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Key Points

• B cells from patients
with cGVHD exhibit
increased TLR7
responsiveness and
produce IgG against
RNA-bound antigens.

• Increased expression
and activation of
interferon regulatory
factor 5 affirms
constitutive B-cell
intrinsic TLR7 signaling
in cGVHD.
Chronic graft-versus-host disease (cGVHD) is a debilitating, autoimmune-like syndrome that

can occur after allogeneic hematopoietic stem cell transplantation. Constitutively activated

B cells contribute to ongoing alloreactivity and autoreactivity in patients with cGVHD.

Excessive tissue damage that occurs after transplantation exposes B cells to nucleic acids in

the extracellular environment. Recognition of endogenous nucleic acids within B cells can

promote pathogenic B-cell activation. Therefore, we hypothesized that cGVHD B cells

aberrantly signal through RNA and DNA sensors such as Toll-like receptor 7 (TLR7) and

TLR9. We found that B cells from patients and mice with cGVHD had higher expression of

TLR7 than non-cGVHD B cells. Using ex vivo assays, we found that B cells from patients with

cGVHD also demonstrated increased interleukin-6 production after TLR7 stimulation with

R848. Low-dose B-cell receptor (BCR) stimulation augmented B-cell responses to TLR7

activation. TLR7 hyperresponsiveness in cGVHD B cells correlated with increased

expression and activation of the downstream transcription factor interferon regulatory

factor 5. Because RNA-containing immune complexes can activate B cells through TLR7, we

used a protein microarray to identify RNA-containing antigen targets of potential

pathological relevance in cGVHD. We found that many of the unique targets of active

cGVHD immunoglobulin G (IgG) were nucleic acid–binding proteins. This unbiased assay

identified the autoantigen and known cGVHD target Ro-52, and we found that RNA was

required for IgG binding to Ro-52. Herein, we find that BCR-activated B cells have aberrant

TLR7 signaling responses that promote potential effector responses in cGVHD.
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Introduction

Chronic graft-versus-host disease (cGVHD) is an immune-
mediated syndrome that occurs in recipients of allogeneic
hematopoietic stem cell transplantation (allo-HSCT).1 Conditioning
regimens and ongoing alloreactivity required for successful HSCT
result in the release of endogenous nucleic acids (NAs) that acti-
vate intracellular Toll-like receptors (TLRs) responsible for sensing
DNA (TLR9) or RNA (TLR3, TLR7, and TLR8). Although TLR
signaling is not required for initiation of GVHD,2 there is compelling
evidence that NA-sensing TLRs accelerate GVHD mortality
through stimulation of host antigen-presenting cells.3 Although
signaling through TLRs may prime the innate inflammatory
response in acute GVHD,4 TLR signaling in donor adaptive immune
cells in cGVHD is less well understood.

In a coordinated response with T cells, donor B cells play sub-
stantiated roles in cGVHD pathogenesis and perpetuation.5-8

Human studies have identified targetable B-cell pathways in
cGVHD.9-11 The post-HSCT environment is well suited for the
alloantibody and autoantibody production noted in patients12-14

and mice5 with cGVHD, because alloantigens and B-cell acti-
vating factor (BAFF) promote the production of anti-host anti-
bodies and cGVHD manifestations in mice.6 Patients with clinically
active cGVHD have elevated plasma levels of BAFF15 and
demonstrate constitutive B-cell activation16 and immunoglobulin G
(IgG) production.17 B-cell receptor (BCR) responsiveness is also
heightened in cGVHD because of increased intrinsic factors like
SYK18-20 and activation of NOTCH2 by ligands expressed on host
tissues.21,22 Thus, existing data suggest that circulating B-cell
effector functions occur in a context-dependent fashion.

B cells are found at sites of damaged tissue and are activated
through endosomal TLR signaling.23 Although TLR9 exerts pro-
tective roles in de novo autoimmunity,24 TLR7 promotes B-cell
autoreactivity.25-29 RNA-containing immune complexes sequentially
result in BCR and TLR7 ligation.30 Cross talk between BCR and
TLR7 signaling pathways in B cells enhances proliferative
responses and production of inflammatory cytokines and immu-
noglobulins.31-33 Prior studies in cGVHD have shown that B-cell
TLR9 signaling responses are attenuated7,22 even if TLR9
expression is increased.34 However, the TLR7 signaling pathway
remains unexplored in cGVHD B cells. We hypothesized that
circulating B cells in patients with cGVHD are primed for TLR7
activation at sites of tissue damage by RNA-bound proteins.

To address our hypothesis, we determined whether B-cell effector
functions are promoted by TLR7 activation in patients with cGVHD.
We found that TLR7 expression was increased in patients and
mice with cGVHD. Stimulating cGVHD B cells through TLR7
promoted their proliferation, and this was further augmented when
cells were dually stimulated through TLR7 and BCR. We also
noted that cGVHD B cells produced more interleukin-6 (IL-6) in
response to TLR7 stimulation than non-cGVHD B cells. Consistent
with heightened TLR7 signaling in cGVHD B cells, we found
increased expression and activation of interferon regulatory factor
5 (IRF5), a transcription factor downstream of TLR7 important for
proinflammatory cytokine production.35 Because NA-containing
immune complexes can drive pathogenic B-cell responses
through endosomal TLR and BCR stimulation,30,36 we used a
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protein microarray to examine whether IgG in cGVHD plasma
target RNA-containing antigens. We found that Ro-52 was a B-cell
target in cGVHD, and RNA was required for IgG binding to Ro-52.
Together, our data indicate an aberrant and potentially targetable
TLR7-driven pathway that drives B-cell hyperresponsiveness in
cGVHD.

Methods

Patient and healthy donor samples

Viably frozen peripheral blood mononuclear cells were obtained from
ficolled blood at least 6 months after allo-HSCT according to insti-
tutional review board protocols approved by Duke University, the
Dana-Farber Institute, and the National Cancer Institute (of the
National Institutes of Health). All patients provided informed written
consent. A blinded clinician defined active cGVHD, inactive cGVHD,
or no cGVHD (never developed cGVHD after HSCT) status at the
time of sample collection, as previously published.15,22 We obtained
healthy donor peripheral blood mononuclear cells from Gulf Coast
Regional Blood Center. Plasma was collected via centrifugation of
whole blood at 600g and cryopreserved at −80◦C.

Mouse model of cGVHD

Female, 10- to 12-week-old BALB/c recipient mice (The Jackson
Laboratory) were lethally irradiated (8.5 Gy) before allogeneic bone
marrow (BM) transplantation, as previously described.19 Female,
age-matched C57BL/6 (H-2Kb) donor mice were used in allo-BM
transplantation experiments. Blood samples were collected after
day 30 when GVHD manifestations develop.6,19 Organs (lung and
spleen) were removed at days 46 to 47 after transplantation for
flow cytometry, and at day 83 for immunohistochemical analysis
(late-stage disease). All animal studies were approved by the
institutional animal care and use committee of Duke University.
Details are available in supplemental Methods.

Protein microarrays

Protein microarrays (Human ProtoArray, version 3; Invitrogen) were
probed with plasma, and processed according to the manufac-
turer’s recommendations, as previously described.37

Enzyme-linked immunosorbent assays (ELISAs)

Anti-platelet-derived growth factor receptor, anti–fibroblast growth
factor receptor 3, and Ro-52 IgG assays were performed as pre-
viously described.38

Statistical analysis

We used Fisher exact test for analysis of categorical variables and
unpaired t test for analysis of continuous variables between 2
groups. Because no cGVHD and patients with inactive cGVHD
reacted similarly across all examined parameters, we combined
these groups during data analysis. Healthy donor data are shown
for reference only. Data were analyzed with GraphPad Prism
version 8.0; statistical significance was determined at P < .05.

Detailed descriptions regarding protein microarrays, ELISAs, B-cell
assays, and Epstein-Barr virus (EBV)-immortalized cell lines,
quantitative polymerase chain reaction and western blotting, flow
cytometry, and immunohistochemistry are listed in supplemental
Methods.
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Results

TLR7 expression is increased and associates with

hyperresponsiveness in BCR-activated B cells from

mice and patients with active cGVHD

Widespread tissue damage after allo-HSCT exposes B cells to an
array of NA antigens that signal through endosomal sensors
including TLR7 and TLR9. We aimed to assess the effects of TLR7
and TLR9 signaling on B-cell activation after HSCT. We first
examined Ki-67 expression as an activation marker in B cells from
patients with active cGVHD or without cGVHD (no cGVHD).
Patient characteristics are detailed in Table 1. B cells were stim-
ulated ex vivo through both BCR and TLR7 or TLR9 using surro-
gate antigen (anti-IgM) and R848 or CpG, respectively. Although
R848 is a TLR7/8 agonist, it selectively activates TLR7 in B cells
because they do not express TLR8.39 The concentration of
Table 1. Patients included in this study

Characteristic No/inactive cGVHD (n = 6

Median age (range), y 53 (20-72)

Sex, females, n (%) 29 (47)

Median time after transplant (range), mo 29 (7-137)

Conditioning regimen (%)

Myeloablative 35 (56)

Nonmyeloablative 27 (44)

Source of graft (%)

Peripheral blood 50 (81)

BM 12 (19)

HLA matching (%)

Matched, unrelated 33 (52)

Matched, related 29 (47)

Mismatched 0 (0)

Immunosuppressive treatment (%)

Prednisone, <0.5 mg/kg 62 (100)

MMF 3 (1.5)

Calcineurin inhibitor 7 (11)

Rapamycin 7 (11)

Initial disease (%)

AML/ALL from MDS 1 (2)

ALL 5 (8)

AML 12 (19)

CML 12 (19)

CLL 1 (2)

MDS 9 (15)

NHL 10 (16)

MM 2 (3)

AA 4 (6)

Other 6 (10)

All patients provided consent, all samples were obtained, and all studies were approved under th
the Dana-Farber Cancer Institute. Statistical comparisons between groups (active cGVHD vs no/
AA, aplastic anemia; ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CLL, chr

MM, multiple myeloma; MMF, mycophenolate mofetil; NHL, non-Hodgkin lymphoma.
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anti-IgM used was too low to stimulate healthy B cells22 and, as
expected, did not activate most post-HSCT B cells in the absence
of R848 (supplemental Figure 1A). Remarkably, stimulation with
R848 in combination with low-dose anti-IgM resulted in vigorous
proliferation of active cGVHD B cells relative to no cGVHD B cells
(Figure 1A). Stimulation of TLR7 alone with R848 induced a
nonsignificant increase (P = .06) in proliferation of active cGVHD B
cells when compared with no cGVHD B cells (supplemental
Figure 1B), which we attributed to the BCR-activated status of
cGVHD B cells.18,20 In contrast, active cGVHD B cells did not
show a heightened proliferative response to low-dose BCR and
TLR9 stimulation via CpG (Figure 1B). These data suggest that
constitutively BCR-activated B cells are primed for TLR7 activation.

Next, we asked whether increased TLR7 responsiveness associ-
ated with TLR7 expression in cGVHD. Although B cells
from all patients who underwent allo-HSCT showed
2) Active cGVHD (n = 47) P value

49 (22-70) .28

20 (43) .70

29 (11-195) .74

.85

25 (53)

22 (47)

.81

37 (79)

10 (21)

.49

27 (57)

19 (40)

1 (2)

44 (94) .08

8 (17) .05

18 (38) .0000

7 (15) .58

.05

4 (9)

4 (9)

10 (21)

3 (6)

6 (13)

6 (13)

6 (13)

0 (0)

0 (0)

8 (17)

e institutional review board protocols of Duke University, the National Institutes of Health, and
inactive cGVHD) were performed using the Fisher exact test.
onic lymphocytic leukemia; CML, chronic myeloid leukemia; MDS, myelodysplastic syndrome;
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Figure 1. B cells from patients and mice with active cGVHD have increased TLR7 expression and show heightened proliferative responses to low-level BCR and

TLR7 stimulation. Post-HSCT B cells from patients with active (n = 6-9) or no/inactive (n = 7-9) cGVHD at the time of sample collection were isolated by negative magnetic

selection from peripheral blood mononuclear cell (PBMCs). Cells from healthy donors are shown for reference. Plated B cells were stimulated with the (A) TLR7 agonist R848

(1 μg/mL) or (B) TLR9 agonist CpG (1 μg/mL) in the presence of low-dose surrogate BCR antigen (anti-IgM, 0.625 μg/mL) for 48 hours and assessed for cell cycle entry (Ki-67

expression). Data represent frequency of Ki-67+ B cells of total CD19+ B cells. (C-D) RNA was isolated from B cells and quantitative polymerase chain reaction (qPCR) was

performed to quantify (C) TLR7 and (D) TLR9 gene expression. Levels are expressed as a fold change when compared with normalized levels in individuals with no/inactive

cGVHD. (E-H) TLR7 protein levels in B cells (n = 10 per group) from mice with cGVHD (BM + Sp) or control mice (BM only) were quantified via intracellular flow cytometry in (E-F)

blood at day 33 after transplantation or (G-H) in lung tissue at days 46 to 47 after transplantation. Half-overlayed flow cytometry histograms from representative BM and BM + Sp

mice are shown. Levels were expressed as geometric mean fluorescence intensity (MFI) in the diseased mice (BM + Sp) when compared with levels in the nondiseased (BM-only)

group. All samples were run on the same day. Data represent median ± range. *P < .05 and **P < .01 between sample groups. No, no cGVHD; In, inactive cGVHD; Act, active

cGVHD; H, healthy donor; BM only, BM (control group); BM + Sp, BM + spleen (cGVHD group).
upregulated TLR7 expression, B cells from patients with active
cGVHD demonstrated significantly higher levels of TLR7 gene
expression than B cells from patients without active cGVHD
(Figure 1C). There was no difference in TLR9 expression in B cells
from active patients with cGVHD when compared with the no/
inactive cGVHD group (Figure 1D). To further validate these find-
ings, we examined TLR7 levels in a major histocompatibility
complex–mismatched mouse model of cGVHD6,19 via flow
cytometry. Irradiated BALB/c recipient mice received trans-
plantation with 1 × 107 T cell–depleted BM cells from C57BL/6
donor mice either alone (BM only; control group) or with 1 × 106

C57BL/6 splenocytes to induce cGVHD (BM + Sp). B220+ B
cells in the blood of mice with cGVHD had higher protein levels of
TLR7 than mice without cGVHD at the peak of disease (Figure 1E-
F). Next, we looked at TLR7 expression in noncirculating B cells.
We selected the lung as a target organ because we have previ-
ously noted an increase in peribronchiolar B-cell clusters that
accompany fibrosis in late disease6 and because mice develop
pulmonary dysfunction by day 30 after transplantation
(supplemental Figure 2). We noted higher expression of TLR7
in peribronchiolar B cells in the lungs from cGVHD mice
670 BRACKEN et al
(Figure 1G-H). Together, these findings suggest that TLR7 is
selectively upregulated in circulating and lesional tissue B cells in
individuals with cGVHD.

IL-6 production and expression of the key

transcription factor IRF5 are increased in B cells from

patients and mice with active cGVHD

IL-6 is a B cell–activating and profibrotic cytokine produced
downstream of TLR7.40,41 Thus, we examined ex vivo IL-6 pro-
duction as an additional readout for TLR7 activation. Consistent
with in vivo activation of cGVHD B cells, we observed higher IL-6
production by unstimulated B cells from patient with active
cGVHD than in those with no cGVHD (Figure 2A). Low-dose anti-
IgM stimulation enhanced IL-6 production by B cells in all groups,
although it remained significantly greater in active cGVHD B cells
(Figure 2B). IL-6 production was further increased in the presence
of R848, remaining much higher in active cGVHD B cells
(Figure 2C), and this demonstrated R848 dose dependency
(supplemental Figure 3). Dual stimulation with low-dose anti-IgM
and R848 potently activated B cells, resulting in the highest level of
13 FEBRUARY 2024 • VOLUME 8, NUMBER 3
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IL-6 production in all groups and a trend toward statistical signifi-
cance in active cGVHD B cells when with “no cGVHD” B cells
(Figure 2D). Together, these data reveal that BCR-activated B cells
in cGVHD have a heightened capacity to mediate a potentially
important effector function when they encounter RNA and other
antigens released from damaged cells.

To investigate a potential TLR7–IL-6 axis in cGVHD, we examined
molecules downstream of TLR7 and BCR cross-talk pathways.42 We
found no differences in levels of IRF3, IRF7, TAK1, IRAK4,
BCAP, TRAF6, and BANK1 in unstimulated B cells from patients with
active cGVHD vs patients with no/inactive cGVHD (Table 2).
However, IRF5 transcript was significantly increased in active cGVHD
B cells (Figure 3A). Using intracellular flow cytometry, we confirmed
that active cGVHD B cells expressed higher levels of IRF5 protein at
baseline than B cell from individuals with no cGVHD (Figure 3B-C).
IRF5 protein levels were further increased after stimulation with either
low-dose anti-IgM or R848 stimulation alone, and in active cGVHD
remained significantly above levels observed in the no/inactive group
Table 2. Comparison of gene expression between active and no/

inactive cGVHD B cells

Gene name

Active vs no/inactive

cGVHD B cell expression (P value)

IRF3 .625

IRF5 .0019

IRF7 .96

TRAF6 .39

IRAK4 .65

TAK1 .38

BCAP .10

BANK1 .20

RNA was isolated from B cells from patients with active (n = 11) or no/inactive cGVHD
(n =11) and quantitative polymerase chain reaction was performed to quantify gene
expression. Gene expression was normalized to β-actin, and P values were calculated
between groups based on normalized values.

13 FEBRUARY 2024 • VOLUME 8, NUMBER 3
under each condition. Consistent with our IL-6 results (Figure 2D), the
greatest increase in IRF5 protein level occurred in the presence of
dual low-dose anti-IgM and R848 stimulation. Similar to our patient
findings, B cells from the peripheral blood of mice with active cGVHD
(BM + Sp) also demonstrated higher IRF5 transcript (Figure 3D) and
protein levels (Figure 3E-F) than B cells from mice that did not
develop disease (BM only). To determine whether IRF5-expressing B
cells reside in cGVHD target organs, we performed immunohisto-
chemistry on lungs from mice at day 83 after transplantation.
Representative images of whole lung sections probed against B220
and IRF5 are shown in supplemental Figure 4. We confirmed diffuse
peribronchiolar and perivascular B220+ B-cell clusters throughout the
cGVHD lungs and found that these B cells exhibited dense IRF5
staining (Figure 3G). Upon quantifying peribronchiolar staining, we
found significant increases in B220 (Figure 3H) and IRF5 (Figure 3I)
in the cGVHD animals relative to the control animals, suggesting an
influx of IRF5+ B cells into lesional tissues at late stages of disease.
Together, these results indicate that B-cell IRF5 is constitutively
increased after BCR-TLR7 activation in the setting of active cGVHD
in both patients and mice.

Having established that IRF5 expression is elevated in unstimulated
B cells from patients with active cGVHD, we investigated the
intrinsic activation status of IRF5. We examined relative amounts of
IRF5 in cytoplasmic and nuclear fractions of B cells from patients
with active and no/inactive cGVHD because IRF5 translocates to
the nucleus upon activation.43 As shown in Figure 4A (full blot in
supplemental Figure 5), IRF5 was more readily detectable in the
nuclear fraction of all post-HSCT patient samples relative to the
cytoplasmic fraction, suggesting increased IRF5 activation. Addi-
tionally, B cells from patients with active cGVHD expressed
significantly more nuclear IRF5 relative to B cells from patients with
no cGVHD (Figure 4B). Because IRF5 has been shown in mice to
be required for B cell–dependent IL-6 production after stimulation
with TLR7 and TLR9 but not TLR4,44 our data suggest increased
IRF5 activation is downstream of TLR7.

To assess whether TLR7 induces IL-6 production in an IRF5-
dependent manner by B cells from patients with active cGVHD,
we used a reagent known to block IRF5 transcriptional activity.45
TLR7 SIGNALING IN CHRONIC GVHD B CELLS 671
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gene expression. Levels were expressed as a fold change of BM + Sp (n = 5) when compared with normalized levels in BM only (n = 7) mice. (E-F) IRF5 protein levels in B cells

(n = 10 per group) were quantified via intracellular flow cytometry. (E) Half-overlayed flow cytometry histograms from representative BM and BM + Sp mice run on the same day

are shown. (F) Protein levels were expressed as a fold change of MFI in the diseased mice (BM + Sp) when compared with levels in the nondiseased (BM only) group to

accommodate for the fact that samples were run on multiple days. (G) Representative peribronchiolar B220 and IRF5 staining from diseased (BM + Sp) and nondiseased (BM

only) lungs. Images were captured on a Zeiss Axio Imager Z2 upright microscope (Carl Zeiss, Oberkochen, Germany) with the Axiocam 506 color camera. (H-I) The area of

positive staining per lung bronchus was quantified for (H) B220 and (I) IRF5 from 3 different images of each individual mouse using Image J software; n = 4 (BM only) and n = 5

(BM + Sp). Statistical analysis was performed using the Mann-Whitney U test; *P < .05 and **P < .01 between sample groups. Data represent median ± range. No, no cGVHD; In,

inactive cGVHD; Act, active cGVHD; H, healthy donor; BM only, BM (control group); BM + Sp, BM + spleen (cGVHD group).
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sample groups. Data represent median ± range.
MS19 is an AAAG-rich microsatellite oligodeoxynucleotide that
shares a consensus sequence with the DNA-binding domain of
IRF5. Prior studies have shown that MS19 decreases proin-
flammatory cytokine responses in mice by interfering with nuclear
translocation of IRF5 and its subsequent activation of target
genes.45,46 We incubated healthy donor B cells with MS19 before
supplying activators of TLR7, TLR9, or TLR4. We selected a dose
of 5 μg/mL MS19 based on titration studies in healthy B cells that
demonstrated reduction of IL-6 production at this dose
(supplemental Figure 6). As expected, pretreatment with MS19
resulted in decreased IL-6 production in TLR7-stimulated healthy
donor B cells but not TLR4-stimulated B cells (Figure 5A). MS19
did not blunt IL-6 production after TLR9 stimulation, suggesting
that IRF5 may not be required for TLR9-mediated IL-6 production
in human B cells. We then examined the effect of MS19 on
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Figure 5. The IRF5 inhibitor MS19 inhibits IL-6 production from cGVHD B cells. (A)
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circles) to inhibit IRF5 nuclear translocation. Production of IL-6 in B-cell supernatants was m
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TLR7- or TLR9-stimulated B cells from patients with active cGVHD.
Compared with vehicle-treated B cells, preincubation with MS19-
attenuated IL-6 production in a dose-dependent manner after
R848 but not CpG stimulation (Figure 5B). Taken together, these
data show that IRF5 is both increased and activated in cGVHD B
cells and support a role for IRF5 in the TLR7–IL-6 axis in cGVHD.

B-cell target antigens recognized by patients with

active cGVHD are enriched for RNA-bound proteins

Endogenous NAs released from damaged cells are abundant in the
posttransplant environment.42 IgG binding to NA results in immune
complexes that can stimulate autoreactive B cells through both
endosomal TLRs and BCR.30,36 TLR7 signaling plays an important
role in the generation of anti-RNA autoantibodies.25,28 Given that
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alloantibody and autoantibody formation is an important pathogenic
component of cGVHD development5 and that BCR-activated B
cells in patients with cGVHD constitutively produce IgG,17 we
examined whether IgG antibodies from patients with cGVHD target
RNA-containing antigens. We profiled antibodies in the plasma
from 10 patients with active cGVHD (Table 3) using a high-density
protein microarray containing >8000 unique antigens. By
comparing results obtained with 10 1-year posttransplant samples
from patients with cGVHD and corresponding pretransplant and
donor samples, we identified antibody targets that were associated
with cGVHD for each patient. A total of 92 proteins were uniquely
targeted by cGVHD plasma but not by corresponding donor or
pretransplant plasma (supplemental Figure 7A and Table 4). Target
proteins of cGVHD IgG were identified in all 10 cGVHD plasma
samples (Figure 6A). To validate these microarray data, we per-
formed ELISA with commercially available recombinant proteins
including profibrotic mediators such as fibroblast growth factor
receptor 3 (FGFR3)47 and PDGF-Rα and PDGF-Rβ)48

(supplemental Figure 7B-C).

In total, 39 proteins (42%) targeted by active cGVHD IgG localized
to the nucleus (supplemental Figure 7D), consistent with the
known prevalence of anti-nuclear antibodies in this disease.49

Twenty one were RNA- and/or DNA-binding proteins (Table 4).
Four proteins were recognized by multiple plasma IgGs from
patients with cGVHD, but antigen targets were otherwise unique
between donor–recipient pairs (Figure 6A). Shared antigens
included protein kinase D3, tripartite motif containing-21 (known
commonly as ribonucleoprotein autoantigen 52 kD; Ro-52/SSA),
aldehyde dehydrogenase 7, and pyruvate dehydrogenase E1
component alpha subunit. To determine whether antigens were
targeted because of genetic polymorphisms, we performed DNA
sequencing of all donors and recipients for these 4 commonly
targeted proteins. We did not identify any nonsynonymous single
nucleotide polymorphisms between donor–recipient pairs (data not
shown). Together these data affirm loss of B-cell tolerance in
cGVHD.

We focused on Ro-52 because anti-Ro-52 levels correlate with
cGVHD severity14 and with disease progression after rituximab.38

Using ELISA, we confirmed that Ro-52 was uniquely targeted by
IgG from patients with cGVHD (patients 9 and 10; Figure 6B).
ELISA detected Ro-52 IgG in 8 of 29 (28%) patients with active
cGVHD and 1 of 37 (3%) patients with no/inactive cGVHD
(supplemental Figure 8), consistent with published findings.14

Using available post-HSCT serial samples, we found that anti–
Ro-52 antibodies appeared by 3 months in 31% of patients and
increased over 12 months in 43% of patients who later developed
cGVHD (Figure 6C). In contrast, none of the patients without
cGVHD had detectable anti–Ro-52 at month 12 (Figure 6D). We
then examined which circulating B-cell subsets in cGVHD produce
anti–Ro-52 by EBV-immortalization and subcloning B cells (sorted
by CD38 and IgD expression) purified from a large-volume leuka-
pheresis sample from a patient with active cGVHD with elevated
Ro-52 IgG. We then cultured sorted B cells with low levels of
BAFF to induce IgG isotype switching. The cultures initiated from
CD38hiIgDhi B cells had lower efficiencies of EBV transformation
but produced detectable anti–Ro-52 IgG along with CD38hiIgDlo

(plasma cells and plasmablasts) and CD38loIgDlo (memory B cells)
populations (Figure 6E). Thus, consistent with our previous
observations, we found that pre– and post–germinal center (GC)
674 BRACKEN et al 13 FEBRUARY 2024 • VOLUME 8, NUMBER 3



Table 4. Broad categories of proteins targeted by cGVHD IgG antibodies

Cell surface Autoantigens Tumor associated Tumor suppressor RNA/DNA binding Other

PDGFRA TRIM21 APEX1 SALL2 TEKT2 APEX1 GTF2E1

PDGFRB FGFR3 NPM1 DNMT3A DAPK1 HMGB2 MED9

TOM1 PDHA1 MRPL1 RFC4 DAPK2 NPM1 LGALS14

FGFR3 PDGFRA DIDO1 TRIM44 SEPT4 (SEPTIN4) MRPL1 ALDH7A1

PRKCG PDGFRB NOB1 PRKD3 TPM1 DIDO1 PELI1

SGK1 SNCB SART3 PVRL3 (NECTIN3) TPM4 FAM120C DNCL1 (DYNLL1)

ACVR1B NPM1 RPRD1B ADH5 BNIP3L PBK1 (RSL1D1) SERPINB10

GRK3 DTYMK SGK1 VBP1 NOB1 UBE2F

NRK GID8 SGK3 1L1RN SRPK2 TAF9L

RTN2 PSMA5 ECHDC1 MCC RPL12 NT5C3L

FAM70B (TMEM255B) PRKG1 HNF4 (HNF4A) PMEPA1 SART3 RPAP3

MPP7 NPY SERPINB2 ACVR1B FAM50 GIMAP6

ARHGAP17 RELA TXNDC5 AGHGAP17 MED6 VAT1L

PMEPA1 USE1 GRK3 CAMK2N1 ZIM2 SLAIN1

PAGE5 NRK TSSC4 HMG1 (HMGB1) PPFIBP2

PDE4A MAP3K10 BEND5 C22orf33 (TEX33)

FGFR3 FGFR1OP (CEP43) HNF4 CRYBB2

SALL2 C11orf67 (AAMDC)

DNMT3A MSRB3

RFC4 TPH1

RELA CCDC43

CCDC53 (WASHC3)

Proteins uniquely targeted by plasma from patients with cGVHD are listed by gene name. Updated gene names are listed in parentheses, when relevant. Some proteins were listed in >1
category.
cells secrete IgG in patients with active cGVHD, who also have
increased frequencies of IgG-producing CD38hiCD27+ pre-GC
cells within the CD38hiIgDhi subset.17

Ro-52 can bind to RNA-binding proteins50 and may also have
direct RNA binding properties through its PRY/SPRY domain.51-53

Therefore, we wanted to determine whether anti–Ro-52 antibodies
target RNA-containing Ro-52 complexes. We incubated Ro-52–
coated plates with plasma from patients 9 and 10, who demon-
strated high levels of anti-Ro-52 IgG, in the presence or absence of
RNase. Anti–Ro-52 IgG binding decreased when RNase was
present (Figure 6F), suggesting that major binding epitopes of Ro-
52 either include or require RNA. Thus, anti–Ro-52 is among
antibodies in cGVHD that targets RNA12,13 and possibly results
from a TLR7-dependent pathway of pathogenic IgG production.

Discussion

After HSCT, cGVHD is a significant cause of nonrelapse morbidity.
We, and others, have demonstrated previously that BCR activation
is critical for B-cell dysregulation in cGVHD,18,20 and blocking BCR
signaling has therapeutic benefit both in mouse models19 and in
patients.10,11 In this study, we show that BCR-activated B cells
from patients with cGVHD are primed for TLR7 responsiveness.

High levels of BAFF support the development and survival of
alloreactive and autoreactive B-cell clones in cGVHD.15-17

Elevated BAFF augments BCR responsiveness to surrogate
13 FEBRUARY 2024 • VOLUME 8, NUMBER 3
antigen6 and contributes to the constitutive BCR signaling in
cGVHD B cells.18 Mice that overexpress BAFF require B cell–
intrinsic signaling through endosomal TLRs to develop autoimmu-
nity.23 In particular, TLR7 enhances the survival of self-reactive,
BCR-activated B cells that would otherwise undergo
apoptosis.25 In this study, we found increased TLR7 expression in
B cells from patients and mice with cGVHD. TLR7 activation with
and without BCR ligation enhanced B-cell proliferation. Thus, TLR7
acts as a potent activator of BCR-activated B cells in cGVHD.

Our current and prior22 data suggest that BCR-activated B cells
from patients with active cGVHD have heightened proliferative
responses after TLR7 but not TLR9 stimulation. TLR7 and TLR9
have opposing roles in autoimmunity in which the latter is disease
protective24-27,54 and suppresses RNA-associated antibody for-
mation.54 Recent data suggest that TLR9 does not directly affect
TLR7 signaling.55 Instead, TLR9 counterbalances TLR7-driven
pathogenesis in B cells through its regulatory functions.56 In both
cGVHD and in systemic lupus erythematosus, B-cell TLR9
expression remains intact34,57 despite perturbed TLR9
signaling.7,58 More research is warranted to determine how aber-
rancies in the B-cell TLR9 signaling pathway may affect TLR7
activity in cGVHD, but we suspect that maturation defects in
cGVHD B cells may impair TLR9 regulatory responses.22

We identified increased expression and activation of IRF5 as a
likely contributor to TLR7 hyperactivation of cGVHD B cells. IRF5
expression was higher at baseline in cGVHD B cells and
TLR7 SIGNALING IN CHRONIC GVHD B CELLS 675
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augmented by TLR7 stimulation. Studies in murine lupus have also
demonstrated that BCR and TLR7 signaling promote increased
IRF5 expression in B cells.59 Akin to patients with systemic lupus
erythematosus,60 we observed increased nuclear localization of
IRF5 in active cGVHD B cells. IRF5 is important for B-cell IL-6
production,35 and the IL-6 pathway has become a therapeutic
target in cGVHD.61,62 IL-6 increases B-cell IgG production,63

enhances plasma cell survival,64 promotes follicular helper T-cell
responses,65 and stimulates differentiation of T helper 17 cells.66

IL-6 also activates fibroblasts and promotes myofibroblast forma-
tion,67,68 which may contribute to organ fibrosis in cGVHD.
Consistent with our prior observations that B cells from patients
with cGVHD are in a constant state of activation in vivo16 and
primed for effector responses, we observed enhanced IL-6 pro-
duction in unstimulated active cGVHD B cells. IL-6 production
increased after BCR ligation, increased further after TLR7 ligation,
and was highest after combination BCR/TLR7 stimulation. IRF5
expression in active cGVHD B cells followed the same trends.
Additionally, IRF5 inhibition using MS19 affirmed its role in IL-6
production downstream of TLR7 in B cells.

Activation of endosomal TLR receptors by NA-containing immune
complexes incites B-cell mediated autoimmunity,30,36 and ongoing
tissue damage after HSCT exposes B cells to a constant stream of
NA-containing allo-autoantigens and neo-autoantigens. Alloanti-
bodies against Y chromosome–encoded, RNA-containing histo-
compatibility antigens arise before cGVHD development in some
patients who undergo allo-HSCT.12,13 Moreover, transferable
autoimmunity is incited after HLA- and minor-mismatched trans-
plantations.69 Overall, 90% of patients with active cGVHD had
multiple autoreactive IgG, a higher percentage than has previously
been reported.49,70 This is likely because we screened plasma
samples against a larger array of antigens than has been con-
ducted to date. Several IgGs targeted surface membrane antigens.
This was interesting because the development of antibodies
against membrane proteins precedes the clinical onset of
cGVHD.13,71 These antibodies may be pathologically relevant
because they can bind to cell surfaces and inflict direct tissue
damage.

Ro-52 is a target of cGVHD IgG. Ro-52 IgG associates with
numerous systemic autoimmune diseases51,72,73 and with
cGVHD severity.14,38 TLR7 promotes autoantibody development
against RNA-associated antigens including Ro.74-76 We found
that IgDlo post-GC subsets and CD38hiIgDhi B cells containing
transitional and pre-GC cells produced Ro-52 IgG. This
was interesting because transitional T1 B cells in
Figure 6. Unique antigen targets of IgG in active cGVHD plasma include the autoan

patients (n = 10) with active cGVHD along with pre-HSCT and corresponding donor sampl

human proteins. To ensure consistency between samples, all 30 arrays (n = 10 pre-HSCT

receiving transplantation) were from the same lot and the process was performed by the sa

identified by eliminating those that overlapped among cGVHD samples and corresponding

highlighted in gray. (B) anti–Ro-52 IgG responses noted on protein microarray in plasma from

samples were confirmed via ELISA. (C-D) Plasma was isolated serially from patients over a p

binding ELISA in those who (C) did develop (n = 15-18) or (D) did not develop (n = 5-8) cG

from healthy controls. (E) B cells from a patient whose plasma was positive for anti–Ro-52

EBV ± BAFF at 100 cells per well. After 21 days, B-cell supernatants were collected from

represents 1 of 96 wells of IgG+ supernatant from B-cell cultures. (F) anti–Ro-52 IgG levels

before and after RNase treatment as determined by direct-binding ELISA.
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TLR7-overexpressing mice are hyperresponsive to combined
TLR7 and BCR engagement and show increased capacity for
anti-RNA IgG production.28 Additionally, pre-GC B cells in
cGVHD make high levels of IgG when BAFF is present.17

Chronic TLR7 signaling within B cells is also important for the
development of age-associated B cells.77 These extrafollicular B
cells (particularly CD11c+T-bet+ double-negative 2 [DN2] B
cells that predominate in autoimmunity) are driven to differen-
tiate into autoantibody-secreting plasma cells through a hyper-
responsive TLR7 pathway.78 In a recent single-cell RNA
sequencing study, we found that expression of TLR7 and IRF5
messenger RNA trended higher in newly circulating and BCR-
experienced B cells within patients with active cGVHD, hinting
at potential TLR7 hyperresponsiveness across a range of B-cell
subsets.79 One of these clusters contained memory B cells,
which includes an expanded population of CD11c+ age-
associated B cells and DN2s in patients with cGVHD. Thus,
heightened TLR7 expression likely reflects the altered compo-
sition of the cGVHD B-cell pool that is influenced by extrinsic,
transplant-related factors.6

RNase treatment reduced the ability of anti–Ro-52 to bind to its
target antigen in patients with active cGVHD, suggesting that the
presence of RNA influences the antibody epitope. This finding
along with literature showing that RNA-bound immune complexes
induce TLR7 activation in vitro80 suggests a possible mechanism
by which B-cell TLR7 is intrinsically activated in the cGVHD envi-
ronment. Although further study is needed, our data suggest that
Ro-52 and similar RNA-containing target antigens may have the
capacity to activate the B-cell TLR7 signaling pathway in patients
with cGVHD and promote pathogenic effector responses.

The present study demonstrates TLR7 hyperresponsiveness by
cGVHD B cells and highlights IL-6 production as an additional
context-specific B-cell effector function. Our findings suggest that
B cells express increased IRF5 and are activated in cGVHD as
occurs in lesional tissues like the lung, in which alloantigen and
TLR7 ligands are potentially abundant. Additionally, BCR dysre-
gulation in cGVHD may promote TLR7 hyperresponsiveness
through cross talk between the 2 pathways.42 Because blockade
of constitutive IRF5 activation in BCR-activated B cells is
therapeutically feasible,59,60,81 agents that inhibit IRF5 warrant
further study in cGVHD. Together, our results highlight synergistic
roles for TLR7 and BCR in the potentiation of cGVHD
B-cell effector responses and suggest that inhibition of TLR7
signaling may be beneficial in attenuating B-cell responsiveness in
cGVHD.
tigen Ro-52, which requires RNA for antibody binding. (A) Plasma samples from

es were screened by plasma microarray (ProtoArray) for reactivity against 8000 target

, n = 10 cGVHD, and n = 10 donor, all corresponding to the appropriate individual

me operator. Antigens that were uniquely targeted after development of cGVHD were

pre-HSCT or donor samples. Proteins targeted by >1 cGVHD plasma sample are

patients with cGVHD as compared with corresponding donor and pre-HSCT plasma

eriod of 12 months post HCST and anti-Ro-52 IgG antibodies were detected by direct

VHD symptoms. Dotted line represents assay threshold of positivity based on values

IgG were sorted on the basis of IgD and CD38 expression. Cells were cultured with

individual wells and levels of anti–Ro-52 IgG were assessed via ELISA. Each mark

in the 2 patients with cGVHD who were anti–Ro-52 positive identified by ProtoArray
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