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Secondary lymphoid organs (SLOs) provide the confined microenvironment required for stromal cells to interact with
immune cells to initiate adaptive immune responses resulting in B cell differentiation. Here, we studied three patients
from two families with functional hyposplenism, absence of tonsils, and complete lymph node aplasia, leading to recur-
rent bacterial and viral infections. We identified biallelic loss-of-function mutations in LTBR, encoding the lymphotoxin
beta receptor (LTBR), primarily expressed on stromal cells. Patients with LTR deficiency had hypogammaglobulinemia,
diminished memory B cells, regulatory and follicular T helper cells, and dysregulated expression of several tumor necrosis
factor family members. B cell differentiation in an ex vivo coculture system was intact, implying that the observed B cell
defects were not intrinsic in nature and instead resulted from LTBR-dependent stromal cell interaction signaling critical
for SLO formation. Collectively, we define a human inborn error of immunity caused primarily by a stromal defect affect-

ing the development and function of SLOs.
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INTRODUCTION

Secondary lymphoid organs (SLOs) are strategically localized through-
out the body in the form of tonsils, lymph nodes, the spleen, and
Peyer’s patches (I). They act as surveillance centers and provide the
specialized microenvironment necessary for the initiation of adap-
tive immune responses (2). Through a complex network of stromal
cells, alongside tightly regulated chemical signals, they facilitate the
interaction of various immune cell types, culminating in the formation
of germinal centers (GCs) where high-affinity antibody-secreting
plasma cells and memory B cells are formed (3).

Patients with inborn errors of immunity (IEIs), such as BTK (4),
RAGI, and RAG2 (5) deficiencies, can present with nonpalpable
lymph nodes. However, in these cases, the stromal compartment
develops normally, and the lymph node structures are formed,
although they are not populated by lymphocytes. After successful
hematopoietic stem cell transplantation (HSCT), these lymph nodes
can organize and function properly (6).

Still, there are rare cases of IEIs with aberrant SLO development
beyond defects in lymphocytic compartments. Patients deficient in
nuclear factor kB (NF-kB)-inducing kinase (NIK) exhibit lymph
node aplasia (7), whereas 40S ribosomal protein SA (RPSA) defi-
ciency is characterized by isolated congenital asplenia (8). NIK is
ubiquitously expressed and hence directly influences lymphocyte
function and development, whereas RPSA deficiency does not affect
lymph node architecture or other lymphoid organs beyond the
spleen (7, 8). As far as we are aware, no isolated defect causing IEI by
disrupting the stromal architecture of SLOs has been described (9).

NF-kB is a family of transcription factors with critical roles rang-
ing from the coordination of immune and inflammatory responses in
both innate and adaptive immune systems to the development and
maintenance of lymphoid organs (10). Several receptors can activate
NF-kB signaling in immune cells, including the T cell receptor (TCR),
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B cell receptor (BCR), Toll-like receptors, and members of the tumor
necrosis factor (TNF) superfamily (10). The lymphotoxin beta recep-
tor (LTPR), a member of the TNF superfamily, is primarily expressed
by stromal cells, such as endothelial, mesenchymal, and epithelial cells,
as well as by myeloid cells, including dendritic cells (DCs) and macro-
phages (11, 12). In contrast, its two ligands, lymphotoxin (LT) and
TNF superfamily member 14 (TNFSF14/LIGHT), are predominantly
expressed on activated lymphocytes and lymphoid tissue inducer cells
(11, 13). These inducer cells have been demonstrated to be required
for lymph node formation during embryonic development in mice
(14). Upon ligand binding, LTPR activates both the canonical NF-xB
pathway and, to a greater extent, the noncanonical NF-kB pathway
(15). The pivotal role of LTPR in the development and regulation of
the immune system, through tight communication between stromal
cells and lymphocytes, has been established in murine models where
its absence (16) or inhibition (17) results in absent lymph nodes and
Peyer’s patches, as well as impaired splenic architecture. However, the
role of LTPBR signaling in humans has remained poorly defined. Here,
we report an IEI caused by biallelic loss-of-function (LOF) mutations
affecting LTPR and reveal the distinct role of LTPR signaling govern-
ing stromal cell function in shaping the microarchitecture and im-
munological functions of SLOs in humans previously unappreciated
in murine studies.

RESULTS

An IEl with lymph node and tonsil aplasia and splenic defect
We studied three male patients (P1 to P3) from two unrelated con-
sanguineous families (Fig. 1A) who had recurrent upper and lower
respiratory tract infections starting 4 to 6 months after birth, pre-
dominantly of bacterial etiology and requiring intravenous antibi-
otic treatment. At the age of 3 years, P1 experienced meningitis
caused by Streptococcus pneumoniae and recovered completely. P2
had an episode of acute hepatitis at the age of 9 years. No causative
agent was identified, and a liver biopsy revealed biliary destruction
(fig. SIA). We detected an accumulation of CD4" T cells and B cells
as well as some CD8" T cells in the patient’s biopsy, reminiscent of
lymphoid infiltrates observed in studies of Ltbr™'~ mice (16, 18).
After antibiotic treatment and cholecystectomy, the patient no
longer exhibited symptoms of acute hepatitis. The older brother of
P3 had similar disease manifestations and succumbed to disease
complications, including pulmonary hypertension and cor pulmo-
nale, at 18 years of age. Despite the recurrent infections, lymphade-
nopathy was not detected in any of the patients, and physical
examination was remarkable for absent tonsils and nonpalpable
lymph nodes. Clinical histories are summarized in Table 1 and
supplemental patient clinical histories.

Lymphoscintigraphy in P1 to P3 showed complete lymph node
aplasia despite normal lymphatic duct development (Fig. 1B and fig.
S1B). The spleen had normal dimensions and morphology on ultra-
sonographic examination, but Howell-Jolly bodies in peripheral
blood smears indicated severe functional hyposplenism (Fig. 1C
and fig. S1C) (19). In addition, expression of CD47, a signal used by
cells to protect themselves from splenic removal by macrophages
and DCs (20), was decreased on lymphocytes from P1 to P3, further
highlighting the impaired splenic function observed in patients
with LTPR deficiency (Fig. 1D).

Laboratory studies revealed low levels of immunoglobulin A (IgA)
and IgG in P1 to P3 (Table 1). IgM levels were below the age-adjusted
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normal range in P1 and P2, but normal in P3. After a clinical diag-
nosis of combined immunodeficiency, regular intravenous immu-
noglobulin (IVIG) substitution and antibiotic prophylaxis were
initiated in P1 to P3, reducing exacerbations of respiratory tract in-
fections. P1 tested DNA positive for genus f human papillomavirus
type 24 (HPV-24) (Fig. 1E), which is associated with epidermodys-
plasia verruciformis and skin cancer (21). No other persistent viral
infections were observed (Table 1 and supplemental patient clinical
histories). Collectively, these results reveal an error of immunity
with complete lymph node and tonsil aplasia and splenic defect.

Biallelic germline LTBR mutations resulting in loss of
expression and impaired noncanonical NF-xB signaling
Given the enigmatic disease etiology, we performed whole-exome
sequencing (WES) of P2 and P3 (fig. S2 and tables S1 to S4) and
uncovered rare homozygous variants in the lymphotoxin beta receptor
(LTBR) gene, segregating with the disease under the assumption of
autosomal recessive inheritance (Fig. 1A and fig. S3A). The LTBR
variant in P1 and P2 introduces a premature stop codon in exon 1
(c.91C>T, p.Gln31Ter), and P3 carries a missense variant in exon 4
(c.359G>C, p.Argl120Pro), located in a loop of the second cysteine-
rich domain (fig. S3B) and predicted to destabilize the protein be-
cause of steric clashes of the substituting proline residue (fig. S3C).
The identified variants were either absent or ultrarare in public da-
tabases (allele frequency < 0.00001), consistent with LTBR con-
straint metrics—a measure for negative selection based on the
observed variation/expected variation ratio—hinting at intolerance
to both missense and LOF variation. In silico predictions suggested
a likely deleterious effect of these variants (table S5).

Serum analysis of P1 and P2 showed a decrease in B lymphocyte
chemoattractant (CXCL13/BLC), a chemokine that is highly
expressed in SLOs, where it controls the navigation of B cells (Fig.
1F and fig. $4, A to C) (22, 23). CXCL13 is secreted after LTPR acti-
vation (24), and its reduction has been used as a serum biomarker of
successful LTPR inhibition in clinical trials of LTPR antagonists
(25, 26). Dermal fibroblasts of P1 to P3 showed complete absence of
LTPR protein expression (Fig. 1G). Upon binding its ligand LT,
LTPR activates the noncanonical NF-kB pathway, during which the
precursor p100 is processed into the active p52 form (15). Accord-
ingly, treatment of patient-derived fibroblasts with LT failed to up-
regulate p52 (Fig. 1H and fig. S5A). In contrast, canonical NF-«xB
pathway activation induced by TNF-a remained intact (fig. S5B).
Correction of the stop-gain variant in fibroblasts of P1 and P3 using
CRISPR-Cas9 restored both LTPR expression and LT-induced p100
processing into p52 (Fig. 1, G and H, and fig. S5, A and C). Thus,
these results demonstrate that the variants were LOF and causative
of the observed, aberrant noncanonical NF-kB signaling.

Deficiency of memory B cells and regulatory and Tg4 cells

Serial laboratory analyses for P1 to P3 revealed normal ranges of
total leukocyte and lymphocyte counts (Table 1). Despite LTPR
being absent in B and T lymphocytes (11, 12, 27) and given that
terminal B cell maturation occurs mainly in SLOs, we hypothesized
that B cell differentiation may be impaired (3). Correspondingly, de-
spite normal total numbers of CD19" B cells, we detected a sig-
nificant reduction in GC-like B cells (Fig. 2A), as well as a near
absence of both class-switched and unswitched memory B cells
(Fig. 2B and fig. $6) and IgA* or IgG™ B cells (fig. S7A). Expansion
of T-bet"#"CD21'" B cells is a hallmark of chronic activation of the
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Fig. 1. Identification of patients with LTR deficiency. (A) Pedigrees of the two unrelated families included in this study. Black solid symbols indicate affected individuals.
Genotypes are indicated below the symbols. Squares indicate male family members, and circles female family members. Slashed symbols indicate that the individual has
died. Roman numerals indicate generations, and Arabic numbers indicate individuals within a generation. (B) Lymphoscintigraphy images depicting the lower lymphatic
system in an HC alongside P1 and P2 (posterior view). P1 and P2 display normal lymphatic duct development but lack inguinal and iliac lymph nodes (blue dashed rectan-
gle). Blue arrows indicate the main lymphatic nodes. The red arrow indicates the injection sites. (C) Howell-Jolly bodies (blue arrows) in erythrocytes in a blood smear from
P2. (D) Geometric mean fluorescence intensity (QMFI) of CD47 in lymphocytes. Data representative of N = 2; HCs (n = 7) and patients (n = 3). Statistical analysis performed
on one of these experiments using unpaired t test with Welch'’s correction. (E) Innumerous verrucae planae (flat warts) on the neck of P1. (F) Serum values for CXCL13 for P1,
P2, and controls (n = 4) from two separate Luminex multiplex assays (complete results displayed in fig. S4). (G) LTAR expression by flow cytometry analysis in fibroblasts from
an HC, P1 to P3, as well as in P1-derived fibroblasts where the mutation was reverted to wild-type by CRISPR-Cas9 editing (CRISPR-KI). (H) Representative immunoblot dis-
playing the expression of p52 before and after stimulation with the lymphotoxin (LT) ligand in HC-, P1-, and P1-derived CRISPR-KI fibroblasts. Quantification shown as fold
change of p52/HSP90 relative to untreated HC1. HSP90 served as a loading control. Unpaired t test was used for statistical analysis in (D), (F), and (G).
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Table 1. Clinical and immunological features of patients with LTBR deficiency. TREC and KREC reference values based on (87). n.d., not detected; n.a.,
not available; WBC, whole blood cell count; ALC, absolute lymphocyte count; ANC, absolute neutrophil count; ENA, extractable nuclear antigen; LSC, light

signal count.
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(Continued)
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*Patient was on IgRT at time of sampling.

adaptive immune system in certain infections or autoimmune disor-
ders, and these numbers can be aberrant in patients with IEI (28).
However, both P2 and P3 exhibited similar numbers of T-bet"¢"CD21'°¥
B cells compared with healthy controls (HCs) (fig. S7B). After in
vitro cytokine stimulation, patient B cells showed normal activation,
proliferation, and, in principle, the ability to undergo class-switch
into IgA- or IgG-positive cells (fig. S8). To assess the contribution of
T cells to B cell dysfunction, we analyzed the T cell compartment
and function in patients with LTPR deficiency. Mouse studies dem-
onstrated the role of LTPR signaling in regulating thymic epithelial
cells and stromal cells (18, 29). Although P1 and P2 showed lower
TCR excision circle (TREC) levels, their total number of T cells were
in the normal range (Table 1), and P1 to P3 had proportions of re-
cent thymic emigrants comparable with those of HCs (fig. S9A).
Whereas the CD4™" T cell subpopulations were unaffected, P1 and P2
displayed increased CD8" terminally differentiated effector memory
T cells reexpressing CD45RA (TEMRA) (Fig. 2C), which may cor-
relate with chronic antigenic exposure (30). T regulatory (Tyg) cells
and T follicular helper (Tgy) cells were significantly reduced in P1 to
P3 (Fig. 2, D and E). Murine studies have, thus far, displayed con-
flicting results regarding the impact of LT on T helper (Ty) cell dif-
ferentiation (13). Whereas LT has been identified as a prototypical
cytokine associated with Tyl cell responses (31), observations in
mice deficient in LTPR or its ligand have showed elevated levels of
Tul-type cytokines within their spleens and lungs (32). Conversely,
exposure to Leishmania major infection resulted in a propensity to-
ward Ty2 cell polarization in Ltbr™'™ mice, resulting in an increase
in the severity of the systemic infection (33). Stimulation of lympho-
cytes and assessment of cytokine production revealed a significant
reduction in interleukin-4 (IL-4)-producing T2 cells in P1 to P3,
as well as a trend toward lower interferon-y (IFN-y)-producing Ty1
and IL-17A-producing Ty17 cells (Fig. 2F). P1 and P2 T lympho-
cytes exhibited functionality similar to those from HCs across vari-
ous in vitro functional assays, including assessments of proliferation
and activation, and naive T cell differentiation into Ty, cells (fig.
S9B and fig. S10).

Single-cell RNA sequencing (scRNA-seq) of lymphocytes of P1
and P2 confirmed the shift in the CD8" compartment toward ef-
fector memory cells and a lower proportion of Ty, cells (Fig. 3, A
and B, and fig. S11). Among the most differentially down-regulated

Ransmayr et al., Sci. Immunol. 9, eadq8796 (2024) 22 November 2024

genesin CD8* T lymphocytes were LTB, encoding for lymphotoxin-f
(LT-p), which binds to LT-a to form the main ligand for LTfR, the
lymphotoxin heterotrimer LTalp2 or lymphotoxin alpha2/betal
(LTa2B1), and FOS, which plays a major role in response to anti-
genic activation (Fig. 3C) (17, 34). Despite a history of recurrent
infections in both patients, differential gene expression analysis re-
vealed no overt differences in the expression of genes associated
with chronic inflammation and exhaustion pathways (table S6).
Clonality analysis via bulk TCR sequencing (Fig. 3D) and scRNA-
seq analysis (fig. S12) showed a reduction in the diversity of T cells
from P1 and P2; however, this was driven by the expansion of a few
clones on a polyclonal background. Together, these findings confirm
a phenotypic shift in T cells toward an effector memory population
with a constrained clonotype arrangement, suggesting their rela-
tively quiescent state despite repetitive antigenic challenge. The con-
served in vitro functions of patient lymphocytes in contrast with
altered in vivo differentiation imply that the observed alterations in
subpopulation distributions may not stem from an intrinsic defect
within lymphocytes themselves but from alterations in the stromal
compartments and the SLOs of the patients.

Alterations in the LTBR and TNF network

Having noticed the significant down-regulation of LTB expression
across multiple CD8" cell subtypes from P1 and P2 in the scRNA-seq
(Fig. 3C), we measured LTB serum levels in P2 and P3, which were
significantly lower compared with HCs (Fig. 4B). We then assessed
other members of the TNF family as well. Serum analysis showed a
modest increase in TNF-ain P1 and P2 (Fig. 4A and fig. S13A), as well
as TNEF-f (the soluble homotrimer of LT-a) in P1 (Fig. 4A). TNF su-
perfamily member 14 (TNFSF14/LIGHT), the other known ligand of
LTPR, was also elevated in a multiplex analysis of serum from P1 and
P2 (Fig. 4A), which was further confirmed via enzyme-linked immu-
nosorbent assay (ELISA) in all three patients (Fig. 4C) (12). In addi-
tion, Fas ligand (FasL) was also increased in the patients (Fig. 4D).
Similar to TNF-o and TNF-B/LTa3 (35), both LIGHT (36) and FasL
(37) can also induce apoptosis. Furthermore, overexpression of LIGHT
in mice results in autoimmunity (38), and increased levels of LIGHT
or FasL are associated with autoimmunity in humans (39, 40). In pre-
vious studies, Ltbr ™~ mice exhibited a phenotype of immune dysregu-
lation characterized by splenomegaly, autoantibody production, and
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lymphocytic infiltrates (16, 18, 41). None of the patients in our cohort  negative in P1 and P2. However, P3 tested positive for anti-Ku and
had clinically overt autoimmunity or autoinflammation. We screened  anti-mitochondrial antibodies (AMA-M2) despite normal serum liver
the patients with extensive autoantibody detection panels, which were  and renal parameters (Table 1), implying that the presence of these
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autoantibodies has not resulted in any clinical manifestations or organ-
related disease in this patient to date. Although autoantibodies against
type I IFNs have recently been reported in several monogenic IEIs af-
fecting the noncanonical NF-xB pathway (42), we could not detect
these antibodies in serum from P3 (Table 1).

In addition, increased levels of decoy receptor 3 (DcR3/TNFRSF6B)
were observed in the patient’s serum compared with those in

Fig. 4. Alterations in the LTBR/TNF network
and the immunomodulatory effect of DcR3.
(A) Heatmap depicting LEGENDplex multiplex
assay for serum samples from P1 and P2 com-
pared with HCs (n = 2). Results were individu-
ally normalized, with the lowest value set to 0
and the highest value set to 100. All other val-
ues were scaled proportionally between these
two extremes. Numbers shown are absolute
values in picogram per milliliter. (B) ELISA se-
rum analysis for LTB. Data are from one experi-
ment with HCs (n = 7) and from P2 (n = 2) and
P3 (n = 1). (C to E) ELISA results for LIGHT/
TNFSF14 (C), FasL (D), and DcR3 (E) for serum
samples from HCs (n = 6) and samples pooled
from P1 and P2, from two blood draws, and one
from P3. In (E), commercially available IVIG was
also tested. Samples from P1 and P2 were taken
from two time points. (F) ELISA results of DcR3
fold change in treated fibroblasts normalized
to untreated cells for HCs (n = 2), patients
(n = 3), and cells from P2 where TNFR1 was
knocked out. Each data point represents the
average of N = 2. (G) AICD after restimulation of
feeder-expanded T cells with soluble anti-CD3
(sCD3). Graph representing the percentage of
apoptotic cells with or without DcR3 treatment.
Dots represent average of individual healthy
donors (n = 3) over two independent experi-
ments. (H) Effect of DcR3 treatment on the kill-
ing capacity of expanded T cells based on
percentage of surviving cocultured p815 target
cells treated with sCD3 (0.1 pg/ml) compared
with the results in the same condition without
the addition of sCD3. Data are representative of
two independent experiments, including two
of the HCs repeated as a biological replicate.
Statistical analysis performed on one of these
experiments. Analysis in (B) was performed us-
ing unpaired t test with Welch's correction.
Analysis in (C) to (E) and (G) was performed us-
ing unpaired t test. Analysis in (F) and (H) was
performed using ANOVA followed by Dunnett’s
post hoc test for multiple comparisons.
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HCs (Fig. 4E and fig. S13B). DcR3 is a soluble protein with anti-
inflammatory properties, acting through the inhibition of both LIGHT
and FASL (43, 44). Unexpectedly, we were also able to detect
DcR3 in various samples of commercially available IVIG products
(Fig. 4D and fig. S13, B and C). Furthermore, we observed that IVIG
treatment of a patient with an IEI resulted in increased DcR3 serum
levels (fig. S13C). Previous studies have linked DcR3 production to
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PI3K/NF-kB activation (45). Treatment of dermal fibroblasts with
either TNF-a or TNF-B/LTa3 resulted in the secretion of DcR3 (Fig.
4F), as did treatment with the two known isoforms of lymphotoxin,
LTalf2 and LTa2p1. This effect was dependent on TNFR1 and
LTPR stimulation, respectively, because fibroblasts from P2 with an
additional TNFR1 knockout showed no response to any of the
ligands. Whereas LTa2p1 is capable of binding both receptors,
LTal1p2 binds exclusively to LTPR (46). Subsequently, LTa1p2 had
no effect on patient-derived fibroblasts, whereas LTa2p1 was also
able to induce DcR3 production comparably to that of HCs. To as-
sess the immune modulatory function of DcR3, we treated feeder-
expanded T cells with DcR3, which protected the T cells from
activation-induced cell death (AICD) (Fig. 4G) and reduced the po-
tency of their effector functions such as cytotoxic killing (Fig. 4H).
Although the encoding gene is present in the human genome, there
is no ortholog in mice (43). Collectively, these data demonstrate
dysregulation of several members of the TNF superfamily in pa-
tients with LTPR deficiency.

Ex vivo coculture reveals functional B cell activation

and differentiation

To further characterize the B cell compartment in patients with
LTPBR deficiency, we performed BCR sequencing and analyzed the
somatic hypermutation (SHM) rate in the Ig heavy-chain variable
regions (IGHV). Whereas the B cell repertoire diversity was compa-
rable between the patients and HCs, indicating that the process of
V-D-] recombination and the ability to generate mature naive B cells
is intact in the patients, we observed a significant reduction in the
number of mutations in the IGHV regions and the percentage of
individual B cell clones in which SHM occurred (Fig. 5A and fig.
S14, A and B), further corroborating the lack of an efficient GC reac-
tion. Although LTPR signaling is critical for SLO development
(17, 27), its direct role in GC formation is less clear (12). Established
assays to measure B cell differentiation use cytokine stimulation in-
stead of direct cell-cell interactions. We devised an ex vivo model to
study the ability of different cell types to interact and induce B cell
differentiation to mimic the GC reaction (fig. S15, A to C). We
cocultured different combinations of peripheral blood mononuclear
cells (PBMCs), DCs, and dermal fibroblasts with or without addi-
tional stimulation of a vaccine for measles, mumps, and rubella
(MMR) in a transwell system. The DCs were differentiated ex vivo
from monocytes and then activated with polyinosinic:polycytidylic
acid (poly I:C) (fig. S15B). The dermal fibroblasts were either donor
derived or modified by generating BM2 ™'~ fibroblasts to inhibit human
leukocyte antigen I (HLA-I) expression and prevent T cell-mediated
apoptosis (fig. S15C). After the coculture, B cells from HCs, despite
some level of variability, showed an up-regulation of the activation
marker CD25 as well as activation-induced cytidine deaminase (AID),
the enzyme initiating SHM (Fig. 5B) (47).

Despite the absence of LTPR signaling, patient B cells were able
to differentiate into CD27" memory B cells when coculturing lym-
phocytes with activated monocyte-derived DCs and stromal cells
(Fig. 5C and fig. S16). The additional stimulation with the MMR
vaccine induced the differentiation into GC-like (IgD_CD38+) B
cells (Fig. 5C and fig. S16). Hence, LTPR deficiency does not result
in an intrinsic B cell defect.

Together, these data suggest that LTPR signaling, although criti-
cal for SLO development, becomes redundant for B cell differen-
tiation in a GC-like setting if immune cells and stromal cells are

Ransmayr et al., Sci. Immunol. 9, eadq8796 (2024) 22 November 2024

brought into close proximity artificially. Therefore, the observed
humoral defects in patients with LTPR deficiency may stem from
the absence of a conducive environment typically provided by the
stromal compartment in SLOs.

DISCUSSION

SLOs play a crucial role in initiating the adaptive immune response
and establishing immune memory. Although the formation and or-
ganization of SLOs remain active areas of research, LTPR signaling
has been identified as a key factor in lymph node development in
mice. However, its relevance to humans has been less clear. In this
study, we identify LTPR deficiency as the underlying cause of a pre-
viously unknown combined immunodeficiency, characterized by a
distinct absence of functional SLOs, resulting in hypogammaglobu-
linemia and low memory B cell levels. The T cell compartment al-
terations are likely contributing to the observed susceptibility to
viral infections, including B-HPV (21, 48).

Although the observed defects in the SLOs are consistent with
previously published Ltbr™~ mouse models (12, 16, 49), other key
signs of immune dysregulation observed in mice (18, 41, 50) were
not as prominent in patients with LTPR deficiency. We speculate
that the defect in the SLOs and subsequently aberrated B cell differ-
entiation and activation may, paradoxically, protect patients from
developing and sustaining autoantibody-producing plasma cells. All
three patients have been receiving IgG substitution, which is a
well-established immune replacement therapy for various autoim-
mune disorders (51), despite its heterogeneity and unclear composi-
tion (52). We detected increased levels of the DcR3 protein in serum
samples at different time points throughout disease progression in
all three patients. DcR3 is a protein that has previously been reported
to be anti-inflammatory and antiapoptotic via blockade of FasL and
LIGHT (53), in line with the increased survival and decreased kill-
ing activity shown in our study. Intriguingly, DcR3 is not encoded
in mice (43, 44). In addition to confirming the immunoregulatory
function of DcR3 on human T lymphocytes, we detected high con-
centrations of DcR3 in various commercially available IVIG solu-
tions. Therefore, it is possible that the increase of DcR3 in patients
with LTPR deficiency is in part due to the imbalance of several TNF
members or the IVIG replacement therapy. Further delineation of a
potential role of DcR3 in modulating immune dysregulation will re-
quire additional studies in the future.

The TNF superfamily receptors, particularly RANK, CD40, and LT{R,
play crucial roles in the formation of the thymic microenvironment and
the induction of central tolerance (54). The RANK and CD40 signaling
pathways are essential for the development of medullary thymic epithelial
cells (mTECs) and the expression of the autoimmune regulator (AIRE), a
master regulator of ectopic peripheral antigen expression (55). AIRE is vi-
tal for negative selection by promoting the expression of peripheral tissue-
restricted antigens (TRAs) in mTECs, thereby preventing autoimmunity
by ensuring self-tolerance. Mutations in AIRE lead to autoimmune
polyendocrinopathy candidiasis ectodermal dystrophy, a monogenic
disorder characterized by multiorgan autoimmune destruction with a dis-
tinct IFN-y-mediated inflammatory signature (56). In contrast, although
the LTPR signaling pathway is also necessary for normal thymic architec-
ture and mTEC differentiation, it does not influence AIRE expression or
AIRE-dependent TRA expression. Instead, LTPR signaling induces the
transcriptional regulator FEZF2, which governs the expression of a dis-
tinct set of TRAs (54). In LTPR-deficient mice, FEZF2-dependent TRA
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Fig. 5. Functional ex vivo B cell activation in LTBR-deficient cells. (A) The rate of SHM in the IGHV of the top 200 B cell clones with productive IGH rearrangements. Each
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and MMR vaccine as indicated in the panel. (C) Differentiation of CD19%° B cells from controls (n = 4) and patients into CD27* memory or CD38*IgD~ GC-like B cells after
12 days of coculture. Measurements were compared with day 0. Indicated conditions include the addition of stromal cells (SCs), monocyte-derived DCs, or additional
treatment with an MMR vaccine. All conditions were stimulated with BAFF every other day. Readout was performed using flow cytometry.

expression is reduced in mTECs, highlighting an alternative pathway for
TRA expression independent of AIRE, which implies that LTBR signaling
supports the maintenance of thymic stromal cell subsets and chemokine
production, playing a broader role in the regulation of the thymic micro-
environment. Consistent with this distinct downstream transcriptional
impact, the clinical phenotype of patients with LTPR deficiency is quite

Ransmayr et al., Sci. Immunol. 9, eadq8796 (2024) 22 November 2024

different from that of AIRE deficiency (56), presenting predominantly as
B cell dysfunction without the IFN-y-mediated chronic inflammation
and autoimmunity.

Not only Ltbr™'~ mice but also mice overexpressing the LTBR
ligands LT or LIGHT can exhibit signs of autoimmunity (39, 57),
likely to be caused by the unregulated formation of tertiary lymphoid
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organs (TLOs) (58). These are ectopic lymphoid structures that
arise temporarily in proximity to sites of chronic inflammation
and resemble SLOs in their organization, function, and depen-
dence on LTPR signaling (58). Despite their role as gatekeepers
and as a favorable prognostic factor in cancer, TLOs are associated
with increased tissue damage in autoimmune diseases (58). Thus,
LTPR signaling has been a therapeutic target in autoimmune dis-
eases, including rheumatoid arthritis or Sjégren’s syndrome, but
clinical trials using inhibitors for LTPR (25) or its ligand (26) have
been unsuccessful. The results from our ex vivo GC model sug-
gest that once the process of GC formation has been initiated in
either SLOs or TLOs, blockade of LTPR may not suffice to stop the
ongoing GC reaction and production of autoantibody-secreting
plasma cells.

Our study shows that biallelic LOF mutations in LTBR cause an
IEI with a predominantly humoral immune deficiency and milder
T cell defects, in contrast with murine models where the role for
LTPR signaling in autoimmunity was demonstrated by controlling
thymic stroma and intestinal microbiota (59). Further corrobo-
rated by murine data, the nonlymphocyte lineage-specific expres-
sion of LTPR suggests that allogeneic HSCT may not provide a
curative treatment for human LTPR deficiency (12), whereas anti-
infective prophylaxis using IVIG and prophylactic antibiotics is
imperative. Our study advances our understanding of LTPR as a
critical factor of human immune homeostasis, with implications
for potential targeted therapies in the context of severe infections
and autoimmunity. Whether the observed increase in DcR3 mod-
ulates the clinical phenotype warrants further research, and to
refine therapeutic strategies, a more profound comprehension of
human-specific molecular regulation and tissue specificity in
lymphotoxin signaling is paramount. Another limitation of our
study—similar to other studies identifying genetic etiologies of
rare diseases—is the relatively low numbers of patients identified
with this genetic defect, implying that future studies with ad-
ditional affected individuals will enable the delineation of
the full phenotypic spectrum of disease and potential genotype-
phenotype correlations.

MATERIALS AND METHODS

Study design

The objective of this study was to investigate the role of LTPR in hu-
man immune homeostasis. For this purpose, we performed an array
of functional and multiomic experiments on primary material from
the patients carrying a germline-encoded homozygous mutation in
LTBR, after genetic analysis. Furthermore, we made use of cellular
models to investigate the effects of the LTBR mutation on the
function of lymphocytes and stromal cells using biochemical and
proteomic approaches. This included a self-developed coculture sys-
tem of different immune and stromal cells to assess their interaction
and capacity to stimulate B cell differentiation. Control samples were
used either from healthy shipment controls or taken from healthy lo-
cal donors.

Study oversight

The study was approved by the relevant institutional review boards
and performed in accordance with the guidelines of good clinical
practice and the current version of the Declaration of Helsinki.

Ransmayr et al., Sci. Immunol. 9, eadq8796 (2024) 22 November 2024

Written informed consent was obtained from the patients or the pa-
tients’ legal representatives.

Patient and human cell lines

PBMC:s from the patients and HCs were isolated via Ficoll gradi-
ent. Patient- and HC-derived T cells were expanded by stimula-
tion of PBMCs with irradiated feeder cells, phytohemagglutinin
(PHA; 1 pg/ml, Sigma-Aldrich), and IL-2 (100 IU/ml, Novartis)
in RPMI 1640 medium containing 5% human serum (IBJB - Inst.
Biotechnologies J.BOY, 201021334) and supplemented with
1 mM sodium pyruvate (Thermo Fisher Scientific, 11360039),
minimum essential medium nonessential amino acid solution
(Sigma-Aldrich, M7145), penicillin (50 U/ml), streptomycin
(50 mg/ml), and 10 mM Hepes. Fibroblasts were isolated from
skin biopsies from patients and HCs and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% fetal calf
serum (FCS), penicillin (50 U/ml), streptomycin (50 mg/ml), and
10 mM Hepes. All cells were cultured at 37°C in a humidified at-
mosphere with 5% CO,.

Whole-exome sequencing

Genomic DNA (gDNA) was isolated from peripheral blood sam-
ples using commercial extraction kits [P2: DNeasy Blood and
Tissue Kit (Qiagen); P3: GenEx Blood (GeneAll)]. WES of P2
involved library preparation and exome enrichment using Nex-
tera Rapid Capture Exome kit (Illumina), followed by 150-base
pair (bp) paired-end sequencing on the Illumina HiSeq3000 sys-
tem. Sequenced DNA reads were mapped to the human reference
genome (GRCh38/hg38 assembly) by means of the Burrows-
Wheeler Aligner (60). After variant calling with the Genome Anal-
ysis Toolkit HaplotypeCaller (61), variant effect predictor was used
for annotating single-nucleotide variants and small insertions/
deletions (62). From the obtained variant calls, nonsynonymous
(nonsense, missense, small insertions, and deletions) and splice-
region variants (+8 bp from the intron/exon boundaries) were
then filtered to exclude those with a minor allele frequency > 0.01
in gnomAD v2.1.1 (63).

An in-house database including sequencing data from >1200
individuals was used to further exclude recurrent variants
with an allele frequency > 0.02. The remaining variants were
prioritized on the basis of literature research and their com-
bined annotation dependent depletion pathogenicity predic-
tion score (64).

For P3, the WES library was prepared using the Nextera DNA
Prep with Enrichment Kit (Illumina), and sequencing was per-
formed with 150-bp paired-end reads on the Illumina NextSeq 550
platform. Data processing, including mapping, variant calling, and
annotation, was conducted with the SEQ Platform v8 (Genomize).

Sanger sequencing

Isolation and purification of gDNA from the probands and fam-
ily members of both kindreds was performed from peripheral
blood using the DNeasy Blood and Tissue Kit (Qiagen). Sanger
sequencing was used for the validation and segregation of the
LTBR variants identified via WES in the patients and their family
members. Specific primers were designed to amplify the genom-
ic regions encompassing each of the two identified variants.
Sanger sequencing primers used for validation and segregation
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of LTBR variants in the patient and family members are shown
in table S7.

Protein structure visualization

The three-dimensional (3D) structural model of wild-type LTPR
was obtained from AlphaFold and visualized with PyMOL (Mo-
lecular Graphics System, version 2.0 Schrodinger LLC) (65, 66).
MISSENSE3D was used to predict possible effects of p.Arg120Pro
on the protein (67, 68).

CRISPR-Cas9 editing of human cells

For the reconstitution experiments, dermal fibroblasts derived from
P1 and P3 were edited using CRISPR-Cas9 to reexpress LTPR. Cells
were collected and resuspended in Opti-MEM (Thermo Fisher
Scientific, 31985062). For electroporation, 10° cells were used per
condition. Before electroporation, 125 pmol of Cas9 protein (IDT,
Alt-R S.p. Cas9 Nuclease V3) and 150 pmol of single gRNA were
mixed and incubated for 15 min at room temperature. Subsequently,
100 pmol of single-stranded oligodeoxynucleotide (ssODN) tem-
plate was added to the cells (table S8). A NEPA21 electroporator
(NepaGene) was used for electroporation with the following set-
tings: poring pulse: 250 V, 2.5-ms pulse length, total of two pulses
with 50-ms interval between the pulses, 10% decay rate with + po-
larity; transfer pulse: 20 V, 50-ms pulse length, total of five pulses
with 50-ms intervals between the pulses, 40% decay rate with +
polarity. Next, the cells were seeded in DMEM supplemented
with 10% FCS. Ten days later, the cells were stained with LTPR
antibody and sorted using a fluorescence-activated cell sorting
(FACS) Aria Fusion cell sorter. Positive cells were used for fur-
ther analysis.

For the coculture experiments, dermal fibroblasts from an HC
were edited using CRISPR-Cas9 to knock out B2M to prevent ex-
pression of HLA-I. Except for the addition of an ssODN template,
the electroporation was performed the same way as described above.
Afterward, the cells were seeded in DMEM supplemented with 10%
FCS. Ten days later, the cells were stained with HLA-I antibody and
sorted using an FACS Aria Fusion cell sorter. Negative cells were
used for further analysis. Dermal fibroblasts from P2 were used and
processed for TNFR1 knockout the same way.

Flow cytometry

PBMCs, either fresh or cryopreserved in liquid nitrogen, were used
for immunophenotyping. To reduce unspecific antibody binding,
the cells were blocked in RPMI 1640 containing 10% FCS for at least
1 hour before surface staining with antibodies (listed in table S9) for
30 min in the dark at 4°C. Stained cells were acquired with an LSR-
Fortessa (BD Biosciences) or FACSymphony (BD Biosciences).
FlowJo v10 was used to analyze the data, and Prism v.8 (GraphPad)
was used to produce graphs. For intracellular staining, the cells were
permeabilized after surface staining with BD 1Xx Perm/Wash buffer
before additional staining with intracellular antibodies for 30 min in
the dark at 4°C. The complete list of antibodies used in this study is
shown in table S9.

T cell activation and proliferation assay

Feeder-expanded T cells from patients and HCs were stained
with violet proliferation dye (VPD450, BD Biosciences) and
seeded on 96-well U-shaped plates at 400,000 cells per well in
100 pl of RPMI 1640 supplemented with 10% FCS. The cells
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were stimulated with either soluble anti-CD3 (sCD3, clone:
OKTS3; 1 pg/ml), a combination of sCD3 (1 pg/ml) with soluble
anti-CD28 (sCD3/CD28, 1 pg/ml, eBioscience), PHA (5 pg/ml, Pe-
protech), CD3/CD28 DynaBeads (Beads, Invitrogen), or left un-
treated. Activation was assessed after 24 hours using flow cytometry.
Proliferation was measured after 4 days of stimulation by diluting
the VPD450.

Teg cell differentiation assay

The Ty cell differentiation assay was used according to the to the
manufacturer’s protocol (CellXVivo Human Ty, Cell Differentia-
tion Kit #CDK006) with small adaptations. In brief, cryopreserved
PBMC:s from HCs and patients were thawed, and naive T cells were
isolated via magnetic bead separation (Miltenyi, 130-097-095).
From each donor, 50,000 cells were either resuspended with RPMI
1640 complete supplemented with 10% FCS or treated using human
Treg differentiation medium as prepared using the manufacturer’s
instructions. Treated cells were then seeded into a 96-well ELISA
plate that had been coated with anti-CD3 (clone: OKT3) for 24 hours,
whereas the untreated cells were added to uncoated wells. Differen-
tiation of Ty cells was measured after 5 days of cultivation using
flow cytometry.

Ty cell cytokine production assay

Cryopreserved PBMCs from patients and HCs were thawed and
seeded on 96-well U-shaped plates at 300,000 to 500,000 cells
per well in RPMI 1640 supplemented with 10% FCS. Cells were
stimulated with 200 nM phorbol 12-myristat 13-acetat (PMA,
Sigma-Aldrich) and ionomycin (1 pg/ml, Sigma-Aldrich) or
left untreated for a total of 6 hours. After 1 hour of stimulation,
brefeldin-A (BioLegend) was added to the cells. Cells were
stained with surface antibodies before fixation and stained
with intracellular cytokine antibodies. Cells were analyzed using
flow cytometry.

B cell activation and proliferation and class switch assay
Cryopreserved PBMCs from P1, P2, and HCs were thawed and
stained with violet proliferation dye (VPD450, BD Biosciences) be-
fore being seeded on 96-well U-shaped plates at 400,000 cells per
well in 100 pl of RPMI 1640 supplemented with 10% FCS. The cells
were stimulated with either IL-4 (100 ng/ml, Peprotech) + CD40L
(200 ng/ml, Peprotech), IL-21 (20 ng/ml, Peprotech) + CD40L (200 ng/
ml), CpG (50 nM, InvivoGen), or left untreated. Activation was as-
sessed after 24 hours using flow cytometry. Proliferation was mea-
sured after 6 days of stimulation by diluting the VPD450. Class
switch was measured after 5 days of stimulation by CD19" B cells
expressing IgA or IgG.

B cell differentiation assay

Cryopreserved PBMCs from patients and HCs were thawed, and
B cells were isolated via magnetic bead separation (Miltenyi
130-101-638). Cells were seeded in 96-well U-shaped plates at
50,000 cells per well in 100 pl of RPMI 1640 supplemented with
10% FCS. The cells were stimulated with a combination of 5 pg of
unconjugated goat anti-human F(ab)2 fragments (the Jackson
Laboratory), IL-21 (50 ng/ml, Peprotech), CD40L (1 pg/ml,
Peprotech), and CpG (1 pg/ml, Peprotech), or left untreated.
Differentiation was measured after 6 days of stimulation using
flow cytometry.
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Stimulation of dermal fibroblasts for DcR3 production
Dermal fibroblasts from HCs, patients, and P2 where TNFR1 was
knocked out using the CIRSPR-Cas9 system were seeded at 15,000
cells per well in 200 pl in 48-well plates. After 24 hours, the cells
were stimulated with human TNF-a (100 ng/ml, Miltenyi), human
TNF-B/LTa3 (200 ng/ml, Peprotech), human LTalf2 (200 ng/ml,
R&D Research), or human LTa2p (200 ng/ml, R&D Research), or
left untreated. After 24 hours, the supernatant was collected and
used for DcR3 analysis using ELISA (R&D Systems). Results from
two independent experiments were averaged before each sample
was normalized to its untreated result, followed by pooling of the
data of HCs and patients.

Effect of DcR3 on AICD in T cells

Before being washed with phosphate-buffered saline (PBS), 96-well
U-shaped plates were coated with CD3 (clone OKT3, 2 pg/ml)
overnight at 4°C. After 10 days of feeder stimulation with IL-2 (No-
vartis) and PHA, expanded T cells from HCs and from P2 were
seeded at 100,000 cells per well and treated with DcR3 (3.75 pg/ml,
MedChemExpress) or left untreated. After 24 hours of stimulation,
the cells were harvested, apoptosis was assessed via staining with
annexin V-allophycocyanin (APC) (BD Biosciences), and propidi-
um iodide (BioLegend), and readout was performed using flow
cytometry.

Effect of DcR3 on T cell killing function

GFP* P815 target cells were treated with anti-CD3 (1 pg/ml, clone:
OKT?3) antibody for 1 hour or left untreated. Expanded T cells from
two HCs previously stimulated for 10 days with feeder cells, IL-2
(Novartis), and PHA were assessed for CD4" and CD8" ratio before
treatment for 1 hour with DcR3 (6.25 pg/ml, MedChemExpress) or
DcR3 (37.5 pg/ml) or left untreated. P815 cells were washed before
being cocultured with the expanded T cells at a 1:1 ratio in 96-well
U-shaped plates. Aphidicolin (0.2 pg/ml, Sigma-Aldrich) was added
to inhibit proliferation of the cells. After 6 hours of coculture, the
cells were harvested, and the killing function of T cells was estimated
by measuring the number of 7-AAD-negative (BD Biosciences)
P815 cells by flow cytometry.

Coculture for B cell differentiation

For the coculture, different combinations of PBMCs, DCs, and fi-
broblasts were combined with or without additional stimulation of a
vaccine for MMR (Merck Sharp und Dohme). PBMCs from patients
and HCs were thawed and CD14* monocytes isolated using CD14
MicroBeads (Miltenyi). Monocytes were then differentiated to DCs
over 6 days by adding IL-4 (1000 IU/ml, Peprotech) and granulocyte-
macrophage colony-stimulating factor (1000 IU/ml, Peprotech).
DCs were stimulated by adding poly I:C (10 pg/ml, InvivoGen)
for 24 hours. CRISPR-Cas9-edited B2M knockout fibroblasts or
patient-derived fibroblasts were seeded at 5000 cells per well into a
24-well transwell. The next day, the donor-specific PBMCs were
added at 300,000 cells per well together with donor-specific DCs at
30,000 cells per well with or without addition of 5 pl of MMR per
well. RPMI 1640 (1 ml) supplemented with 10% FCS was added in
the transwell below. Cells were stimulated with B cell-activating
factor (BAFF; 50 ng/ml, Peprotech) every other day. Cells were
harvested on day 7 for activation readout or on day 12 for differen-
tiation readout using flow cytometry.
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NF-kB stimulation in fibroblasts

For canonical NF-kB activation, dermal fibroblasts were stimulated
with human TNF-« (20 ng/ml, Miltenyi) for 10 to 60 min followed
by immunoblot analysis. For noncanonical NF-kB activation, der-
mal fibroblasts were stimulated with human LTalf2 (200 ng/ml,
R&D Research) for 6 hours followed by immunoblot analysis.

Immunoblot

Cell lysates of HC and patient fibroblasts were prepared in radioimmu-
noprecipitation assay buffer containing protease and phosphatase
inhibitor cocktail (Thermo Fisher Scientific). Protein concentrations
were determined using the DC Protein Assay Kit II (Bio-Rad), and
20 pg of protein was used and resolved by reducing SDS—polyacrylamide
gel electrophoresis with 4 to 15% mini-protean TGX precast protein
gels, followed by transfer to polyvinylidene difluoride (PVDF) mem-
branes using the Trans-Blot Turbo RTA Mini 0.45-um LF PVDF
Transfer Kit and the Trans-Blot Turbo transfer system (Bio-Rad).
Then, membranes were blocked in 5% bovine serum albumin (BSA)
solution for 1 hour at room temperature and subsequent incubation
with primary antibodies NF-kB2 p100/p52 (Cell Signaling Tech-
nology) and heat shock protein 90 (HSP90) a/f (Santa Cruz Bio-
technology) or with phospho-NF-kB p65 (Cell Signaling), IkBa
(Cell Signaling Technology), and HSP90a/f (Santa Cruz Biotechnol-
ogy) overnight at 4°C. Subsequently, membranes were washed three
times in tris-buffered saline with Tween 20 detergent (TBST) and
incubated with peroxidase-conjugated secondary antibodies for
1 hour at room temperature followed by washing three times in
TBST and visualized using chemiluminescence with the ECL Prime
Western blot detection reagent (Cytiva) and the ChemiDoc MP im-
aging system (Bio-Rad).

Enzyme-linked immunosorbent assay

LTB, TNF-a, CXCL13/BLC, DcR3/TNFRSF6B, FasL/TNESF6, and
LIGHT/TNFSF14 levels were detected using ELISA (LTB: catalog
no. A312081, Antibodies.com; TNF-a: catalog no. 10737663, Ther-
mo Fisher Scientific; CXCL13/BLC: catalog no. 15444963, Thermo
Fisher Scientific; DcR3: catalog no. 15405163, Thermo Fisher Scien-
tific; FasL: catalog no. DY126, DuoSet kit R&D Systems; LIGHT:
catalog no. DY664, DuoSet kit, R&D Systems), Luminex Multiplex
Assay (Thermo Fisher Scientific) and LEGENDplex (catalog no.
741182, Biolegend) in HC and patient serum samples according to
the manufacturer’s instructions. Fifty microliters of each serum
sample in duplicates was used in all assays.

scRNA sequencing

Samples from P1 and P2 were analyzed along with those from four
HC:s as previously described (69). In brief, cryopreserved PBMCs
from the two patients and four HCs were thawed, washed in RPMI
1640 medium, and resuspended in sterile PBS with 0.04% BSA. A
single-cell suspension was obtained by passing 1 million cells into a
5-ml FACS tube through a cell strainer and sorting for the live lym-
phocytes and monocytes on the basis of the forward and side scatter
using the FACSAria Fusion (BD). scRNA-seq was then performed
on the live samples using the Chromium Single Cell Controller and
Chromium Next GEM Single Cell 5’ Kit v2 (10x Genomics, Pleasanton,
CA) according to the manufacturer’s protocol. TCR sequences
were enriched at the cDNA stage using the respective reagents, in
accordance with the instructions of the VD] Kit workflow by 10x
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Genomics. Sequencing was performed using the Illumina NovaSeq
platform in the 75-bp paired-end configuration.

CellRanger v5.0.1 software (10x Genomics) was used for demul-
tiplexing and alignment to the GRCh38-2020-A human reference
transcriptome. The R statistics software was used to analyze the pro-
cessed data. Briefly, CellRanger outputs (filtered count matrices)
were further filtered to exclude cells with more than 15% mitochon-
drial counts or with numbers of detected genes either fewer than
300 or unusually high (per-sample z-score > 2.5). Cell types were
annotated using Seurat (v 4.1.0) with sctransform (70) normaliza-
tion (v.0.3.3) and Azimuth (v 0.4.3) (71). The reference used was
human PBMC annotation level 2. Cells with an annotation score or
mapping score less than 0.5 were excluded from further analysis.
For visualization, the Azimuth reference space [Uniform Manifold
Approximation and Projection (UMAP)] was used, and cell types
with fewer than 20 cells annotated (cDC2, pDC, CD16 mono, plate-
let, HSPC, ILC, and dnT) were excluded. Clonality analysis of the
TCR repertoires was based on cells that were assigned exactly one
alpha chain CDR3 and one beta chain CDR3. A clonotype was de-
fined as a unique combination of these CDR3 motifs, and clonality
for patients and cell types was calculated as 1 minus normalized en-
tropy as done in other studies (72). scRNA-seq differential expres-
sion (DE) testing of patients versus HCs was done using edgeR (73)
(v 3.36, default parameters, exact test) and pseudobulk profiles (ag-
gregated counts per patient) to minimize false discoveries (74). Each
test was filtered to exclude genes with false discovery rate (FDR)-
adjusted P value >0.05; the remaining genes were ordered by P value.
Several tests were performed, each focusing on different cell pop-
ulations. Tests were performed within CD8" T cells (aggregating
CDS8 naive, CD8 TCM, and CD8 TEM) and within the individual
CDS8" cell types. Expression heatmaps show normalized expres-
sion (DESeq2 vst function after aggregating counts of all cells per
group) z-scored per gene and cropped to the range of —2 to 2. Genes
selected for display in the heatmaps had to have P value rank < 45
and logFC rank < 45 (grouped by fold-change direction) in one of
the CD8 cell type DE tests. After differential gene expression analysis,
we performed gene set enrichment analysis using hypergeometric
tests. For the tests, we considered all the genes retained by edgeR as
background, whereas the DE genes (FDR < 0.05) were considered
the genes of interest. The following genes defined the “exhaustion”
gene set: PDCDI, CTLA4, NFATCI1, SPRY2, BATF, VHL, FOXOl,
FOXP1, LAG3, CD244, CD160, HAVCR2, TRAF1, TNFRSF9, ILIORA,
IL10, PRDM1, STAT3,1FNA1,IFNBI1,1L21, CXCR5,SOCS3, GATA3,
IKZF2, BCL6, BCL2, TBX21, and EOMES. A significant enrichment
for exhaustion was not observed in any of the DE test results
(P values >0.1).

BCR and TCR sequencing

For BCR and TCR sequencing, DNA was isolated from PBMCs or
whole blood of patients and HCs. The DNA used for BCR sequenc-
ing of P1 and P2 was isolated from B cell-enriched samples using
magnetic cell sorting separation as described previously in the B
cell differentiation protocol. Sequencing was performed using pro-
tocols and primers standardized by the EuroClonality-NGS Working
Group and sequenced with the Illumina MiSeq v3 600-sequencing
kit (MS-102-3003) with 20% PhiX v3 Control library (FC-110-3001;
both Illumina, San Diego, CA, USA) following the manufacturer’s
instructions (75, 76). Demultiplexed sequencing data were analyzed
using the ARResT/Interrogate platform to annotate individual
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clones for further processing with R (77, 78). For the analysis of
clonality, only productively rearranged IGH and TCRB clones were
included in the analysis, and only the top 1000 clones by frequency
were included for the figure plots and diversity calculations. For the
analysis of the SHM rate, all productively rearranged IGH clones
with a unique amino acid sequence in the CDR3 and with a cover-
age of at least five reads in the sample were used, and its representa-
tive sequence with the highest number of reads was used for
alignment. The alignment to the IGHV gene reference sequences
was performed using the IMGT/HighV-QUEST platform, and the
resulting files were processed using custom R code to generate sta-
tistics and plots (79, 80). The number of nucleotide mutations was
calculated for each clone with a productive IGH rearrangement in
the CDR1, CDR2, FR2, and FR3 regions of the rearrangement. For
the figure plots and underlying statistics, the top 200 clones by their
frequency were analyzed for each sample. A detailed analysis of
the IGHV3-23 gene was performed for all clones with a produc-
tive rearrangement of this IGHV gene, and a mutational rate was
calculated for each amino acid position on the basis of the align-
ment to the IMGT reference. A mutational rate is shown as a
median per position for all four HCs with an error bar corre-
sponding to the 75th percentile and individual values per posi-
tion for all patients.

Statistical analysis

For individual comparisons of independent groups, the Student’s
t test was performed. Welch’s correction was used if the two groups
had unequal variances or sample sizes. For multiple comparisons, a
one- or two-way analysis of variance (ANOVA) was applied, fol-
lowed by Bonferroni post hoc test to correct for multiple compari-
sons. In the case of multiple comparisons toward one dataset (e.g.,
untreated), Dunnets post hoc test was used instead. Data graphs
and analyses were made using PRISM software (GraphPad Software
Inc.), and error bars display the SDs.
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