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Background: Anifrolumab (ANI), a monoclonal antibody blocking the type I

interferon (IFN) receptor, is approved for systemic lupus erythematosus (SLE);

yet real-world responses vary. We aimed to identify biomarkers predicting clinical

response to ANI in SLE.

Methods: We prospectively enrolled patients with SLE who initiated ANI and

evaluated immune cell subsets and type I IFN-associated markers by flow

cytometry with respect to clinical response to ANI. Clinical response at 6 months

was classified into responders and non-responders based on two criteria:

achievement of a British Isles Lupus Assessment Group-based Composite Lupus

Assessment (BICLA) response and successful glucocorticoid tapering.

Results: Of the 31 patients analyzed, 15 were responders and 16 were non-

responders. Among the ten biomarkers that showed significant changes in

responders, four - CD317 expression on T cells, CD317 expression on B cells,

CD169 expression onmonocytes, and T-peripheral-helper–cell frequency - were

already higher at baseline in responders than in non-responders. Baseline CD317

expression on T cells showed the highest discriminative power in predicting 6-

month response, separating responders from non-responders with an AUC of

0.89, surpassing the four-gene IFN gene signature (IFNGS) measured by

quantitative PCR (qPCR) (DeLong’s test, P = 0.044).

Conclusions: This study demonstrates that higher baseline CD317 expression on

T cells is associated with a favorable clinical response to ANI and predicts this

response more accurately than the previously proposed IFNGS in patients with

SLE. These findings identify CD317 as a promising and practical candidate

biomarker to guide personalized treatment strategies in SLE, contingent upon

further validation.

KEYWORDS
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1 Introduction

Systemic lupus erythematosus (SLE) is a chronic systemic

autoimmune disease characterized by marked heterogeneity in

clinical manifestations, prognosis, and immune dysregulation.

Therefore, precision medicine approaches that tailor treatment to

individual pathophysiological profiles are needed (1–4). High

expression of type I interferon (IFN)-stimulated genes is well

demonstrated in peripheral blood and affected tissues of patients

with SLE, thereby highlighting the pivotal role of type I IFN

signaling in disease pathogenesis (5–7).

Anifrolumab (ANI), a human monoclonal antibody that blocks

the type I IFN receptor, reduced overall disease activity and enabled

sustained glucocorticoid tapering in the phase III TULIP-1 and

TULIP-2 trials, leading to its recent approval for the treatment for

SLE (8, 9). In real-world practice, however, the clinical response to

ANI is heterogeneous; some patients benefit substantially, whereas

others do not. Consequently, there is a strong need to identify

baseline predictors of treatment response. Mechanistically, patients

with excessive type I IFN signaling would be expected to benefit

more from receptor blockade. Indeed, a post hoc analysis of the

phase III TULIP-1 and TULIP-2 trials demonstrated greater efficacy

in patients with an elevated interferon gene signature (IFNGS) (10).

Even so, not all patients with high IFNGS respond uniformly (8–

10). One possible explanation is that IFNGS can also be induced by

type II or type III IFNs and therefore does not necessarily reflect

specific type I IFN activity (11). Gene expression analyses have

shown that type I and type III IFNs induce an almost identical set of

genes, with no gene uniquely upregulated by type III IFNs (12),

although the tissue distribution of their receptors differs

substantially. IFNGS by type I and type II IFNs may overlap as

well (13). Moreover, circulating levels of type I IFN do not always

correlate with its functional activity (11, 14), and methodological

and standardization issues make it difficult to quantify type I IFN

signaling accurately in routine clinical settings.

As a complementary approach, flow cytometry-measurable cell

surface markers have attracted increasing attention. CD317 (BST2)

and CD169 (SIGLEC-1) are upregulated almost predominantly by

type I IFNs (IFN-a/b), whereas stimulation with type II (IFN-g) or
type III (IFN-l) IFNs results in only minimal changes in their

expression (15, 16). Because the expression of these markers reflects

increased type I IFN activity, they may serve as potential predictors

of response to ANI. Moreover, as type I IFN signaling is thought to

modulate a wide range of immune phenotypes (17), capturing such

alterations could provide additional insights into mechanisms

underlying variable treatment response.

To identify novel biomarkers predictive of treatment response

in SLE, we performed a comprehensive longitudinal analysis of

clinical parameters and immune cell subsets before and after ANI

initiation. Specifically, we evaluated a broad spectrum of

immunologic parameters - including absolute cell counts, fine-

grained subset composition across the B-, T-, monocyte-,

dendritic-, and NK-cell lineages, and the expression of selected

type I IFN-inducible surface markers (e.g., CD317, CD169) - to

determine whether any of these baseline features were associated

with subsequent response to ANI.
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2 Materials and methods

2.1 Patients

This study was conducted within the Kyushu Collagen Disease

Network for SLE (KCDN-SLE) registry, an ongoing multicenter

prospective cohort registry. We enrolled patients with SLE who

initiated ANI between August 2022 and March 2025 at three sites

where biospecimens were accessible - Kyushu University Hospital,

Japanese Red Cross Fukuoka Hospital, and Shimonoseki City

Hospital. Patients who fulfilled the 2019 ACR/EULAR

classification criteria for SLE (18) and were aged 20 years or older

were included. Patients who discontinued ANI before the second

infusion were excluded from all analyses. All included patients

received ANI 300 mg intravenously every four weeks in addition to

standard treatment. Adjustments in immunosuppressants or

glucocorticoids (GCs) were permitted at the discretion of the

attending physician. The study was approved by the Ethics

Committee of Kyushu University Hospital (approval No. 22041-

01) and conducted in accordance with the Declaration of Helsinki.

Written informed consent was obtained from all participants.

2.2 Clinical and laboratory assessment

Patients were evaluated at baseline (before the first ANI

infusion) and 1, 3, and 6 months after ANI initiation. At each

visit, peripheral blood was collected into heparinized tubes. PBMCs

were isolated by density-gradient centrifugation, resuspended in

Cell Banker 1 cryopreservation solution (Zenogen Pharma Co., Ltd.,

Koriyama, Fukushima, Japan), and stored at -80°C until flow-

cytometric or quantitative real-time PCR analysis. Concomitant

laboratory tests included complete blood counts, serum chemistry,

complement levels, anti-double-stranded DNA antibodies (anti-

dsDNA), and urinalysis. Demographic data, clinical characteristics,

disease activity, organ involvement, and medications were extracted

from patients’ medical records. Disease activity and organ

involvement were assessed at every visit using the SLE Disease

Activity Index 2000 (SLEDAI-2K) (19) and the British Isles Lupus

Assessment Group 2004 index (BILAG-2004) (20). Changes in

glucocorticoid (GC) dosage and concomitant immunosuppressant

(IS) use were documented. Reasons for treatment discontinuation

after two or more infusions (adverse event, inadequate efficacy,

other reasons) were also recorded.

2.3 Outcomes

The primary outcomes were achievement of a BILAG-based

Combined Lupus Assessment (BICLA (21);) response and

successful GC dose reduction. For patients who exhibited at least

one BILAG grade A or B involvement at baseline, a responder was

defined as meeting the BICLA criteria at month 6, consistent with

the primary endpoint of the pivotal TULIP-2 trial. In contrast, for

patients without BILAG grade A or B involvement whose main

treatment objective was GC reduction - a common goal in routine

clinical care -, a responder was defined as (i) having no flare

recorded by the BILAG-based Flare Index (BBFI) (9, 22) during
frontiersin.org
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the 6-month observation period and (ii) achieving a ≥ 25%

reduction in GC dose from baseline. All other patients were

classified as non-responders. To assess robustness across response

definitions, a sensitivity analysis was conducted using an alternative

responder definition. A responder was defined as meeting either of

the following criteria without treatment intensification or flare: (i) a

≥1-point reduction in SLEDAI-2K score from baseline, or (ii) a

≥25% reduction in GC dose from baseline.

2.4 FACS analysis

Peripheral-blood mononuclear cells (PBMCs) collected at

baseline (month 0) and at months 1, 3, and 6 were thawed and

stained on the same day in a single flow cytometry batch using the

anti-human monoclonal antibodies listed in Supplementary

Table 1. Isotype control antibodies (BD Biosciences) were used to

determine background staining. Data were acquired on a FACSAria

II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) and

analyzed with FlowJo software version 10.8.0 (BD Biosciences).

Absolute counts (cells/µL) of major lymphocyte subsets - T cells and

B cells - and monocytes were calculated by combining complete

blood count data with flow cytometric gating frequencies. Subsets

forming discrete populations (e.g., naïve or memory B cells) were

expressed as percentages, whereas markers exhibiting a continuous

distribution within a subset (e.g., CD317 on B cells or CD169 on

monocytes) were quantified by median fluorescence intensity

(MFI). Representative gating plots and CD317 histograms are

shown in Supplementary Figure 1. MFI values were obtained

using the “Median” output and are reported herein as “MFI.”

Subset definitions followed the NIH/Federation of Clinical

Immunology Societies Human Immunology Project protocols

(23); subsets or markers not included in the core NIH protocol

were added according to published gating strategies as follows: type

I IFN–responsive markers - CD317 (BST2) and CD169 (SIGLEC1);

B-cell subsets - double-negative 2 B cells (DN2; CD11c+ CXCR5-

IgD- CD27-) (24), BAFF-R+, TACI+, BCMA+, and Tim-1+

regulatory B cells (Bregs) (25); T-cell subsets - age-associated T

helper cells (ThA; CXCR3mid CD4+ Tem) (26) and peripheral

helper T cells (Tph; PD-1hi CXCR5-) (27).

2.5 Biomarker analysis

Fold change for each marker was calculated as the month-6

value divided by the baseline value, log2-transformed to

approximate normality, and analyzed. Samples lacking the

relevant subset at baseline or missing month-6 data were

excluded from the biomarker analysis. Markers that changed

significantly within responders were shortlisted; and those whose

baseline levels also differed between responders and non-responders

were subsequently subjected to receiver operating characteristic

(ROC) analysis.

2.6 Quantitative real-time PCR

Total RNA was isolated from baseline PBMCs using the RNeasy

Micro Kit (QIAGEN, Hilden, Germany) and reverse-transcribed

with ReverTra Ace qPCR RT Master Mix (TOYOBO, Osaka,
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Japan). To comprehensively evaluate type I IFN signaling,

transcript levels of the six most frequently reported ISGs—MX1,

IFI44L, IFIT1, IFI44, RSAD2, and IFI27—were selected based on a

recent EULAR systematic literature review of type I IFN pathway

assays (28). These transcripts were quantified in triplicate by

TaqMan assays on 96-well plates with a CFX Connect Real-Time

PCR Detection System (Bio-Rad, Hercules, CA, USA). Assay IDs

are provided in Supplementary Table 2. Expression of 18S rRNA

served as the endogenous control. Cycle-threshold (Ct) values were

exported with CFX Maestro software, normalized to 18S rRNA

(DCt), and expressed relative to healthy controls using the 2^ -

DDCt method. Values were log2-transformed, and the arithmetic

mean of log2-transformed IFI27, IFI44, IFI44L, and RSAD2 values

were defined as the four-gene interferon signature (4GS) (9, 28).

Using the same approach, the arithmetic mean of log2-transformed

MX1, IFI44L, IFIT1, IFI44, RSAD2, and IFI27 values was defined as

the six-gene interferon signature (6GS).

2.7 Biomarker-based prediction (ROC
curves)

Baseline values of the final candidate biomarkers - that is,

markers that both changed significantly within responders and

differed at baseline between responders and non-responders in

the preceding screening step - together with the 4GS were

subjected to ROC analysis to evaluate their ability to discriminate

responders from non-responders at month 6. As a sensitivity

analysis, ROC analyses were also performed for the 6GS and for

each of the six ISG transcripts (MX1, IFI44L, IFIT1, IFI44, RSAD2,

and IFI27).

2.8 Correlation analysis

To explore clinical relevance, we first examined correlations

between final candidate biomarkers and continuous clinical

variables - SLEDAI score, anti-dsDNA antibody titer, GC dose,

complement C3/C4 levels, and the 4GS - using Spearman’s rank

correlation. We then compared biomarker levels across categorical

variables; autoantibody status (anti-Sm, anti-RNP, anti-SSA/Ro);

presence of BILAG grade A or B involvement (A1/B1); major organ

involvement (mucocutaneous, musculoskeletal, hematologic, or

rena l ) ; concomi tan t med ica t ions a t ANI in i t i a t ion

(hydroxychloroquine [HCQ] or other immunosuppressants); and

previous belimumab (BLM) treatment.

2.9 Statistical analysis

Continuous variables are presented as mean ± standard

deviation or as median with an interquartile range (IQR), as

appropriate; categorical variables are reported as frequencies and

percentages. Group comparisons were performed using the

Student’s t test for normally distributed continuous variables, the

Mann-Whitney U test for non-normally distributed continuous

variables, and the Fisher’s exact test or the chi-square test for

categorical variables. Within-group changes in biomarkers from

baseline to month 6 for biomarkers were evaluated using two-tailed

one-sample Student’s t tests on log2-transformed fold changes. P-
frontiersin.org

https://doi.org/10.3389/fimmu.2026.1756139
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kimura et al. 10.3389/fimmu.2026.1756139
values were adjusted for multiple testing with the Benjamini–

Hochberg false discovery rate (FDR) procedure. Correlations

between continuous variables were assessed using Spearman’s

rank correlation. ROC analysis was used to estimate the area

under the curve (AUC) with 95% confidence intervals. Bootstrap-

based internal validation (2,000 iterations) with out-of-bag

evaluation was conducted to estimate an optimism-corrected

AUC. Optimal cutoffs were defined by maximizing Youden’s J

index, and the corresponding sensitivity and specificity were

reported. All statistical tests were two-sided, and significance was

defined as P < 0.05 (for single comparisons) or adjusted P < 0.05

after FDR correction. All analyses were exploratory, and no formal

sample size calculation was performed. Statistical analysis were

conducted using GraphPad Prism 9 (GraphPad Software, San

Diego, CA, USA) and R (R Foundation for Statistical Computing,

Vienna, Austria).
3 Results

3.1 Patient characteristics

The study enrolled 32 patients with SLE who initiated ANI

during the observation period. One patient discontinued ANI after

the first infusion and was excluded, leaving 31 patients for analysis

(Figure 1). The mean ± SD age was 39.9 ± 15.0 years, all patients

were female, and the median disease duration was 10 (IQR 5.5–

17.5) years (Table 1). At baseline, disease activity was generally low

to moderate. The median SLEDAI was 4.0 (IQR 2.0 - 6.0). Overall,

68% of patients had grade A or B involvement in at least one

domain, and 22% had at least one BILAG grade A domain.

Mucocutaneous involvement was most common, followed by

musculoskeletal and hematologic involvement. At baseline, the

median prednisolone (PSL) dose was 5.0 mg/day (IQR 4.0-9.5).

Concomitant medication use was frequent: approximately 60%

received an IS, and 35% had prior BLM treatment.
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3.2 Clinical response

During the 6-month follow-up, the SLEDAI score declined

progressively, whereas the median PSL dose remained largely

unchanged (Figures 2A, B); individual trajectories are shown in

Supplementary Figure 2. Organ-specific BILAG grades improved

mainly in the mucocutaneous and hematologic domains

(Figures 2C–F). Stratified analysis revealed that mucocutaneous

improvement was predominantly driven by responders

(Supplementary Figures 3A–H). Fifteen patients (48%) met the

responder definition - achieving a BICLA response at month 6 or

tapering GCs without flare - whereas 16 (52%) were categorized as

non-responders (Table 1). As shown in Figures 2G, H, responders

exhibited clear reductions in both SLEDAI score and PSL dose,

whereas median values in non-responders showed minimal change

in these parameters. Baseline disease duration, serological activity

(anti-dsDNA titer, complement levels), autoantibody profile, organ

involvement, and concomitant medications showed no statistically

significant differences between the two groups (Table 1), indicating

that they had comparable baseline clinical characteristics.

3.3 Changes in immune-cell subsets

Fold change from baseline to month 6 was calculated for each

immune subset and compared across all patients, responders, and

non-responders (Figure 3; numeric estimates and statistical results

are summarized in Supplementary Table 3). Four patients lacking

month 6 FACS data were excluded, leaving 27 patients (15

responders, 12 non-responders) for biomarker analysis (Figure 1).

In the responder group, 10 immune-cell parameters showed

significant modulation. Four absolute cell−count parameters—

total white−blood−cell count, lymphocyte count, and CD3+ T

−cell count, and CD19+ B-cell count—increased. Within the T

−cell compartments, the frequencies of follicular helper T (Tfh) and

peripheral helper T (Tph) cells decreased. No subset within the B-

cell or monocyte/dendritic cell/natural killer (monocyte/DC/NK)

lineages reached statistical significance. DN2 B cells showed a trend
FIGURE 1

Algorithm for the inclusion and exclusion of the study population.
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toward decrease, but the change did not reach statistical

significance. For the type I IFN–responsive markers, significant

decreases were observed in CD317 MFI on T cells and on B cells,

and in both CD317 and CD169 MFI on monocytes - four IFN
Frontiers in Immunology 05
−related markers in total. In contrast, the non-responder group

showed significant changes only in CD317 and CD169 MFI on

monocytes, both type I IFN-responsive markers. No other immune-

cell parameters exhibited statistically significant fold changes over
TABLE 1 Baseline clinical characteristics of patients with SLE.

Variable All (n=31)
Responders
(n=15)

Non-responders
(n=16)

P-value

Age, years, mean ± SD 39.9 ± 15.0 35.9 ± 12.5 43.7 ± 16.6 0.15

Female, n (%) 31 (100.0%) 15 (100.0%) 16 (100.0%) –

Disease duration, years 10.0 [5.5-17.5] 7.0 [4.0-15.5] 11.5 [8.0-21.0] 0.14

SLEDAI score 4.0 [2.0-6.0] 4.0 [2.0-6.0] 4.0 [2.0-6.0] 1

Serological activity, n (%) 15 (48.4%) 5 (33.3%) 10 (62.5%) 0.16

Low C3 and/or C4, n (%) 8 (25.8%) 2 (13.3%) 6 (37.5%) 0.22

C3, mg/dL 92.0 [73.5-105.0] 100.0 [77.0-117.0] 89.0 [64.2-101.8] 0.21

C4, mg/dL 16.0 [11.5-21.0] 16.0 [14.5-21.5] 13.0 [10.2-21.0] 0.33

Anti-dsDNA antibody positivity, n (%) 11 (35.5%) 4 (26.7%) 7 (43.8%) 0.46

Anti-Sm antibody positivity, n (%) 6 (19.4%) 3 (20.0%) 3 (18.8%) 1

Anti-RNP antibody positivity, n (%) 15 (48.4%) 6 (40.0%) 9 (56.2%) 0.48

Anti-SSA/Ro antibody positivity, n (%) 16 (51.6%) 9 (60.0%) 7 (43.8%) 0.48

Organ manifestations, n (%)

Mucocutaneous - BILAG grade A-C 20 (64.5%); A/B/C: 6/8/6 11 (73.3%); A/B/C: 4/4/3 9 (56.3%); A/B/C: 2/4/3 0.46

Musculoskeletal - BILAG grade A-C 11 (35.5%); A/B/C: 0/4/7 7 (46.7%); A/B/C: 0/3/4 4 (25.0%); A/B/C: 0/1/3 0.27

Renal - BILAG grade A-C 2 (6.5%); A/B/C: 0/2/0 0 (0.0%); A/B/C: 0/0/0 2 (12.5%); A/B/C: 0/2/0 0.48

Hematologic - BILAG grade A-C 16 (51.6%); A/B/C: 1/1/14 6 (40.0%); A/B/C: 0/0/6 10 (62.5%); A/B/C: 1/1/8 0.29

Disease status

BILAG A ≥ 1 7 (22.6%) 4 (26.7%) 3 (18.8%) 0.69

BILAG A or B ≥ 1 (A1/B1) 21 (67.7%) 11 (73.3%) 10 (62.5%) 0.7

Concomitant medications at baseline

PSL dose, mg/day 5.0 [4.0-9.5] 5.0 [3.5-15.0] 5.0 [4.0-8.2] 0.59

PSL > 7.5 mg/day, n (%) 10 (32.3%) 5 (33.3%) 5 (31.2%) 1

HCQ 25 (80.6%) 12 (80.0%) 13 (81.2%) 1

IS 19 (61.3%) 9 (60.0%) 10 (62.5%) 1

Antimetabolite use, n (%) 10 (32.3%) 4 (26.7%) 6 (37.5%) 0.7

MMF 6 (19.4%) 1 (6.7%) 5 (31.2%) 0.17

MZR 3 (9.7%) 2 (13.3%) 1 (6.2%) 0.6

AZA 0 (0.0%) 0 (0.0%) 0 (0.0%) –

MTX 1 (3.2%) 1 (6.7%) 0 (0.0%) 0.48

Calcineurin inhibitor use, n (%) 16 (51.6%) 7 (46.7%) 9 (56.2%) 0.72

TAC 11 (35.5%) 5 (33.3%) 6 (37.5%) 1

CsA 5 (16.1%) 2 (13.3%) 3 (18.8%) 1

Combination with antimetabolite and calcineurin inhibitor,
n (%)

7 (22.6%) 2 (13.3%) 5 (31.2%) 0.39

Previous biologic treatment (switched)

BLM 11 (35.5%) 3 (20.0%) 8 (50.0%) 0.14
fro
Data are presented as means ± standard deviations or medians (interquartile ranges) unless otherwise indicated. SLEDAI, SLE Disease Activity Index 2000; BILAG, British Isles Lupus Assessment
Group 2004 index; PSL, prednisolone; HCQ, hydroxychloroquine; IS, immunosuppressants; MMF, mycophenolate mofetil; MZR, mizoribine; AZA, azathioprine; MTX, methotrexate; TAC,
tacrolimus; CsA, cyclosporine A; BLM, belimumab.
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the six−month period. Detailed time courses for these markers are

provided in Supplementary Figure 4: CD169 MFI on monocytes

decreased sharply by month 1, while the other markers showed

gradual changes over the 6-month observation period.

3.4 Candidate biomarkers for response

Among the 10 IFN-related parameters that changed within

responders (Figure 3), we compared baseline values between 15

responders and 12 non-responders included in the biomarker

analysis (Figure 4A). We also evaluated the 4GS - an IFN-related
Frontiers in Immunology 06
gene signature previously reported to correlate with response to

ANI (9). CD317 MFI on T-cells, CD317 MFI on B-cells, CD169

MFI on monocyte, and the frequency of Tph cells were significantly

higher at baseline in responders. Notably, the 4GS showed a

numerical trend toward higher baseline values in responders, but

the difference did not reach statistical significance.

Biomarkers that differed at baseline (P < 0.05) - CD317 MFI on

T-cells, CD317 MFI on B-cells, CD169 MFI on monocytes, and the

frequency of Tph cells - were designated as final candidate

biomarkers and evaluated by ROC analysis together with the 4GS

(Figure 4B). CD317 MFI on T cells discriminated responders from
FIGURE 2

Clinical outcomes over 6 months. Changes in the SLEDAI score (A) and PSL dose (mg/day) (B) over 6 months. Dots represent individual patients;
horizontal bars and whiskers indicate the median and interquartile range (IQR). BILAG domain grade transitions over 6 months in the
mucocutaneous (C), musculoskeletal (D), renal (E), and hematologic (F) domains. Sankey diagrams depict patient migration between BILAG grades
(A-E/NA); bandwidth is proportional to the number of patients moving between grades. Change from baseline (D) in the SLEDAI score (G) and PSL
dose (mg/day) (H) over 6 months by response group. Solid lines show group medians for responders (blue) and non-responders (red); vertical error
bars indicate the IQR. SLEDAI, Systemic Lupus Erythematosus Disease Activity Index; PSL, prednisolone; BILAG, British Isles Lupus Assessment Group.
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non-responders and outperformed the 4GS (DeLong P = 0.044).

CD317 MFI on B cells showed similarly good discrimination but

did not differ significantly from the 4GS. CD169 MFI on monocytes

and the frequency of Tph cells performed comparably to the 4GS.

Sensitivity and specificity were calculated at the optimal cutoffs

determined by Youden’s J index, and the corresponding cutoff units

are presented in Table 2. Bootstrap-based internal validation with

out-of-bag evaluation yielded an optimism-corrected AUC of 0.84

(bootstrap percentile interval 0.56–1.00).

Sensitivity analysis using the modified responder definition

yielded consistent results (Supplementary Table 4); baseline

CD317 MFI on T cells achieved an AUC of 0.786 (95% CI 0.590–

0.981), which was higher than that of the 4GS (AUC 0.593; 95% CI

0.365–0.822). In additional sensitivity analyses, the 6-gene IFN

signature (6GS) and each of the six individual ISG transcripts did

not outperform baseline CD317 MFI on T cells (Supplementary

Table 5; Supplementary Figure 5).

3.5 Relationship between final candidate
biomarkers and clinical indices

For the four final candidate markers - CD317 MFI on T-cells,

CD317 MFI on B-cells, CD169 MFI on monocytes, and the

frequency of Tph cells - we assessed correlations with key

continuous clinical indices (SLEDAI score, anti-dsDNA antibody

titer, daily PSL dose, complement C3/C4 levels) as well as with the

4GS (Figure 5A). The four final markers were significantly and
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positively correlated with one another, and each showed a positive

correlation with the 4GS. Although their associations with SLEDAI

did not reach statistical significance, all four displayed a consistent

positive trend. Conversely, all four markers were negatively

correlated with absolute lymphocyte count, with the correlation

reaching statistical significance for CD317 MFI on B cells.

Given its highest ROC AUC, CD317 MFI on T-cells was further

examined across categorical variables, including autoantibody status

(anti-Sm, anti-RNP, anti-SSA/Ro); presence of BILAG grade A or B

involvement (A1/B1); major organ involvement (mucocutaneous,

musculoskeletal, hematologic, or renal); concomitant medications

at ANI initiation (HCQ or other immunosuppressants); and prior

BLM treatment. CD317 expression did not differ across these

categories except for patients receiving HCQ, who showed

significantly lower CD317 MFI on T cells (Figure 5B).
4 Discussion

We evaluated the clinical response to ANI in relation to

immune-cell subsets and type I interferon (IFN)–associated

markers. Baseline CD317 expression on T cells predicted

subsequent response as accurately as, or even more accurately

than, the canonical four-gene IFN signature (4GS).

Post hoc analyses of pivotal ANI trials have reported superior

outcomes in patients with elevated whole-blood IFNGS (10).
FIGURE 3

Immune biomarker changes over 6 months. Fold changes (month 6/baseline) in immune cell subset levels - including cell counts, proportions, and
marker expression - are shown for the total cohort, as well as stratified by response (responders and non-responders). Points and error bars are
back-transformed estimates with 95% CIs from analyses on the log2 scale; the x-axis is plotted on a log scale, and the dashed line at 1 indicates no
change. Asterisks denote significance after Benjamini-Hochberg FDR adjustment (adjusted P): * 0.01 ≤ adjusted P < 0.05; ** adjusted P < 0.01. WBC,
white blood cells; TEMRA, terminally differentiated effector memory CD4+ T cells re-expressing CD45RA; MFI, median fluorescence intensity.
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FIGURE 4

Baseline distributions and ROC performance of candidate biomarkers. (A) Baseline distributions of candidate biomarkers in responders and non-
responders. Box plots show medians with interquartile ranges, whiskers indicate the range, and individual data points are overlaid. Asterisks denote
significance: *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant. (B) ROC curves of the final candidate biomarkers predicting clinical response at
month 6. The 4GS curve is shown as a dashed reference. AUCs with 95% CIs, optimal cut-offs, and DeLong tests are reported in Table 2.
TABLE 2 ROC analysis of final candidate biomarkers.

Biomarker AUC (95% CI) P-value Cutoff Sensitivity (%) Specificity (%)

CD317+ T cells 0.889 (0.753–1.000) 0.044 411.5 (MFI) 73.3 100

CD317+ B cells 0.856 (0.701–1.000) 0.131 888 (MFI) 73.3 91.7

CD169+ Monocytes 0.756 (0.557–0.954) 0.487 889 (MFI) 80 75

Tph 0.714 (0.507–0.920) 0.893 1.835 (%) 73.3 66.7

4GS 0.700 (0.496–0.904) — 5.592 (score) 46.7 100
F
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Data are presented as areas under the receiver operating characteristic (ROC) curve (AUCs) with 95% confidence intervals (CIs). P values were obtained from paired DeLong tests versus the 4GS
reference. Sensitivity and specificity were calculated at the optimal cutoffs determined by Youden’s J index; units for cutoffs are shown in parentheses. Tph, peripheral helper T cells; 4GS, 4-gene
type I IFN signature; MFI, median fluorescence intensity.
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Consistent with these findings, the PBMC-derived 4GS predicted

treatment response well in our cohort. However, IFNGS values

depend strongly on the cellular composition of the analyzed sample:

in whole blood, neutrophils account for 40-70% of leukocytes (29),
Frontiers in Immunology 09
and the measured signal therefore primarily reflects interferon-

stimulated gene expression in neutrophils. PBMCs, by contrast, are

enriched for lymphocytes and monocytes. Large-scale single-cell

transcriptomic analyses encompassing 27 immune-cell subsets have
FIGURE 5

Clinical correlates of final candidate biomarkers. (A) Correlation matrix between final candidate biomarkers, the type I IFN gene signature (IFNGS;
4GS), and key continuous clinical indices. Circles encode Spearman correlations (color indicates sign and magnitude; size scales with |r|). Asterisks
indicate two-sided P <0.05. (B) Distribution of CD317+ T-cell MFI across clinical categories. Box-and-whisker plots show medians with interquartile
ranges and individual values. Asterisks denote significance (*P < 0.05; ns, not significant). Tph, T peripheral helper cells; 4GS, four-gene interferon
score; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index; PSL, prednisolone (daily dose); ds-DNA, anti-double-stranded DNA antibody;
C3/C4, complement components; HCQ, hydroxychloroquine; BLM, belimumab; MMF, mycophenolate mofetil; TAC/CsA, tacrolimus/cyclosporine A;
BILAG, British Isles Lupus Assessment Group.
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demonstrated that upregulation of IFN-a response genes is most

pronounced in T- and B-cell clusters and correlates closely with

high-activity in SLE (30). These observations suggest that PBMC- or

lymphocyte-based 4GS measurements may more accurately capture

the type I interferon signal that is directly linked to disease activity.

Despite its utility, routine measurement of the 4GS requires

gene-expression assays and is not entirely specific for type I IFN, as

type II and type III IFNs can also induce these transcripts. Indeed,

reporter-cell bioassays detect high type I IFN bioactivity in only

about one-third of patients with elevated 4GS values (11). While

MX1 and IFIT1 have been used as readouts in a functional assay

designed to capture type I IFN activity (31, 32), our sensitivity

analysis evaluating six representative ISGs individually showed that

none achieved higher discriminative performance than baseline

CD317 MFI on T cells (Supplementary Table 5; Supplementary

Figure 5). Notably, MX1 showed a numerically higher AUC among

the individual transcripts, but its performance remained lower than

that of CD317 MFI on T cells. Direct protein quantification is

equally challenging: multiple IFN-a subtypes and IFN-b must be

measured; total circulating concentrations do not necessarily reflect

functional activity (14, 33); even ultrasensitive digital ELISA

(Simoa) tends to favor certain subtypes (34); and reporter-cell

methods are time-consuming and labor-intensive (32). Thus, our

findings - that flow-cytometric measurement of the single surface

marker CD317 predicts response to ANI at least as well as the

transcript-based IFNGS - support the potential of a simple and

readily implementable assay for assessing disease activity and

therapeutic response.

CD317 (BST-2), initially identified as an interferon-inducible

restriction factor that inhibits retrovirus release (35), is also a cell

surface marker exquisitely sensitive to type I IFNs. CD317

expression was remarkably induced in human CD4+ T, CD8+ T,

and monocytes by type I IFN but not type II IFN (36). Notably,

despite higher basal CD317 expression on monocytes, lymphocyte

subsets show a greater dynamic range of CD317 induction in

response to type I IFN stimulation, suggesting that lymphocyte

CD317 may better capture inter-individual variability in type I IFN

responsiveness (15). In SLE, IFN signaling in T and B lymphocytes

has been suggested to associate more closely with disease activity

than signaling in myeloid cells such as monocytes (30). CD317

therefore merits attention as a readout of lymphocyte-driven type I

IFN responses. Consistent with this notion, baseline CD317

expression on lymphocytes in the present analysis predicted the

response to ANI more accurately than its expression on monocytes.

These findings suggest that treatment response is likely reflected

more precisely by IFN activity detected in lymphocytes than by that

in monocytes. A plausible explanation is that CD317 on

lymphocytes provides a downstream, protein-level readout of the

net biological impact of type I IFN—integrating both upstream IFN

exposure and inter-individual differences in cellular responsiveness

—thereby providing a more integrative signal for treatment

response assessment than monocyte-based readouts. Supporting

this lymphocyte focus, CD317 on memory B cells has been reported

to correlate with the number of active BILAG domains and to

predict impending flares (15). Nonetheless, the basis for the

differential performance of CD317 between T and B cells remains
Frontiers in Immunology 10
unclear and warrants further investigation in larger cohorts and

mechanistic studies. Reanalysis of a publicly available SLE scRNA-

seq dataset (37) further showed that BST2/CD317 expression at the

transcript level on both lymphocytes and monocytes correlated

strongly with the IFNGS, but only lymphocyte CD317 expression -

particularly on T cells - showed a trend toward association with the

SLEDAI (Supplementary Figure 6). Taken together, the strong

predictive performance of baseline CD317 expression on T and B

cells, coupled with the limited utility of monocyte-derived markers

observed in our study, aligns well with these prior observations.

In the correlation analysis, baseline CD317 expression on

lymphocytes reflected type I IFN-driven activity but was only

partially captured by established clinical indices. CD317 MFI on

T and B cells correlated positively with each other and with the

four-gene IFN signature (4GS). By contrast, their associations with

the SLEDAI did not reach statistical significance, although the

direction of the effect was positive. CD317 MFI on B cells was

inversely correlated with absolute lymphocyte count, consistent

with the recognized link between heightened type I IFN activity

and lymphopenia. CD317 MFI on T cells showed no association

with autoantibody profiles, and organ-specific activity defined by

individual BILAG domains including BILAG A1/B1 in this study.

These findings do not imply that CD317 MFI on T cells is an

independent predictor beyond the 4GS or clinical activity indices

such as SLEDAI. Rather, CD317 MFI on T cells may serve as a

practical protein-level surrogate reflecting patient-specific type I

IFN responsiveness that is not fully captured by conventional

clinical indices. Notably, baseline SLEDAI did not differ between

responders and non-responders. On the other hand, El-Sherbiny

et al. reported that CD317 expression on memory B cells correlated

positively with the composite BILAG score (15). Differences in the

target population (memory B cells vs total T cells), fluorescence

metric (mean vs median MFI), and our cohort’s milder disease

activity likely explain this apparent discrepancy. Nevertheless, the

superior predictive performance of CD317 in our ROC analysis

supports its specificity for type I IFN activity, indicating that the two

studies are substantively concordant.

Interestingly, in the present study, CD317+ T cells were

decreased only in patients who received HCQ as premedication,

but not in those treated with immunosuppressive agents such as

mycophenolate mofetil, calcineurin inhibitors, or BLM. This

finding underscores once again the fundamental importance of

HCQ as a cornerstone therapy in SLE. Conversely, in patients with

SLE who are unable to use HCQ for any reason, ANI may represent

a valuable therapeutic option capable of modulating the IFN gene

signature (IFNGS) during both the induction and maintenance

phases of remission. This potential role of ANI warrants further

investigation in a larger cohort of patients to confirm its

clinical relevance.

Analysis of samples from patients who responded well to ANI

suggested that type I IFN blockade affects a broad range of immune

subsets; however, most molecules lacked sufficient baseline

predictive ability. In addition to CD317, two immunologic

parameters - the surface marker CD169 (SIGLEC-1) and the

frequency of Tph subset - retained some association with

response to ANI. Notably, CD169 MFI on monocytes showed the
frontiersin.org

https://doi.org/10.3389/fimmu.2026.1756139
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Kimura et al. 10.3389/fimmu.2026.1756139
largest on-treatment fold change in responders, and both markers

correlated positively with the 4GS, indicating their ability to

sensitively identify patients with heightened type I IFN activity.

Monocytes express much higher levels of IFNAR compared to T

cells and B cells, and therefore exhibit stronger STAT1

phosphorylation and induction of ISGs in response to type I IFN

stimulation (38). Like CD317, CD169 is an IFN-inducible molecule,

but its expression is largely restricted to the monocyte/macrophage

lineage (39), and may therefore underrepresent lymphocyte-

centered processes. Nevertheless, its dynamic behavior is

informative, as a decrease in CD169 expression on monocyte

after ANI treatment has been shown to parallel clinical

improvement in cutaneous lupus (40). Conversely, Tph cells -

whose developmental pathway is distinct from that of classical

Tfh cells - have been reported to be promoted by type I IFN

signaling during differentiation (41, 42); accordingly, the decline in

Tph frequency observed after ANI initiation is biologically

coherent. Although CD169 and Tph underperformed CD317 as

individual predictors, larger cohorts and multivariable models

are warranted to determine their respective contributions and

to test whether combining multiple markers can enhance

predictive accuracy.

Our findings indicate that assessing baseline CD317 expression

on T cells before initiating ANI may enable clinicians to predict

therapeutic response in advance. In SLE, baseline serum BAFF

levels have already been shown to predict the efficacy of BLM (43–

45). Establishing CD317 or related indices might eventually assist in

more precise selection between ANI and other biologic agents.

Given that type I IFN signaling is also implicated in other

autoimmune disorders, this concept might extend to broader

indications for ANI and to more personalized treatment strategies

in those diseases. The generalizability of the results may be

influenced by several limitations inherent in this study. First, the

sample size was small, limiting statistical power; ideally, adjustment

for additional variables in a larger, multicenter, multiracial study

would yield more precise results. External validation in an

independent cohort would be preferred, but an appropriate

external dataset is not currently available. Bootstrap-based

internal validation with out-of-bag evaluation was conducted to

estimate an optimism-corrected AUC, which supported the relative

robustness of the signal within the examined candidate set.

Nevertheless, uncertainty remained substantial, as reflected by the

wide bootstrap interval. Accordingly, these findings should be

interpreted as exploratory and warrant confirmation through

external validation and further internal validation in larger,

independent cohorts. Second, baseline disease activity was

relatively low in this cohort, which may limit the sensitivity of

achievement-based composite response endpoints. Nonetheless, the

main findings were generally consistent across response definitions.

Third, follow-up was limited to 6 months, which precluded

assessment of long-term outcomes such as sustained remission or

organ-damage progression; external validation in longer

prospective cohorts is therefore warranted. Fourth, because this

was a single-arm prospective study without a standardized protocol

for concomitant immunosuppressant or GC use, physician

discretion may have introduced bias. Finally, this study did not
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address the functional significance of CD317+ T and B cells in the

pathogenesis of SLE, which remains to be elucidated. Future

investigations should employ randomized controlled trial designs

initiated at ANI treatment onset and apply standardized dose-

adjustment and steroid-tapering algorithms to enable robust

causal inference. By overcoming these limitations - and by

integrating comprehensive analyses of cell surface markers such

as CD317 with IFNGS profiles - we may move closer to realizing

precision medicine in SLE.

In conclusion, our study identifies higher baseline CD317

expression on T cells as a robust indicator of clinical

responsiveness to ANI in SLE, outperforming IFNGS in

predictive accuracy. Beyond its strong performance as a response

predictor, CD317 offers practical advantages, including feasibility

for T cell-focused assays and potential adaptability to clinical flow

cytometry-based testing, highlighting its promise as a clinically

actionable companion biomarker. To facilitate a holistic

interpretation of the biomarker-driven prediction model, we

provide a consolidated visual overview of the study design, core

biomarker findings, and the immunological features that

distinguish ANI responders from non-responders (Supplementary

Figure 7). Future multi-cohort validation and translational

implementation studies will be critical to further establish the

robustness, generalizability, and real-world clinical utility of

CD317 in guiding personalized ANI therapy for patients with SLE.
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