation and promote Th1-

dependent inflammatory processes (55–57). We applied CellCnn

analyses to B cells from LN vs. No LN patients based on intracellular

cytokine production and identified an LN-associated B cell

population (p = 0.00778, median LN = 3.15% vs. No LN = 1.06%;

Figures 7A, B) with elevated IFN-g , MCP-1, IL-12p40, PTEN,

IL-23p19, IFN-a, and IL-6 (Figure 7C). The observed elevated

levels of PTEN are likely indicative of recent activation (50).

Interestingly, we noted that MCP-1 expression is highly
Frontiers in Immunology 12
statistically significant in the disease-associated B cells (Figure 7C,

KS value). MCP-1 was also significantly produced by CD14hi

monocytes from LN patients (Figure 2B). This disease-associated

B cell population was also found to be significantly more frequent in

cSLE without LN compared to HC (p = 1.78e-3, median SLE =

2.41% vs. HC = 1.32%; Supplementary Figures 6C, D), suggesting

the pervasive nature of cytokine producing B cells in cSLE.

The frequency of B cells fitting this cytokine signature was

strongly correlated to clinical disease activity at baseline (SLEDAI)

(r = 0.594, p = 0.00358, Figure 7D); however, the frequency of these

cytokine producing B cells did not correlate with cTph or cTfh

frequency as the CellCnn surface-marker-defined B cells did

(Supplementary Figures 6E, F). Interestingly, the subject

highlighted in Figure 6 (purple diamond), who did not have LN

at the time of analysis but developed LN approximately one year

later, also showed a higher frequency of these cytokine-producing B

cells (% CellCnn-selected B cells by cytokines on X-axis) correlated

with SLEDAI score (purple diamond, Figure 7D). These findings

suggest that while the predominant role of B cells in SLE

pathogenesis is autoantibody production, a small population of

proinflammatory cytokine-producing B cells could have an

additional role in LN pathogenesis.
3 Discussion

We applied a multi-modal peripheral blood immune profiling

approach to cSLE patients, sampling both at diagnosis prior to

treatment and longitudinally as their disease was treated/
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The B cell compartment of untreated cLN patients demonstrates disease-specific signature populations defined by cytokine production that
correlates with disease activity. Mass cytometry analysis of No LN (purple, n=15) and LN (green, n=7) subjects at time of diagnosis. A supervised
neural network-based learning algorithm (CellCnn) was applied to analyze B cells from SLE patients with and without LN at time of diagnosis to
identify signature population based on intracellular cytokine production that discriminates between No LN and LN. (A) UMAP projection composite
for all samples showing 85th percentile of cells with CellCnn scores conforming to filter (see methods; CellCnn Score coloration indicates strength
of conformity to cell-selection signature. (B) Frequency of selected cells in No LN and LN subjects. (C) Overlay of relevant characteristic marker
intensities on UMAP projection (as in A); corresponding histogram of marker intensity between selected (red) and all (blue) B cells (KS = Kolgorov-
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progressed, to identify abnormalities associated with clinical

manifestations and disease activity, specifically, LN. Despite the

modest size of our study cohort, our findings confirmed themes of

previously reported cSLE literature, such as the predominance of an

elevated type I IFN and PB signatures, increased neutrophil

frequency, increased monocyte cytokine production, and T cell

activation/exhaustion. These findings demonstrate that our study

cohort represents “typical cSLE pathology” and supports the

robustness of our technical platforms. Importantly, we extended

knowledge regarding the immunopathogenesis of cLN by

identifying i) an extrafollicular T/B cellular (cTph, plasmablast,

DN2, Bnd2), and ii) a B cell cytokine-producing signature in cSLE

patients that is correlated with disease activity in cLN, suggesting a

specific pathway that could be targeted in renal disease. While

previous studies have addressed these cell types, their cytokine

production repertoire, and different blood transcriptomic profiles

separately, our approach integrated these analyses in the same

patients. These findings serve to define the specific pathways of B

cell differentiation/activation that should be targeted in LN

specifically, particularly since general anti-CD20 and anti-BAFF

therapies have had mixed therapeutic success.

Unlike other studies where the patient population studied was

heterogeneous in clinical disease phenotype and stage/course of

disease, our cSLE patient cohort is homogeneous as all patients were

studied at diagnosis, when treatment-naïve, a point at which they

should display the most extreme state of their immune

dysregulation. They were then followed longitudinally for 1-2

years, allowing study of progression of disease phenotype across

time. During this interval subjects underwent standard of care

treatment and demonstrated changing disease scores (Table 1,

Supplementary Tables 1, 2, Supplementary Figure 1). Consistent

with previous literature, we demonstrated that cSLE patients’

peripheral blood demonstrate an enhanced type I and II IFN gene

expression signature (Figure 1). In newly diagnosed untreated cSLE

patients, we evaluated three different interferon-based gene

expression modules including DxTerity® IFN-1, IFN-b, IFN-g ,
all of which demonstrated statistically significant increases

compared to healthy controls. The commercially available

DxTerity® IFN-1 module, composed of Herc5, IFI27, IFIT1, and

RSAD2, demonstrates the greatest significance in cSLE vs. HC. This

gene expression module has been previously shown to be a key

prognostic marker for SLE patients, as patients with a high baseline

IFN-1 score have been shown to have 3X increased risk of

developing LN (58). Our findings support the use of this

commercially available IFN-1 assay for patient care and clinical

trials (59–61). Future studies using a micro-collection device to

assess IFN-1 score via fingerprick blood droplet will allow the

measurement of type I IFN scores in a consistent longitudinal

fashion in large cSLE study cohorts, including cLN specifically. Such

validation studies will provide the foundation for a “home based”

disease activity monitoring capability and provide data to study

predictors of flare.

Type I and II IFN possess pleiotropic downstream effects on T

and B cell activation, such as promotion of T cell differentiation

(effector and central memory), B cell differentiation into DN2,

Bnd2, and ASC, and depending on chronicity of disease process,
Frontiers in Immunology 13
T and B cell exhaustion (62–66). These IFN downstream

immunological consequences were all identified in our studies,

including increased frequency of i) extrafollicular (EF) B cell

subsets DN2, Bnd2, and PB cells; ii) cTph and cTfh, and iii)

CD8+ TCM, and expression of CD38, PD-1 and LAG-3 in CD8+

T cells (67, 68) (Figures 2, 3). While these findings have been

previously addressed in other studies, they have all focused on adult

patient cohorts, or incompletely studied – i.e., the studies focused

on EF B cell subsets only, or T cell activation only, etc.

Previous studies have demonstrated increased frequency of

certain B cell subsets in SLE patients, particularly those with LN.

Sanz et al. demonstrated increased PB and DN2 populations in SLE

patients with nephritis (30, 69, 70). However, these have not been

evaluated in pediatric cohorts. We evaluated B cell subsets in our

cSLE patient cohort, and identified increased frequencies of PB in

LN vs. No LN patients, and extrafollicular DN2 and Bnd2 cells in

cSLE vs. HC, without significant differences in aNAV cells

(Figure 5). It is notable that Bnd2 cells are likely a subset of the

aNAV phenotype but are restricted to IgM-lo/negative Bnd cells

with an activated phenotype (19, 50, 71). While these user defined B

cell subsets were evaluated, the application of machine learning

algorithms to the data demonstrated the novel robust relationship

between cTph, extrafollicular B cells, and disease severity in LN

(Figure 6). We identified a heterogeneous population of LN-

associated B cells comprising surface marker phenotypes

resembling PB (CD27hiCD38hi) and DN2 (CD11c+CD27-IgD-)

(30, 72) (Figure 6). As these machine learning-defined cells did

not clearly conform to manually gated definitions, we expect that

this set also includes transitional states that would occur as atypical

memory cells differentiate toward pathogenic ASC; a fate that has

been hypothesized in other reports on such B cells in SLE (30, 72). A

strength of this approach is the ability to explore features of a

heterogeneous set of disease-associated cells, encapsulating B cells

at different stages of ASC differentiation trajectory, whether it be

following germinal center or extrafollicular pathways, both of which

likely have important roles in SLE pathogenesis. Importantly,

frequency of these disease-associated B cells correlated robustly

with cTph and cTfh, but only in cLN. Integrating these cellular

subsets within the same patients (as opposed to separate cross-

sectional studies), correlated with clinical disease scores. These

findings reveal the specific immune profiles of cells that are the

most important to target using new therapies. Clinical trial

outcomes may be improved by refining patient suitability criteria

based on these modalities.

LN-associated B cells showed elevated levels of cytokines that

have been implicated in promoting T cell activation and

differentiation into central memory phenotype (MCP-1), and

differentiation of CD4+ cells into Tph cells (IL-12p40, IL-23p19,

IFN-a) (27). Consistent with such findings were the increased

CD8+ TCM, cTph and cTfh populations in cSLE patients,

particularly those with LN (Figures 3, 4). We discovered a strong

correlation between the frequency of these cytokine-expressing B

cells and disease activity score across all SLE patients in our cohort,

and all eight nephritis patients had greater than 2% of their total B

cells fitting this profile, while only 3/14 non-nephritis cSLE patients

exceeded that frequency threshold (Figure 7). These findings
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highlight a previously under-recognized, yet potentially important,

role for B cell cytokine production in cSLE pathogenesis,

particularly in LN. In addition, our findings support the notion of

using PB and extrafollicular B cell subsets in disease monitoring

(72) and extends the signature through use of a deep learning-

derived profile to capture a complex set of B cells associated

with disease.

It has been shown that naïve B cells can be driven to

differentiate into the extrafollicular DN2 and Bnd2 cells and

further into ASCs, in an IL-21-dependent manner (30, 52, 72).

cTfh and cTph cells are producers of IL-21, and it has been shown

that Tph cells can drive B cell differentiation into PB in the setting of

SLE (27, 28, 73). Complementary to our finding of an extrafollicular

B cell signature in LN, we found increased cTph cells in cSLE

patients at the time of diagnosis. While we defined cTph and cTfh

based on CD4 T cell expression of PD-1 and CXCR5, other markers

such as CXCR3 and additional transcriptional factors such as Bcl6

for cTfh were not used and may provide further specificity to the

data analyzed. Moreover, cTph frequency correlated with disease

activity score (SLEDAI) specifically for patients with LN throughout

the study period (Figure 4). cTph frequency also correlated with the

frequency of surface-marker selected B cells (described above) for

all patients at the time of diagnosis, with LN patients exhibiting the

highest levels for both cell populations. The increased frequency of

cTph cells in the circulation, along with the presence of disease-

associated B cells that i) resemble PB and extrafollicular DN2 cells,

and ii) produce cytokines implicated in driving Tph differentiation,

suggests the possibility for a feed-forward dysregulation in which B

cells may drive Tph through cytokine production; and Tph cells, in

turn, drive the differentiation of DN2-like B cells into pathogenic

ASCs by IL-21 production. This implicates signaling in these cell

types as attractive therapeutic targets that would avoid the

drawbacks of cell-depleting approaches and potentially afford

more precise disease management. Our finding of a cytokine

production signature amongst disease-associated B cells suggests

that these as markers could be used to monitor disease activity, and

as direct drug targets themselves. Future flow cytometry and/or

gene expression-based studies evaluating extrafollicular T/B cell

subsets and B cell cytokine production in a larger cohort of cSLE

patients with and without nephritis holds the potential to inform

new therapies for organ-specific disease. It is important to consider

the role that elevated and sustained type 1 IFN signaling could play

in the model of pathologic T/B cell interactions our data support.

Type 1 IFN signaling has been shown to promote the differentiation

of autoreactive, T-dependent, extrafollicular plasmablasts in a

mouse model of SLE (74), and in vitro studies of human T cells

demonstrate that IFN-a stimulation can induce CD4 T cell

phenotypes consistent with Tph/Tfh differentiation (75).

Monoclonal therapy directed against the type I IFN receptor

subunit 1 (Anifrolumab, Saphelo) is currently FDA approved for

treatment of moderate to severe SLE in adult patients, after a decade

without the introduction of any new therapies (76–78). The initial

clinical trials in 2020 included SLE patients of diverse clinical

presentations, but the more recent 2022 clinical trial focused on

treatment of active LN. While the primary endpoint of change in

baseline 24-hour urine protein–creatinine ratio (UPCR) was not
Frontiers in Immunology 14
met, the anifrolumab arm did result in improved numerical renal

outcomes, suggesting that disruption of type I IFN signaling can

result in improvement of renal disease (79). Understanding the role

of this intervention with respect to the aberrant T/B cell interactions

in cLN that we and other groups have reported on will be critical to

defining the downstream immunopathogeneses of elevated type 1

IFN on SLE generally, as well as any treatment (and perhaps even

preventive) value it may have against the development of nephritis

specifically. The current possibility to study extrafollicular T/B cell

interactions before and after type 1 IFN signaling blockade,

particularly through spatial analysis of immune cells in the renal

tissue, presents an important opportunity to elucidate the immune

pathways underlying cLN.
4 Methods

4.1 Experimental subject details

24 patients with cSLE were enrolled and consented at Children’s

Hospital Colorado Rheumatology clinics between April 2016-2019

and followed longitudinally with routine clinical care and

peripheral blood collection until study completion, under an IRB

approved protocol for which Dr. Hsieh is the PI. At enrollment

(baseline), participants were required to be< 21 years of age, meet

the 1997 American College of Rheumatology revised SLE

classification criteria (80) (Table 1, Supplementary Table 1), and

be either treatment naïve (new diagnosis) or have ceased treatment

for longer than six months. Clinical data including physician exam

findings and laboratory data were obtained at each study visit.

Medications were prescribed according to standard clinical practice

at the discretion of the treating physician (Supplementary Table 2).

An additional 30 healthy subjects were recruited to serve as cross-

sectional age and sex-matched controls (Table 1).

4.1.1 Disease activity
To assess disease activity, the Systemic Lupus Erythematosus

Disease Index Activity Index 2000 (SLEDAI-2K) (81) was reported

at baseline and at each follow-up visit by the treating clinician

(Supplementary Figure 1, Supplementary Table 2). Conventional

laboratory parameters were collected with each visit, including but

not limited to, complete blood cell count and differential, C-reactive

protein, sedimentation rate, serum creatinine, complement

components 3 and 4, double-stranded DNA (dsDNA) titers,

urinalysis with microscopy and urine protein to creatinine ratio

(UPCR) (Supplementary Figure 1, Supplementary Table 1, Table 1).

4.1.2 Lupus low disease activity state
The LLDAS definition was modified from the consensus-based

definition published by Franklyn et al (82). A patient was deemed to

be in LLDAS if their SLEDAI-2K was ≤4, they had no new disease

activity or organ involvement compared with the previous

assessment, and the prednisone (or equivalent) dose was ≤7.5 mg

daily, on stable maintenance doses of immunosuppressive drugs

and approved biological agents. The physician global assessment

component was omitted from our definition as this was not
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routinely performed with clinical care. Summary of SLEDAI and

LLDAS status can be found in Supplementary Figure 1.

4.1.3 Renal response
Definitions for complete and partial renal response were

adapted from the Childhood Arthritis and Rheumatology

Research Alliance Consensus Treatment Plan for new–onset

proliferative lupus nephritis (43) definitions for substantial and

moderate renal response, respectively. Core renal parameters

include proteinuria (UPCR), renal function (creatinine clearance),

and urine sediment (urine WBCs, RBCs, and casts). Complete renal

response was defined as normal estimated glomerular filtration rate

(eGFR) by modified Schwartz equation for age (eGFR > 90 mL/min/

1.72 m2), inactive urinary sediment (<5 WBCs/hpf,<5 RBCs/hpf,

and no urinary casts), and UPCR< 0.2. Partial renal response was

defined as at least 50% improvement in two core renal parameters

without worsening of the remaining renal parameter if eGFR was

abnormal at baseline and a maximum UPCR ≤ 1. Non-responders

did not fulfill criteria for either complete or partial renal response.

Summary of renal response for the patients with lupus nephritis can

be found in Supplementary Figure 1, Supplementary Table 1.
4.2 Method details

4.2.1 Blood processing and mass
cytometry analysis

Whole blood was collected into heparinized vacutainers.

Freshly drawn whole blood was treated with protein transport

inhibitor (ebioscience 00-4980-03) in the absence of immune-

stimulatory agents, incubated for 6 hours, then lysed and fixed

(BD lyse/fix buffer #558049) to remove RBCs. Fixed cells were

stored in cell staining buffer (MaxPar Cell Staining Buffer, Fluidigm,

# 201068) at -80°C. When specimen numbers for batch processing

had been obtained, cells were thawed for downstream CyTOF

barcoding and staining steps. Mass tag cell barcoding of fixed

samples, followed by antibody staining and permeabilization was

performed as previously described (45, 83). Antibody panel detailed

in Supplementary Table 3.

4.2.2 Targeted gene expression panel analysis
Gene expression analyses of specified modules were measured

by DxTerity Diagnostics, Rancho Dominguez, CA USA, using the

DxTerity Modular Immune Profile (MIP) test, a chemical ligation-

dependent probe amplification and gene expression test with

relative quantitative analysis by capillary electrophoresis (84).

Modules analyzed were: DxTerity IFN Module (IFN-1), B Cell

Module, Energy Module, IFN Beta Module, IFN Gamma Module,

mRNA Translation Module, Neutrophil Module, pDC Module,

Plasmablasts Module, T Cell Module. Sample testing and analysis

was performed directly on PAXgene RNA Stabilized Blood as

described by Kim et al. (84). The DxTerity MIP test measures the

RNA expression levels of 51 immune response genes relative to the

expression levels of 3 housekeeping normalizer genes (ACTB,
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GAPDH and TFRC). Normalized expression values of each

respective response gene were calculated per the following

function: Normalized ExpressionGene i -= Log2(HeightGene i) –

Mean (Log2(Normalized Gene Height). A 4-gene Type 1

Interferon (IFN-1) signature score was calculated by averaging

the normalized expression values of HERC5, IFI27, IFIT1, and

RSAD2 in the MIP panel. The IFN-1 signature score cutoff of -0.5

between IFN high and low was determined based on measurement

of 281 healthy human blood samples and placing the cut-off at 2

standard deviations (95th percentile) above the mean healthy IFN-1

score (-0.5). This cut-off falls within the trough of the observed

bimodal distribution of IFN-1 scores for this and other cohorts of

SLE samples.
4.3 Computational and statistical analysis

4.3.1 Box plot and clustering analyses
of mRNA data

Mann–Whitney U two-sided tests (85) were used to determine

the statistical significance of gene expression between HC and SLE

groups (Figure 1A). P-values were adjusted using Benjamini-

Hochberg false discovery rate and adjusted P-values<0.05 were

considered statistically significant. No data were excluded from

the analyses.

For validation of subject-wise clustering (e.g., HC subjects are

mostly clustered together) or identification of potential batch effects

(e.g., a couple of SLE subjects [SLE21 and SLE16] share similarities

with HC subjects: Figure 1B heatmap), unsupervised hierarchical

clustering was performed. Initially, each subject is assigned to its

own cluster and then the algorithm proceeds iteratively, at each

stage joining the two most similar clusters, continuing until there is

just a single cluster. At each stage distances between clusters are

recomputed by the Lance-Williams dissimilarity update according

to the particular clustering method being used. A matrix of subject-

to-subject Euclidean distance values was calculated from the input

data matrix (as observed from the Figure 1B heatmap) of gene

modules and subjects. The Ward’s minimum variance algorithm

was used for subject-wise clustering (86). Dendrograms are used in

subject-wise clustering to help visualize similarities or dissimilarities

between subjects.

4.3.2 CyTOF phenotype and function analysis
For all tests, adjustments for multiple testing were conducted

using the Benjamini-Hochberg False Discovery Rate (FDR)

approach and adjusted p-values were reported (87).

4.3.2.1 Comparison of CD14hi monocytes
percent positive cytokine production

We used two-sample t-tests to statistically test the difference

between CD14hi monocyte cytokine production after 6 hours of

peripheral whole blood incubation with a protein transport

inhibitor, between two disease groups (cSLE vs. HC or LN vs. No

LN). The threshold median metal intensity (MMI) was determined
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for each cytokine to be the 95th percentile at T0 for the anchor

sample that was included in each barcode set (aliquoted and frozen

cells from a single healthy subject to control for technical

variability). For each study subject, the percentage of cells

expressing a given cytokine after 6 hours was determined relative

to this threshold, and the baseline percentage at T0 was subtracted

from this. Negative values indicate that for some samples the

percentage of above-threshold cells at T6 was less than at T0.
4.3.2.2 Immune cell subsets compositional analysis (cSLE
vs. HC) and comparison of frequencies of specific
immune cell subsets (HC vs. cSLE and LN vs. No LN)

To analyze the cell-type abundance data, first we obtained the

multivariate cell-type compositions of different cell subpopulations

with the total lymphocytes as the denominator. These subpopulations

were obtained from a hierarchical gating structure using

subpopulations that were not expected to have overlap. Cell-type

proportions (proportion with respect to the number of lymphocytes)

were obtained from this hierarchical tree. This cell-type proportion

data was compositional in nature with the proportions summing to 1.

We tested the difference in these cell-type compositions between

cSLE and HC using a newly developed kernel-based statistical test

CODAK (46). Upon finding significantly different cell-type

compositions across the two disease groups using CODAK, we

followed up using logistic generalized linear mixed models to test

for differential abundance of each individual cell-type to identify the

most significantly different subpopulations (88). The logistic mixed

models were also used to test differential abundance for cell sub-types

that were outside the hierarchical tree structure due to overlap with

other cell-types. The top two contributors identified included CD4+

Naïve T cells and CD56dim CD16+ NK. This procedure was repeated

for T-cell subpopulations with the T-cells as the denominator. A

similar approach using logistic mixed model was used to test the

difference in cell-type abundance for the additional individual cell

subpopulations: Plasmablasts, DN2, Bnd, and Bnd2 using B-cells as

the denominator; cTph and cTfh using CD4+ T-cells as the

denominator. For the compositional data, we also constructed

hierarchical cluster dendrograms of subjects having similar cell-

type compositions. Aitchison distance was used as the appropriate

distance between two compositions (89).
4.3.2.3 Cellular activation marker expression analysis

Arcsinh transformation with cofactor = 5 was performed on all

CyTOF data before analyzing the activation marker expression.

Two-sample Wilcoxon-Mann-Whitney tests were used (due to

asymmetry in the data) to test the difference in MFI for each

activation marker-cell subpopulation combination across the two

disease groups (cSLE VS. HC or LN VS. No LN).

4.3.2.4 Correlations of immune cell subsets
or cellular activation markers to each other
and/or to disease activity scores/metrics

For the longitudinal part of the study, we used data from all

time points (cSLE only) to test differential correlation between
Frontiers in Immunology 16
marker-abundance, marker-disease score, or abundance-disease

score pairs across the lupus nephritis disease groups (LN vs No

LN). Linear mixed model was used to conduct these tests.

4.3.3 Application of CellCnn algorithm
to CyTOF data

For CellCnn analysis, patient samples at time of diagnosis were

divided into two disease categories: with LN (n=7) and without LN

(n=15). The training and validation sets comprised.fcs files from

both categories that were manually pre-gated for CD19+ B cells.

The network was trained by randomly initializing the filters

(weights of the convolution part of the network) from a

continuous uniform distribution [-0.05, 0.05]. A filter is a vector

having a length equal to the number of cytometry markers

considered in the analysis. Markers considered for the surface

phenotype analysis, and the cytokine analysis are detailed in

Supplementary Table 3. The number of filters is a hyperparameter

chosen randomly from a range of 3 to 10 and optimized using a

random search. Other hyperparameters including learning rate and

dropout are optimized following the same strategy.

After performing convolution operation on multi-cell inputs (see

Arvaniti, 2017 (53)), a top-k pooling (mean of top-k cells, where k

ranges from 0.1, 1, 5, 20, up to 100% of a total number of cells in a

batch of 200 cells) strategy is applied. The mean of top-k pooled

response evaluates the frequency of a cell subset having top k% of cells

ordered according to the CellCnn score obtained from the convolution

operation by a particular filter. For each of the initialized filters, we

obtain one pooled response. Therefore, the vector of pooled response

has the same dimension as the number of initialized filters. Finally, the

output layer performs a weighted sum operation over the pooled

response and applies a softmax (for classification task) function to

obtain the final response of the network. The network is trained and

validated using 5-fold cross-validation on multi-cell inputs constructed

from samples. During training, the network uses mini-batch (batch

size=200) stochastic gradient descent with Adam optimizer and

categorical cross-entropy as the loss function to optimize the

network weights (90). Upon obtaining the model with the lowest

validation loss, corresponding trained filter weights were used to assign

each cell a cell-filter response score called the CellCnn score. A suitable

percentile threshold (e.g., 85%) was chosen to identify the cells from

each sample with a CellCnn score exceeding that threshold. UMAP

was then used to visualize cell similarity relationships in 2D with

above-threshold CellCnn scores represented as a color gradient overlay

(Figures 6, 7). To assess whether individual marker expression on

above-threshold cells differed from the entire population we performed

a non-parametric Kolmogorov–Smirnov two-sample test between the

selected cells (above-threshold) and the whole cell population and

visualized the differential abundance using the kernel density plots for

each marker. (Figures 6, 7).

In order to obtain the percentage of the CellCnn-selected cells

that are concurrent with cells in user-gated population categories

(Figures 6D-F), we first obtain the set of event numbers of the

CellCnn-selected cells denoted by Sc and subsequently perform

intersection with the set of event numbers for a particular gated

population which provides the set of overlapping cells denoted by
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So. Finally, the fraction of mapped cell population is obtained by

taking ratio between So and Sc. This ratio is obtained for each

patient for the following manually-gated populations: Plasmablasts,

DN1, DN2, Activated DN, Bnd1, Bnd2, IgM+ IgD- IgM-only, IgM+

IgD+ Mature Naïve, IgM- IgD- Switched Memory, IgM- IgD+ c-

delta class switched, IgM+ IgD- IgM Memory, IgM+ IgD+

Pre-switched.

The R programming language was used to implement

statistical analyses (91), with supporting visualizations generated

in Prism 9.
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