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Effects of ibrutinib on T-cell
immunity in patients with
chronic lymphocytic leukemia

Yanyan Liu, Yongping Song* and Qingsong Yin*

Department of Hematology, The Affiliated Cancer Hospital of Zhengzhou University and Henan
Cancer Hospital, Zhengzhou, China

Chronic lymphocytic leukemia (CLL), a highly heterogeneous B-cell
malignancy, is characterized by tumor microenvironment disorder and T-cell
immune dysfunction, which play a major role in the proliferation and survival of
CLL cells. Ibrutinib is the first irreversible inhibitor of Bruton's tyrosine kinase
(BTK). In addition to targeting B-cell receptor (BCR) signaling to kill tumor cells,
increasing evidence has suggested that ibrutinib regulates the tumor
microenvironment and T-cell immunity in a direct and indirect manner. For
example, ibrutinib not only reverses the tumor microenvironment by blocking
cytokine networks and toll-like receptor signaling but also regulates T cells in
number, subset distribution, T-cell receptor (TCR) repertoire and immune
function by inhibiting interleukin-2 inducible T-cell kinase (ITK) and reducing
the expression of inhibitory receptors, and so on. In this review, we summarize
the current evidence for the effects of ibrutinib on the tumor
microenvironment and cellular immunity of patients with CLL, particularly for
the behavior and function of T cells, explore its potential mechanisms, and
provide a basis for the clinical benefits of long-term ibrutinib treatment and
combined therapy based on T-cell-based immunotherapies.

KEYWORDS

chronic lymphocytic leukemia, ibrutinib, T-cell immunity, tumor microenvironment,
immune regulation

Introduction

Chronic lymphocytic leukemia (CLL) is a malignancy of small, mature B
lymphocytes that clonally expand into secondary lymphoid organs, bone marrow, and
peripheral blood, resulting in lymphadenopathy, splenomegaly, and hematopoietic
failure (1, 2). Tumor microenvironment disorder and T-cell immune dysfunction are
prominent characteristics of CLL that are clinically manifested as increased susceptibility
to opportunistic infections such as viruses and fungi and an increased incidence of
autoimmune diseases and secondary malignant tumors (2), which are also the main
causes of failure of T-cell-based immunotherapies and drug resistance (3, 4). T cells in
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CLL patients, as major supporting cells in the tumor
microenvironment and particularly CD4" T cells, nourish CLL
cells through complex cytokine networks or direct contact (5).
Moreover, CD8" T cells demonstrate an “exhausted” phenotype
with progressive loss of effector function and impaired memory
T-cell potential (6, 7). Therefore, reversing microenvironment
disorders and reconstituting T-cell immunity may be critical to
improving the outcome of CLL patients (8, 9).

The B-cell receptor (BCR) signaling pathway in CLL cells is
reportedly overactivated; thus, targeting the key kinases of the
BCR pathway is a promising anti-leukemia therapy. BCR
signaling is initiated through upstream kinases, including SYK,
BTK, and PI3K, and these can be inhibited by corresponding
small-molecule kinase inhibitors (10). First-generation BTK
inhibitors (BTKis), such as ibrutinib, acalabrutinib, and
zanubrutinib, are irreversible at the C418 site of BTK (11).
Second-generation BTKis, such as fenibrutinib, vecabrutinib,
and nembrolizumab, can reversibly inhibit BTK and to some
extent overcome the drug resistance of first-generation BTKis
(11). Ibrutinib, as the first BTKi, has profoundly altered the
treatment paradigm of CLL patients, particularly relapsed/
refractory CLL (R/R CLL) and high-risk patients with TP53
aberrations (12-14). Both acalabrutinib and zanubrutinib have
demonstrated higher selectivity and fewer off-target effects than
ibrutinib (11, 15, 16). Nevertheless, previous studies have shown
that ibrutinib not only inhibits BCR and nuclear factor kappa B
(NF-xB) signaling (17-19) but also plays multiple roles in
regulating the tumor microenvironment and T-cell immunity
in CLL patients (20-22). This activity has been confirmed by
significant improvement in the efficacy of CAR-T cells and the
bispecific antibody blinatumomab in the clinic (3, 23-25).
However, to date, the effect of ibrutinib on the
microenvironment and T-cell immunity of patients with CLL
is not completely clear.

Therefore, this article reviews the effects of ibrutinib on the
microenvironment and cellular immunity of patients with CLL,
particularly on the behavior and function of T cells, and their
potential mechanisms, to provide a basis for the clinical benefits
of long-term ibrutinib treatment and the further design of
combined therapy based on T-cell-based immunotherapies.

Overall regulation of ibrutinib on
CLL microenvironment

Secondary lymphoid organs, which are also called proliferation
centers, have a more complex microenvironment that is more
conducive to CLL cell survival (18), and this is where the BCR
signaling activity of CLL cells is upregulated, and the proliferative
activity of CLL cells is also increased (18, 26). Stromal cells, nurse-
like cells (NLCs), and T cells are three supporting cells in the CLL
microenvironment (27) (Figure 1A) that mediate the activation,
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homing, proliferation, and survival of CLL cells via direct contact
and the secretion of chemokine/cytokines and adhesion molecules
as well as their ligand-receptor interactions (28-33). Together, these
constitute complex cytokine networks (33, 34) that in turn recruit
the migration of T cells (35), including Th2 cells and Tregs, and
induce T-cell immune tolerance, T-cell anergy, and the immune
escape of CLL cells (36, 37). Additionally, toll-like receptors (TLRs)
interact with BTK, connecting the BCR signal with TLR signals and
activating the NF-kB signaling pathway, eventually promoting the
proliferation and survival of CLL cells (38, 39). Moreover, TLR
signaling also increases the immune escape of CLL cells by inducing
Treg expansion and producing immunosuppressive molecules (40).

Accumulating studies have demonstrated that ibrutinib
regulates the disordered microenvironment in CLL patients (18,
34). Specifically, ibrutinib directly inhibits the activation and
proliferation of CLL cells by blocking the BCR and the NF-xB
signaling pathways (18, 19, 31). Moreover, ibrutinib blocks the close
“crosstalk” between CLL cells and supporting cells in the
microenvironment to prevent their protection of CLL cells by
blocking complex cytokine networks and direct contact (27, 39).
For instance, ibrutinib not only inhibits the secretion of cytokines,
such as CCL3, CCL4, CXCL12, and CXCL13, from CLL cells and
their supporting cells within the microenvironment, it also inhibits
the TLR signaling pathway (38, 41), which prevents the homing and
residence of CLL cells and dissociates these cells from the protective
microenvironment (31, 41, 42).

The effects of ibrutinib on
circulating T-cell counts

Increasing studies have shown that CD4" and CD8" T cells
are enriched in the peripheral blood of CLL patients (43).
Specifically, the absolute numbers of CD3", CD4", and CD8"
T cells significantly increased in the peripheral blood of R/R and
naive CLL patients before ibrutinib treatment (22, 28, 34, 44, 45),
particularly CD8" T cells (20, 44), which resulted in a decreased
CD4:CD8 ratio (28, 45) (Figure 2A).

Burger and colleagues described for the first time that
ibrutinib treatment induces lymphocyte redistribution
using 2H-labeling experiments, which results in increased
absolute lymphocyte counts in peripheral blood and significant
shrinkage of lymph nodes (46). Subsequently, numerous studies
have focused on the effects of ibrutinib on the number of T cells
and distribution of T-cell subpopulations, but these results
remain controversial. Parry et al. found that CD3" and CD8"
T-cell counts significantly decreased in R/R and naive CLL
patients who were treated with ibrutinib for 6 months (47).
Niemann et al. found that the proportion of CD4" and CD8" T
cells decreased dramatically after 6 months (34). Yin et al. found
that the increased CD3*, CD4"*, and CD8" T cells were
significantly decreased in R/R CLL patients after 3 months of
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FIGURE 1

Overall regulation of ibrutinib on the CLL microenvironment, particularly T cell immunity, is important. (A) Stromal cells, NLCs, and T cells are
the three key supporting cells in the CLL microenvironment. They crosstalk with CLL cells through direct contact and chemokines/cytokines
and their ligand-receptor interactions, such as CXCR4/CXCL12, CXCR3/CXCL9,10,11, and CXCR5/CXCL13, to mediate the activation, homing,
proliferation, and survival of CLL cells, which leads to T-cell immune dysfunction, particularly for CD8" T cells, which are excessively activated,
expanded, and gradually pseudo-exhausted. Exhausted CD8" T cells highly express a variety of inhibitory receptors, such as PD1, CTLA4,
CD244, TIM3, and LAG3. The cytotoxicity and proliferation activity of CD8" T cells decrease. Ibrutinib regulates the CLL microenvironment by (1)
blocking BCR signaling, (2) preventing direct contact between CLL cells and T cells and repairing impaired immune synapses, and (3) inhibiting
cytokine networks. (B) These effects contribute to improving the activity of effector T cells in CLL patients, such as increased granzyme B and

perforin secretion, reduced inhibitory receptors, etc. In addition, ibrutinib inhibits the cytokine secretion, migration, proliferation, and survival of
CLL cells.
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FIGURE 2

Changes in the T-cell compartment and T-cell repertoire before and during ibrutinib treatment. The absolute numbers and percentage of CD4"
and CD8™ T cells increase in the peripheral blood, particularly for CD8* T cells. However, the distribution of T-cell subgroups is abnormal,
which leads to the imbalance of Th1/Th2, an increase in T-regs, long-term activated T cells (TLTAs), and terminally differentiated T cells such as
effector memory T cells (Tgm) and exhausted T cells (Texh cells), and a decrease in naive T cells (A, left penal). There is a severely skewed T-cell
repertoire in patients with CLL (B). After 1-2 months of ibrutinib treatment, the number of T cells demonstrates a transient increase and then
decreases gradually after 6 months ((A) middle penal). The distribution of the T-cell subgroups is near to the normal level at 12 months, in
parallel with partial reconstruction of the T-cell repertoire diversity [(A) right penal; (B)].
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ibrutinib treatment and then dropped to the normal range after
12 months (22). However, Long et al. noted a progressive
increase in T-cell counts until 6 months of ibrutinib treatment
in R/R and primary CLL patients (21). Single-cell sequencing
also showed that the percentage of T-cell subgroups changed
after treatment with ibrutinib, particularly the percentage of
CD8'T cells, which increased gradually until 4 months, while
CD4'T cells decreased gradually, which coincided with the
progressive reduction of CLL cells (20). Differences in the
above results may be related to disease status, tumor burden,
and time point after ibrutinib treatment. Recently, a study with
more intensive detection time points demonstrated there was a
transient increase in the T-cell number in CLL patients at about
2 months after ibrutinib treatment, followed by a decrease after
6-10 months that gradually returned to normal levels at 1
year (42).

The reason for the transient increase in T-cell counts after
ibrutinib treatment is completely unclear. It may be related to
the redistribution of T and CLL cells to the peripheral blood after
ibrutinib treatment (48, 49), followed by a simultaneous decline
in both T and CLL cells (22, 47-50). Additionally, ibrutinib can
reduce activation-induced cell death (AICD) by inhibiting
interleukin-2 inducible T cell kinase (ITK) activity, causing a
short-term increase in circulating T-cell counts (21). Sun et al.
also confirmed this finding in an ITK-deficient mouse
model (51).

@
=
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P ]

10.3389/fimmu.2022.962552

The regulation of ibrutinib
on the differentiation of
T-cell subpopulations

T cells are key adaptive immune effector cells that can be
mainly classified into multi-functional helper T cells (Th cells),
immunosuppressive Tregs, and cytotoxic T cells (CTLs). Acute
antigen stimulation drives naive T-cell differentiation and
rapid expansion of effector T cells (Figure 3A). However,
prolonged exposure to an antigen from chronic viral
infections or cancer induces exhaustion in the responding
CD8" effector T-cell populations (52). Moreover, the
differentiation of T-cell subgroups is unbalanced in patients
with CLL (Figures 3B, C).

Thl and Th2 cells

In CLL patients, TCR signaling activation triggers a signaling
cascade to activate ITK, promoting the differentiation of Th2
and Treg cells and inhibiting the differentiation of Thl and
cytotoxic CD8" T cells (53, 54). Additionally, a series of
cytokines/chemokines, such as IL6, IL4, and IL10, which are
produced by CLL and Th2 cells, can promote immune system
skewing toward Th2 cells and inhibit Th1 differentiation (55)

i
! Acute antigen

|

! stimulation @

B Persistent -~ Teff
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FIGURE 3
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Teff: effector T cell
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TEM: Effector memory T cell

Texh: exhausted T cell

TLTA: Long-term activated T cell

Effects of ibrutinib on effector T-cell subgroups. Antigen stimulation drives naive T cells to differentiate into effector T cells (Teff) followed by
rapid expansion of effector T cells, which eventually produce memory precursor cells (MPECs) after antigen clearance, further differentiating into
central memory T cells (TCM) and effector memory T cells (TEM) (A). However, persistent antigen stimulation from infections or CLL-related
antigens induces over-activation of T cells and promotes progenitor exhausted T (Prog Texh) cells to differentiate into exhausted T (Texh) cells,
which leads to the accumulation of terminally differentiated T cells, including TLTA and Texh cells (B). In addition, Thl and Th2 differentiation is
unbalanced (C). Ibrutinib reverses the pseudo-exhaustion of T cells and promotes the activity of effector T cells and the predominant

differentiation of Thl cells in CLL patients.
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(Figure 3C). Therefore, compared with healthy subjects, the
number of Thl and Th2 cells in CLL patients increases (56),
but the distribution is unbalanced, demonstrating the dominant
differentiation of Th2 cells (53), which results in a tumor-
promoting environment and a reduced role for Thl in tumor
monitoring (54, 57). Several studies have shown that ITK
deficiency promotes T-bet expression and blocks ITK-
dependent Th2 cell differentiation (53, 58, 59), while Th1 cell
differentiation can be triggered by the substitution of another
lymphocyte kinase (RLK) (59). Therefore, ibrutinib can
irreversibly bind to ITK to suppress Th2 cell differentiation,
restoring the balance between Th1l and Th2 (53).

Tregs and Thl7 cells

Tregs and IL-17-producing CD4" (Thl7) cells play an
important role in immune tolerance and homeostasis (8, 60). In
CLL, Tregs may facilitate a tumor-promoting microenvironment
and tumor progression (61, 62). Nevertheless, Th17 cells in anti-
tumor immunity are negatively correlated with Tregs and
positively correlated with invariant natural killer T cells (NKTs)
(63). Disease progression in CLL patients and in the Epu-TCL1
CLL mouse model is usually accompanied by a reduction in Th17
cells and Treg expansion and its immunosuppressive effector
function (64-66), which demonstrates the different roles of
these T cell subsets in CLL proliferation and survival. It has
been reported that the frequency and absolute number of Tregs
are significantly higher in CLL patients, which is related to high
tumor burden and advanced disease (66, 67), and an increase in
Tregs also indicates shorter overall survival (OS) (66). In contrast,
Tregs were more suppressive in CLL patients than in healthy
individuals, and the decrease in Tregs contributed to effective anti-
tumor effects in animal models (68, 69). Fortunately, the absolute
count and percentage of Treg were significantly reduced in CLL
patients as early as 30 days after ibrutinib treatment (70). Animal
models also revealed the effects of ibrutinib on Treg
differentiation (71).

Th17 cells are an important component in CLL anti-tumor
immune monitoring (72). Most studies have reported that a high
Th17 cell number is positively associated with OS and negatively
related to disease progression (65, 73-76), suggesting that Th17
has anti-tumor effects in CLL. Jadidi-Niaragh and colleagues
found that CLL patients, including progressive and indolent
patients, had a significantly lower frequency of Thl7 cells
compared with healthy subjects (65), which was consistent
with the finding from Yousefi et al. (61). However, other
studies also found that the frequency and absolute count of
Th17 cells increased in CLL patients (56, 73, 74), particularly at
early disease stages (8, 63). A previous study has demonstrated
that the Th17 cells increased in patients with ibrutinib treatment

Frontiers in Immunology

10.3389/fimmu.2022.962552

by decreasing the FAS-mediated AICD (21). Moreover, ibrutinib
reduced the number of Tregs, which also contributed to the
expansion of Th17 cells to maintain the balance between Th17
cells and Tregs (73). However, contradictory findings, with
decreased frequency and absolute number of Th17 T cells in
patients with CLL receiving ibrutinib, have been reported (34,
55), and the possible reason was that ibrutinib impaired Th17
differentiation (77). It is speculated that these contradictory
findings may be associated with the difference in the timing of
detection and previous treatment history (3).

Naive T cells and terminally
differentiated T cells

Patients with CLL experience abnormal T-cell differentiation
due to persistent antigen stimulation from tumor antigens or
infections, leading to over-activation of T cells with high
expression of the activation markers CD38 and HLA-DR and
the accumulation of long-term activated T cells (TLTAs) and
terminally differentiated T cells (78, 79). There is also an increase
in effector memory T cells (Tgy), CD45RA-positive memory
effector T cells (Tgmra), and exhausted T cells (Texh cells)
(Figures 2A, 3C), particularly during disease progression (45).
Additionally, a significant decrease in naive T cells and central
memory T cells (Tcy) (80), largely limits the immune function
of T cells (45). Moreover, TLTAs reportedly maintain the ability
to secrete cytokines and remain in a state of pseudo-exhaustion
(50). These TLTAs and Texh cells are characterized by
progressive loss in effector function, poor proliferative capacity
(81) and upregulation of multiple inhibitory receptors, such as
CD160, CD244, PD-1, TIM3, and cytotoxic T lymphocyte
antigen 4 (CTLA-4) (44, 50, 81-83).

Accumulating data have demonstrated that ibrutinib can
directly inhibit the expression of inhibitory receptors (21, 44, 50,
82, 84) and reduce the number of terminally differentiated T
cells, such as TLTA, Texh, Ty, and Teyra cells (79, 84) but
remain naive T cells (79). Niemann et al. found that PD-1
expression significantly decreased at 4 weeks after ibrutinib
treatment in CLL patients (34). Similarly, Solman et al. found
that increased TLTA and Texh cell pre-treatment gradually
decreased in R/R and primary CLL patients; specifically, the
number of TLTA cells was significantly reduced after 2 months
of ibrutinib and near normal at 9 months, and Texh cells
decreased to the normal range at 5 months after ibrutinib
treatment (79). Furthermore, studies have found that naive
CD4" T cells increase in CLL patients with ibrutinib treatment
(21, 79), and a large proportion of naive T cells in CLL (greater
than 10%) express T-BET or EOMES (21), indicating the
differentiation is skewed to Th1 cells. Taken together, ibrutinib
can inhibit the pseudo-exhaustion of T cells, thus reducing the
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number of TLTA and Texh cells and reversing the unbalanced T
cell subgroups.

Unconventional T cells

Unconventional T cells mainly include ¥ T cells, NKT cells,
and mucosal associated invariant T (MAIT) cells. y0 T cells
account for about 10% of the T cells in peripheral blood, and
90% of Y0 T cells carry the Vy9V32 TCR, which recognizes
natural killer group 2D (NKG2D) and modulates Yy T-cell-
driven immune responses (85). In CLL patients, both the
absolute count and percentage of yd T cells significantly
increased (86), particularly the phenotype and function of
VY9VE2-T cells changed. Specifically, compared with healthy
individuals, CLL-derived Vy9V&2 T cells were in a higher state of
differentiation and had a lower ability to produce cytokines and
degranulate, resulting in impaired granzyme-dependent
cytotoxicity (87, 88). Ibrutinib treatment restored their
function and cytotoxicity (88), which may be associated with
the fact that ibrutinib promotes the phenotype of V82Vy9 T cells
skewing toward Thl cells in CLL patients by inhibiting ITK
(87, 88).

In addition, NKT cells play a key role in regulating anti-
tumor immunity (89). The frequency of NKT cells decreased
with the development of CLL and could be a marker for immune
monitoring and prognosis in CLL (90, 91). However, other
studies found an increased absolute count of NKT cells in
untreated CLL patients (42, 79), and a transient continuous
increase at 3 months of ibrutinib treatment (79), and then the
number of NKT cells displayed a gradual decrease and reached
normal levels after 1 year (79).

MAIT cells exist in the liver and mucosal tissues, accounting
for 1%-10% of peripheral blood T cells. MAIT cells are mainly
involved in antibacterial immunity by producing a series of
cytokines and lytic molecules, but little is known about their role
in tumor immunity (92). Wallace et al. reported MAIT cell
deficiency in CLL (93). However, so far, the regulatory effect of
ibrutinib on MAIT cells remains unclear.

The effects of ibrutinib on
T cell functions

Generally, T cells are the key effector cells in anti-leukemia
immunity. Nevertheless, in CLL patients, CD4" T cells stimulate
CLL cell survival and proliferation by secreting multiple
chemokines/cytokines and through direct contact with the
CD40 ligand (27, 36, 94), and CD8" T cells are persistently
activated and expanded within the CLL microenvironment and
gradually become pseudo-exhausted (5, 50, 52), finally resulting in
T-cell immune tolerance and the loss of their anti-tumor activity
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(27), which has been reported to be causative of the poor response
to CAR-T cell therapies for CLL patients (95-97). Additionally,
due to the damaged structure of effector T cells and the poor
antigen presentation function of CLL cells, the formation of
immune synapses between T and CLL cells is impaired (84, 98).

Clinical studies have found that ibrutinib regulates T-cell
immunity through various mechanisms (Figure 1B). For
instance, ibrutinib promotes immune synapse formation
between T and tumor cells and restores immune function by
enhancing F-actin polarization and protein tyrosine
phosphorylation (99, 100). Moreover, long-term ibrutinib
therapy is likely to reverse the pseudo-exhaustion of T cells
and promote the activity of effector T cells in CLL patients by
inhibiting ITK activity and reducing the expression of inhibitory
receptors (53, 83, 84). Additionally, ibrutinib directly and
indirectly blocks the interaction between CLL and T cells by
inhibiting cytokine networks and reducing tumor burden (34).
Recently, single-cell analysis has shown that ibrutinib
significantly increases the expression of cytotoxic genes in
CD8" T cells and enhances the function of CTLs with
ibrutinib treatment (44, 101).

However, a contradictory finding demonstrated that there
was reduced granzyme and IFNyin CD8" T cells from ibrutinib-
treated mice, implying poor cytotoxicity (102). Most studies
have shown that ibrutinib treatment promotes the recovery of T-
cell cytotoxicity. However, the mechanism of ibrutinib
regulating T-cell immunity is not fully clear.

The impacts of ibrutinib on TCR
repertoire diversity

More than 90% of T cells are o3 T cells in the peripheral
blood. T-cell receptor (TCR) repertoire diversity is mainly
determined by the diversity of the hypervariable
complementary determining region 3 (CDR3) of the TCRo
and B chains, which specifically recognize antigens presented
by major histocompatibility complex (MHC) molecules. A
diverse TCR repertoire is used to resist the invasion of various
pathogens. However, the TCR repertoire in CLL patients is
seriously skewed and exhibits oligoclonal or monoclonal
expansion (22, 103, 104) (Figure 2B), suggesting a tumor-
related antigen-mediated selection (104-106), in parallel with
severe impairment of T-cell immunity (105-107). In fact, the
pro-tumor and anti-tumor effects of these oligoclonal or
monoclonal T cells remain unknown (6, 22, 105). Prior studies
have confirmed that there are specific T-cell clones in patients
with CLL (6, 104), but they cannot effectively play an anti-tumor
role due to their small number and severe immunosuppressive
microenvironment (8). Additionally, the diversity of the TCR
repertoire is progressively impaired with disease progression and
multiple chemotherapy regimens (99, 105). Therefore, the
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reconstruction of the TCR repertoire may be key to restoring T-
cell immune function and further improving the response to
antitumor immunotherapy (22, 108).

Yin and colleagues found that the diversity of the TCRf
repertoire could be partially reconstituted in R/R CLL patients
after 12 months of ibrutinib treatment, which was closely related
to good treatment response and decreased infection rates (22),
suggesting that ibrutinib contributes to promoting the
reconstruction of the TCR repertoire diversity (Figure 2B).
However, another study revealed that the clonality of the TCR
repertoire increased with ibrutinib treatment in newly diagnosed
CLL patients; nevertheless, the clonality disappeared with
disease progression (103). These clonally expanded T cells
after ibrutinib treatment cannot be excluded as tumor-specific
T cells due to the stimulation from CLL-related antigens, which
is consistent with previous studies displaying the existence of
anti-tumor T-cell clones in CLL patients, suggesting to some
extent the recovery of T-cell immunity of patients with CLL (6,
22, 105). The differences in the results of the above two studies
may be due to the immune function of the subjects. The former
is R/R patients, and the latter is naive patients. Moreover, the
difference may also be due to analysis from different standpoints.
The former is from the whole TCR repertoire, and the latter is
from T-cell immune response in the TCR repertoire.

Conclusion and future prospects

Tumor microenvironment disorder and T-cell immune
dysfunction are the main characteristics of CLL patients (37, 109).
Long-term ibrutinib treatment promotes the restoration of
immunity, particularly T-cell immunity, consistent with improved
clinical outcomes observed in CLL patients (3, 42). Although single-
agent ibrutinib has long-term efficacy and tolerability in CLL
patients according to an 8-year follow-up (14), combined
therapies are still needed to overcome drug resistance, further
improve the efficacy of ibrutinib and reduce side effects, such as
ibrutinib combined with immunochemotherapy or BCL2 inhibitor
venetoclax (110, 111). However, the biggest challenge in the future
is to find strategic combinations to overcome T-cell dysfunction,
reverse the immunosuppressive environment, and improve the
efficacy of targeted immunotherapies in CLL (37, 97, 112).
Theoretically, ibrutinib combined with anti-CD20 antibody
rituximab (113) or immune checkpoint blockade (ICB) can
improve the efficacy of ibrutinib and enhance the anti-tumor
effect (103, 114); however, these effects have not been confirmed
in the clinic (115-117). Obinutuzumab reportedly appears to have
improved antibody-dependent cellular toxicity over
rituximab (118).

Recently, increasing studies have demonstrated that ibrutinib
has beneficial effects on T-cell-based immunotherapies (23). Both
preclinical and clinical studies have confirmed that ibrutinib
pretreatment combined with CAR-T cells can promote the
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implantation and amplification of CAR-T cells and enhance its
anti-tumor activity in CLL patients (3, 25, 119), even if in patients
with ibrutinib-resistance (3, 25), and decreased toxicity of CAR-T
cells (25, 119). There are several possible mechanisms. For instance,
long-term ibrutinib treatment regulates the disordered
microenvironment (18, 34), decreases the expression of inhibitory
molecules in CLL (21, 44, 82, 84), and reverses the limited
expansion of T cells (120, 121), particularly naive-like T cells and
stem cell memory-like T cells (122), which play an important role in
the expansion and long-term maintenance of CAR-T cells (123,
124). Moreover, ibrutinib can promote the migration of CAR-T
cells to the tumor by enhancing CD62L expression (122, 125),
which is conducive to the anti-tumor effect of CAR-T cells.
Likewise, ibrutinib combined with the bispecific antibody
blinatumomab can promote T-cell-mediated anti-tumor effects by
inducing T-cell activation and proliferation, triggering cytokine
secretion and granzyme release (24, 126, 127). Moreover,
emerging targeted therapies, such as CD3/CD20 bispecific
antibodies, may provide further combined options (128).

Collectively, based on the effects of ibrutinib on the
microenvironment and T-cell immunity, in addition to
the benefits of long-term treatment with ibrutinib alone, the
combination of ibrutinib with T-cell-based immunotherapies
could become a promising treatment with deeper remission and
longer survival for CLL patients in the future.
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Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous
system related to autoimmunity and is characterized by demyelination,
neuroinflammation, and neurodegeneration. Cell therapies mediated by
dendritic cells (DCs) and regulatory T cells (Tregs) have gradually become
accumulating focusing in MS, and the protective crosstalk mechanisms
between DCs and Tregs provide the basis for the efficacy of treatment
regimens. In MS and its animal model experimental autoimmune
encephalomyelitis, DCs communicate with Tregs to form immune synapses
and complete a variety of complex interactions to counteract the unbalanced
immune tolerance. Through different co-stimulatory/inhibitory molecules,
cytokines, and metabolic enzymes, DCs regulate the proliferation,
differentiation and function of Tregs. On the other hand, Tregs inhibit the
mature state and antigen presentation ability of DCs, ultimately improving
immune tolerance. In this review, we summarized the pivotalimmune targets in
the interaction between DCs and Tregs, and elucidated the protective
mechanisms of DC-Treg cell crosstalk in MS, finally interpreted the complex
cell interplay in the manner of inhibitory feedback loops to explore novel
therapeutic directions for MS.

KEYWORDS

dendritic cell, regulatory T cell (Treg), immune tolerance, multiple sclerosis,
experimental autoimmune encephalomyelitis
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Introduction and Th17 via the different cytokine environment, followed by
causing an inflammatory cascade reaction (3, 4). In addition, the
Multiple sclerosis (MS) is an immune-mediated disease activated T cells mediate the activation of macrophages as well as
characterized by inflammatory demyelinating lesions in the microglia and assist B cells to produce antibodies. When patients
central nervous system (CNS), which causes the youngs non- with MS enter the chronic phase, immune cell infiltration
traumatic disability. The course of MS is characterized by appears in the CNS and activated DCs, macrophages, and
recurrence and remission and MS is thus divided into three microglia further damage the myelin sheaths, axons, and
main clinical types: relapsing-remitting MS (RRMS), primary neurons, which leads to the progression of MS (3) (Figure 1).
progressive MS (PPMS), and secondary progressive MS (SPMS). Therefore, in individuals with MS, it appears that immune
Existing studies have shown that MS is mainly mediated by dysregulation originates from DCs with the activation
myelin-specific autoreactive CD4"'T cells, whereas dendritic cells phenotype that initiates adaptive immune responses (3). In
(DCs), regulatory T cells (Tregs), and other immune cells play addition, Tregs, as immune supervisors, can inhibit the
auxiliary roles. When the peripheral immune tolerance is inflammatory immune response mediated by activated DCs,
disordered due to Treg cell defects and/or the resistance of pathogenic B cells, and T cells (5). Besides, a small number of
effector cells to Tregs, autoreactive CD4" T cells in the lymph potential tolerogenic DCs play a limited protective role in MS,
nodes are activated and become aggressive effector cells, such as inducing Treg cell generation and effector T cell (Teff)
followed by entering into the peripheral blood and trafficking anergy. Consequently, the occurrence of MS might be related to
to the brain. Besides, DCs, memory T cells, and other immune the limited DC ability to induce normal Tregs or the insufficient
cells, also cross the blood-brain barrier into the CNS under the monitoring of activated DCs by Tregs.
action of chemokines (1, 2). Subsequently, activated DCs DC-Treg cell crosstalk has also been shown to affect animal
reactivate autoreactive CD4" T cells and memory T cells, and model of MS-experimental autoimmune encephalomyelitis

prompt their polarization into Teffs, such as T helper (Th) type 1 (EAE). For example, the number of CNS-infiltrating Tregs
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FIGURE 1

Basic immunopathological process of MS. Initially, the peripheral tolerance of MS patients is disordered (for example, the inhibitory function of
Tregs is decreased or the Teffs are not sensitive to the inhibitory effect of Tregs) and the autoantigens, such as MBP, MOG and PLP, are
incorrectly recognized as pathogens by DCs. These DCs combine with CD4" autoreactive T cells, which cause peripheral immune response.
The activated immune cells make entering into the peripheral blood, then trafficking across the blood—CNS barrier. Subsequently, activated DCs
in the CNS combine and reactivate with memory T cells or CD4" autoreactive T cells and promote their differentiation into Teffs, such as Thl
and Thl7, followed by causing CNS inflammation. At the same time, B cells, macrophages, microglia and many other immune cells are also
activated by the inflammatory context, followed by causing demyelination, axonal damage, and more serious CNS inflammation. MBP, myelin
basic protein; PLP, proteolipid protein; MOG, myelin oligodendrocyte glycoprotein.

Frontiers in Immunology frontiersin.org
17


https://doi.org/10.3389/fimmu.2022.970508
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

was decreased in DC deficient EAE mice (6). Similarly, during
the initiation phase of activation in myelin-specific T cells,
conditional ablation of CD11c* DCs selectively suspended the
generation of induced Tregs (iTregs) and resulted in
the aggravation of EAE (6, 7). In turn, Tregs also shaped the
tolerance of plasmacytoid DCs (pDCs) in a steady state, which
was conducive to maintaining the regulatory ability of Tregs
during EAE (8). A basic study has shown that Tregs can reduce
the stable contact between DCs and naive T cells and interfere
with the initiation of CD4" T cells in the early immune
response (9). Moreover, activated antigen-specific Tregs can
also inhibit DC antigen presentation via the bystander effect
(10). Detailed examinations of the crosstalk mechanisms of
DC-Treg revealed that DCs influenced the proliferation,
differentiation, and function of Tregs by reducing the
expression of co-stimulatory molecules on the surface of the
cell membrane, as well as by enhancing the expression of co-
inhibitory molecules, metabolic enzymes, and the secretion of
anti-inflammatory cytokines. Besides, Tregs can limit DC
maturation and antigen presentation ability by secreting anti-
inflammatory cytokines and boosting the formation of co-
inhibitory signaling pathways. These processes can interfere
with the metabolic pathways of DCs and even directly destroy
DCs via cytolysis (11, 12). Various cell therapies for MS make
full use of the DC-Treg cell crosstalk mechanism to achieve a
therapeutic effect; these include tolerogenic dendritic cell
(tolDC) therapy and regulatory T cell therapy (13).
Tolerogenic dendritic cells mainly maintain highly specific
immune tolerance by inducing the anergy and deletion of
Teffs, and producing myelin-specific Tregs (13, 14). Similarly,
Tregs can also establish antigen-specific immune tolerance by
eliminating over-activated DCs and Teffs, and inducing the
generation of tolDCs (10, 13). Although both cell therapies
have broad application prospects in MS, there remain
numerous barriers to the translation of knowledge into
practical use. Thus, the protective DC-Treg cell crosstalk
mechanism is crucial to inducing the immune tolerance in
MS/EAE, and further in-depth studies will be instrumental to
translate the protective mechanism into cell therapy.

By analyzing the co-stimulatory molecules, cytokines, and
metabolic enzymes related to the DC-Treg cell interplay, this
review comprehensively elucidates the protective effect of the
DC-Treg cell crosstalk mechanism in MS/EAE and attempts to
interpret the complex cell interaction via novel inhibitory
feedback loops, with the further goal of exploring new
research directions for protective autoimmune mechanisms
and therapeutic schedules for MS.

Classification of DCs and Tregs

DCs are the most powerful antigen-presenting cells (APCs),
which exist in almost all human peripheral tissues and link
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innate and adaptive immune responses. DCs can be divided into
conventional DCs (cDCs), pDCs and monocyte-derived DCs
(MoDCs) (15-18). And cDCs can be further divided into the
type 1 (cDCI1) and type 2 (cDC2) subsets (15, 16, 19-21)
(Table 1). Based on the characteristics of cellular immune
tolerance, DCs can also be divided into immunogenic DCs
and tolDCs (22). At present, there is no specific surface
markers for tolDCs, although it can be identified by several
characteristics:1) low expression of co-stimulatory (CD83 and
CD80/86) and major histocompatibility complex class II (MHC-
II) molecules and pro-inflammatory cytokines (interleukin [IL]-
6, IL-12); 2) high expression of co-inhibitory molecules
(programmed cell death ligand 1 [PD-L1]), anti-inflammatory
cytokines (IL-10, IL-35, and transforming growth factor [TGF]-
B), and indoleamine 2,3-dioxygenase (IDO) (23). In the steady
state, most DCs maintain in an immature condition, and the
types of antigens (ie., pathogen or self-antigen) encountered
with DC (including immature DC and mature DC) usually
determine whether it plays an immunogenic or tolerogenic
role (20, 24). However, in MS, most DCs are regarded as
immunogenicity because the immune system mistakenly
recognizes the self-antigens (i.e., myelin basic protein [MBP],
proteolipid protein [PLP] and myelin oligodendrocyte
glycoprotein [MOG]) as pathogens. Intriguingly, in MS,
several rare DC subsets expressing CD8, CD103, dendritic cell
endocytic receptor (DEC205), B- and T-lymphocyte attenuator
(BTLA) or secreting interleukin (IL)-10, IL-27, IL-35 might
become the potential tolDC subsets that induce Tregs.
Therefore, DCs have two main functions in MS: one is playing
a role in antigen presentation, activating T cells, and initiating
immune responses; the other is interacting with T cells, shaping
the differentiation/development/function of T cells, and
inducing immune tolerance (22). The antigen presentation
ability of DCs, namely immunogenicity, can be compensated
by macrophages and B cells; however, the tolerance function of
DCs appears irreplaceable (6).

Tregs are a classical type of inhibitory T cell with an immune
regulation function, which are primarily involved in the formation
of immune tolerance. Tregs can be divided into two subsets:
thymus derived Tregs (tTregs) and peripheral derived Tregs
(pTregs). The main phenotype of tTregs is CD4" CD25"
CD127" Foxp3" Tregs, while pTregs mainly include CD4"*
CD25" Foxp3™ type 1 regulatory T cells (Trl) that secrete a
large amount of IL-10 and CD4" CD25"" T helper type 3 cells
(Th3), which produce significant amounts of TGF-f. In addition,
there are many Treg subsets that have been named based on key
surface molecules or transcription factors, such as CD8" Tregs
and FoxA1" Tregs (25). The heterogeneity of Tregs makes their
subsets complex, and we have summarized the main Treg cell
subsets related to MS (25-32) (Table 2). Tregs not only interfere
with the mature state and antigen presentation ability of DCs but
also induce the generation of tolDCs. When DCs play an excessive
role in antigen presentation, and attack both pathogenic cells and
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TABLE 1 Human dendritic cell subsets related to multiple sclerosis.
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Function introduction Marker Ref.
c¢DC  ¢DCs initiate from the myeloid progenitors. In the process of cDC maturation, the ability to capture c¢DC1 CDI141(BDCA3), (15, 16, 19)
environmental- and cell-associated antigens, and initiate adaptive immune responses will be enhanced, while the CLEC9A, XCR1,
ability of phagocytosis and elimination of pathogens will be relatively weakened. CD205(DEC-205) *
In the steady state (mouse), the marker combination, CD11c and MHCI, can distinguish migratory DCs ¢DC2 CDlc (BDCA1), ©1)
(CD11¢™MHCI™) from lymph node resident DCs (CD11c™MHCII™) phenotypically. During inflammation CD301 (CLECI0A,
(mouse), CD8c on LN-resident cDCls and CD103 on migratory cDCls can be their own special mark, while MGL), CD172a
such a marker does not exist in resident and migratory cDC2s. (SIRPa), DCIR2*
pDC  pDCs, which are morphologically similar to plasma cells that produce antibodies, initiate from the lymphoid CD303 (BDCA2), (15, 16)
progenitors. pDCs demonstrate strong activation in response to viral and bacterial infections, secreting massive CD123, CD304,
amounts of type I-IFN and acquiring the ability to present foreign antigens. CD45RA
pDCs express low levels of MHC-II, co-stimulatory molecules and the integrin CD11c in the steady state. When
they are not stimulated, pDCs show a tolerogenic potential.
MoDC Monocyte-derived DCs (MoDCs), which also named as “inflammatory DCs”, arise from the myeloid progenitors, FCERIA, CD14, (17, 18)

and play a complementary role to cDCs. Phenotypically, we can roughly distinguish cDCs and MoDCs with

CDI11b.

CD226, CD64,
CDla*, CD1b%,
CDI1c*

BDCA3, blood DC antigen 3; CLEC9A, C-type lectin domain-containing 9A; XCR1, the chemokine XC receptor 1; MHC II, major histocompatibility complex class II; FCER1A, Fc epsilon

receptor Ia. *: less important than the others.

normal cells, Tregs act as a negative regulator of these
overactivated DCs and restrict the autoimmune response.

Defects in DCs and Tregs in MS

A recent study indicated that monocyte-to-DC
differentiation was a process potentially influenced by MS risk
single nucleotide polymorphisms (SNPs) (33). Moreover,
previous studies showed that MS patients had DC defects. For
example, the percentage of circulating myeloid DCs was
decreased in patients with SPMS and PPMS, whereas a large

TABLE 2 Human regulatory T cell subsets related to multiple sclerosis.

number of DCs were found in the CNS lesion and cerebrospinal
fluid (CSF) (34). The process of DC exiting the CNS to maintain
immunological tolerance was perturbed in MS patients, which
might contribute to the abnormal distribution of DCs in MS
patients (2). In the CSF, pDCs percentage was higher in
untreated-relapsing MS patients than those of patients in
remission, whereas this result was not observed in the
peripheral blood (35). In contrast, the expression of CD83,
CD80, and CD86 on the surface of circulating DCs in patients
with PPMS was downregulated, whereas the circulating cDCs of
RRMS and SPMS patients showed an activated phenotype,
suggesting an imbalance between tolerogenicity and

Subset Marker Distribution Characteristics Ref.
Thymus- CD4'CD25"Foxp3" Thymus and They enter the Treg cell lineage as a consequence of intermediate or strong TCR signals during T cell (26)
derived Treg peripheral maturation in the thymus.
cell (tTreg) tissues
Type 1 IL-10-producing Peripheral They secrete predominantly IL-10 and have a suppressor function independent from Foxp3. Memory (27)
regulatory T CD4* CD257"° tissues Trl cells also regard LAG-3 and CD49b as biomarkers.
cell (Trl) Foxp3~
T helper type ~ TGF-B-producing  Peripheral They secrete predominantly TGF-P. The suppressive ability of Th3 and Tr1 cells is contact-independent ~ (28)
3 cell (Th3) CD4*CD25™ tissues and is based mainly on cytokines such as TGF-f3 and IL-10.
Th1-like, T helper type 1-like Peripheral blood They show reduced suppressive activity. Moreover, Tregs associated with MS were excessively inclined (29)
Foxp3" Treg IFN-vy-secreting to acquire Th1-Treg phenotype.
cell Foxp3™
T follicular CXCR5" PD-1* Peripheral The traditional viewpoint is that Tfr cells are negative regulators of B cells and Tth cells in germinal (30,
regulatory cell BCL6" Foxp3" tissues centers. However, the function of Tfr cells is multifaceted in fact, which may reflect the function of 31)
(Tfr) CD25° different subsets of Tfr cells.
CD8" Treg cell Foxp3'CD8" Peripheral Presenting in the thymus, tonsils, and peripheral blood of human, CD8" Tregs can mitigate (30,

/CD8"CD28" tissues and spontaneous germinal center reactions and various immune responses via suppressing Tfh cells and B 32)

thymus cells.

FoxAl" Treg ~ CD4'FoxA1'CD47" CNS and FoxAl" Tregs develop primarily in the CNS and respond to autoimmune inflammation in a FoxA1l- (25)
cell CD69'PD-L1" peripheral blood and PD-L1-dependent manner.

FoxP3"
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immunogenicity of DCs in MS patients (i.e., functional defects in
DCs) (34, 36). In addition, the ability of pDCs to induce Tregs
has been shown to be related to the occurrence of MS. Gene
expression level of HSPA1A —which may influence the ability of
pDCs to induce Tregs—was downregulated in MS patients and
this probably resulted in alterations in the mature state and
regulatory function of pDCs (37). Furthermore, the depletion of
pDCs in healthy controls resulted in the reduction in CD4"*
Foxp3™ Tregs, whereas the depletion of pDCs in MS patients did
not influence the generation of Tregs (38). Taken together, these
studies showed that DC deficiency was closely related to MS
relapsing and remitting.

Treg cell defects also exist in MS patients. CD25, namely the
IL-2 receptor o. chain, is a pivotal surface marker of Tregs, and its
SNPs are closely related to MS (39). Studies have demonstrated
that Treg cell defects in MS patients were mainly reflected in cell
quantity, subset changes, and dysfunction (40-43). For example,
the percentage of Tregs in the peripheral blood of RRMS patients
was significantly reduced and associated with the clinical severity
of the disease (41). Moreover, a previous study has shown that the
number of Tregs in the CSF, but not in the peripheral blood, was
elevated in MS patients (42). In contrast, alterations in the
proportion and dysfunction of Treg cell subsets were more
marked in patients with MS (43). For example, the effector
function of CD4* CD25™ Tregs in the peripheral blood was
significantly downregulated in MS patients (44). Moreover, T
helper type 1 (Th1)-like, interferon-y (IFN-y)-secreting Foxp3" T
cells were elevated in RRMS patients, while their inhibitory
function were weakened (29). A recent study showed that,
compared with healthy donors, MS patients had lower resting
CD4" CD25" CD45RA" CCR7" Tregs and more activated CD4"
CD25" CD45RA™ Foxp3™ Tregs even before treatment (40).
Therefore, Treg cell deficiency was one of the main causes of
the autoimmune response in MS patients.

Bidirectional DC-Treg cell crosstalk
in MS patients and
EAE mice

Emerging myeloid cell research has been focused primarily on
the regulatory effect of DCs on Tregs. However, the regulatory
effect of Tregs on DCs is also worth investigating. We summarize
three inhibitory feedback loops to explain the protective crosstalk
mechanism between DCs and Tregs in the context of MS/EAE:
the CD28/cytotoxic T lymphocyte antigen (CTLA)-4/B7 pathway,
the PD-L1/PD-1 inhibitory feedback loop, and the lymphocyte
activation gene 3 (LAG-3)/T cell receptor (TCR)/MHC-II
inhibitory feedback loop (Figure 2). We also highlight three
inhibitory feedback mechanisms related to DC-Treg cell
crosstalk that may be involved in MS/EAE, including IL-10, IL-
35, and TGF-P (Figure 3).
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Surface molecules involved in
DC-Treg cell crosstalk

Protean CD28/CTLA-4/B7pathway

CD28 and CTLA-4 (CD152) are members of the CD28
superfamily. They share common ligands, the B7 family
molecule CD80/CD86 (B7-1/B7-2), on the surface of DCs. The
CD28 molecules that are crucially expressed in most CD4™ T
cells (including Tregs) promote T cell activation, proliferation,
and survival (45). Besides, the expression of CTLA-4 is pivotal in
Tregs and is upregulated on the surface of activated T cells.
CTLA-4 has considerably higher avidity for CD80/CD86 than
CD28 and can reduce the expression of CD80/CD86 on the
surface of DCs via trans-endocytosis. The co-expression of
CD28 and CTLA-4 in Tregs, activated T cells, and their
competitive combination with CD80/86 make the CD28/
CTLA-4/B7 pathway play a more complex role in DC-Treg
cell-mediated immune regulation (Figure 2).

The CD80/86-CD28 axis, the second signal-inducing Tregs
produced by DCs, serves to lower the signaling threshold of the
TCR, and induces the production of IL-2 that is essential for the
development of CD4" CD25" Tregs. Besides, the CD80/86-
CD28 axis also enables Treg cell homeostasis (7, 45, 46).
Selectively targeting Tregs in normal Lewis rats with very low
doses of the CD28 superagonist was shown to be sufficient to
induce Treg cell proliferation in vivo and enable the effective
treatment of EAE (47). Similarly, despite the normal number of
Foxp3™ cells in Treg cell-specific CD28 conditional knockout
mice, CD28-deficient Tregs exhibited a pronounced
proliferative/survival disadvantage. This result caused a severe
autoimmunity and experimental allergic encephalomyelitis that
is considered as animal models of MS (48). However, it has been
reported that CD28 knockout mice were resistant to EAE
induction because the CD28 signals of pathogenic T cells and
Tregs were blocked simultaneously (49). Additionally, selective
blocking of CD80/86-CD28 signal transduction in rhesus
monkeys suppressed the activation of autoreactive T cells and
B cells, thereby abrogating the induction of EAE (50). Therefore,
despite the pivotal role that the CD80/86-CD28 axis plays in the
development and proliferation of tTregs and pTregs, it is evident
that, the activation of the CD28 signal is conducive to the
pathogenesis of EAE/MS, based on the overall perspective of
the CD4" T cell population. It’s probably because the CD80/86-
CD28 axis has a much greater effect on the activation of
pathogenic T cells than on the induction of Tregs, and
pathogenic T cells have obvious quantitative advantages.

The CTLA-4-CD80/86 axis is an important medium for the
Treg cell inhibition effect, which indirectly influences the
activation of Teffs by suppressing the antigen-presenting
function of DCs (51). Furthermore, CTLA-4 is an immune
checkpoint and therapeutic target in the development of MS
(52). For germline knockout mice, the deletion of CTLA-4
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precipitates severe autoimmunity diseases (53). Real-time
reverse transcription-PCR detection has shown that the
expression of CTLA-4 in peripheral blood mononuclear cells
(PBMCs) of MS patients was either decreased (54) or unchanged
(55).These results, at least, could reflect the trend of CTLA-4
expression in Tregs of MS patients because CTLA-4 is mainly
expressed by Tregs in PBMCs. In addition, a recent in vitro
experiment demonstrated that when DCs were co-cultured with
CD4" CD25™ naive T cells and Tregs, Tregs always gathered
around DCs, inhibited their activation, captured CD80/86 via
trans-endocytosis of CTLA-4, and increased free PD-LI
expression on the surface of DCs (56, 57). This phenomenon
influenced the antigen presentation ability of DCs, indirectly
regulated the CD80/86-CD28 signaling pathway and inhibited
the activation of T cells. Intriguingly, iTregs from CTLA-4-
deficient mice failed to induce the downregulation of CD80/
CD86, whereas DCs treated with iTregs from CTLA-4-deficient
mice showed an impaired ability to activate naive T cells (57).
Similarly, the CTLA-4-CD80/86 axis had the same effect on EAE
mice, and the expression of CD80/86 and MHC-II on the surface
of peripheral DCs was significantly elevated in Treg cell-specific
CTLA-4-deficient mice (53). Thus, without the limiting effect of
CTLA-4 on the Treg cell surface, the overall maturity and
activation level of DC were enhanced. However, in the CNS of
mouse, CTLA-4-deficient Tregs did not increase the expression
of B7 on the surface of DCs (53). Moreover, in EAE/MS, Tregs
can induce IDO expression in DCs via the CTLA-4-CD80/86
axis and improve their tolerance. Therefore, the CTLA-4-CD80/
86 axis is of great significance in the DC-Treg cell
crosstalk mechanism.

Although CTLA-4 is recognized as a co-inhibitory molecule,
its effect on Tregs is highly complex. In general, it was thought
that CTLA-4 promotes tTreg cell proliferation (51). For
example, the lysine motif in the cytoplasmic domain of CTLA-
4 was crucial for Foxp3 induction and EAE inhibition.
Transporting the chimeric peptide containing the CTLA-4
cytoplasmic tail into T cells can induce Tregs in vivo, resulting
in EAE remission (58). However, Paterson et al. (53) reported
that CTLA-4 can limit the proliferation of Teffs and inhibit the
expansion of pTregs, which is different from the role that CTLA-
4 plays in the thymus. For example, a study showed that the
deletion of CTLA-4 in adulthood promoted the activation and
expansion of traditional CD4" Foxp3™ T cell and regulatory
Foxp3™ T cell subsets that protect mice from EAE (53).
Paradoxically, Wing et al. (51) have suggested that CTLA-4 is
necessary for Tregs to exert an inhibitory effect, whereas
Paterson et al. (53) have proposed the opposite: upregulating
the expression of other inhibitory molecules (e.g., IL-10, LAG-3,
and PD-1) compensated for the CTLA-4 deficiency. There are
two possible explanations for these results: 1. CTLA-4
expression has different relative contributions to Tregs and
Tefts; and 2. the intracellular and extracellular segments of
CTLA-4 are responsible for different functions.
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Interference of the CD28/CTLA-4/B7 pathway can
concurrently influence two signaling pathways between DCs
and Tregs; therefore, its function in EAE/MS might be
complicated. Abatacept is a CTLA-4-immunoglobulin (Ig)
fusion protein, which is composed of the extracellular region
of CTLA-4 and the Fc portion of IgG. It can simultaneously bind
to CD80/86 and block the CD28/CTLA-4/B7 pathway. Glatigny
et al. (59) found that abatacept significantly reduces circulating
Tregs, especially CD45RO™ memory Tregs, in RRMS patients.
Researchers suggested that the inhibition of CD28-mediated
DC-Treg cell crosstalk was the primary mechanism underlying
the reduction in human circulating Tregs following abatacept
therapy (59). However, upon myelin reactive T cell activation,
blocking B7 with CTLA-4-Ig can inhibit Tregs and aggravate
EAE, resulting in more severe CNS inflammation and
demyelination (60). It suggested that blocking the CD28/
CTLA-4/B7 pathway primarily interferes with the CTLA-4-
CD80/86 signal between DCs and Tregs, due to the reduced
dependence of activated myelin-specific T cells on the CD28
signal. This interesting process caused Treg cell anergy and
continuous activation of myelin-specific T cells, thus, promoting
inflammation (60). In a phase II clinical trial called ACCLAIM
(NCT01116427), abatacept provided no clinical benefit to
patients with RRMS, which probably due to the mutual offset
of the CD28 signal and the CTLA-4 downstream effect (61).
Therefore, the final result of blocking the CD28/CTLA-4/B7
pathway in EAE/MS may depend on the relative strength of the
CTLA-4 and CD28 signals as well as the blocking time point
(61). However, no study to date has reported the effect of
blocking the CD28/CTLA-4/B7 pathway in DCs in EAE/MS.
Instead, studies in mouse models of rheumatoid arthritis have
suggested that abatacept treatment induced a unique T cell
phenotype to reduce DC antigen presentation (62).

In summary, in the context of MS/EAE, DCs rely on the
CD80/CD86-CD28 axis to induce Treg cell generation, and
Tregs rely on the CTLA-4-CD80/86 axis to inhibit DC
immunogenicity, and induce the generation of tolDCs, thereby
forming a protective signaling loop.

PD-L1/PD-1 inhibitory feedback loop

Similar to CTLA-4, the PD-L1/PD-1 axis also plays a pivotal
role in inducing peripheral tolerance. However, the latter is
distinct because it can be simultaneously expressed on the
surface of DCs and Tregs (63, 64). Generally, cells with
expression of PD-L1 play a regulatory role. PD-L1" DCs
involve in regulating the differentiation and development of
naive T cells. Besides, they preferentially induce the expression
of Foxp3 and promote the differentiation of Tregs. PD-L1" DCs
can also maintain Treg cell inhibitory function and promote the
secretion of IL-10 by binding to PD-1 on the surface of Tregs
(65). Simultaneously, PD-L1 can act inversely on DCs and
inhibit DC maturation (6). In addition, PD-L1 constitutively
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expressed by Tregs can mediate the inhibitory function of Tregs,
improve the tolerogenicity of PD-1" DCs, and inhibit the
secretion of proinflammatory cytokines, such as IL-6, IL-12
and tumor necrosis factor-alpha (TNF-a) (25, 66). Therefore,
the PD-L1/PD-1 axis in DC-Treg cell crosstalk forms an
inhibitory feedback loop and influences both cells
simultaneously (Figure 2).

The PD-L1/PD-1 axis plays a similar protective role in MS.
Numerous studies have reported the expression of PD-L1/PD-1
in MS patients or EAE mice from different perspectives, such as
genes, peripheral blood, and brain tissue samples (66). Overall,
the expression of PD-L1/PD-1 in healthy controls was highest,
followed by MS patients or EAE mice in the remission stage, and
finally those in the acute stage (66). However, exceptions also
exist. For example, the expression level of PD-L1/PD-1 in MS
plaques was higher than that in non-pathological human CNS
tissue (67). Focusing on DCs/Tregs that are stimulated by MBPs,
T cells expressing PD-1 and APC expressing PD-L1 in the
peripheral blood of patients with acute MS were prominently
increased compared with those of remitted patients with MS
(68). A recent study also showed that the expression of PD-1 on
the surface of CD4" and CD8" Tregs was reduced in patients
with RRMS (69). Taken together, these studies suggested that the
DC- or Treg cell-related PD-L1/PD-1 axis is involved in the
occurrence and development of MS.

Tregs can improve DC tolerance via the PD-L1/PD-1 axis.
As mentioned above, Tregs can release soluble PD-L1 on the
surface of DCs when they endocytose CD80/86 in a CTLA-4-
dependent manner, which boosts the tolerance of DCs (70). In
addition, Liu et al. (25) found a new type of regulatory T cell
subset: CD4* FoxA1® CD47* CD69" PD-L1™ FoxP3~ Tregs
(FoxA1™ Tregs). It was the main Treg cell subset that combats
against EAE in the CNS and was induced by IFN-B. Transferring
stable FoxA1™ Tregs to mice suppressed EAE in a PD-LI-
dependent manner, which was related to its reduction in pro-
inflammatory cytokines (IL-12 and IL-17) secreted by DCs and
its inhibition of PD-1" Teffs. Of note, FoxA1" Tregs are negative
for expression of Foxp3, CTLA-4, TGF-B, IL-10, and IL-35,
though FoxAl is a key transcription factor for PD-L1
production. Hence, the main pathway in which Tregs regulate
DCs changes alongside alterations in the cell subtype. However,
whether other Treg cell subtypes induce tolDCs via PD-L1
remains to be verified experimentally.

The regulation of PD-L1* DCs on Treg proliferation,
differentiation, and function in EAE/MS has attracted
significant attention. A previous study in EAE has shown that
steady-state DCs exhibited their suppressive capacity by
promoting the development of Tregs, thereby improving CNS
autoimmunity (6). Further research has demonstrated that the
generation of DC-dependent Tregs was guided by the interaction
between PD-L1 on DCs and PD-1 expressed by T Cells (6, 64).
Paradoxically, one study showed that PD-L1 expressed on DCs
was important for the inhibition of follicular regulatory T (Tfr)
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cell differentiation and maintenance (71). The study
demonstrated that PD-L1 deficiency in DCs resulted in a
higher percentage of Tfr cells in the draining lymph nodes and
blood than in control mice. It can be preliminarily speculated
that PD-L1* CD11c" DCs were responsible for inhibiting the
development of CD4"ICOS"CXCR5"CD19 Foxp3*Tfr cells, but
the specific DC subset was still unclear (71). We hold that this
contradiction might be due to the heterogeneity of DC and Treg
cell subsets. Moreover, PD-L1" DCs have become a new
therapeutic target for EAE/MS. Vitamin D3 (VitD3), IEN-f,
hypomethylating agents, and other drugs can induce Tregs and
alleviate EAE via PD-L1" DCs (72, 73). A recent study showed
that the IFN-y-JAK1-STAT]1 signaling pathway was an inherent
upstream pathway that enabled DCs to induce PD-L1, followed
by causing a series of subsequent immune tolerance effects.
Therefore, mice harboring a DC-specific JAK1 deletion
exhibited decreased expression of PD-L1 in DCs, fewer Tregs,
and a deterioration of EAE (74). These studies demonstrated
that the PD-L1/PD-1 axis played a powerful immune tolerance
role in the DC-Treg cell crosstalk in the context of EAE/MS.

Potential LAG-3/TCR/MHC-II inhibitory
feedback loop

The LAG-3 (CD223) is an inhibitory immune receptor that
is mainly expressed by Tregs, especially Trl, and negatively
regulates T cell activation. Both TCR and LAG-3 on the surface
of Tregs can bind to MHC-II on the surface of DCs. TCR-MHC-
IT signal transduction in DC-Treg cell crosstalk is the first signal
produced by DCs inducing Tregs, and LAG-3-MHC-II signal
transduction is one of the important ways for Tregs to inhibit
DC antigen presentation. These two signal axes interfere with
each other and form an inhibitory feedback loop (Figure 2).

Generally speaking, the TCR-MHC-II axis, as the first signal
of T cell activation, plays a pathogenic role in EAE. However, it
also plays a protective role in DC-Treg cell crosstalk. For
instance, upon EAE induction, pDCs were recruited to the
lymph nodes and established MHC-II-dependent cross-linking
with CD4" T cells to promote the selective amplification of
myelin antigen-specific Tregs, thereby inhibiting the response of
pathogenic T cells (75). DCs that express MHC-II at a low level
facilitated a significant increase in the amount of nTregs and
alleviated EAE (76). In turn, Tregs limited the antigen
presentation ability of DCs by consuming the peptide-MHC
class IT complex on the surface of DCs. In addition, there was
some evidence that LAG-3-MHC-II signal transduction in DC-
Treg cell crosstalk had a protective effect in the context of
autoimmunity disease. For example, basic studies and
experiments on tumors had shown that LAG-3 competitively
binded MHC-II with TCR, directly interfering with TCR signal
transduction and blocking the DC-mediated immune response
(77, 78). LAG-3 engagement with MHC-II inhibited DC
activation and induced tolDC generation via the
immunoreceptor tyrosine-based activation motif (ITAM)-
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mediated inhibitory signaling pathway that involved FcyRy and
the ERK-mediated recruitment of SHP-1 (78).

In addition, the expression level of LAG-3 is closely related
to the course of MS. It has been reported that SNPs of LAG-3
influenced MS susceptibility (79). The expression of LAG-3
messenger RNA (mRNA) in PBMCs at diagnosis in untreated
MS patients was significantly lower than that in healthy controls.
Another study has shown that the reduced expression of baseline
LAG-3 in PBMCs predicted the MS course alongside paraclinical
and clinical parameters and might also be an adverse prognostic
factor for MS (55). In line with this finding, a recent study
observed significant reduction in the expression of LAG-3
mRNA in major CD4" and CD8" T cell subsets in RRMS
individuals (80). Due to the expression level of LAG-3 in MS
patients and the pathological characteristics of immune diseases,
it can be speculated that the LAG-3/MHC-II axis is involved in
DC-Treg cell crosstalk in MS/EAE and that the LAG-3/TCR/
MHC-IT inhibitory feedback loop mediates DC-Treg cell
interactions and plays a protective role in MS/EAE.

DC-Treg cell crosstalk-related inhibitory
cytokines in MS/EAE

(Figure 3) Both DCs and Tregs can secrete IL-10/TGF-B/IL-
35, and the secretion level is closely related to EAE/MS. It has
been reported that the reduction in serum IL-10 level in patients
with acute MS may be used as a marker of MS disease activity
(81). As for cell subsets, the IL-10 secretion level of Trl is
decreased in MS patients (82). In addition, increased TGF-3
secretion in the peripheral blood of RRMS and SPMS patients
has also been reported (83). Specifically, in MS patients,
decreased gene expressions of key proteins in the TGF-B
signal pathway of naive CD4" T cells, such as TGF-BRI, TGF-
BRII, and drosophila mothers against decapentaplegic 4
(SMAD4), have been reported (84), and T cell lines in patients
with stable MS produce more TGE-f than those in patients with
active MS (85). A recent study has further shown that a variety of
cell surface markers related to TGF-J signal transduction in the
Tregs are differentially expressed in MS patients and healthy
controls, and are closely related to disease severity (86). These
results indicate that TGF- and its downstream signal pathway
play a momentous modulating role in MS. Regarding IL-35, a
new member of the IL-12 family, two contradictory studies have
reported that the serum IL-35 level of RRMS patients was either
lower or higher than that of healthy controls (87, 88). The
subjects of the first study included both RRMS patients and
clinically isolated syndrome (CIS) patients who have not yet
converted to MS, which might be responsible for the
contradiction of IL-35 expression level in serum. In addition,
another study demonstrated that MS patients treated with IFN-f3
or methylprednisolone had higher serum IL-35 levels, which
suggested that the clinical therapeutic benefits of these drugs
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might be partly induced by the upregulation of IL-35 (89).
Collectively, MS patients can active the protective
compensatory mechanism by regulating the secretion of IL-35
after symptoms onset, which may be influenced by the Foxp3
gene polymorphism and the progression stage of MS.

The above studies indicate that IL-10/TGEF-B/IL-35 is
involved in the regulation of MS disease activity and
demonstrate their regulatory role in DC-Treg cell crosstalk. In
addition, once cytokines have been secreted into the internal
environment, it is difficult to determine their source and aim. For
example, DC- or Treg- derived IL-10/TGF-B/IL-35 can influence
the generation of Tregs by paracrine, but it also influences its
own mature state and antigen presentation ability by autocrine.
However, in order to clearly ascertain their roles in DC-Treg cell
crosstalk, we distinguished them to DCs- and Tregs-derived
cytokines in the following paragraphs.

DC-derived IL-10/TGF-B/IL-35 can promote
Treg generation

DC-derived IL-10 can promote Treg cell generation and play
a neuroprotective role (Figure 3). A recent study demonstrated
that the adoptive transfer of tolDCs with upregulated IL-10
expression to EAE mice reduced the percentage of Th1 and Th17
cells, promoted splenetic Treg cell generation, and restricted the
development of EAE to some degree (90). Besides, curcumin can
promote the generation of peripheral IL-10-producing tolDCs
and Tregs, as well as alleviate EAE, whereas the neuroprotection
was completely abrogated in IL-10 deficient mice (91). In MS
patients, there is a signal pathway of IL-10-dependent Treg cell
generation: IL-10 activates signal transducer and activator of
transcription 3 (STAT3) and converts DCs into tolDCs; in the
presence of IL-2, tolDCs further induce STAT5 phosphorylation
in naive T cells and promote Treg cell generation (92).
Therefore, there is an inhibitory feedback loop about IL-10
that participates in DC-Treg cell crosstalk in MS patients. In
addition, IL-10 is a downstream molecule of IL-27, and both of
them established intravenous tolerance in EAE mice (93-95).
For example, intravenously (i.v.) injecting MOG3;5_s5 to wild-
type (WT) mice infected with EAE can induce i.v. tolerance and
reduce disease severity, whereas this administration was
ineffective in IL-27 receptor (WSX-1) knockout mice.
Moreover, research showed that distinct subsets of splenic
DCs (ie., CD11b*CD103* and CD11b"CD103*) contributed
together to the induction of i.v. tolerance via promoting DC-
drived IL-27, IL-10 and IFN-y secretion, as well as suppressing
IL-17 secretion (94).

DC-derived TGF- promotes Treg cell generation via
direct and indirect effects (Figure 3). It is well established
that TGE- is a popular inducer of Tregs in vitro that works
independently of DC. In addition, several drugs alleviated
EAE via the direct effect of TGF-. For example, by targeting
DCs to drive TGF-B1 upregulation, Tanshinone ITA(TSA)
promoted the polarization of naive CD4" T cells to Tregs and
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significantly reduced the clinical severity of EAE (96).
Apigenin shifted DC-modulated T cell responses from Thl
and Th17 types towards Treg cell-directed responses and
curbed neuroinflammation in EAE by promoting the
secretion of TGF-B and IL-10 (97). However, TGF-f can
also promote the phosphorylation of IDO in DCs, a key
enzyme in the tryptophan metabolic pathway, induce the
DC tolerance phenotype, and indirectly facilitate Treg cell
generation. For example, SMAD?7 is an inhibitory SMAD
protein that negatively regulates TGF-f signal pathway.
Mice devoid of SMAD 7 in DCs were resistant to the
induction of EAE. This result was predominantly caused by
the high expression level of IDO and the elevated frequency of
Tregs in secondary lymphoid organs and the CNS (98).
Likewise, administration of the downstream tryptophan
metabolite 3-hydroxyanthranillic acid enhanced the
secretion of DC-derived TGF-P and the percentage of Tregs
in IDO-deficient mice (99). Furthermore, the enhanced Treg
cell response promoted the secretion of DC-derived TGF-f3,
formed an inhibitory feedback mechanism, and eventually
reduced the clinical manifestations of EAE.

DC-derived IL-35 can promote Treg cell generation
(Figure 3). IL-35-producing CD80o" DCs have limited antigen
presentation capacity and high tolerance. Moreover, since
antigen-pulsed IL-35" DCs possessed the ability to induce
Tregs, their use can significantly reduce the severity of EAE,
and Tregs induced by IL-35" DCs acquired a stronger
inhibitory function than those induced by TGF-B/IL-2 (100).
Furthermore, the o (IL-12p35) and B (Epstein-Barr Virus-
Induced, EBI3) subunits of IL-35 can both alter Tregs. For
example, IL-12p35 suppressed neuroinflammatory responses
and ameliorated the pathology of EAE by boosting the
expansion of IL-10-producing Tregs in the brain and spinal
cord as well as by inhibiting the STAT1/STAT3 pathways, and
pathogenic Th17 and Thl cells (101). Conversely, EBI3-
deficient mice immunized by the MOG peptide elicited
stronger Th17/Th1 responses in the CNS with marginally
enhanced EAE development (102). Strikingly, there was an
increased number of CD4" Foxp3™ Tregs in the peripheral
lymphoid organs of EBI3-deficient mice, and the suppressive
function of these Tregs was more potent than Tregs in WT
mice. The authors explained that the EAE development was
only modestly enhanced compared with WT mice in the
presence of potent Th17 response, which may attribute to
the enhanced Treg responses (102). It’s indicated that the
enhanced Treg responses was a comprehensive change of IL-
35 and IL-27, because EBI3 is also the subunit of IL-27, which
appears to have an inhibitory effect on Treg cell generation, as
mentioned below. As a result, selectively knocking out IL-35-
EBI3, while retaining IL-27-EBI3 may better reflect the effect of
EBI3 subunit of IL-35 on Tregs.
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Treg cell-derived IL-10/TGF-B/IL-35 can
enhance the tolerance of DCs

Unfortunately, in the context of EAE/MS, there was little
direct evidence for a distinct modulatory effect of Treg cell-
derived IL-10/TGF-B/IL-35 on DC maturation and antigen
presentation ability. Nevertheless, several basic experiments
have shown that, in the context of immune tolerance, Treg
cell-derived IL-10/TGF-B/IL-35 can acquire the capacity to
inhibit DCs (Figure 3). For example, when Ag-specific iTregs
were co-cultured with DCs in the absence of Teffs, iTreg cell-
treated DCs had markedly impaired immunogenicity, which can
be completely reversed by anti-IL-10 (57). Further research has
shown that IL-10 can induce the degradation of CD86 and
MHC-II on DCs and achieve the goal of suppressing the DC
function by promoting the neutralization reaction between
membrane associated ring-CH-type finger 1 (MARCHI, an E3
ubiquitin ligase) and CD83(a DC activation marker) (57).
Another study reported that IL-10 can suppress immune
responses by interfering with TLR- or IFNy- mediated DC
activation and directly inducing gene expression that inhibits
APC function (103). Moreover, one study suggested that TL-10""
iTregs lost their protective role in EAE, which may be due to the
impaired mechanism of iTreg cell-derived IL-10 inhibiting the
expression of co-stimulatory molecules in DCs (104). A recent
study demonstrated that Treg-derived IL-10 in tumors was also
required for imprinting the Treg cell-inducing capacity of
tolDCs (105).

Strikingly, a very recent report indicated that CD4" Teff cell-
derived IL-10 promoted CNS inflammation during the
progression of EAE, via sustaining survival and proliferation
of Th1 cells and, to a lesser degree, Th17 cells (106). However,
IL-10 produced by Teffs did not exert its modulatory function by
acting directly on APCs, and what affect such IL-10 may bear on
the DCs remained open questions. Exploring the cellular source
and targeted cell of cytokines seems to be important and
meaningful. Besides, this study showed a hint: could Treg
derived IL-10 also plays a pro-inflammatory role in a specific
environment? This still needs further experiments and facts to
prove. On the other hand, a study about gut inflammation also
has reference value for MS because the microbiota-gut-brain axis
is considered to participate in MS. For example, IL-10 signaling
in CD11c¢" DCs can limit reactivation of local memory T cells
thereby controlling gut immune homeostasis (107). As
mentioned above, the reactivation of memory T cells
migrating to CNS is a pivotal process causing MS (3).
Therefore, we speculated that IL-10 signal between CNS-DCs
and memory T cells might be of similar significance. In
conclusion, these researches proved the importance of
exploring the cellular source and aims of cytokines, because
IL-10 from different cellular sources may have different effects
and mechanisms of action.
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Treg cell-derived TGF-f is also necessary for the induction
of DC tolerogenic function. When human monocytes were
cultured with normal CD4 Foxp3" Tregs and Th cells, they
polarized into tolDCs, with capable of generating induced Tregs
from naive T cells. In this process, Treg-derived TGF-f3, IL-10
and CTLA-4 were all required for the phenotypic differentiation
of tolDCs (105). Similarly, a classical basic study revealed that
Tregs restricted the maturation and antigen-presenting capacity
of DCs, which can be marginally reversed using anti-TGF-B3
antibodies to neutralize TGF-f (108). Besides, transforming
growth factor receptor 1 (TGFPR1) had an indispensable role
in the development of intestinal CD103"CD11b" DCs, and
influenced the amount of DC related Foxp3™ Treg cells in
vitro and in vivo (109). These phenomena confirmed that Treg
cell-derived TGF-P affected DC tolerogenic phenotype. As for
IL-35, IL-35-treated MoDCs are characterized by tolerance, with
a strong inhibitory function on the proliferation of pathogenic T
cells. The exogenous addition of IL-35 inhibited MoDC
maturation and secretion of pro-inflammatory cytokines, and
also partially inhibited the differentiation of MoDCs (110). It
suggested that Treg cell-derived IL-35 may also have a similar
inhibitory effect on DCs.

In autoimmune diseases, Tregs inhibit DC maturation and
improve immune tolerance by secreting IL-10/TGF-B/IL-35;
moreover, DC provides conditions for Treg cell generation via
the production of IL-10/TGF-B/IL-35. As a result, these three
inhibitory cytokines involved in DC-Treg cell crosstalk formed
three negative feedback mechanisms to counteract the imbalance
of immune tolerance. Considering the autoimmune mechanism
and the expression of IL-10/TGF-B/IL-35 in EAE/MS, we
speculated that Treg cell-derived IL-10/TGF-B/IL-35 have a
similar inhibitory effect on DCs in EAE/MS. However, it
requires further experimental verification to fill the knowledge
gap regarding cytokines in DC-Treg cell crosstalk. In addition,
most researches have focused on the compherehensive changes
in cytokines, whereas little attention has been paid to cytokine
production in specific cell subsets. Therefore, unequivocally
detecting cytokines is a critical future direction in the study of
the DC-Treg cell crosstalk mechanism.

Extracellular vesicles involved in
DC-Treg cell crosstalk

Extracellular vesicles (EVs)—including exosomes that are
wrapped with biological messengers, such as microRNAs and
cytokines from DCs and Tregs—can complete cell interactions
without direct contact (111, 112). Exosomes with membrane-
associated TGF-B1 from gene-modified DCs can maintain the
inhibitory function of Tregs, reduce the frequency of Th17 cells,
and curb the progression of EAE (111, 112). Moreover, DC-
derived exosomes can promote myelin regeneration (113).
Conversely, with the help of EVs, Tregs can transport miRNA
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(especially mir-150-5p and mir-142-3p) into DCs to induce the
tolerance phenotype (114). A previous study has shown that the
inhibitory effect of Treg cell-derived exosomes in RRMS
individuals was significantly weaker than that in healthy
controls (115). Additionally, in a rat liver allograft model,
exosomes from immature DCs were shown to retain
numerous tolerogenic characteristics of immature DCs, and
Tregs could be amplified in the presence of such exosomes to
induce immune tolerance (116). Therefore, EVs are involved in
DC-Treg cell crosstalk and are expected to become an emerging
treatment strategy for MS.

IDO1-related negative feedback loop

IDO is the first rate-limiting catabolic enzyme in the
degradation pathway of the essential amino acid tryptophan
(23). IDO has two isozymes: IDO1 and IDO2. IDO1 converts L-
tryptophan to kynurenine via the kynurenine pathway (KP),
which plays a key role in MS, whereas IDO2 may not be related
to MS (117). Expressed mainly in DCs (especially pDCs), IDO
typically has low basal expression, and its upregulation primarily
correlates with cytokines (IFN-y, IFNo/, and TGF-) and co-
stimulatory signals (CTLA-4 and glucocorticoid-induced tumor
necrosis factor receptor [GITR]) (118), whereas IL-6 and IL-4
inhibit the expression of IDO in DCs (119, 120). IDO activation
is considered an endogenous self-protection response that
accompanies EAE/MS (120). For example, the expression of
IDO1 in the PBMCs of patients with RRMS was higher during
the recurrence period than in the remission period (121). During
an EAE attack in mice, activating the Stimulator of IFN Genes
(STING) signaling adaptor to stimulate IFN-I production
induced IDO expression in DCs, effectively inhibited disease
progression, and alleviated clinical symptoms (122). Similarly,
the mild condition of MS patients during pregnancy was related
to the promotion of IDO expression in DCs by estriol. However,
this compensatory effect is limited, and the IDO expression level
in DCs of pregnant MS patients may be still lower than that of
healthy controls (123, 124).

IDO1 mediates DC-Treg cell crosstalk and plays a protective
role via the related negative signal loop (Figure 3). When EAE/
MS occurs, both the massive secretion of IFN-0/f3, IFN- v, and
CTLA-4-CD80/86 between Tregs and DCs can be used as the
upstream signal of IDO1 to enhance the expression of IDO1 in
DCs, which initiates tryptophan catabolism. Since tryptophan is
an essential amino acid for T cell activation and proliferation,
IDO1-mediated tryptophan catabolism can lead to tryptophan
starvation, inhibit specific immune responses, and promote T
cell anergy (8, 125). The KP is the most important tryptophan
metabolism pathway mediated by IDO1. A variety of IDO1
downstream products produced via the KP are positive
regulators that induce Tregs, of which kynurenine is the most
representative. A large amount of kynurenine is produced and
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bound to AHR as a ligand, which promotes the generation of
AHR-dependent Tregs (125). Moreover, such combination
regulates the NF-kB pathway in DCs, further upregulates the
gene expression level of IDO1, and improves the tolerance of
DCs (119). In addition, long-term tryptophan catabolism is also
conducive to promoting the differentiation of naive T cells into
Tregs; and tolDCs can also enhance the inhibitory function of
Tregs (119). Conversely, newly generated Tregs induce
expression of IDO1 in DCs via CTLA-4, which further
promotes the generation of tolDCs and forms the IDOI
related negative feedback loop. In addition, it has been
demonstrated that in the steady state, Tregs induced the
generation of IDO" tolDCs in advance, and tolDCs, in turn,
promoted the inhibitory function and rapid proliferation of
Tregs following inflammation (8). Treg cell- or DC-derived
TGF-B in EAE also induced IDO phosphorylation, promoted
the gene expression level of TGF-f in DCs, and induced Treg cell
generation. In the allergic airway inflammation model, Tregs
induced IDO via GITR-GITR ligand (GITRL) reverse signal
transduction (118). Surprisingly, basic research has also shown
that IDO™ DCs can make IDO™ DCs tolerogenic via the
bystander mechanism (126).

Compared with ¢cDCs, pDCs have a stronger potential to
induce Tregs in an IDO-dependent manner. However, the ability
of pDCs to induce Tregs was significantly downregulated in MS
patients, followed by destroying immune tolerance. Notably,
IFN-f treatment can restore the Treg-inducing ability of pDCs
(37). A newly developed DC-targeting IFN can specifically
induce Tregs in an IDO-dependent manner to alleviate EAE
(127). Its application eliminated the influence of IFN-f3 on other
immune cells, which offered promise for providing an effective
therapy. Furthermore, VitD3 and anti-malarial drug-
primaquine, can also boost the expression level of IDO in
CD11c" DCs and induce Foxp3™ Tregs (128). The adoptive
transfer of IDO* CD11c" DCs induced by VitD3 to EAE mice
had the same therapeutic effect as oral or intraperitoneal
injection of VitD3 (129). However, the role of IDO in EAE is
variable. A recent study showed that the induction of EAE
clinical signs was related to the activation of the neurotoxic
metabolites of IDO and the KP, and the IDO inhibitor
INCB024360 unexpectedly curbed the clinical symptoms and
weight loss caused by EAE (120). The most likely explanation for
this phenomenon is that IDO is a double-edged sword (130). In
the early stage of inflammation, KP maintained immune
tolerance by promoting the generation of Foxp3™ Tregs and
played a protective role in EAE. However, as the disease
progresses, the infiltration of immune cells in the CNS
intensified, and microglia produced neurotoxic metabolites of
kynurenine, such as quinolinic acid (QUIN) and 3-
hydroxykynurenine, downstream of IDO. These toxic
substances accumulated in the prefrontal cortex, hippocampus,
spinal cord, spleen, and lymph node of EAE mice, gradually
offsetting the IDO-induced immune tolerance (120). Among
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these metabolites, QUIN connected neuroinflammation with
neurodegeneration and guided EAE to develop in the direction
of neurodegeneration-related chronic inflammation and
neurotoxicity (120, 131). Therefore, IDO inhibitors are
expected to become a new strategy for the treatment of
advanced MS with neurodegenerative diseases; selecting the
right time point to administer IDO inhibitors and treat
autoimmune diseases will be a challenge in the future.

Unidirectional regulation of Tregs by
DCs in MS/EAE

Various signal loops with surface molecules, cytokines, and
metabolic enzymes as the core, as described above, explain the
majority of the DC-Treg cell crosstalk mechanism; however,
there are also other molecules, such as thymic stromal
lymphopoietin (TSLP), GITRL, IL-27, and retinoic acid (RA),
indirectly influence Tregs by inducing DC tolerogenicity.
Unsatisfactorily, it has not been confirmed experimentally
whether Tregs participate in the regulation of DC through
these molecules.

Surface molecules involved in the DC
regulation of Tregs

DCs can regulate Treg cell generation with the help of
surface molecules (Figure 2). For example, TSLP-activated
DCs can provide a strong survival signal for high-affinity
autoreactive T cells and actively participate in their
differentiation into Tregs (132). The expression level of the
TSLP receptor (TSLPR) on the surface of myeloid DCs was
decreased in peripheral blood of MS patients, and the function of
DCs was altered, which resulted in abnormal Treg cell
homeostasis and function. Upon immunomodulatory
treatment with IFN-B and glatiramer acetate, TSLPRs on
myeloid DCs were upregulated, and Treg cell homeostasis was
restored (133). These studies demonstrated that TSLPRs were
involved in the generation of DC-dependent Tregs.

The binding of GITRL on the DC surface and the
corresponding receptor (i.e., GITR) on the Treg cell surface can
improve the sensitivity of Treg precursor cells to IL-2 and provide
co-stimulatory signals for Treg cell proliferation (134, 135). A recent
study showed that the expression of GITRs on the surface of CD4"
and CD8" Tregs was decreased in RRMS individuals (69). This
might be one of the reasons that DC-Treg cell crosstalk is destroyed
in MS patients, which limits the proliferation of DC-dependent
Tregs. In addition, the GITR-GITRL axis was one of the
mechanisms underlying the treatment effect of IFN-B on MS. It
has been shown that in the presence of IL-2, IFN-} induced the
expression of GITRL on DCs, enhanced the GITR-GITRL axis
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signal transduction, promoted the proliferation of Tregs, and
participated in the treatment of MS (136). The allergic airway
inflammation model suggested that the reverse signal transduction
of GITRL induced IDO expression in mouse pDCs (118). Thus, the
GITR-GITRL axis might also play a bidirectional role in DC-Treg
cell crosstalk in EAE/MS.

CD31 is a transhomophilic tyrosine-based inhibitory motif
receptor expressed by DCs. Sustaining CD31/SHP-1 signaling
during DC maturation resulted in reduced NF-xB nuclear
translocation and enhanced tolerogenic functions of DCs that
promoted the generation of antigen-specific Tregs (137). The
adoptive transfer of CD31-conditioned MOG-loaded DCs can
significantly increase the percentage of CD4" CD25" Foxp3*
Tregs and offer immune tolerance against the subsequent
development of MOG-induced EAE in vivo (137). Therefore,
inducing Treg cell generation by regulating these DC surface
molecules is a potentially promising treatment for MS.

Cytokines involved in the DC regulation
of Tregs

DC-derived IL-27 induces
Treg cell generation

IL-27 secreted by DCs has both anti-inflammatory and pro-
inflammatory effects, and its production changes with the
occurrence of MS/EAE (138). For example, plasma IL-27
secretion and IL-27 mRNA expression in PBMCs were
significantly decreased in patients with progressive MS (139).
The IL-27 subunit and its receptor were upregulated in the CNS
inflammatory cells of EAE mice (140). These results suggested a
clear correlation between IL-27 and EAE/MS.

Studies have shown that the IL-27 signaling pathway
mediates protective DC-Treg cell crosstalk in EAE (141)
(Figure 3). For example, IL-27 receptor knockout mice with
EAE deteriorate significantly, accompanied by reductions in the
frequency of Foxp3" and IL-10" CD4" T cells (141). Subsequent
studies have shown that DC-derived IL-27 activated STATI,
STAT3, AHR, c-Maf, and other transcription factors, induced
the production of IL-10, and, in turn, promoted the generation
of Trl and Tregs (22, 93). Recent studies have revealed that the
functioning way of IL-27 differed between the central and
peripheral tolerance. Do et al. (142) used a Treg cell-specific
IL-27 receptor knockout mouse model to illustrate that IL-27
signaling in Foxp3"™ Tregs was essential for Tregs to control
autoimmune inflammation in the CNS. However, Thome et al.
(94) demonstrated that this classical IL-27 signaling mode in
T cells was not necessary to induce peripheral tolerance in EAE
mice. In contrast, the indirect way in which IL-27 promotes DC
tolerance and induces Treg cell generation is more pivotal in
peripheral tolerance. In addition to secreting IL-10, IL-27 plays
an anti-inflammatory role in another two ways to induce tolDCs
and prevent the development of CNS inflammation and EAE: 1)
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promote the expression of co-inhibitory molecules PD-L1 and
CD39 on the surface of DCs (22, 141, 143, 144); 2) regulate the
NEF-xB signaling pathway in DCs to promote the expression of
TGF-B1 and IDO (137).

IL-27 appears to have a dual effect on Treg cell generation in
EAE mice (93, 145). For example, although the systemic delivery
of IL-27 can effectively prevent the initiation of Th17 cells and
the development of EAE, it enhanced the Thl response,
downregulated the frequency of Foxp3™ Tregs in the spleen,
and significantly inhibited Treg cell subsets of the CNS without
influencing Tr1 cells (146). This phenomenon increased the risk
of IL-27-based EAE treatment and suggested that IL-27 has an
inhibitory effect on Treg cell generation. In addition, IL-27 in
EAE also inhibits immune tolerance mediated by mature DCs
and thus plays a pro-inflammatory role. In this process, mature
DCs treated with IL-27 did not influence the expression of Treg
cell-associated molecules on CD4" T cells in vivo or in vitro but
induced the development of CD4" CD127* 3G11" Tregs, which
were considered an unprecedented pro-inflammatory Treg cell
subset (138). Therefore, the mechanism of the pleiotropic
molecule IL-27 in DC-Treg cell crosstalk has not been fully
elucidated. At present, in the context of EAE/MS, most studies
are devoted to the anti-inflammatory effect of IL-27 on the
promotion of the generation of tolDCs and Tregs. However, the
pro-inflammatory effect of IL-27 and its negative regulation of
Treg cell generation also warrant further attention.

Other cytokines that induce Tregs in a DC-
dependent manner

RA is produced by a variety of cells, including DCs and
Tregs (Figure 3). Although numerous studies have shown that
RA directly promotes Treg cell proliferation (147, 148), there is
evidence that RA can also indirectly influence Tregs in a DC-
dependent manner. For example, in an EAE model, all-trans-
RA can impair the antigen-presenting ability of DCs, resulting
in the reduction of pro-inflammatory Th1/Thl7 cells and
severity of EAE (149). Similarly, helminth-infected MS
patients developed a relatively mild condition owing to the
increased synthesis of RA in DCs, so that DCs were
programmed to develop into tolDCs, which induce Foxp3*
Tregs and inhibit the production of the suppressor of cytokine
signaling 3-mediated pro-inflammatory cytokines (150).
Furthermore, tolDCs induced by RA can induce the antigen-
specific Treg cell response in vitro, and the liposomal co-
delivery of antigen and RA might be a more targeted
approach to induce antigen-specific tolerance in autoimmune
and chronic inflammatory diseases (148). Thus, RA is of great
significance for DC-dependent Treg cell generation.

Most galectins are critical mediators for the induction of
peripheral tolerance, offering protective effects for MS patients
and EAE mice. Galectin-1 is synthesized and secreted by Tregs,
DCs, and other cells, which in turn boosts the generation of
tolDCs. A previous study showed that galectin-1 induced
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tolDCs, enhanced the development of Trl and Tregs, and
participated in the induction of intravenous tolerance in
MOGs;s.55 immunized EAE mice (151). In addition, EAE was
exacerbated in Lgals8/Lac-Z knock-in mice lacking galectin-8
expression because of the increased immunogenicity of DCs and
the disruption of the Treg cell-Th1/Th17 cell balance (152).

Possible pathways of tolDCs
inducing Tregs

The contribution of the immunoglobulin-like transcript
(ILT), CD83, and heme oxygenase 1 (HO-1) to DC-Treg cell
crosstalk in MS/EAE has not been extensively reported.
However, researches suggested that they indirectly participate
in the DC-Treg cell interplay by inducing tolDCs.

The inhibitory receptors ILT3 and ILT4 are vital for inducing T
cell tolerance, highly expressed in tolDCs, and independently
prevent the activation of pathogenic T cells (14). The beneficial
effect of IFN-B in MS patients was probably achieved partially by
regulating the expression of ILT3 and ILT4 in DCs. VitD3 also
increased the expression of ILT3 but not ILT4 (153). These studies
suggested that a variety of drugs induce Tregs and treat MS by
regulating the expression of ILTs on the surface of DCs. Besides, via
secreting IFN-I, toll-like receptor 9-activated cDCs can regulate
neutrophil and monocyte trafficking to the inflamed colon and
restrain the inflammatory products of tissue macrophages, thereby
inhibiting colonic inflammation independently of T cell (154). This
reminds us that cDCs may further influence CNS inflammation in a
similar way, with the help of gut-brain axis. In addition, CD83 is
expressed in activated B cells, T cells, and especially Tregs, and its
soluble form inhibits the maturation and function of DCs (155).
CD83 transgenic mice recovered quickly from EAE with the
enhanced activity of Tregs and the limited proliferation of
pathogenic T cells (155). Therefore, CD83 probably induced Treg
cell generation in a tolDC-dependent manner.

TABLE 3 Potential tolDC subsets that can induce Treg cells.

TolDC phenotype Key
molecules
Langerin” CD103" migratory DC Langerin
and CD103
Interleukin-27-producing CD11b*CD103*/ CD116™CD103"DC IL-27
BTLA'DEC205*CD8"CD11c* DC BTLA
Interleukin-35-producing CD8o." DC IL-35
CD31" DC CD31
DC-10: CD1a'CD1c'CD14" CD16" CD11¢"CD11b"HLA-DR'CD83"  IL-10

IL-10-producing DC (human) (include two subsets: CD83"sh CCRr7*
DC and CD83'“CCR7” DC)
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Surprisingly, numerous studies have shown that HO-1 has a
protective effect on MS/EAE. HO-1 in EAE inhibited the expression
of MHC-II in DCs and improved DC tolerogenecity (156-158).
However, one study found that HO-1 did not regulate the number
or function of infiltrated Tregs in the CNS; it showed that the
protective effect of HO-1 on the CNS of EAE mice might not be
related to DC-Treg cell crosstalk (159). Currently, it remains
uncertain whether peripheral HO-1" DCs in EAE play a
protective role via Tregs, because in the airway inflammation
model, HO-1 expressed by DCs indeed promote the
differentiation of Tregs (159).

Potential tolDC subsets can induce
Tregs

There are a small number of dedicated so-called tolerogenic
DC subsets, which are predestined to induce Tregs in a steady
state (Table 3). Moreover, the generation of tolDC is closely
related to the Wnt/beta-catenin pathway. A classical study in
2007 demonstrated that disruption of E-cadherin-mediated
adhesion could induce peripheral T cell tolerance in vivo and
protect against EAE (164). In this process, E-cadherin triggered
Wht/beta-catenin pathway, a classical pathway to induce DC
tolerance and maturation, and these tolDCs further boosted IL-
10-producing Treg cell generation and peripheral tolerance (164,
165). Of note, CD103 is a heterotypic ligand for E-cadherin, so
some CD103"DCs might be a potential tolDC subset. For
example, Langerin"CD103" migratory DCs had a superior
ability to generate Tregs in vivo, which in turn drastically
alleviated EAE (160). Besides, a recent study defined another
tolDC subset: BTLA" DEC205" CD8" CD11c¢" DCs, which took
advantage of the engagement of the herpesvirus entry mediator
(HVEM), a receptor of BTLA, upregulated the expression of
Foxp3 in a CD5-dependent manner, and promoted peripheral
Treg cell transformation (161). This study suggested that the

Relevant Treg cell phenotype Distribution  Ref.
Foxp3'Treg Peripheral tissues (160)
Foxp3*Treg and Trl cell Spleen (94)
CD4"CD25"Foxp3*Treg Lymph nodes and ~ (161)
spleen

IL-35" DC-regulated Tregs do not express Foxp3, / (100)

but their suppressive capacity is more potent than

TGF-P /IL-2-induced Tregs.

CD4" CD25" Foxp3" Treg Draining lymph (137)
nodes

IL-10-producing Trl cell Peripheral blood (162,
and secondary 163)

lymphoid organs
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cross-linking of BTLA and HVEM was one of the key
mechanisms for DC to induce peripheral Tregs in EAE.
However, most CD11c" DCs are BTLA"® DCs and thus can’t
acquire tolerance even in a steady state. Moreover, IL-10-
producing DC(DC-10) is also a classical tolDC subset, and
most of the induced tolDCs in EAE/MS are recognized by the
secretion of IL-10. Therefore, we deem that DC-10 is a potential
toIDC subset, but its concept is not clearly proposed in EAE
(162, 163). Moreover, it should be noted that tolDC subsets only
exist in the steady state. Once inflammation occurs, tolDCs
would play a pro-inflammatory role again and activate Teffs. At
that time, induced-tolDC would be crucial in role of
immune protection.

DC-Treg crosstalk mechanism can
be applied to MS treatment

DC-Treg crosstalk is one of the pivotal mechanisms of drugs
to alleviate MS, such as IFN-B, Vit D3, tanshinone IIA,
primaquine and apigenin. Besides, as for DC-Treg crosstalk,
the treatment of MS/EAE in the future can also be explored in
the following aspects: 1) inhibitors, agonists, or specific
antibodies of critical immune targets, e.g., DC-targeting
CTLA-4-Ig and PD-L1/PD-1 agonists; 2) therapeutic
interventions modulating IDO activity, e.g., IDO inducers/
inhibitors and STING agonists. However, drug-based therapy
mostly plays its role through non-specific immunity, which often
leads to side effects such as decreased immunity and infection.
Therefore, cellar-based therapy involving tolDCs and Tregs have
become a new upsurge, such as peptide- and protein-based
vaccines. It can reestablish antigen-specific immune tolerance
towards CNS structures and control autoreactive T cells without
inducing systemic immune suppression.

At present, peptide-based vaccines were advanced into
human clinical trials. A phase I clinical trial (NCT02283671)
starting at 2014, was for the first time to evaluate the tolerance
and safety of tolDCs in treating patients with MS or
neuromyelitis optica (NMO). The clinical use of tolDCs in a
well-defined population of MS patients was evaluated in two
subsequent phase I clinical trials (NCT02618902 and
NCT02903537). These two clinical trials conducted dose-
escalation studies and compared each other through intradermal
and intranodal cell administration, followed by evaluating the safety
and feasibility of tolDC administration, and exploring appropriate
vaccine injection doses and DC delivery methods for the next phase
II clinical trials (166). In addition, a phase II clinical trial
(NCT04530318) about the treatment of MS with autologous
peripheral blood differentiated tolDCs combined with immune
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regulation was started in 2020, which is expected to be completed in
2024. Surprisingly, the current experiment did not report any safety
problems related to tolDC administration in MS patients (166).

Similarly, protein-based vaccines are also intriguing tolDC
therapies that involve DC-specific antigen-targeting strategy.
For instance, both DEC205 (CD205) and dendritic-cell
inhibitory receptor-2 (DCIR2), are DC-specific endocytosis
receptors, which can improve the antigen presentation
efficiency of DCs (167, 168) (Figure 2). Delivering PLP to
DCs using o DEC-205 fusion monoclonal antibodies or DCIR2
fusion monoclonal antibodies can induce Treg cell generation.
Then these Tregs resulted in antigen-specific tolerance and
amelioration of EAE (167, 169). Similarly, targeting migratory
DCs with an anti-receptor-antigen fusing to MOG can provide
the same result (160). Intriguingly, aDEC-205" fusion
antibodies cause extrathymic induction of a Foxp3™ Treg cell
phenotype in naive CD4" Foxp3™ T cells, whereas DCIR2*
fusion antibodies result in the proliferative expansion of
natural Foxp3™ Tregs in EAE (167). Besides, many drugs are
inducers of tolDCs, such as interferon, vitD3, statins, galectin-
1, tofacitinib, etc (151, 170, 171). Combining these drugs with
protein-based vaccines is also more conducive to the induction
of tolDCs.

Conclusion

DC-Treg cell crosstalk involves a variety of surface
molecules, cytokines, and metabolic enzymes via multiple
inhibitory feedback loops and plays a key protective role in
the silent progression of MS. Drugs influencing DC-Treg
crosstalk and tolDC therapy are expected to emerge as
promising treatment strategies for MS. However, selecting
the appropriate time point and specifically targeting DCs/
Tregs without affecting the immune state of other cells is
worthy of future discussion, due to different onset times and
the wide distribution/rich targets of these immune effector
molecules. At present, the researches of functional molecules
working comprehensively become more and more popular in
the environment of CSF, PBMC or peripheral blood in MS
patients. Although, these studies can well show the correlation
between molecules and diseases, what unsatisfied was that they
did not reflect the molecular changes in specific cell subtypes
and we cannot distinguish the cellular source and targeted cells
of functional molecules from those studies. Therefore, further
research on the expression level of molecules based on cell
subsets is conducive to a more comprehensive analysis and
evaluation of molecular effects. In addition, the increased
focusing on tolDC therapy has facilitated an upsurge in
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research on DC-induced Tregs, whereas investigations on the
effect of Tregs in DCs remain relatively scarce. There remain
several knowledge gaps in the mechanism of DC-Treg cell
crosstalk, and further research would be necessary to translate
mechanisms into clinical therapy.
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The immune microenvironment at the maternal-fetal interface was determined
by the crosstalk between the trophoblast and maternal-derived cells, which
dynamically changed during the whole gestation. Trophoblasts act as innate
immune cells and dialogue with maternal-derived cells to ensure early
embryonic development, depending on the local immune microenvironment.
Therefore, dysfunctions in trophoblasts and maternal decidual cells contribute to
pregnancy complications, especially recurrent pregnancy loss in early
pregnancy. Since many unknown regulatory factors still affect the complex
immune status, exploring new potential aspects that could influence early
pregnancy is essential. RNA methylation plays an important role in contributing
to the transcriptional regulation of various cells. Sufficient studies have shown
the crucial roles of N6-methyladenosine (m6A)- and m6A-associated-
regulators in embryogenesis during implantation. They are also essential in
regulating innate and adaptive immune cells and the immune response and
shaping the local and systemic immune microenvironment. However, the
function of m6A modifications at the maternal-fetal interface still lacks wide
research. This review highlights the critical functions of m6A in early embryonic
development, summarizes the reported research on m6A in regulating immune
cells and tumor immune microenvironment, and identifies the potential value of
m6A modifications in shaping trophoblasts, decidual immune cells, and the
microenvironment at the maternal-fetal interface. The m6A modifications are
more likely to contribute to embryogenesis, placentation and shape the immune
microenvironment at the maternal-fetal interface. Uncovering these crucial
regulatory mechanisms could provide novel therapeutic targets for RNA
methylation in early pregnancy.

KEYWORDS

m6A methylation, embryo development, immune tolerance, maternal-fetal interface,
early pregnancy
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Introduction

Most mammalian genomes undergo RNA transcription, and
many RNA transcripts can never be translated into proteins (1),
which may lead to functional defects. RNA is not only an
essential intermediate in the flux from DNA to proteins but
also a regulatory molecule for fundamental cellular processes,
the dysfunction of which contributes to important pathological
processes (2). The coding and noncoding transcriptomes are
widely and dynamically regulated by chemical modification,
which adds new modifications of complexity and functionality
to the emerging roles of RNAs in physiological and pathological
conditions (3). Covalent modifications sense the changing
environment directly and rapidly without changing the DNA
and RNA sequences (4). In contrast to the epigenetic
modifications on DNA and histones that work at the
transcriptional level, RNA methylation has a notable effect on
gene regulation at the posttranscriptional level (5). RNA
modifications affect transcripts by altering the charge, base-
pair potential, secondary structure and RNA-protein
interactions, which, in turn, regulates gene expression via
RNA processing, localization, translation and degradation (3).
N6-methyladenosine (m6A) is the most abundant internal
mRNA modification. Identifying of the proteins that mediate
m6A modifications has elucidated the roles of mRNA
modifications in nearly every aspect of the mRNA life cycle, as
well as various cellular, developmental, and disease processes (3).
In mammals, approximately 0.1%- 0.6% of adenines undergo
m6A modification, with an average of 3-5 methylated sites in
each mRNA. Remarkably, m6A modifications can be deposited
onto transcripts in tissue- and cell-type-specific- manners (6).
The m6A modifications commonly occur in yeast, plants, flies,
bacteria, humans and other mammals, which implicates its
multiple functions in RNA, including precursor mRNA (pre-
mRNA) splicing, mRNA translation, stability, structure, export
and decay, implying an association with several cellular
processes, such as cell differentiation and reprogramming,
further contributing to various human diseases (reviewed in
(7)). For m6A detection, methods, including analytical
chemistry, high-throughput sequencing, m6A-CLIP and
miCLIP, have emerged to determine the specific methylation
sites and the modification fractions at these sites to promote
biological studies of RNA modifications (3, 8-11), which
provided the available ways to study the roles of m6A
modification proteins in physical and pathological processes.

Similar to DNA methylation, the deposition and removal
of mRNA methylation also depend on a multiunit
methyltransferase complex that was initially documented in
1994 (7). mRNA methylation is governed by three types of
proteins, namely, methyltransferases as “writers”, demethylases
as “erasers”, and specific m6A-binding proteins (YTHDF1-3)
as “readers” (12). The deposition of m6A methylation
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is catalyzed by multicomponent methyltransferases, mainly
methyltransferase-like 3 (METTL3), METTL14, Wilms’ tumor
1-associated protein (WTAP), RNA-binding motif proteins 15
(RBM15s), virlike m6A methyltransferase associated (VIRMA/
KIAA1429), zinc finger CCCH-Type containing 13 (ZC3H13)
and METTL16 (13-19). METTL3 is the most important
component of the m6A methyltransferase complex (MTC) and
highly conserved in eukaryotes from yeast to humans (20);
METTL3 forms a stable heterodimer core complex regulated
by WTAP and catalyzes the transfer of methl groups (13, 21).
Similar to WTAP, RBM15s have no catalytic function but bind
to METTL3 and WTAP to guide these two proteins to specific
RNA sites for m6A modification. KIAA1429-mediated m6A
methylation of mRNAs takes place near the 3’-UTR and the
stop codon (22). m6A modification occurs when METTL3 and
METTL14 are recruited into the nucleus (14). Only METTL3
has methyltransferase activity in the MTC. METTL16 encodes S-
adenosylmethionine (SAM) synthase and is expressed in most
cells. However, METTL16-mediated m6A sites were located in
introns or intron-exon boundaries, which is different from the
common m6A sites in UTRs (19). The m6A demethylases as
“erasers” make the m6A methylation dynamic and reversible,
which could be passively removed from the transcriptome via
degradation of the modified RNA or active demethylation by the
m6A demethylases fat mass and obesity-associated (FTO) or a-
ketoglutarate-dependent dioxygenase alkB homolog 5
(ALKBHS5), both belonging to the AIkB family of dioxygenases
known to demethylate N-methylated nucleic acids (23, 24). FTO
was the first demethylase discovered in 2011 (23). The ALKBH5
catalytic domain can demethylate m6A-containing single-
stranded RNA (ssRNA) and single-stranded DNA
(ssDNA) (25).

The discovery of reader proteins has made great progress in
elucidating the impact of m6A methylation in mammalian cells.
Different ‘readers’ with different cellular localizations influence
almost all aspects of RNA metabolism, such as YT521-B
homology domain family proteins (YTHDFs), insulin-like
growth factor 2 mRNA-binding proteins (IGF2BPs),
eukaryotic translation initiation factor 3 (EIF3) and
heterogeneous nuclear ribonucleoproteins (HNRNPs) (26-29).
Proteins with YTH domains located in the cytoplasm (YTHDF]I,
YTHDEF2 and YTHDF3) and nuclei (YTHDCI1 and YTHDC2)
directly recognize m6A marks (27, 30), which promote the
degradation and translation of m6A-modified RNA. In
contrast to YTHDFs, IGF2BPs promote the stability and
storage of their target mRNAs in a m6A-dependent manner
under normal stress conditions and therefore affect gene
expression output (28). EIF3 directly binds a single 5° UTR
m6A and recruits the 43S complex to initiate translation in
a cap-dependent manner (26). Numerous studies have shown
that m6A modifications play essential roles in multiple biological
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and pathological processes: hematopoietic development,
central nervous and system development, the adaptive and
innate immune system, carcinogenesis and the tumor
microenvironment, as well as gametogenesis and early embryo
development, the dysfunction of which generally results in
various diseases by abnormal m6A modifications of the target
genes (31) (Figure 1). Currently, with the development of
assisted reproductive technology (ART), which helps to
exclude abnormalities in the embryo, there remains the
occurrence of recurrent pregnancy loss (RPL) in child-bearing
women (32). Embryo implantation into the endometrium
successfully relies on strict and coordinated regulation of
trophoblasts derived from the fetus and decidual stromal cells
and immune cells derived from the maternal sides (33).
Crosstalk could be regulated by molecules associated with
implantation, including hormones, signaling molecules,
transcription factors and cytokines (34). However, the
occurrence of RPL remains high, and more efforts should be
made to discover the mystery of embryo implantation. Emerging
studies emphasize the essential roles of m6A modifications in
embryo implantation, while their roles in trophoblasts and
immune tolerance at the maternal-fetal interface are worthy of
further investigation.

Successful blastocyst implantation was first established by
normal embryo development after fertilization. Its further
development relies on the dynamically coordinated balance
between the fetal-derived invading trophoblasts and the

10.3389/fimmu.2022.988130

receptive maternal decidua (35). Once implantation is
initiated, the trophoblasts, originating from the outer layer of
the blastocyst, will differentiate into invasive extravillous
trophoblasts (EVTs) to attach and invade the maternal
decidua and therefore promote placentation (36), making the
first contact with the maternal immune system. The placenta not
only mediates the hormonal, nutritional and oxygen support to
the fetus but also plays an essential immunoregulatory role at the
maternal-fetal interface (37). Blastocysts that take paternal
antigens as semiallogeneic to the maternal side can be
recognized and accepted by the immunosuppressive maternal
immune system (38). After normal implantation, the
implantation sites are infiltrated with diverse immune cells,
which are mainly characterized by an anti-inflammatory Th2-
type immune microenvironment (39). Previously, embryo
quality was shown to contribute to adverse pregnancy
complications. ART tools make the selection of high-quality
embryos available; however, implantation rates and successful
pregnancy with ART are still relatively low. This indicated that
uterine receptivity might also play a crucial role in the
establishment of normal pregnancy (40). Diverse mechanisms,
including cytokine/chemokine and hormonal signaling as well as
DNA modifications, contribute to the pathology of pregnancy
complications (40), which is attributed to the abnormal gene
expression of cytokines/chemokines and abnormal signaling in a
specific time and space during placentation and further
fetal development.
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FIGURE 1

Overview of the reversible m6A RNA modifications and related functions. m6A modifications are regulated by m6A writers (METTL3, METTL14,
RBM15s and WATP) and readers (FTO and ALKBH5). m6A methylation is recognized by different readers (YTHDC1-2, YTHDF1-3 and EIF3) by
regulating RNA splicing, exportation, translation, degradation, stabilization and storage.
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Early mammalian embryos are capable of strong pluripotent
stemness, which could be reprogrammed by epigenetic
modifications. m6A modification is highly conserved from
yeast to mammals and can regulate gene expression output,
determine stem cell fate and cell differentiation, and further
shape the local microenvironment. Recent studies have shown
that m6A modifications are associated with animal reproductive
processes, including gametogenesis, maternal-zygote transition
(MZT) and early embryonic development (41-45). In addition,
m6A modifications also play an essential roles in fine-tuning the
immune response, including innate and adaptive immune
responses and immune system development (8). Here, we
reviewed the potential roles and novel insights of m6A
methylation in embryo development and immune tolerance
during early pregnancy during maternal-fetal tolerance.

mM6A functions in preimplantation
embryogenesis

After fertilization, the newly generated zygote sustains a
transcriptionally quiescent state and initiates early maternally
programmed embryogenesis, following zygote genome
activation (ZGA) with a clearance of maternal stores (RNA
and DNA), which is termed the maternal-to-zygote transition
(MZT) (46). The most important biological process, early
embryonic development, is generally determined by a
programmed transition into a totipotent and pluripotent
embryonic state, followed by cell fate decisions and lineage-
specific differentiation (47). Early embryogenesis relies on
maternally inherited mRNA. Recently, emerging studies have
reported that the epitranscriptomic mark m6A and its cofactors
play critical roles in ensuring gene expression in an appropriate
time and space in both preimplantation and postimplantation
embryonic development (46, 47). In the murine preimplantation
embryo, germinal vesicle (GV) oocyte-specific knockdown (KD)
of Mettl3 inhibited oocyte maturation and the MZT by
disrupting maternal mRNA degradation (41). Additionally,
Mettl3 is mainly located in the intracisternal A particle (IAP)-
type family of endogenous retroviruses. Mettl3 knockout (KO)
in mice blocked the integrity of multiple heterochromatin marks
on METTL3-targeted IAPs. Mechanistically, the RNA
transcripts in METTL3-bound IAPs are related to m6A-
methylated chromatin, which is regulated by the m6A reader
YTHDCI. This interaction, in turn, promotes the association of
METTL3 with chromatin. Furthermore, METTL3 also interacts
with the H3K9me3 methyltransferase SETDBI1 and its cofactor
TRIM28 (48). These results suggest an important role of
METTL3-targeted IAP integrity in mouse embryonic stem
cells. Downregulation of the m6A reader HnRNPA2/BI, which
is regulated by MettI3, blocked mouse embryonic development
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from the 4-cell stage by altering global gene expression involving
the transcription, translation, cell cycle, embryonic stem cell
differentiation, and RNA methylation pathways in HnRNPA2/
Bl KD blastocysts. Similar results were found in Mettl3 KD
blastocysts, which also showed that HNRNPA2/B1 is regulated in
a Mettl3-dependent manner (49). In Mettll4 arginine 255
(R255me) mutant mice, embryonic stem cells (mESCs) led to
decreased global mRNA m6A levels and preferentially affected
endoderm differentiation in mESCs. Mettl14 R255me markedly
enhances the interaction of Mettl3/Mettl14 with WTAP and
binds to the substrate RNA. Moreover, protein arginine N-
methyltransferase 1 (PRMT1) regulates Mettll4 at R255,
which highlights the communication between protein and
RNA methylation in regulating gene expression (50).
Knockdown of Mettl3 and Mettl14 in mESCs led to similar
phenotypes, with a lack of m6A RNA methylation and loss of
self-renewal capability (27). WTAP, as part of the MTC, is
essential for the blastocyst rate and global m6A levels of
porcine early embryonic development, indicating the
indispensable role of WTAP in porcine embryo development
(51). An mRNA interactome capture study in zebrafish embryos
identified the dramatic translocation of Hnrnpal accompanied
by the movement from cytoplasmic to nuclear RNA targets and
other pre-mRNA splicing factors to the nucleus in a
transcription-dependent manner, indicating that Hnrnpal
RNA-binding activities regulated RNA metabolism during
early embryo development in a spatial and temporal manner
(52). Accurately, one-third of zebrafish maternal mRNA is m6A
modified, and m6A-binding protein promotes the clearance of
maternal mRNAs, the removal of which slows down the decay of
m6A-modified maternal mRNA and impairs ZGA, therefore
blocking the initiation of the timely MZT and cell cycle and
contributing to the overall delay of larval life (43). Additionally,
the m6A reader protein YITHDFI1-3, as a maternal mRNA-
binding partner, was highly expressed in the zebrafish MZT
process (3), suggesting that YTHDF protein-mediated m6A
modification may regulate the MZT process. m6A-methylated
maternal mRNA degradation impedes YTHDF2-deficient
zebrafish embryos and therefore delays the timely MZT and
leads to developmental interruption during the larval period
(43). In addition, it was also reported that the m6A reader
YTHDEF2 is essential for oocyte maturation and embryo
development (43, 53). The oocyte-specific deletion of YTHDEF2
in mice also impeded the degradation of maternal mRNAs,
thereby delaying the ZGA process. These results suggest that
YTHDEF2 plays important roles in the transcriptome transition
by mediating m6A-dependent mRNA degradation. Similar to
YTHDEF2, the oocyte-specific deletion of VIRMA contributes to
female-specific infertility in mice, which inhibits oocyte
maturation by regulating pre-mRNA alternative splicing (54).
In human ESCs, the ALKBHS5 catalytic domain is fused
to targeted RNA m6A erasure (TRME) and therefore
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demethylates the target m6A sites and increases mRNA stability
with limited off-target effects (55). However, the role of VIRMA
in early embryonic development remains unknown and requires
further investigation.

In contrast to YITHDF2 that promotes mRNA decay,
IGF2BPs could work as a new class of cytoplasmic m6A
readers that regulate the stability and storage of mRNAs (28).
Downregulation of Igf2bpl in zebrafish parthenogenetic
activation (PA) embryos decreased the cleavage and blastula
rates, which induced cell apoptosis and could be rescued by
augmenting the miR-670 inhibitor (56). Maternal deletion of
Igf2bp2 (also called IMP2) results in murine early embryo
development arrest at the 2-cell stage in vitro by decreasing
the expression of Ccarl and RpsI4, both of which are
essential for early embryonic developmental competence
(57). However, the role of IGF2BP2 in regulating mRNA
stability and degradation in ZGA as a m6A reader still
needs to be clarified. Deletion of maternal Igf2bp3 degraded
maternal mRNAs prior to MZT and resulted in severe
developmental defects of abnormal cytoskeleton organization
and cell division and destabilized the Igf2bp3-bound mRNAs.
Interestingly, Igf2bp3 overexpression in wild-type embryos
also causes a developmental delay. These results indicate
the important functions of Igf2bp3 in regulating early
zebrafish embryogenesis by binding and stabilizing maternal
mRNAs (58). The above findings suggested that the function
of IGF2BP3 is different from that of YTHDEF2, but both
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are indispensable for early embryogenesis in various
species (Figure 2).

m6A functions in postimplantation
embryogenesis

After implantation, the blastocyst attaches to the uterus and
initiates differentiation and development. The ectoderm of the
blastocyst is the trophoblast stem cells, which differentiate into
multiple trophoblast subsets and therefore promote
placentation. The inner cell mass transitions from naive state
pluripotency to primed state pluripotency and is required for
organogenesis and individual formation (47). A number of
studies have reported that m6A determines the fate of
embryonic stem cells (ESCs), losing m6A modifications causes
pluripotent stem cells to display a state of hyperpluripotency and
cannot differentiate into lineages, thus contributing to
embryonic lethality (55, 59). Mechanistically, METTL3”" ESCs
exhibited poor differentiation potential that prevented KO
teratomas from forming the three germ layers. The abnormal
expression of NANOG from E5.5 to E7.5 in epiblasts led to
embryonic lethality. Mettl3 and Mettl14 KO mice both exhibited
embryonic lethality at E6.5 (59, 60). These findings indicate the
important role of MELLT3/METTLI14 in early embryogenesis.
Another m6A writer, METTL16, regulates human MAT2A,
and increasing METTL16 binding to the methionine
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FIGURE 2

The role of m6A RNA modifications in early embryo development and placentation. The downregulation of the m6A RNA modifications
METTL3, METTL14, METTL16, MAT2A, VIRMA, WATP, YTHDF2, hnRNPA2/B1 and IGF2BP2/3 is related to early embryo development; however,
the upregulation of IGF2BP3 also causes a delay in late development. In addition, the decrease in FTO and YTHDF2 is associated with early
placental dysfunction, while the overexpression of METTL3/ALKBHS5 is related to late abnormal placentation.
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adenosyltransferase 2A (MAT2A) 3’UTR could promote
efficient splicing in a hairpin (hpl) m6A-dependent manner
(19). However, the m6A modifications on MAT2A were
recognized by YTHDCI for mRNA degradation (61).
Although normal morphology and genotyping ratios were
observed in E2.5 and E3.5 blastocysts from WT and Mettl16
KO mice, only 1.9% Mettl16 KO embryos at E6.5 could be found
in the Mettl16” mouse model, indicating that METTL16
deletion led to embryo lethality around implantation (42).
Interestingly, the most decreased gene in E2.5 KO embryos
was Mat2a, suggesting that Mettl16 and Mat2a are essential for
early embryonic development. Apart from METTLs, another
m6A writer, WATP-deficient ESCs, failed to differentiate into
endoderm and mesoderm. In addition, deficiency of WATP in
embryos results in abnormal egg cylinders at the gastrulation
stage and causes embryonic lethality at E10.5 in mice (62).
However, the relevant mechanisms need further exploration.
YTHDCI, as the only nuclear reader, regulates the alternative
polyadenylation (APA), AS and nuclear export of m6A-modified
mRNAs in mouse oocytes. In addition, YTHDC1 is essential for
early embryonic development (63). These results indicated that
YTHDCI is not only critical for gametogenesis but also
important for the viability of early embryo development.
Interestingly, no colonies were found in hnRNPA2/B1 mouse
KO blastocysts. Nonetheless, knockdown of hnRNPA2/B1
impeded embryonic development after the 4-cell stage and
blocked further development, and a similar phenotype was
observed in Mettl3 KD embryos. Furthermore, Mettl3 KD
blastocysts showed enhanced mislocalization of hnRNPA2/B1
and reduced m6A methylation, which suggested that hnRNPA2/
Bl is important for early embryogenesis by Mettl3-dependent
m6A RNA methylation (49). Deficiency of m6A methylation
writers, easers and readers generally leads to embryo lethality
postimplantation. However, these mutants focus on the embryo
itself and not the placenta. The results of deciphering the
developmental disorders programmed for placental
phenotypes in embryonic lethal and subviable mouse knockout
lines showed that 68% of KO lines mainly exhibited placental
dysmorphologies (64). Early embryo lethality is closely
associated with placental malformation, which strongly
correlates with abnormal brain, heart and vascular
development (64). The critical role of the placenta in
pregnancy was determined by the trophoblast lineage. In
preeclampsia (PE), METTL3 and m6A methylation were
upregulated in the placental trophoblast (65). The maturation
of miR-497/195-5P mediated by METTL3 impeded trophoblast
migration and invasion by targeting WWP1 in PE patients (66).
In addition, the RNA demethylase FTO and HLA-G were
significantly decreased in the trophoblasts of spontaneous
abortion (SA) patients, and the mRNA expression of VEGFA,
VEGFR and MMP2 bound to YTHDEF2 also decreased in SA
patients, which indicated that FTO in the chorionic villi
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promotes immune tolerance and angiogenesis at the maternal-
fetal interface due to aberrant methylation and oxidative stress
and therefore leads to the occurrence of SA (67).
Downregulation of ALKBH5 demethylase KDM3B mediated
activated leukocyte cell adhesion molecule (ALCAM) by
increasing PPARG mRNA m6A modification and activating
the Wnt/B-catenin pathway, in turn relieving PE progression
(68). In addition, Xiaocui Li et al. reported that global mRNA
m6A methylation was significantly decreased in villi from RPL
patients without affecting ALKBH5 expression. Besides,
ALKBH5 KD in villous explants enhanced trophoblast
invasion by upregulating the half-life of cysteine-rich
angiogenic inducer 61 (CYR61) mRNA (69) (Figure 2).
Although some m6A modifications are reported to be
associated with the differentiation and function of
trophoblasts, more explorations are needed to elucidate the
other m6A enzymes in the biological and immunoregulatory
functions of trophoblasts and provide broad RNA epigenetic
regulatory patterns in physical and pathological pregnancies.

MG6A functions in the innate immune
response

Innate immunity provides the first line of defense against
infections in a nonspecific manner. The innate immune cells at
the maternal-fetal interface consist of macrophages (M®s),
natural killer (NK) cells and dendritic cells (DCs), which can
sense invading pathogens and exogenous RNAs rapidly and thus
respond in a timely manner to foreign pathogens (70). Innate
immune cells comprise large populations of immune cells at the
maternal-fetal interface (35). DC cells are the main antigen
presentation cells (APCs) that can activate T cells and are
equipped with the capacity to effectively take up, process and
present antigens on the cell surface (71). Emerging studies have
shown that m6A modification and m6A-associated proteins
mediate innate immunity by regulating the recognition and
responses to foreign pathogens, unmodified tRNAs, exogenous
RNAs and aberrant endogenous RNAs. The recognition of
foreign pathogens depends on several pattern-recognition
receptors, such as plasma membrane receptors (Toll-like
receptors, TLRs) and cytosolic sensors (RIG-I-like receptors,
RIG-I and NLR proteins) (72). Kariko K et al. in 2005 reported
that m6A modification decreased TLR3, TLR7, or TLR8
activation in monocyte-derived DCs (MDDCs), which was the
first time that the regulatory effect on the process of RNA
recognition was presented (73). Once RNA recognition occurs,
the innate immune response immediately initiates and releases
multiple cytokines, such as type I interferons (IFNs) and
interferon-stimulated genes (ISGs) (74, 75). METTL14
depletion inhibited viral reproduction and promoted dsDNA-
or HCMV-induced IFNB1 mRNA accumulation, while
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Dendritic cells are regulated by m6A modifications through different mechanisms. (A) METTL14 depletion inhibited viral reproduction and
promoted dsDNA- or HCMV-induced IFNB1 mRNA accumulation. (B) Downregulation of ALBKH5 in DCs increased m6A modifications on
OGDH mRNA and reduced its mRNA stability and protein expression, thereby inhibiting viral replication. (C) The RNA helicase DDX46
demethylates the antiviral proteins MAVS, TRAF3 and TRAF6 by recruiting ALBKH5. (D) hnRNPA2B1 recognizes viral DNA and facilitates m6A
modification nucleocytoplasmic trafficking of CGAS, IFI16, and STING mRNAs by preventing FTO-mediated demethylation. (E) Mettl3-specific
depletion in DCs results in delayed maturation in response to lipopolysaccharide (LPS) and impaired phenotypic and functional maturation of
DCs. Mechanistically, the expression of the costimulatory molecules CD40 and CD80, the TLR4 signaling adaptor Tirap and the cytokine IL-12

decreased with a low capacity to stimulate T-cell responses.

ALKBHS5 depletion exhibited the opposite effect (75)(Figure 3A).
The RNA helicase DDX46 demethylates the antiviral proteins
MAVS, TRAF3 and TRAF6 by recruiting ALBKHS5 (76)
(Figure 3C). hnRNPA2B1 recognizes viral DNA and facilitates
the m6A modification nucleocytoplasmic trafficking of CGAS,
IF116, and STING mRNAs by preventing FTO-mediated
demethylation, thereby amplifying IFN production and
enhancing the antiviral effect on HSV-1 infection (77)
(Figure 3D). In addition, m6A modification also mediates the
metabolic program to promote host immunity against viral
infection. Downregulation of ALBKHS5 increases the m6A
modifications on the mRNA of a-ketoglutarate dehydrogenase
(OGDH) and reduces its mRNA stability and protein expression,
which inhibits viral replication (Figure 3B). These studies
suggest that m6A modifications exert a contributory effect on
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antiviral responses by targeting antiviral-specific genes and
proteins and reprogramming the metabolic state of the host.
In addition, mounting evidence has shown that m6A
methylation plays a critical role in DC activation and function.
Mettl3-specific depletion in DCs results in delayed maturation in
response to lipopolysaccharide (LPS) and impaired phenotypic
and functional maturation of DCs. Mechanistically, the
expression of the costimulatory molecules CD40 and CD80,
the TLR4 signaling adaptor Tirap and the cytokine IL-12
decreased with a low capacity to stimulate T-cell responses
(78) (Figure 3E). Loss of classical DCs enhanced the cross-
presentation of tumor antigen and cross-priming of CD8+ T
cells in vivo. Binding of YTHDFI to transcripts of lysosomal
proteases increases the translation of lysosomal cathepsins in
DCs. Moreover, blockade of the PD-L1 checkpoint is enhanced
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in Ythdf1™~ mice, implicating YTHDFI as a therapeutic target
in cancer immunotherapy (79). These findings indicate that
m6A methylation and its related proteins play major roles in
the maturation and activation of DCs and promote the
initiation of the adaptive immune response through antigen
cross-presentation.

Macrophages serve as another main component of innate
immune cells. RNA binding protein-focused CRISPR screening
results showed that m6A writers were the top candidate genes in
regulating LPS-activated macrophages. Mettl3 ablation
macrophages produced little TNF-o with LPS stimulation (80)
(Figure 4A). However, Mettl3 downregulation in macrophages
significantly increased the proinflammatory cytokines TNF-a,
IL-6 and NO. Mechanically, Mettl3 KO in macrophages
promoted the expression and stability of NOD1 and RIPK2,
which were mediated by YTHDF1 and YTHDE2, respectively
(81) (Figure 4A). Additionally, Mettl3 and YTHDF2
cooperatively regulate PGC-1o. mRNA degradation in oxidized
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low-density lipoprotein (ox-LDL)-induced monocytes (82)
(Figure 4A). Mettl3 promotes the ox-LDL-induced
inflammatory response in macrophages by modifying STAT1
mRNA, thereby polarizing macrophages to the M1 phenotype
(83). The deletion of Mettl3 in myeloid cells promotes tumor
growth and metastasis in vivo. Mechanistically, Mettl3-deficient
mice showed increased M1/M2-like tumor-associated
macrophage and regulatory T (Treg) cell infiltration in the
local tumor microenvironment due to the impairment of
YTHDFI1-mediated SPRED2, which enhances the activation of
nuclear factor kB (NF-xB) and STAT3 via the ERK pathway and
consequently leads to tumor growth and metastasis.
Furthermore, PD-1 checkpoint blockade was partially
decreased in Mettl3-deficient mice, indicating the important
role of Mettl3 in tumor immunotherapy (84). Additionally,
myeloid lineage-restricted deletion of Mettl3 protects mice
from age-related and diet-induced development of innate
immunity-driven nonalcoholic fatty liver disease (NAFLD)
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Macrophage polarization was modified by m6A methylation in different environments. (A) Mettl3 ablation macrophages produced little TNF-o
with LPS stimulation. Mettl3 downregulation in macrophages significantly increased the proinflammatory cytokines TNF-o, IL-6 and NO by
increasing NOD1 and RIPK2 via YTHDF1 and YTHDF2, respectively. Mettl3 and YTHDF2 cooperatively degraded PGC-1oc mRNA in oxLDL-treated
monocytes. (B) Myeloid lineage-restricted Mettl3 deletion protected mice from age-related and diet-induced development of innate immunity-
driven nonalcoholic fatty liver disease (NAFLD) and obesity by decreasing mTOR expression and the NF-kB pathway by targeting DDIT4. (C) FTO
deficiency inhibited both M1 and M2 polarization by suppressing the NF-kB signaling pathway and decreasing the stability of STAT and PPAR-y
via YTHDF2 involvement, therefore blocking macrophage activation. (D) The loss of Mettl14 decreased the demethylase Socs1 mRNA to activate
TLR4/NF-«B signaling. In addition, IGF2BP2”~ macrophages were refractory to IL-4-induced activation to regulate the switch of M1 to M2

subtypes in a m6A-dependent manner.
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and obesity. Mettl3 deficiency results in a notable increase in
DNA damage inducible transcript 4 (DDIT4) mRNA. The
decrease in mammalian target of rapamycin (mTOR) and NEF-
KB pathway activity in Mettl3-deficient macrophages could be
restored by DDIT4 KD (85) (Figure 4B). These findings
demonstrate the contribution of Mettl3-mediated m6A
modification of DDIT4 to macrophage metabolic
reprogramming in NAFLD and obesity. Lihui Dong et al.
reported that macrophage-specific knockout of the m6A
methyltransferase Mettl14 drives CD8+ T-cell differentiation
with a dysfunctional trajectory, impairing CD8+ T cells to
eliminate tumors (86). Silencing of the m6A eraser FTO
markedly inhibited both M1 and M2 polarization by
suppressing the NF-xB signaling pathway and decreasing the
stability of STAT and PPAR-y via YTHDEF2 involvement,
therefore blocking macrophage activation (87, 88) (Figure 4C).
Mettl14 ablation in myeloid cells contributes to acute bacterial
infection in mice by the continuous production of
proinflammatory cytokines, which can be rescued by forced
expression of Socs 1 in macrophages depleted of Mettll4 or
YTHDFI. Loss of Mettl14 decreases demethylase expression,
and Socs] mRNA overactivates TLR4/NF-xB signaling. These
findings highlight that m6A methylation-mediated SOCSI
expression is essential for the negative feedback control of
macrophages on bacterial infection (89). YTHDF1 KD
macrophages in rats improved the secretion of anti-
inflammatory cytokines, highlighting the protective role of
YTHDF1 KD macrophages in severe sepsis rats with ECMO
(90). YTHDEF2 KD in the mouse macrophage cell line Raw264.7
enhanced osteoclast formation and bone resorption (91). The
m6A reader IGF2BP2-abated macrophages showed enhanced
MI polarization and promoted dextran sulfate sodium-induced
colitis development. IGF2BP2”" macrophages are refractory to
IL-4-induced activation by targeting tuberous sclerosis 1 to

A IL-15
o o
O
IL-15R
— - ‘Q ””“m}

, /a"’« N\
D, O\
/ N \
/ > l . ¥\
( YTHDF2 YTHDF2
\ 1
"a‘ ,f.
AN Proliferation Proliferation ) /
“~_ survival survival P

NK cells

FIGURE 5

10.3389/fimmu.2022.988130

regulate the switch of M1 to M2 subtypes in a m6A-dependent
manner, which indicates the key role of IGF2BP2 in the
regulation of macrophages (92) (Figure 4D). These results
indicated that the differentiation and function of macrophages
could be regulated by m6A methylation.

NK cells are a large population of innate lymphocytes
involved in antitumour and antiviral immunity. The m6A
reader YTHDF2 is markedly increased in NK cells when
activated by cytokines, tumors and virus infection, which
mediates NK-cell antitumour and terminal maturation related
to modulating NK-cell trafficking and regulating Eomes,
respectively, losing which affects the antitumour and antiviral
function of NK cells in vivo. Mechanistically, YTHDF2 promotes
the effector function of NK cells and is essential for IL-15-
mediated NK-cell survival and proliferation by the STATS5-
YTHDEF2 positive feedback loop, highlighting the novel
biological role of YTHDF2 in NK cells in antitumour
immunity (93) (Figure 5A). In addition, inactivation of
Mettle3 in NK cells changed the hemostasis, infiltration and
function of NK cells in the tumor microenvironment, leading to
accelerated tumor growth and short lifespan in mice by
modifying SHP-2 mRNA, which rendered NK cells
hyporesponsive to IL-15 (94) (Figure 5B). However, the role of
m6A modifications in the development and function
of macrophages and NK cells remains limited and is worthy of
more focus and investigation.

m6A functions in the adaptive
immune response

Adaptive immunity could be special in the clearance of
specific pathogens, which are mainly mediated by the
activation of antigen-specific T/B lymphocytes, and finally
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Antitumour immunity of NK cells was regulated by m6A modification. (A) YTHDF2 is essential for IL-15-mediated NK-cell survival and
proliferation by the STAT5-YTHDF2 positive feedback loop. (B) Mettle3 ablation in NK cells changed the hemostasis, infiltration and function of

NK cells by modifying SHP-2 mRNA in the tumor microenvironment.

Frontiers in Immunology

44

frontiersin.org


https://doi.org/10.3389/fimmu.2022.988130
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

establish long-term immunological memory against the given
antigen. Recently, an increasing number of studies have shown
that m6A exerts an important effect on adaptive immunity and
modulates the differentiation and function of different subsets of
T cells (70). Vall, expressed in all immune cells, is used as Cre
recombinase with the Vall promoter in studying the immune
response. However, METTL3 deficiency in Vall-Cre mice led to
nonviable progeny, indicating the critical role of METTL3 in
immune cells. While CD4, CD11C and Foxp3 were used to
construct cell-specific transgenic mice (95), a large amount of
m6A was still detectable (78, 96), which reflected incomplete
METTL3 deletion.

The generation and maturation of CD4+ T cells in the
thymus highly depend on the T-cell receptor (TCR) and
multiple costimulatory signals. Initially, deficiency of METTL3
in CD4+ T cells did not affect the generation, maturation or
capacity to respond to TCR stimulation in vitro, which indicated
that the basic TCR signals and downstream signal transduction
did not depend on m6A methylation in vitro (96). In CD4+ T-
cell-specific Mettl3 KO mice, the proportion of naive cells was
higher, while the proportion of activating CD4+ T cells was
lower than that in WT mice, and Mettl3 KO mice developed
spontaneous colitis, indicating that m6A helped to keep naive
cells quiescent. A similar phenotype was observed in Mettl14 KO
mice (96).
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IL-7 is essential for homeostatic proliferation and long-term
survival of naive T cells (97). Likewise, the naive T cells in Mettl3
KO mice show a striking similarity to CD4+ T cells transferred
to IL-7-deficient mice (98). The IL-7 receptor suppresses
cytokine signaling of SOCS1 targets (98). Members of the
SOCS family, including Socsl, Socs3 and Cish, bind the
cytokine receptor and prevent STAT5 activation and
downstream signaling (99) (Figure 6A). The SOCS genes were
marked by m6A and showed slower mRNA degradation and
higher protein expression in Metti3-deficient T helper cells,
which possibly impeded signal transduction through IL-7R
(96). However, the role of m6A methylation in the response to
cognate antigen recognition in vitro and pathogens in vivo
cannot be excluded (8). T follicular helper (Tg,) cells are
specialized effector CD4+ T cells required for humoral
immunity. The conditional deletion of METTL3 in CD4+ T
cells inhibits TFH cell differentiation and the germinal center
response in a cell-intrinsic manner. TFH signature genes,
including Tcf7, Bcl6, Icos and Cxcr5, and these effects rely on
intact methyltransferase activity. Loss of METTL3 results in
accelerated decay of Tcf7 transcripts, emphasizing the role of
Mettl3 in stabilizing Tcf7 transcription via m6A modification
and Ty, cell differentiation (100) (Figure 6B). Whether CD8+ T
cells and TCR signaling in vivo are regulated by m6A requires
further investigation.
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T-cell functions were shaped by m6A regulators. (A) IL-1R is a suppressor of SOCS1 targets. The Socs family prevents STAT5 activation and
downstream signaling, which are marked by m6A and show slower mRNA degradation and higher protein expression in Mett(3-deficient T
helper cells and blocked signal transduction through IL-7R. (B) Loss of METTL3 in CD4+ T cells leads to the degradation of the Ty, signature
gene Tcf7 and inhibits Ty, cell differentiation. (C) Mettl14 ablation in Treg cells decreases RORYt expression and blocks the differentiation of naive
T cells into Th17 cells. (D) ALKBH5 deficiency in CD4+ T cells increases the m6A modification of IFN-y and CXCL2 mRNA, thus decreasing their

mRNA stability and protein expression in CD4+ T cells.
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CD4+ regulatory T (Treg) cells represent differentiated
CD4+ T cells that are transcribed by Foxp3, mediate
immunosuppressive function and prevent the emergence of
deleterious autoimmune diseases. Treg cells express high levels
of IL-2R, which activates STAT5 and is essential for their
immunosuppressive function (101-103). Although in Treg-
specific Mettl3 KO mice, the frequency of Treg cells was
normal, both female and male mice developed severe
autoimmune diseases and were infertile. Moreover, the mice
died from 8-9 weeks and increased the mRNA levels of SOCS
genes. These results suggest the important role of METTL3 in
the immunosuppressive function of Treg cells (104). T-cell-
specific Mettl14 deficiency induced spontaneous colitis in mice
by increasing inflammatory cell infiltration, Th1/Th17 cytokines
and the colonic weight-to-length ratio, which could be rescued
by adoptive transfer of WT Treg cells. Mettl14-deficient Treg
cells showed downregulated RORYt expression and blocked the
differentiation of naive T cells into Th17 cells (105)(Figure 6C).
ALKBHS5, not FTO, promotes naive CD4+ T cells to induce
adoptive transfer colitis. Additionally, T-cell-specific knockout
ALKBHS5 protects mice against EAE due to the increased m6A
modification of interferon-y and C-X-C motif chemokine ligand
2 (CXCL2) mRNA, thus decreasing their mRNA stability and
protein expression in CD4+ T cells (Figure 6D). These changes
resulted in an attenuated CD4+ T-cell response and diminished
recruitment of neutrophils into the central nervous system,
revealing the unexpected specific role of ALKBH5 in
regulating the pathogenicity of CD4+ T cells in autoimmune
disease (106). These studies highlighted some of the m6A
modifiers in their therapeutic potential in antitumour and
autoimmunity, and it would be interesting to decipher the
regulatory networks in T cells and the functions of other RNA
methylations in controlling T-cell differentiation, clonal
expansion and their subsequent effector functions (107).

mM6A functions in shaping the local
immune microenvironment

Emerging studies have shown that the local tumor
microenvironment (TME) required for tumor growth and
survival plays important roles in tumor development and
progression. TME is complex and contains not only cancer cells
and stromal cells but also macrophages and distant recruited cells,
such as infiltrating immune cells, characterized by hypoxia,
immune escape, metabolic dysregulation and chronic
inflammation (108, 109). m6A has been widely investigated in
regulating oncogenes or tumor suppressor genes in various
cancers. Accumulating studies have recently reported a new role
of m6A in the antitumour immune response. In addition to
affecting classical immunotherapy, m6A also affects tumor-
associated immune cell activation and infiltration and cytokine
secretion in the tumor microenvironment, which play important
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roles in tumor initiation, progression, metastasis, and treatment
response (110, 111). The tumor immune microenvironment
(TIME) generally consists of the infiltration of multiple
immunosuppressive cells, especially MDSCs and Treg cells, and
is often absent of antitumour immune cells (111, 112).

In recent years, emerging studies have deciphered the vital
role of m6A modifications in the regulation of the local and
systemic TIME, which mediate tumor progression and response
to immunotherapy (113). The analysis of the m6A-related
signatures from The Cancer Genome Atlas (TCGA),
Genotype-Tissue Expression (GTEx) and the Gene Expression
Omnibus (GEO) database revealed a significant relationship
between the diverse m6A clusters and the TIME (114, 115). In
glioma, m6A signatures were associated with classification,
including prognosis, grade, isocitrate dehydrogenase (IDH)
status and 1pl19q status. Patients in the high-risk group
showed enhanced stroma and immune scores and a higher
abundance of immune infiltration (116-119). Silencing
ALKBH5 in glioblastoma multiforme (GBM) notably
suppresses hypoxia-induced tumor-associated macrophage
(TAM) recruitment and immunosuppression in allograft
tumors by regulating CXCL8/IL-8 secretion (120). Reduced
METTL3 in hepatocellular carcinoma (HCC) results in
increased infiltration of DCs in the TIME, which leads to the
overall upregulation of major histocompatibility complex
(MHC) molecules, costimulatory molecules, and adhesion
molecules and is closely related to the prognoses of HCC
(121). In addition, overexpressed YTHDF1 in HCC was
associated with low CD3+ and CD8+ T-cell infiltration (122).
ALKBHS5 regulated PD-L1 mRNA in a YTHDF2-dependent
manner on monocytes/macrophages and infiltration of
myeloid-derived suppressor-like cells in the TIME of
intrahepatic cholangiocarcinoma (ICC) (123). Alkbh5 in
melanoma and colorectal cancers (CRC) regulates the
metabolism/cytokines and infiltration of immunosuppressive
Treg cells and MDSCs, therefore enhancing PD-1
immunotherapy and GVAX vaccination therapy (124, 125). In
addition, Alkbh5 was related to the infiltration of monocytes in
periodontitis, of which regulated m6A mediated the immune
reaction of TNF-family-member receptors and cytokines,
indicating the crucial roles of m6A in the diversity and
complexity of the immune microenvironment of periodontitis
(126). Additionally, Mettl3- or Mettl14-deficient tumors
upregulated cytotoxic tumor-infiltrating CD8+ T cells and
increased the production of IFN-y, Cxcl9 and Cxcl10 in the
TIME of CRC in vivo, thereby enhancing the response to anti-
PD-1 treatment (127). METTL3, WTAP, IGF2BP3, YTHDFI,
HNRNPA2B1 and HNRNPC were markedly increased in
esophageal squamous cell carcinoma (ESCC) and positively
related to the expression of PD-1, whose copy number
dynamically affects the enrichment of tumor-infiltrating
immune cells (128). Consensus clustering for 15 m6A
regulators identified two molecular subtypes (clusters 1/2) in

frontiersin.org


https://doi.org/10.3389/fimmu.2022.988130
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Liu et al.

head and neck squamous cell carcinoma (HNSCC). Cluster 1
was enriched with G2 M checkpoint, mTORCI signaling, and
PI3K/AKT/mTOR signaling, while cluster 2 was associated with
favorable prognosis, increased PD-L1, higher immune score and
distinct immune cell infiltration (129). High-risk pancreatic
adenocarcinoma (PAAD) contributed to the enhanced
infiltration of M0 and M2 macrophages and decreased B cells,
naive T cells, CD8+ T cells and Treg cells (130-133). IGF2BPs, as
functional downstream modulators of circNDUFB2, regulate the
secretion of CXCL10, CXCL11, CCL5, and IFNf in non-small
cell lung cancer (NSCLC) (134, 135). In addition, m6A-related
genes in peripheral blood leukocytes are noninvasive biomarkers
for NCCLC patients (136). Nucleophosmin 1 (NPMI) is a
chameleon protein that shuttles between the nucleus and
cytoplasm. NPMI is overexpressed in lung adenocarcinoma
(LUAD) and effectively distinguishes LUAD from normal
samples. The expression level of NPMI1 in LUAD is markedly
related to tumor stage and prognosis. Multiple database analysis
showed that NPM1 is negatively related to B cells and NK cells.
Moreover, NPM1 expression was significantly correlated with
one m6A modifier-related gene YTHDF2 and five glycolysis-
related genes (ENO1, HK2, LDHA, LDHB and SLC2A1) (137, 138).
Four immune-related genes (IRGs), including CD274, CD8A,
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GZMA and PRFI, were screened and were consistent with the
enrichment of CD8+ T cells and activated memory CD4+ T cells
in the TIME of multiple cancers (132). In breast cancer, the three
mo6A clusters (writers, erasers and readers) are correlated with
subsets of the infiltrating immune landscape, including activated
CD8+ T cells, NK cells, activated DCs, macrophages and
Treg cells. The low m6Ascore contributes to the increased
mutation burden, immune activation and survival rates and is
associated with an enhanced response to anti-PD-1/PD-L1
immunotherapy (139-141). In bladder cancer, 9 m6A-related
IncRNAs were dramatically associated with overall survival
outcomes of bladder cancer. The risk score of bladder cancer
was correlated with the infiltration levels of multiple immune
cells, including B cells, plasma cells, Tth cells, Treg cells, resting
NK cells, neutrophils, and M0, M1 and M2 macrophages, which
indicated the important role of m6A-related IncRNAs in
prognosis and shaping the tumor immune microenvironment
(142, 143), which was also found in papillary thyroid carcinoma
(PTC) (114) and HCC (144). The above studies indicated that
m6A methylation and m6A-related modifications play essential
roles in the differentiation and function of immune cells and
secretion of cytokines, therefore shaping the TIME and
further regulating the response to immunotherapy (Figure 7).
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m6A modifies the tumor immune microenvironment and regulates tumor progression. m6A writers, erasers and readers regulate the tumor
immune microenvironment in glioma, liver cancer, colorectal cancer, esophageal cancer, pancreatic cancer, lung cancer, breast cancer, and
bladder cancer by controlling different immune cells and the PD-1/PD-L1 immune checkpoint mediating the efficacy of immune therapy.
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The m6A modifications in the tumor immune
microenvironment have been extensively studied (Figure 8). In
addition, emerging studies have reported that m6A
modifications can regulate the functions of multiple immune
cells and cytokine secretion and shape the TIME, thus
participating in the progression of cancer. Currently, RNA
modification has become a new direction for studying embryo
development and maternal-fetal immune tolerance. m6A
modifications in the endometrium and ovary have been
reported to be related to multiple gynecological diseases,
including gynecological cancers, adenomyosis, endometriosis,
polycystic ovary syndrome and premature ovarian failure, which
generally contribute to RPL (145, 146). Researchers have
proposed that receptivity at the maternal-fetal interface is
more reminiscent of cancer immunology (35, 147).
Trophoblasts and tumor cells share many similarities,
including invasion, angiogenesis, and immunosuppressive
environments, both of which are supported by an abetting
microenvironment. However, the immunosuppressive
environment in tumors severely influences antitumour
therapy, which is different from the decidual immune
environment (147). Emerging studies of m6A in tumors have
shown potential value and strengthened the functions of m6A in
the decidual local immune microenvironment. The crosstalk
between trophoblasts and decidual immune cells, including

10.3389/fimmu.2022.988130

decidual NK cells, macrophages and T cells, determines the
local immune microenvironment at the maternal-fetal interface,
the imbalance of which may lead to adverse pregnancy
outcomes, such as RPL/RIF and preeclampsia (148). Although
little is known about m6A methylation in trophoblast and
decidual immune cells, knowledge of m6A modifications in
shaping multiple immune cells and the TIME would inspire us
to explore the potential roles of m6A functions in maternal-fetal
immune tolerance by targeting trophoblasts and decidual NK
cells, T cells and macrophages as well as cytokine secretion to
shape the local immune microenvironment, thus affecting
placentation and immune tolerance at the maternal-fetal
interface, the imbalance of which may affect placentation and
disrupt the receptive microenvironment and further lead to
adverse pregnancy, including RPL and RIF. However,
trophoblast cells are more precisely regulated than tumor cells,
and the regulatory mechanisms of m6A in trophoblast and
decidual immune cells remains unknown and requires further

investigation (Figure 8).

Conclusions and future perspectives

Numerous studies have elucidated the crucial roles of m6A-
and m6A-associated regulators in embryogenesis during
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Insights into m6A modification in the tumor and decidual microenvironment. The m6A modifications in the tumor immune microenvironment
have been extensively studied. However, the role of m6A modifications in decidual immune cells remains largely unknown. The same immune
trajectory of decidual and tumor immune microenvironments encouraged us to study the mechanisms of m6A in decidual immune cells.
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implantation. Additionally, other authors uncovered their
essential roles in the differentiation and function of innate and
adaptive immune cells as well as in shaping the local and
systemic immune microenvironment. Indeed, m6A- and m6A-
associated- regulators target cytokine secretion and multiple
immune cells in the development and metastasis of various
cancers by mediating the response to immunotherapy.
Interestingly, the process of blastocyst implantation was
similar to the metastasis of tumors; currently, the occurrence
of RIF and RPL still disturbs child-bearing age women with
unknown pathologies (35, 149). It is essential to determine the
potential unknown factors causing RPL and RIF to provide clear
targets for reproductive physicians. Although it is relatively
straightforward to diagnose RPL, the progress of predicting
and preventing RPL has been hampered by a lack of a
standardized definition, uncertainties around the pathogenesis
and highly variable clinical presentation. Moreover, the
effectiveness of many medical interventions is controversial
due to the available treatments targeting the putative risk
factors for RPL (150). Therefore, it is urgent to explore the
underlying pathologies that lead to RPL. Dysfunction of
trophoblasts, stromal cells and decidual immune cells
contributes to RPL and RIF. The m6A- and m6A-related-
regulators participate in embryogenesis and shape the local
microenvironment, which draws inspiration from studies in
tumors and provides novel insight for investigating the
potential pathologies causing RPL and RIF. Although some
studies have reported the role of m6A- and m6A-related-
regulators in the function of trophoblasts and are therefore
correlated with pathological pregnancies, the relationship
between m6A-and m6A-related- regulators and maternal
decidual cells and the local immune microenvironment at the
maternal-fetal interface is still unknown and needs further
exploration, which would fill the gap in m6A in the shaping
microenvironment at the maternal-fetal interface.
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Background: Aortic disease (aortic aneurysm (AA), dissection (AD)) is a serious
threat to patient lives. Little is currently known about the molecular
mechanisms and immune infiltration patterns underlying the development
and progression of thoracic and abdominal aortic aneurysms (TAA and AAA),
warranting further research.

Methods: We downloaded AA (includes TAA and AAA) datasets from the GEO
database. The potential biomarkers in TAA and AAA were identified using
differential expression analysis and two machine-learning algorithms. The
discrimination power of the potential biomarkers and their diagnostic
accuracy was assessed in validation datasets using ROC curve analysis. Then,
GSEA, KEGG, GO and DO analyses were conducted. Furthermore, two
immuno-infiltration analysis algorithms were utilized to analyze the common
immune infiltration patterns in TAA and AAA. Finally, a retrospective clinical
study was performed on 78 patients with AD, and the serum from 6 patients
was used for whole exome sequencing (WES).

Results: The intersection of TAA and AAA datasets yielded 82 differentially
expressed genes (DEGs). Subsequently, the biomarkers (CX3CR1 and HBB)
were acquired by screening using two machine-learning algorithms and ROC
curve analysis. The functional analysis of DEGs showed significant enrichment
in inflammation and regulation of angiogenic pathways. Immune cell infiltration
analysis revealed that adaptive and innate immune responses were closely
linked to AA progression. However, neither CX3CR1 nor HBB was associated
with B cell-mediated humoral immunity. CX3CR1 expression was correlated
with macrophages and HBB with eosinophils. Finally, our retrospective clinical
study revealed a hyperinflammatory environment in aortic disease. The WES
study identified disease biomarkers and gene variants, some of which may be
druggable.
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Conclusion: The genes CX3CR1 and HBB can be used as common biomarkers
in TAA and AAA. Large numbers of innate and adaptive immune cells are
infiltrated in AA and are closely linked to the development and progression of
AA. Moreover, CX3CR1 and HBB are highly correlated with the infiltration of
immune cells and may be potential targets of immunotherapeutic drugs. Gene
mutation research is a promising direction for the treatment of aortic disease.

KEYWORDS

aortic aneurysms, machine-learning, biomarkers, immune cell infiltration, whole

exome sequencing

Introduction

Aortic aneurysms (AA) are the second most common aortic
disease after atherosclerosis and can involve almost any part of
the aorta. Older age, smoking, male gender and genetic
susceptibility are strongly associated with the progression of
AA. As the world’s population ages, the incidence of AA is
increasing dramatically. Once an aortic aneurysm ruptures, it
can be rapidly life-threatening, but patients are usually
asymptomatic until the rupture event occurs (1, 2). Therefore,
early diagnosis of AA and prevention of AA rupture are
particularly important. The current treatment for AA includes
both non-surgical and surgical treatment. Non-surgical
treatment focuses on smoking cessation and blood pressure
control. It has been established that the diameter, growth rate
and symptoms of AA are important aspects in considering
whether to operate. Surgical treatments include an open (AA
resection and artificial vessel grafting) and an endovascular
(endovascular abdominal aortic repair (EVAR) and less
invasive endovascular stenting) approach (3). Over the years,
these modalities have effectively reduced and prevented AA
dilatation and rupture, which has saved the lives of many
patients with AA. However, dilemmas are faced clinically, such
as the lack of specific drugs targeting the pathogenesis of AA and
the serious complications associated with surgical treatment (4).
Thus, understanding the molecular mechanisms and immune
pathways of AA can contribute to the development of drug
targets and drug therapy for this deadly disease.

AA mainly includes two types in the thoracic or abdominal
sections [thoracic and abdominal aortic aneurysms (TAA and
AAA)]. The formation of AA is a complex and chronic process
that results from the interplay of inherited and environmental
factors. TAA and AAA are significantly different in terms of risk
factors and pathophysiology. In this respect, current evidence
suggests that the vascular smooth muscle cells (VSMCs) in the
ascending aorta originate from the neural crest, whereas the
abdominal aorta VSMCs originate from the endothelium and
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mesoderm (5, 6). Generally, TAA has a more solid genetic
background than AAA since TAA can occur with Marfan and
Loeys-Dietz syndrome due to autosomal gene mutation, while
AAA is more associated with atherosclerosis (7). Despite these
significant differences, they share many common features, such
as a pathologically dilated aortic phenotype, loss of smooth
muscle cells, inflammatory response, and altered extracellular
matrix (8). However, whether TAA and AAA involve common
molecular mechanisms such as immune infiltration during
pathogenesis remains unclear. Indeed, understanding these
mechanisms is critical for managing and treating AA. In this
study, we innovatively combined TAA and AAA to explore
potential key biomarkers or immune infiltration cells of AA
progression compared to non-AA individuals by machine-
learning and immuno-infiltration analysis algorithms.

In recent years, high-throughput sequencing and machine-
learning algorithms have been widely applied in scientific
research to identify novel genes associated with a variety of
diseases, such as COVID19 (9), heart attack (10), atrial
fibrillation (11) and cancer (12). These genes may serve as
drug targets, disease diagnostic and prognostic biomarkers
(13). In our study, we integrated two machine-learning
algorithms (least absolute shrinkage and selection operator
(LASSO) and support vector machine-recursive feature
elimination (SVM-RFE)) to increase the accuracy of the
signature genes for screening and further validated the
diagnostic value of the identified biomarkers using receiver-
operating characteristic (ROC) curve analysis. Moreover, we
utilized two cutting-edge immune infiltration analysis
algorithms, “CIBERSORT” and “ssGSEA” to deepen our
understanding of the level of immune infiltration in TAA and
AAA. In addition, the correlation between biomarkers and
infiltrating immune cells was assessed using spearman’s rank
correlation test. Overall, we identified biomarkers associated
with the pathogenesis of immune infiltration in AA and
provided the foothold for further research on drugs targeting
characteristic molecules and immune cells.
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Finally, we retrospectively assessed serum inflammation
biomarkers and lipid levels in patients with AD, which
revealed activation of the inflammatory milieu in aortic
disease. The WES study provided further insight into gene
mutations and whether biomarkers are abnormally mutated in
aortic disease (14). Importantly, the sequencing analysis allowed
the prediction of druggable variants of genes, which may lead to
breakthroughs in treating aortic diseases.

Materials and methods
Data download and introduction

The microarray expression datasets (GSE47472, GSE57691
and GSE26155) related to AAA and TAA were downloaded
from the Gene Expression Omnibus (GEO) database (http://
www.ncbi.nlm.nih.gov/geo/) (15). The GSE57691 (16) and
GSE26155 (17) datasets of AAA and TAA were used for the
training group, and dataset GSE47472 (18) of AAA was used for
the validation group. The training dataset of GSE57691
contained 49 cases of AAA, and 10 cases of controls, based on
the GPL10058 platform. In addition, dataset GSE26155, based
on the GPL5175 platform, contained 43 cases of TAA and 13
cases of controls. The validation dataset of GSE47472 contained
14 cases of AAA, and 8 cases of controls. The 92 AA (Treat,
including 43 TAA and 49 AAA) samples belonging to the
training group and the 14 AAA samples belonging to the
validation group were derived from aortic wall tissue biopsy
specimens, while the 23 controls (Con, including 13 TAA and 10
AAA) belonging to the training group and the 8 controls
belonging to the validation group were derived from normal
aortic tissue of organ donors. In the training dataset, samples
that did not meet the diagnostic criteria for AAA and TAA were
removed (3). Specifically, we removed the sample of 9 patients
with aortic occlusive disease from the GSE57691 dataset and 30
patients with non-dilated aorta diameter (<40 mm) and 10
patients with aortic dilatation at borderline from the
GSE26155 dataset. The mean maximum aorta diameter of AA
and characteristics of the three datasets are presented in Table 1.

TABLE 1 Characteristics of the three AA datasets.

10.3389/fimmu.2022.1030976

Data merging, preprocessing, and
screening of DEGs

The “sva” and “limma” R software packages (version 4.2.0)
were used to merge, probe-annotate, normalize and batch-
correct the data from GSE57691 and GSE26155 datasets (19,
20). Platform annotation files were utilized to convert probes in
each dataset into gene symbols. The “combat” function of the
“SVA” package was utilized to eliminate batch effects between
the two datasets (21). Probes with the same gene symbol were
averaged to define the gene expression for a given sample.
Subsequently, the DEGs were identified based on the merged
and preprocessed data files. The “pheatmap” package and
“ggplot2” package were deployed to create DEGs heatmaps
and volcano plots, respectively (22). The thresholds for DEGs
included a log2 fold change (FC) > 1 and adjusted P-value < 0.05.

Functional enrichment analysis

Gene Ontology (GO), Kyoto Encyclopedia of Genes and
Genomes (KEGG) and Disease Ontology (DO) enrichment
analyses were conducted on DEGs using the “clusterProfiler”,
“enrichplot” and “DOSE” packages of the R software (23).
“c2.cp.kegg.v7.4.symbols.gmt” and “c5.go.v7.4.symbols.gmt”
obtained from the Molecular Signature Database (GSEA |
MSigDB (gsea-msigdb.org)) were used for Gene Set
Enrichment (GSEA) (24). The top five significantly enriched
pathways gene sets were displayed. Adjusted P-values < 0.05
were statistically significant.

Identification and verification of potential
biomarkers in AAA and TAA

To identify potential biomarkers for AAA and TAA, the two
machine-learning algorithms (“LASSO” and “SVM-RFE”) were
applied to the DEGs of the training group. The “LASSO”
algorithm was performed based on the R package “glmnet”
and could identify genes significantly associated with AA and

Datasets Disease Type/groups Contains mean maximum aorta diameter, mm
GSE47472 AAA/validation 14 AAA 62.6 + 18.0 mm
8 controls
GSE57691 AAA/training 49 AAA (29 large, 20 small) 68.4 + 14.3 (large)mm
10 controls 54.3 + 2.3 (small) mm
GSE26155 TAA/training 43 TAA 53.6 + 7.5mm
13 controls
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non-AA using ten-fold cross-validation (25). The “SVM-RFE”
algorithm was performed based on the R package “e1071” to
identify genes with a significantly strong distinguishing power
(26). The genes obtained by these machine-learning methods
were intersected. Subsequently, in the validation dataset of AAA,
the expression levels of the overlapping genes were compared
between the AA and control groups using a boxplot. The
accuracy of the intersected genes as potential biomarkers for
AA and control groups was assessed using ROC curve analysis.

Immune infiltration analysis and potential
biomarkers correlation with infiltrating
immune cells

The R software’s “CIBERSORT” package was used to assess
the level of immune cell infiltration based on 22 immune cell
types of the “LM22” document (https://cibersort.stanford.edu/
index.php) (27), The results were filtered using the screening
criteria: P value< 0.05. The “ssGSEA” algorithm was used to
assess the correlation of all gene expression profiles with the 28
immune cell types of “immune.gmt” based on R software’s
“GSVA” packages (28). Depending on the results obtained by
these two immuno-infiltration assays, the differential expression
levels of 22 and 28 immune infiltrating cell types in the AA and
non-AA were visualized using heatmaps and violin plots. The
correlation analysis of 22 infiltrating immune cell types was
visualized by the R software’s “corrplot” package. The degree of
association between the 22 immune cell types and potential
biomarkers was evaluated by “Spearman” correlation and
visualized using R software’s “ggplot2” package.

10.3389/fimmu.2022.1030976

A retrospective clinical study of
AD patients

Blood samples were collected from 78 patients with aortic
dissection (AD) who were hospitalized at the Affiliated Hospital
of Youjiang Medical University for Nationalities from 2007-
2019. We retrospectively studied patient clinical information
and serum inflammation markers and lipid levels. Serum
inflammatory markers and lipid levels are tested using the
Sysmex XN-1000"™ Hematology Analyzer and Roche Cobas
C702 fully automated biochemistry analyzer. The aortic
computed tomography angiography (CTA) results of all
included cases met the diagnostic criteria for AD (29). All
patients provided written informed consent. The baseline
characteristics of the patients and information after grouping
according to Stanford classification were presented in Table 2.
The Stanford classification divides dissections by the most
proximal involvement into types A and B. The DeBakey
classification divides AD into types I, II, and III based on the
location of the primary rupture and the extent of entrapment.
Our study was approved by the Ethics Committee of Affiliated
Hospital of Youjiang Medical University for Nationalities
(YYFY-LL-2016-06) and was in accordance with the principles
of the Declaration of Helsinki.

Whole Exome Sequencing

The peripheral blood samples of six patients with AD at the
Affiliated Hospital of Youjiang Medical University for
Nationalities were collected and underwent WES sequencing

TABLE 2 Baseline characteristics table of AD based on the Stanford classification.

Features/ Participants
Groups (%) N=78
Gender:

Female 14 (17.9%)

Male 64 (82.1%)
Age(years) 54.5 + 14.8
Ethnicity:

Buyei 4 (5.13%)

Han 18 (23.1%)

Yao 1(1.28%)

Zhuang 55 (70.5%)
Smoking 34 (43.6%)
Hypertension 66 (84.6%)
Debakey:

1 26 (33.3%)

I 4 (5.13%)

111 48 (61.5%)

Stanford A Stanford B p-
(%) N=30 (%) N=48 value
0.499
7 (23.3%) 7 (14.6%)
23 (76.7%) 41 (85.4%)
55.7 £ 17.0 53.7 + 134 0.578
0350
3 (10.0%) 1(2.08%)
8 (26.7%) 10 (20.8%)
0 (0.00%) 1(2.08%)
19 (63.3%) 36 (75.0%)
13 (43.3%) 21 (43.8%) 1.000
20 (66.7%) 46 (95.8%) 0.001
<0.001
26 (86.7%) 0 (0.00%)
4 (13.3%) 0 (0.00%)
0 (0.00%) 48 (100%)

The Stanford A involves any part of the aorta proximal to the origin of the left subclavian artery (A affects ascending aorta). The Stanford B arises distal to the left subclavian artery origin.
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by Wuhan Huada Medical Laboratory Co. The six AD patients
included five male patients and one female patient, two of whom
(one male and one female) had lesions involving the thorax and
abdomen, while the other four patients had lesions involving the
thorax only. Subsequently, the Genome Reference Consortium
Human Build 37 (GRCh37/hg19) was used to annotate the WES
sequencing data. The mutation annotation results were further
filtered using the following filters: ExAC_ALL, ESP6500,
1000G_EAS mutation frequency < 0.01 and VAF threshold >
0.05. The filtered mutation data were converted to the Mutation
Annotation Format (maf) and further visualized using the
“maftools” package in R (30). Finally, the Drug Gene
Interaction Database (DGIdb) was applied to make predictions
of potentially druggable genes based on the “drugInteractions”
function of “maftools”.

Results

Data curation and DEGs screening in
AAA and TAA

Based on the research design, we downloaded and organized
the list of gene symbols matrix information of training
(GSE57691 and GSE26155) and validation (GSE47472)
datasets (Supplementary File 1). Then, the training data from
GSE57691 and GSE26155 datasets were merged, intersected,
normalized and batch-corrected (Supplementary File 2). Based
on the filtering criteria (log2 fold change (FC) > 1 and adjusted
P-value < 0.05) for significant DEGs, a total of 82 DEGs were
obtained. DEGs expression in the samples was visualized in a
heatmap and volcano plot (Figures 1A, B). Collated results for all
genes and DEGs are provided in Supplementary File 3.
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Functional correlation analysis

GO, KEGG and DO enrichment analyses were conducted on
DEGs to understand biological functions, signaling pathways,
and disease mechanisms in AAA and TAA. Based on the
screening criterion of adjusted P-value < 0.05, we obtained
606, 42 and 214 terms for the GO, KEGG and DO enrichment
analyses, respectively (Supplementary Files 4-6). The top ten
GO terms associated with biological process (BP), cellular
components (CC) and molecular function (MF)) are shown in
Figures 2A, B. The KEGG and DO analyses of the top 30 terms
are displayed in Figures 2C-F. Significantly enriched BP terms
included leukocyte cell-cell adhesion, leukocyte migration,
regulation of angiogenesis, regulation of vasculature
development and regulation of immune effector process.
Significantly enriched CC and MF GO terms included external
side of the plasma membrane, tertiary granule, vacuolar lumen,
immune receptor activity and integrin binding. KEGG analysis
showed significant enrichment in Leishmaniasis, Tuberculosis,
Th17 cell differentiation, Leukocyte transendothelial migration
and cell adhesion molecules. DO analysis showed that lung
disease, coronary artery disease, myeloma and bone marrow
cancer were highly associated with the DEGs.

GSEA analysis

We further performed GSEA enrichment analysis on all
DEGs to better understand their potential functions and
signaling pathways in AA (Treat) and non-AA (Con) cases
(Supplementary File 7). Huntington’s disease and oxidative
phosphorylation were significantly enriched in the Con group
(Figure 3A). In contrast, the complement and coagulation

sig

s Down
o Not
. U

DEGs screening in AAA and TAA. (A) Heatmap of DEGs expression in aortic aneurysm (Treat) and non-aortic aneurysm (Con) groups. (B) Volcano plots

of DEGs expression in Treat and Con groups
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GO, KEGG and DO enrichment analyses. (A) Histogram of GO analysis. Enrichment significance increases with red color intensity. (B) Bubble
plot representing GO analysis. Bubble size is proportional to the number of enriched genes. Red bubble color intensity increases with
enrichment significance. (C) Histogram of KEGG analysis. (D) Bubble diagram representing KEGG analysis. (E) Histogram of DO analysis.

(F) Bubble plot representing DO analysis.

cascades, cytokine-cytokine receptor interaction, hematopoietic
cell lineage, Leishmania infections, and systemic lupus
erythematosus were significantly enriched in the Treat
group (Figure 3B).

Identification of potential
biomarkers in AAA and TAA by
two machine-learning algorithms

To identify common potential biomarkers in AAA and TAA,
the DEGs obtained above were further screened using two
machine-learning (“LASSO” and “SVM-RFE”) algorithms. 12
genes were screened by “LASSO” and 6 genes were screened by
“SVM-RFE” algorithms (Figures 4A, B). The intersection of the
results of the two algorithms yielded three genes (SYNC,
CX3CRI and HBB) (Figure 4C).
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Verification of the discrimination power
of the potential biomarkers and their
diagnostic accuracy

The expression levels of the three potential biomarkers
between AA (Treat) and non-AA (Con) in the validation
dataset GSE47472 were visualized in boxplots (Figure 4D).
The expression levels of CX3CRI and HBB were significantly
higher in the Treat group than in the Con group (P < 0.001). In
contrast, SYNC did not differ between the two groups with a P
value of 0.27. The diagnostic accuracy of the three potential
biomarkers between the Treat and Con groups was assessed by
ROC curve analysis in the training and validation datasets. In the
training datasets, the AUC values of CX3CRI, HBB, and SYNC
genes were 0.938, 0.917 and 0.943, respectively (Figure 5A). In
the validation datasets, the AUC values of CX3CRI, HBB and
SYNC were 0.920, 0.938, and 0.652, respectively (Figure 5B).
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GSEA enrichment analysis. (A) KEGG pathway set scores enriched in the control group. (B) KEGG pathway set scores enriched in the Treat group.

These results suggest that CX3CRI and HBB have higher
discrimination power and diagnostic accuracy and can be used
as common biomarkers for AAA and TAA.

Immune infiltration analysis and the
correlation between infiltrating immune
cell types

Based on the normalized and merged gene expression data
(Supplementary File 2), we compared Treat and Con groups by
imputing the composition of immune cell populations using two
algorithms, “CIBERSORT” and “ssGSEA” (Figures 6A, B;
Supplementary Files 8, 9). The correlations between the
infiltrating immune cell types of “CIBERSORT” are shown in
Figure 6C. Finally, a violin plot was generated to visualize the
differences in immune infiltrating cell types of “ssGSEA” between
the Treat and Con groups (Figure 6D, Supplementary File 10).
The results showed a positive correlation between resting mast
cells and resting memory CD4 T cells (r=0.50), while a negative
correlation was found between regulatory T cells (Tregs) and
resting memory CD4 T cells and resting mast cells (r=-0.59 and
-0.53). In addition, both adaptive (activated CD4+ T cells, CD8+ T
cells, activated B cell, effector memory CD4 + T cells and so on)
and innate immune cells (activated dendritic cell, MDSC, natural
killer cell and so on) were significantly higher in the Treat group
than in the Con group. In contrast, infiltrations of neutrophils,
effector memory CD8+ T cells and immature dendritic cells did
not differ between the two groups.
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Correlation analysis between biomarkers
(CX3CR1 and HBB) and infiltrating
immune cell types

The correlations between the biomarkers CX3CRI and
HBB and infiltrating immune cell types were assessed based
on the results of “ssGSEA” (Figure 7A) and “CIBERSORT”
analysis (Figures 7B-L). The correlation results of ssGSEA
showed that macrophage (p<0.001), mast cell (p<0.05), MDSC
(p<0.01), dendritic cell (p<0.01), monocytes (p<0.05), Tregs
(p<0.001), CD56bright natural killer cell (p<0.001), central
memory CD4 T cell (p<0.001), activated CD8 T cell (p<0.05),
gamma delta T cell (p<0.001), T follicular helper cells
(p<0.001), and type 1 T helper cell (p<0.01) were highly
correlated with CX3CRI. In contrast, eosinophil (p<0.001),
mast cell (p<0.001), neutrophil (p<0.001), dendritic cell
(p<0.01), monocyte (p<0.001), Treg (p<0.01), natural killer
cell (p<0.001), MDSC (p<0.001), activated CD4 T cell (p<0.01),
activated CD8 T cell (p<0.01), effector memory CD4 T cell
(p<0.01) and T helper cell (p<0.001) were highly correlated
with HBB. “CIBERSORT” analysis showed that CX3CRI was
positively correlated with resting mast cells (p<0.001), resting
memory CD4 T cells (p<0.006), monocytes (p<0.008), M2
macrophages (p<0.043) and gamma delta T cells (p<0.047),
and negatively correlated with CD8T cells (p<0.002) and Tregs
(p<0.003) (Supplementary File 11). HBB was positively
correlated with activated dendritic cells (p<0.001) and
eosinophils (p<0.044) and negatively with M1 macrophages
(p<0.005) (Supplementary File 12).
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Identification and Verification of the discriminating power of potential biomarkers in AA. (A) Tuning feature selection in the "LASSO” model. The
DEGs evaluated by 10-fold cross-validation in the “"LASSO" regression model yielded 12 potential biomarkers. (B) The biomarkers screened by
the SVM-RFE algorithm yielded 6 potential biomarkers. (C) Venn plot of potential biomarkers identified by “LASSO" and "SVM-RFE" algorithms.
(D) The discrimination power of 3 potential biomarkers was verified in the validation dataset (GSE47472).

Baseline characteristics and serum
markers analysis in patients with AD

Analysis of the baseline patient characteristics (Table 2)
showed that the prevalence was 82.1% and 17.9% in males and
females, respectively, and the age of onset was 54.5 + 14.8 years.
43.6% (n=34) of patients had a previous smoking history.
66.49% (n=66) of patients had a previous history of
hypertension, of whom 95.8% (n=46) were Stanford type B
patients (P < 0.001). Subsequently, we analyzed the statistics of
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serum inflammation and lipid levels in 78 patients with AD in
Table 3 and visualized them by box plots (Figures 8A-F). The
median of white blood cell count (WBC) and neutrophil ratio
(NEUT%) values in patients with AD were 11.0x10°/L and
78.1%, respectively. 63% (n=49) and 79% (n=62) of cases had
WBC and NEUT% values greater than the upper limit of normal.
The median of the four lipid indicators LDL-C, HDL-C, TC and
TG, were 2.13 mmol/L, 1.32 mmol/L, 4.47 mmol/L, and 1.00
mmol/L, with 6% (n=5), 9% (n=7), 6% (n=5) and 18% (n=14) of
cases with values above the upper limit of normal, respectively.
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The diagnostic accuracy of the 3 potential biomarkers was assessed using ROC curve analysis. (A) Diagnostic ability of potential biomarkers in
the training datasets. The AUC represents the diagnostic ability in Treat and Con groups. (B) Diagnostic accuracy of potential biomarkers in the
validation datasets. The AUC represents the diagnostic accuracy in Treat and Con groups.

Whole exome sequencinganalysis

As a preliminary investigation of genetic variation in aortic
disease, peripheral blood samples from 6 AD patients were
subjected to whole exome sequencing. The distribution density
of unfiltered single-nucleotide variant (SNV) and INDEL in
chromosomes following WES analysis is shown in Figure 9A.
The overall characteristics of the filtered mutation data are
shown in Figure 9B. The top 100 high-frequency mutation
genes are shown in Figure 9C. The top 30 high-frequency
mutation genes and their corresponding mutation types are
shown in Figure 9D. Transitions (Ti), Transversions (Tv) and
the overall distribution of the six different Ti/Tv are shown in
Figure 9E. The mutations in biomarkers (CX3CRI and HBB) in
the 6 samples are shown in Figure 9F. Correlation analysis of the
top 13 mutated genes is shown in Figure 9G. Potentially
druggable genes are shown in Figure 9H. It could be found
that missense mutations accounted for the major part; the
frequency of SNP was higher than that of insertions or
deletions; C>T was the most common mutation in SNV, with
a mutation frequency of about 40%, followed by T>C, with a
mutation frequency of about 25%. The ratio of Ti to Tv in the six
sequenced samples was approximately 2:1, and the median
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variance per sample was 495.5. Among the top mutated genes,
100% mutation frequency was observed for ATNI, HRCTI,
KRT4, LNP1, MUC4, RPIL1 and TRBV7-6 and 83% for TTN
and KDMG6B. Insertion frameshift mutation, nonsense mutation
and missense mutation were the main types of forward
mutations. In contrast, the biomarkers CX3CR1 and HBB were
not found to have abnormal mutations in the six sequenced
samples. In addition, the correlation analysis of 13 mutated
genes in six samples showed no significant correlation. Finally,
the potentially druggable genes in the Drug-Gene Interaction
Database (DGIdb) included ARSD, ASPN, MUCI6, MUCH4,
and TTN.

Discussion

The development of high-throughput sequencing
technology has brought medical research into the era of big
data, while bioinformatics and artificial intelligence in medicine
has enabled researchers to better analyze large amounts of
sequencing data (31, 32). The combination of advanced
machine-learning algorithms and medical research has led to
tremendous advances in the pathogenesis, diagnosis, prognosis
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Immune infiltration analysis and the correlations between the infiltrating immune cell types. (A) The proportion of 22 infiltrating immune cell
types in Treat and Con groups. (B) The distribution of the 28 infiltrating immune cell types in Treat and Con groups. (C) The correlations
heatmap between the infiltrating immune cell types. (D) Violin plot demonstrating the differences between the 28 immune cell types in the

Treat and Con groups.

and treatment of various diseases (33). In this study, we
innovatively merged TAA and AAA data and identified three
potential biomarkers by two machine-learning algorithms
(“LASSO” and “SVM-RFE”). Subsequently, we validated the
discrimination power and diagnostic accuracy of the potential
biomarkers in a validation dataset using ROC curve analysis.
CX3CRI and HBB were finally identified as accurate and reliable
biomarkers of AA. These biomarkers provide novel insights into
the molecular mechanisms underlying the development and
progression of TAA and AAA. However, in this study we only
compared biomarkers in the AA and non-AA groups. In the
future, more researchers and scientists may be able to compare
different sexes, different sizes of mean maximum aorta diameter
and different age groupings, and thus the results obtained will
further deepen the understanding of the disease at
different levels.

The pathology of AA is thought to involve localized chronic
inflammatory response with persistent angiogenesis and
imbalance in extracellular matrix protein hydrolysis, leading to
progressive weakening and dilatation of the aortic wall (34, 35).
During chronic vascular inflammation, chemokines play a
crucial role by mediating the activation of inflammatory and
immune cells and their aggregation to the vessel wall (36, 37).
Current evidence suggests that CX3CLI (also known as
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fractalkine), a specific member of the chemokine family, can
act as an adhesion molecule through a membrane-bound form
and as a chemoattractant in vascular inflammatory processes
through a soluble form (38, 39). Interestingly, it has been shown
that CX3CRI is a receptor for CX3CLI and is expressed on the
surface of a variety of innate and adaptive immune cells, such as
T lymphocytes, monocytes, natural killer cells, mast cells,
platelets, and vascular smooth muscle cells (40-43). Moreover,
CX3CLI on cell surfaces can play an important role in
inflammatory vascular diseases by promoting migration,
adhesion and proliferation of these immune cells expressing
CX3CRI receptors (44, 45). For example, CX3CRI-expressing
NK cells and cytotoxic T lymphocyte cells contain perforin and
granzyme B, and CX3CLI-expressing vascular endothelial cells
can effectively activate these immune cells, leading to the release
of perforin and granzyme B and ultimately inducing vascular
injury (46, 47). In addition, both CX3CLI and its receptor
CX3CRI are expressed in vascular smooth muscle cells and
can further attract macrophages to aggregate blood vessels,
thereby inducing matrix metalloproteinase (MMP)-mediated
extracellular matrix protein hydrolysis as well as promoting
smooth muscle cell migration to endothelial cells, ultimately
mediating vascular injury (48-50). Notably, the involvement of
macrophages, smooth muscle cells, and MMP in the
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TABLE 3 The serum inflammatory and lipid levels in patients with AD.

Serum markers

WBC (10°/L)

NEUT (%)

LDL-C (mmol/L)

HDL-C (mmol/L)

TC (mmol/L)

TG (mmol/L)

Participants n=78M[IQR]

11.0 [9.10;13.4]

78.1 [71.8;84.0]

2.13 [1.54;2.69]

1.32 [1.10;1.55]

4.47 [3.96;5.06]

1.005 [0.78;1.54]

10.3389/fimmu.2022.1030976

Conditions Number n=78 (%)
>=10.0 *10°/L 49 (63%)
<10.0 *10°/L 29 (37%)
>=70% 62 (79%)
<70% 16 (21%)
>=3.36mmol/L 5 (6%)
<3.36 mmol/L 73 (94%)
>=2.19 mmol/L 7 (9%)
<2.19 mmol/L 71 (91%)
>=6.2 mmol/L 5 (6%)
<6.2 mmol/L 73 (94%)
>=1.81 mmol/L 14 (18%)
<1.81 mmol/L 64 (82%)

The serum inflammatory indicators include: white blood cell count (WBC) and neutrophil ratio (NEUT%); the reference values are: WBC (4.0~10) *10%/L and NEUT% (50%~70%),
respectively. The lipid panel includes: Low-density lipoprotein cholesterol (LDL-C), High-density lipoprotein cholesterol (HDL-C), Total cholesterol (TC), and Triglycerides (TG); the
reference values are: LDL -C (0~3.36mmol/L), HDL-C (0.9~2.19 mmol/L), TC (3.1~6.2 mmol/L), and TG (0.30~1.81 mmol/L).M(Median), IQR (InterQuartile Range).

pathological alteration of AA and AA progression has been
extensively studied (51-53). It was shown that by inhibiting
CX3CRI-mediated signaling in smooth muscle cells, the
formation of the neointima after arterial injury could be
effectively reduced (54). Therefore, CX3CLI and its receptor
CX3CRI cells are present in AA disease, and their interaction
contributes to the recruitment and activation of multiple
immune inflammatory cells in AA tissue, ultimately promoting

AA progression (55). In our study, CX3CRI expression was
significantly higher in AA tissues than in non-AA tissues,
suggesting it could be used as a biomarker for AA. Based on a
review of the literature and our previous studies, we have every
reason to believe that CX3CLI and its receptor CX3CRI are
potential pharmacological targets for AA treatment.

The HBB gene encodes a protein called beta-globin, a
subunit of hemoglobin located within red blood cells.
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box plots.
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, HDL-C, TC and TG are shown separately using
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Whole Exome Sequencing analysis. (A) The circos plot of SNV-INDEL, the two outer tracks show the position of SNV and INDEL on the
chromosome, and the two inner tracks show the distribution density. (B) The overall characteristics of the filtered mutation data. (C) The word
cloud of the top 100 genes, the larger the font, the higher the variation frequency. (D) The oncoplot belongs to the top mutated 30 genes in
each sample, different colors represent different variant classifications. (E) The overall distribution of the six different Ti/Tv in six samples. (F) The
mutations of biomarkers (CX3CR1 and HBB) in six samples. (G) Relevance Heatmap of the top 13 mutated genes. (H) The bar chart of potentially

druggable variants genes.

Hemoglobin can usually move through the bloodstream and
carries oxygen to tissues throughout the body. It has been shown
that hypoxic environments may promote hemoglobin-oxygen
binding and angiogenesis in Tibetan pigs through
transcriptional upregulation of HBB expression to adapt to the
plateau environment (56). In AAA, HBB is considered a
potential biomarker in plasma samples from AAA patients
(57). Our study substantiated that HBB gene expression is
higher in AA than in non-AA tissues and may serve as a
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biomarker for AA. However, it is worth noting that detailed
and in-depth studies of the HBB gene in AA tissues are still
lacking, and it is well-established that HBB gene mutations are
associated with several severe hemoglobinopathies, such as sickle
cell anemia and B-thalassemia (58). We believe that the role of
the HBB gene in AA warrants further attention, which may
facilitate understanding of the molecular mechanisms
underlying AA progression and the development of potential
drug targets.
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In the present study, the microarray expression data of TAA
and AAA were merged to obtain common DEGs. We further
performed GO, KEGG, DO and GSEA analyses to understand
the common biological functions, signaling pathways and
disease mechanisms involved in AAA and TAA. GO analysis
exhibited significant enrichment in BP, including leukocyte cell-
cell adhesion, leukocyte migration, regulation of angiogenesis,
regulation of vasculature development and regulation of
immune effector process, which is consistent with findings of
previous study that chronic inflammation and regulation
of angiogenesis play a crucial role in the pathology of AA (34,
35). KEGG analysis showed significant enrichment in
Leishmaniasis, Tuberculosis, Th17 cell differentiation,
Leukocyte transendothelial migration and cell adhesion
molecules. We further performed GSEA analysis to identify
the signaling pathways involved in AA and non-AA and
found that complement and coagulation cascades, cytokine-
cytokine receptor interaction, hematopoietic cell lineage,
Leishmania infection, and systemic lupus erythematosus were
significantly enriched in AA. The above analyses suggested that
inflammatory factor chemotaxis, complement and coagulation
cascades, and cell adhesion were commonly involved signaling
pathways in AA. An increasing body of evidence suggests that
AA is a chronic inflammatory disease involving extensive
inflammatory cell infiltration into the arterial wall from the
luminal lining to the periaortic epithelium (59, 60), and
infiltration of inflammatory factors is closely associated with
cytokine chemotaxis and cell adhesion (61, 62). In addition, in
our study, complement and coagulation cascades were
significantly enriched in AA. The complement system is
widely acknowledged to be part of innate immunity. In AA,
activation of the innate immune response by auto or foreign
antigens further activates the complement system and induces a
series of inflammatory cascades in the body, thus promoting
disease progression in AA (63, 64). For instance, serum Cb5a
complement levels were significantly elevated in AA patients and
correlated with AA diameter (65). In addition, the complement
system can be involved in AAA progression by participating in
vascular remodeling (66). In the coagulation cascade, fibrinogen
and platelet activation play an essential role in the formation of
AA (67-69). Anticoagulants, such as low molecular heparin and
rivaroxaban, have also been shown to inhibit the progression of
AA (70). In summary, these results provide a deeper
understanding of the mechanisms of AA progression and
provide a basis and direction for further studies in the future.

The broad activation of the immune system in AA has been
demonstrated (71, 72), but the mechanisms of co-immune
infiltration in TAA and AAA remain largely unclear. Previous
researchers have used algorithms such as “CIBERSORT” or
“ssGSEA” when assessing the level of immune cell types
infiltration in tissues. Such results may not be comprehensive
and insightful. However, in our study, these two algorithms,
“CIBERSORT” and “ssGSEA” were applied to assess the level of

Frontiers in Immunology

67

10.3389/fimmu.2022.1030976

immune infiltration in AA compared to non-AA and
biomarkers associated with immune infiltrating cell types. Our
results suggest that the innate and adaptive immune systems are
heavily activated in AA compared to non-AA, consistent with
the literature (73). However, no significant difference in
neutrophils, effector memory CD8+ T cells and immature
dendritic cells were found between the two groups.
Furthermore, resting mast cells positively correlated with
resting memory CD4 T cells, while regulatory T cells
negatively correlated with resting memory CD4 T cells and
resting mast cells. Regulatory T cells (Tregs) are a specific T
cell subtype, CD4+Foxp3+, that play an important role in
regulating inflammatory responses and maintaining immune
homeostasis. Studies have shown that Tregs are involved in
protecting against AA through multiple mechanisms (74, 75).
Mast cells are another inflammatory cell type found in aortic
lesions. The mast cell protease, active chymase, is involved in the
activation of MMP, which has been detected in patients positive
for this enzyme in AA (76). Besides, mast cells can release pro-
inflammatory chemokines involved in the progression of AA
(77). Finally, we assessed the correlations between the
biomarkers CX3CRI and HBB and infiltrating immune cells.
Indeed, a deeper understanding of this correlation is essential to
break the vicious cycle caused by immune-inflammatory
activation in AA and identify new therapeutic targets. In our
study, CX3CRI was highly correlated with macrophage, mast
cell, MDSC, dendritic cell, monocytes, Tregs, CD56 bright
natural killer cell, central memory CD4 T cell, activated CD8
T cell, gamma delta T cell, T follicular helper cells, and type 1 T
helper cell. Moreover, it has a positive correlation with resting
mast cells, resting memory CD4 T cells, monocytes, M2
macrophages and gamma delta T cells and a negative
correlation with CD8 T cells and Tregs. Besides, HBB was
highly correlated with eosinophils, mast cells, neutrophils,
dendritic cells, monocytes, Tregs, natural killer cells, MDSC,
activated CD4 T cells, activated CD8 T cells, effector memory
CD4 T cells and T helper cells. It has a positive correlation with
activated dendritic cells and eosinophils and a negative
correlation with M1 macrophages. Combining the results of
both immune infiltration analyses, we found that neither
CX3CRI nor HBB was involved in B cell-induced humoral
immunity. Furthermore, a higher correlation was found
between CX3CRI and macrophages and HBB and eosinophils.
In summary, we used two immune infiltration analysis
algorithms to adequately assess the level of immune cell types
infiltration in AA and to determine the relationship between
infiltrating immune cell types and biomarkers. This study
provides novel insights into immune mechanisms and
designing new immunotherapeutic targets.

Aortic dissection (AD) is usually caused by diseases that can
lead to medial degeneration and increased stress on the aortic
wall, such as AA and hypertension. AD is also a serious
complication of AA. In this process, chronic inflammation,

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1030976
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

He et al.

immune activation and stable degradation of extracellular
matrix proteins are the key pathological changes that lead to
dramatic changes in the aortic wall structure and ultimately to
aneurysm formation and AD (1). Therefore, 78 patients with AD
were selected for further evaluation of their clinical
characteristics, serum inflammation and lipid levels. According
to our results, the incidence was higher in men than in women,
with a concentration of age of onset in the 50-60 years. Those
with a previous history of hypertension had a high incidence and
were more likely to be Stanford type B patients with AD. These
findings are consistent with the epidemiological studies of aortic
disease guidelines and suggest that hypertension is an important
causative factor in AD (29, 78). Furthermore, in our study,
serum levels of the four lipids were more often in the normal
range in patients with AD, indicating that although statins are
beneficial for other cardiovascular diseases, they may be less
beneficial for patients with AD, especially since the 2018 AAA
guidelines clearly stated that they do not reduce the risk of AAA
diameter growth (3). In addition, we further assessed the level of
inflammation in AA progression to AD at the clinical serum
level compared to the previous analysis of immune infiltration at
the AA tissue level. We found significantly elevated
inflammatory markers (WBC and NEUT%) in patients with
AD, which is consistent with previous studies indicating the
critical involvement of inflammation in the progression of AD
(1). In summary, inflammation and immunity play an important
role in aortic disease and are key in studying drugs for treating
aortic disease. However, some limitations of this retrospective
study should be considered, for instance, the sample size,
emphasizing the need for validation in prospective and larger
sample studies. In addition, only the inflammatory markers and
lipid levels at the time of hospitalization were counted in
this study.

It has been established that genetic variants predispose
individuals to these thoracic and abdominal aortic diseases:
aortic aneurysms (AAA and TAA), aortic dissections (AD),
and aortic ruptures (7, 79). Whole-exome sequencing was used
to characterize gene mutations in aortic disease and assess
whether the screened biomarkers (CX3CRI and HBB) were
mutated. The sequencing of 6 patients with AD showed that
the Ti/Tv ratio was close to 2, indicating no large bias in the
variant calling process. In addition, the mutated genes screened
by the mutation frequency database ESP6500, ExAC and 1000
Genomes were meaningful and valuable. Among the top
mutated genes, ARSD exhibited the highest number of
mutations. Moreover, 100% mutation frequency of ATNI,
HRCTI1, KRT4, LNPI, MUC4, RPI1L1 and TRBV7-6 was
observed in 6 samples and 83% for TTN and KDM6B, while
the biomarkers CX3CRI and HBB were not mutated in the six
sequenced samples. Although we identified highly mutated
genes in the six samples, few studies have reported mutations
in these genes in aortic disease. Moreover, the correlation
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analysis of 13 mutated genes in 6 samples showed no correlation.
Finally, we used DGIdb to make predictions of potentially
druggable genes (80), and the results showed that the top 5
genes (ARSD, ASPN, MUCI16, MUC4, TTN) were highly
associated with druggable properties. The development of
drugs for aortic diseases from a genetic variant perspective is
very promising and may lead to breakthroughs in treating aortic
diseases. However, this limitation is similar to our retrospective
clinical study in which the sample size of this sequencing was too
small, and a prospective study with a larger sample is required to
validate our conclusions. In addition, the characteristics of the
population, environmental factors and differences in genetic
susceptibility may impact the conclusions.

Conclusion

Overall, we innovatively merged the TAA and AAA data sets
to identify two biomarkers (CX3CRI and HBB) based on two
machine-learning algorithms and ROC curves. Furthermore, we
conducted different bioinformatics analyses, including GO,
KEGG, DO, GSEA and two immuno-infiltration analysis
algorithms (“CIBERSORT” and “ssGSEA”). This study
demonstrated the common molecular mechanisms and
immune infiltration patterns associated with TAA and AAA,
the correlations between the biomarkers and infiltrating immune
cells, and provided insights into the underlying development of
potential immunotherapeutic drugs. Finally, a retrospective
clinical study revealed the presence of a hyper-inflammatory
environment in aortic disease. The WES study identified
mutated genes, biomarkers, and druggable variants genes. Due
to the study limitations, further validation in prospective and
larger sample studies is warranted for a deeper understanding of
the pathological process, immune infiltration mechanisms,
targeted drug development and variant genes in aortic disease.
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An unbiased and replicable profiling of type 1 diabetes (T1D)-specific circulating
immunome at disease onset has yet to be identified due to experimental and
patient selection limitations. Multicolor flow cytometry was performed on
whole blood from a pediatric cohort of 107 patients with new-onset T1D, 85
relatives of T1D patients with 0-1islet autoantibodies (pre-T1D_LR), 58 patients
with celiac disease or autoimmune thyroiditis (CD_THY) and 76 healthy
controls (HC). Unsupervised clustering of flow cytometry data, validated by a
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semi-automated gating strategy, confirmed previous findings showing
selective increase of naive CD4 T cells and plasmacytoid DCs, and revealed a
decrease in CD56°"9"NK cells in T1D. Furthermore, a non-selective decrease
of CD3*CD56" regulatory T cells was observed in T1D. The frequency of naive
CDA4 T cells at disease onset was associated with partial remission, while it was
found unaltered in the pre-symptomatic stages of the disease. Thanks to a
broad cohort of pediatric individuals and the implementation of unbiased
approaches for the analysis of flow cytometry data, here we determined the
circulating immune fingerprint of newly diagnosed pediatric T1D and provide a
reference dataset to be exploited for validation or discovery purposes to
unravel the pathogenesis of T1D.

KEYWORDS

type 1 diabetes, fingerprints, immune markers, pediatric diabetes, flow cytometry,
computational biology

Introduction

Type 1 diabetes is a chronic autoimmune disease where the
interaction between genes and environment shapes an immune-
mediated attack of pancreatic B cells, eventually leading to
chronic hyperglycemia and lifelong insulin dependence (1-3).
Islet autoantibodies (Aabs) (4) mark the development of
autoimmunity, so that the presence of >2 Aab in relatives of
patients with type 1 diabetes is a highly sensitive predictor of the
development of symptomatic diabetes (5), with a risk rising to
almost 100% in pediatric subjects (6). However, while islet Aabs
appear to be innocent bystanders in the development of type 1
diabetes, the chronic damage of insulin-producing f cells has
historically been attributed to autoreactive T cells (7).

The development of type 1 diabetes has been associated with
altered frequency and phenotype of both innate and adaptive
immune cells (8), with a prominent role ascribed to
subpopulations such as monocytes, dendritic cells (DCs),
natural killer cells (NK cells), B cells and T cells, including
regulatory T cells (Tregs) (9-15). However, despite numerous
reports showing alterations of the circulating immune profile in
patients with newly diagnosed type 1 diabetes, the technical
limitations of cell analysis techniques may have prevented the
identification of clinically relevant immune cell subsets with a
“pro-diabetogenic” potential. Indeed, analysis of data obtained
with multiparameter flow cytometry can be complex, as they are
operator-dependent, ultimately affecting the quality and type of
results. Furthermore, previous studies often lack proper control
populations, preferring age and sex-matched healthy donors
rather than relatives of patients with type 1 diabetes without
persistent autoimmunity—but with a common genetic
background— or patients with other autoimmune diseases. All
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these methodological biases have contributed to the generation
of contradictory results and lack of data replicability.

In the present study, by validating unsupervised analysis of
flow cytometry data with a semi-automated gating strategy and
including proper control populations, we identify the peripheral
cellular fingerprint of pediatric patients with newly diagnosed
type 1 diabetes. Furthermore, we show that the frequency of
naive (N) CD4 T cells at disease onset is associated with partial
remission, thus playing a potential role in a later stage of the
autoimmune response.

Materials and methods
Subjects and data collection

A cohort of 326 five to eighteen-year-old children was
enrolled at IRCCS Ospedale San Raffaele (OSR) from
September 2018 to June 2021. The subject population was
distributed as follows: 107 patients with newly diagnosed type
1 diabetes (T1D); 85 relatives of patients with type 1 diabetes
(pre-T1D_LR) defined at low-risk of developing the disease as 0
or 1 islet Aab were detected; 58 patients with celiac disease or
autoimmune thyroiditis (CD_THY) and 76 healthy controls
(HC). The study was approved by the San Raffacle Hospital
Ethics Committee (protocol TIGET004-DRI003). Table 1
describes the demographics and clinical characteristics of the
four groups of individuals enrolled in this study. Exclusion
criteria for the participation to the study were: age <5 and >18
years, antibiotic therapy in progress or concluded in the last 10
days, signs of infection (fever, cough, rhinitis) in the last 2 weeks.
Children diagnosed with type 1 diabetes were hospitalized in the
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TABLE 1 Characteristics of the study cohort.
HC N=76
Age (years) (median - IQR)

Gender (M/F)
BMIp (median - IQR)

13.8 (12.7 -14.9)
41/35 M=54%
64.9 (22.9-77.83)

HbAlc (mmol/L) (median - IQR) NA
n. of islet Aabs 0 Aab=74/76
1 Aab=2/76
Anti-TPO NA
Anti-TG 0/59
HLA_DR3 and/or DR4 9/54
WBC (10x3 ul) (median - IQR) 6.1 (5.1-7.5)
Neutrophils (median - IQR) 3.0 (2.4-4.0)
Monocytes (median - IQR) 0.5 (0.4-0.6)
Lymphocytes (median - IQR) 2.2 (1.9-2.7)

CD_THY N=58 (29 CD, 29 THY)

12,6 (9.8 -14.8)
16/42 M=28%
41.6 (23.7-68.3)

10.3389/fimmu.2022.1026416

preT1D_LR N=85 T1D N=107

12.9 (10.8 -15.5)
43/42 M=51%
72.4 (30.95-82.72)

11.0 (9.0 -13.4)
66/41 M=62%
42.0 (6.4-73.1)

NA NA 103.0 (87.0-117.0)
0 Aab=50/53 0 Aab=77/85 0 Aab=3/107
1 Aab=2/53 1 Aab=8/85 1 Aab=16/107
2 Aab=1/53 2 Aab=32/107
>3 Aab=56/107
10/11 THY NA 16/107
1/22 CD
1/7 THY 2/84 15/107
26/29 CD
27/35 48/85 73/85
6.0 (52-7.1) 6.5 (5.7-8.0) 5.7 (4.8-6.6)
3.1 (2.4-3.6) 33 (2.6-4.2) 2.3 (1.8-2.8)
0.5 (0.4-0.6) 0.5 (0.5-0.62) 0.50 (0.40-0.59)
2.2 (1.7-2.8) 2.5 (2.0-3.0) 2.6 (2.10-3.05)

Clinical and laboratory characteristics of healthy controls (HC), subjects with celiac or thyroid diseases (CD_THY), relatives of T1D patients with 0-1 autoantibodies (preT1D_LR), and
subjects with type 1 diabetes (T1D). WBC, Neutrophils, Lymphocytes, Monocytes are expressed as 10x3/ul. BMIp, Body Mass Index for age percentile; Aabs, Autoantibodies; TPO, Thyroid

peroxidase; TG, Transglutaminase; WBC, White blood cells; NA, not available.

Pediatric Department of OSR; blood samples were collected
between 5 and 10 days after diagnosis. First- and second degree
relatives of patients with type 1 diabetes with <2 detectable Aabs,
which confers a low risk of developing the disease (16), were
enrolled in this study. These individuals were enrolled in the
Type 1 Diabetes TrialNet Pathway to Prevention Trial (TNO1)
(17) at the TrialNet Clinical Center of the San Raffaele Hospital.
The complete TNO1 protocol is available online (18). The study
was approved by the OSR Ethics Committee (IRB#
NHPROT32803-TNO1). Seventy-six healthy non-diabetic
children with no family history for type 1 diabetes were
recruited at the pediatric Day hospital and Day surgery
facilities of OSR, where they were admitted for suspected
growth disorders or to undergo surgery for congenital diseases
(ie., flatfeet or hallux valgus). Fifty-eight children previously
diagnosed with celiac disease (n=29) or autoimmune thyroiditis
(n=29) who had a follow-up visit at the pediatric outpatient
clinic of OSR were enrolled in this study. Detection of the islet
Aabs GADA, TA2, ICA, mIAA, and ZnT8 was performed on
subjects from all groups. The partial clinical remission of type 1
diabetes was assessed in 58 patients 12.2 months (IQR 11.1-13.2)
after disease onset, using the insulin dose adjusted HbAlc
(IDAAlc) calculated as HbAlc (%) + 4xinsulin dose (U/kg
per 24 hours); an IDAAlc equal to or less than 9 indicates the
partial remission period (19). For the longitudinal analysis of
relatives of patients with type 1 diabetes with pre-symptomatic
stages of the disease, 2 groups of individuals enrolled in the
TNO1 trial who had cryopreserved PBMCs available in the local
biobank were selected: 8 individuals who were Stage 0 (as they
had 0 or 1 Aab) at TO observation and persisted in Stage 0 at T1
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observation; and 7 individuals that from Stage 0 at TO
transitioned to Stage 21 at T1 - i.e., developed two or more
Aabs. Individuals from the two groups were sex- and age-
matched (data not shown).

Preparation of cells for flow cytometry

Whole blood was collected into a Vacuette® blood collection
tube with ACD-B anticoagulant solution (Greiner). After red
blood cell lysis, the sample was washed and stained with a mix of
monoclonal antibodies based on the specific panel. The list of
anti-human monoclonal antibodies, including information on
the company catalogue number, clone and concentration used
for our assays is provided in Supplementary Table 1. Five panels
of antibodies were designed and labelled as T cells, T&NK cells,
B cells, Tregs and DCs/monos (Supplementary Figure 1A)
encompassing main subsets of T cells, NK cells, B cells, Tregs,
DCs and monocytes detected using 26 surface markers and the
intracellular marker forkhead box P3 (FoxP3); for the Treg
panel, intracellular staining was performed after fixation and
permeabilization. The five panels were performed on all the
blood samples; however, some samples are missing individual
values due to technical errors, as indicated in Supplementary
Figure 1B. In the longitudinal analysis, N CD4 T cells were
identified using the following markers: CD3, CD4, CD45RA and
CCR7. Cells were acquired on a BD FACSCanto-II flow
cytometer equipped with FACSDiva software (Becton
Dickinson, Franklin Lakes, NJ) within 24 hours. Rainbow
calibration particles (Spherotech Inc., Lake Forest, IL) were
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used to calibrate and normalize acquisition settings in
each experiment.

Unsupervised clustering and semi-
automated supervised gating

Unsupervised analysis and visual representation of cell
populations was realized using the FlowSOM algorithm (20),
included in the CyTOF/CATALYST pipeline (version 1.14.1)
(21). Clusters showing similar marker expression profiles were
manually merged. Collectively we identified 52 cell clusters,
including 5 unclassified and 1 duplicate cluster (Supplementary
Figure 2 A-E). Next, for data visualization, we applied the non-
linear dimensionality reduction technique UMAP to the
lineage marker levels, selecting a maximum of 500 cells per
sample, using the runDR() function included in CyTOF
workflow (22). To validate unsupervised clustering results,
and to minimize manual biases, we set up a semi-automated
supervised gating strategy using the OpenCyto R package (23)
(gating strategies are shown in Supplementary Figures 3-4).
Methodological details regarding unsupervised clustering and
semi-automated supervised gating are contained in the
Supplemental Material.

Statistics

Cell populations were compared between the four groups
using a linear model by adding age, sex and operator variability
as covariates. P-values were determined by performing the
multiple pairwise-comparisons with Tukey post-hoc test, using
the function glht() in multcomp R package (version 1.4-19). The
correlation between the frequencies of cell populations identified
through unsupervised and semi-automated supervised analysis
was performed using the Spearman’s rank-order correlation.
Principal component analysis (PCA) (24) was performed on the
circulating immunome, according to the frequencies of the 46
immunological populations identified by the unsupervised
analysis (excluding unclassified and duplicate clusters). In all
presented boxplots, medians are shown. The “hinges” represent
the first and third quartile. The “whiskers” are the smallest and
largest values without considering the outliers. To assess the
frequency of CD3"CD56" regulatory T cells, P-values were
calculated by performing Students T test and Tukey post-hoc
test for pairwise and multiple comparison respectively. A
receiver operating characteristic (ROC) curve based on binary
logistic regression was performed on 58 T1D subject to assess the
predictive potential of the baseline frequency of N CD4 T cells
on partial remission. In the longitudinal analysis, the Wilcoxon
matched-pairs signed ranks test was used to analyze differences
between paired samples. Statistical analyses were performed in R
environment (version 4.0.3) and plotting was done using the
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ggplot2 R package (version 3.3.6). P-values less than 0.05 were
regarded as statistically significant.

Results

Unsupervised clustering and semi-
automated supervised analysis show an
increase of N CD4 T cells and pDCs and
a decrease of CD56°"9"t NK cells in
newly diagnosed type 1 diabetes

Unsupervised and semi-automated supervised analyses of
five flow cytometry panels designed for the characterization of T
cells, B cells, NK cells, DCs and monocytes were performed on
whole blood of pediatric newly diagnosed T1D patients and on
HC, CD_THY and pre-T1D_LR as control populations. Figure 1
illustrates the experimental workflow of the study. Unsupervised
analysis allowed the identification of 46 immune cell clusters,
whose frequency within HC is shown in Table 2. A very high
overall correlation (r = 0.94) was found between unsupervised
computational clustering and semi-automated analysis
(Supplementary Figure 5A), with only 5 cell populations - i.e.,
CD45RA™ FoxP3" non Tregs, CM CD4 T cells, CD45RA™
FoxP3' resting Tregs, unswitched memory B cells and non-
classical monocytes — displaying a correlation coefficient < 0.5
(Supplementary Figure 5B).

The T cell panel revealed 12 clusters (Figure 2A and
Supplementary Figure 2A, bottom panel), with both
unsupervised and semi-automated supervised analysis showing
increased frequency of N CD4 T cells in T1D compared to the
other groups (Figure 2B). The T&NK cell panel revealed 15
clusters (Figure 2C and Supplementary Figure 2B, bottom
panel), showing a decreased frequency of CD56°8" NK cells
specifically associated with T1D in both unsupervised and semi-
automated supervised analysis (Figure 2D). The DCs/monos
panel, which revealed 7 clusters (Figure 2E and Supplementary
Figure 2C, bottom panel), showed an enrichment of plasmacytoid
Dendritic Cells (pDCs) in T1D compared to other groups
both using unsupervised and semi-automated supervised
analysis (Figure 2F). The B cell panel revealed 11 clusters
(Supplementary Figure 2D, bottom panel and Supplementary
Figure 6A). Unsupervised analysis showed a specific reduction
of transitional B cells in T1D, which was not confirmed by semi-
automated supervised analysis in the comparison with pre-
TID_LR individuals (Supplementary Figure 6B). Finally, the
Treg panel revealed 7 clusters (Supplementary Figure 2E,
bottom panel); however, no differential representation of any of
these clusters was found between the 4 groups. The frequency of
all the remaining cell clusters identified with unsupervised analysis
is shown in Supplementary Figure 7.

To conclude, unsupervised clustering, validated by a
highly consistent semi-automated gating analysis, shows
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FIGURE 1

partial remission

Experimental workflow. Experimental workflow of the study: acquisition (1), pre-processing (2), processing (3, 4), and downstream data analysis (5).

that the specific circulating immune profile of newly
diagnosed type 1 diabetes is characterized by increased
frequency of N CD4 T cells and pDCs, and decreased
CD56°"8" NK cells.

Combined unsupervised and semi-
automated supervised analyses show the
circulating immune signature shared
between type 1 diabetes and other
autoimmune diseases

We found that specific cell clusters were consensually altered
in both T1D and CD_THY as compared to HC and pre-
T1D_LR, thus marking a feature of multiple autoimmune
diseases rather than T1D. Unsupervised clustering showed a
consensual reduction of EM CD8 T cells (Figure 3A) and
CD56%™ NK cells (Figure 3B), accompanied by an increase of
CD277CD28" CD4 T cells (Figure 3C) in both TID and
CD_THY, which was confirmed by semi-automated
supervised analysis. These data allow the identification of a
circulating immune signature not exclusively associated with
type 1 diabetes, but rather shared by other autoimmune diseases
such as celiac disease and autoimmune thyroiditis.
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Trs3-56 Cells are non-selectively reduced
in newly diagnosed type 1 diabetes

We leveraged our dataset as a tool to validate previously
reported data by testing the frequency of CD3"CD56" regulatory
T cells (25), defined as Tgs.s¢ cells, recently described to be
reduced in patients with newly diagnosed type 1 diabetes
compared to HC. Unsupervised analysis allowed the
identification of 2 clusters co-expressing CD3 and CD56
(Supplementary Figure 2B, upper panel), one also expressing
CDS8, CD27 and CD28 and the other CD8 and CD27, which
were merged in a single cluster called CD3"CD56"
(Supplementary Figure 2B, lower panel). No difference in the
frequency of this cluster was evident between the 4 groups
(Supplementary Figure 7). The semi-automated analysis, using
the same gating strategy as in the original work (25), confirmed
that the frequency of T3 s¢ cells was reduced in T1D compared
to HC also in our cohort, (Figure 4A), showing similar
phenotypical characteristics, such as the expression level of
CD4 and CD8 (Figure 4B). However, although differences
between HC and T1D persisted when other control groups
were included in the analysis, Trs 56 cells were found non-
selectively decreased in type 1 diabetes as no differences could
be detected with CD_THY or pre-T1D_LR (Figure 4C).
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TABLE 2 Cell frequencies in healthy children.

Parent

Lymphocytes

Lympho-monocytes

T cells

CD4 T cells

EM CD4 T cells

TEMRA CD4 T cellsT cells
CD8 T cells

EM CD8 T cells

TEMRA CD8 T cells
CD27+ CD28+ CD8 T cells
B cells

Double-negative-1 B

IgD+ CD27- B cells

IgM+ IgD+ B cells
CD27- IgM+ IgD+ B cellsB cells

IgM- IgD+ B cells
IgM- IgD- B cells

CD3- Lymphocytes

Frontiers in Immunology

Population

T cells

B cells

HLADR+LIN-

CD4T

CD8 T

CD4+ CD8+ T

CD4- CD8- T

CD3+ CD56+ T

CM CD4 T

EM CD4 T

NCD4T

TEMRA CD4 T

CD127- CD45RA+ CD4 T
CD127+ CD45RA- CD4 T
CD127+ CD45RA+ CD4 T
CD45RA- Foxp3hi activated Treg
CD45RA- FoxP3lo non Treg
CD45RA+ FoxP3lo resting Treg
CD27- CD28- CD4 T

CD27- CD28+ CD4 T

CD27+ CD28+ CD4 T

EM CD57+ CD4 T

EM PD1+ CD4 T

PD1+ CD57+ EM CD4 T
TEMRA CD57+ CD4 T

EM CD8 T

NCD8 T

TEMRA CD8 T

CD27- CD28- CD8 T

CD27- CD28+ CD8 T

CD27+ CD28- CD8 T

CD27+ CD28+ CD8 T

EM CD57+ CD8 T

EM PD1+ CD8 T

PDI+ CD57+ EM CD8 TCD8 T
TEMRA CD57+ CD8 T
CD27+ CD28+ CD69+ CD8 T
Double-negative-1 B
Double-negative-2 B

IgM-low naive B

Naive B

Unswitched mem B
Transitional B

IgD only switched mem Bmem B
Early plasmablasts
Plasmablasts

Switched mem B

CD56%™ NK

1st Qu.

71.65%
10.93%
10.55%
54.21%
24.27%
0.26%
8.55%
1.93%
9.43%
17.70%
52.56%
3.61%
1.01%
25.02%
57.09%
0.61%
1.43%
1.68%
0.02%
2.83%
93.34%
3.70%
10.14%
1.12%
5.40%
21.18%
38.50%
16.05%
1.84%
0.82%
9.42%
68.04%
7.87%
6.77%
1.39%
12.88%
2.19%
1.31%
11.10%
60.51%
29.81%
1.91%
7.47%
12.85%
1.50%
3.32%
64.78%
30.64%

77

Median

75.67%
13.42%
13.39%
59.73%
28.46%
0.38%
10.68%
3.10%
11.83%
22.30%
59.97%
5.03%
1.73%
30.98%
63.50%
1.33%
1.86%
2.36%
0.04%
4.66%
95.24%
5.56%
16.23%
1.51%
8.32%
26.10%
48.48%
20.03%
4.35%
1.41%
14.33%
77.64%
12.49%
12.08%
2.44%
20.37%
3.24%
1.66%
17.72%
66.46%
33.54%
3.35%
8.00%
18.44%
2.30%
4.80%
69.39%
41.09%

3rd Qu.

79.11%
17.12%
16.15%
65.17%
32.03%
0.54%
14.27%
5.02%
13.69%
27.86%
67.26%
6.30%
2.49%
39.04%
69.95%
1.74%
2.57%
2.96%
0.27%
6.52%
96.58%
7.16%
20.21%
2.50%
13.07%
32.56%
57.69%
27.97%
10.00%
2.26%
19.01%
84.29%
18.98%
18.09%
4.65%
34.62%
6.61%
2.20%
26.13%
70.19%
39.49%
4.97%
8.71%
32.02%
3.05%
7.68%
77.40%
49.35%

10.3389/fimmu.2022.1026416

Mean

74.99%
13.82%
14.11%
59.47%
28.49%
0.50%
11.73%
4.19%
11.85%
23.74%
58.94%
5.44%
1.95%
32.29%
62.44%
1.33%
1.97%
2.58%
0.48%
5.00%
94.38%
6.11%
15.78%
2.00%
10.52%
27.18%
47.20%
22.47%
7.50%
2.11%
15.85%
74.52%
14.63%
14.67%
3.59%
25.18%
5.95%
1.92%
20.34%
64.85%
35.15%
3.63%
7.92%
23.01%
2.60%
5.85%
70.13%
39.46%

(Continued)
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TABLE 2 Continued

Parent

CD56%™ NK
CD56"¢" NK

CD3+ CD56+ T cells
CD14- HLADR+ LIN-

Population

CD56""8" NK

CD69+ CD56%™ NK
CD69+ CD56"8" NK
CD8+ CD3+ CD56+ T
mDCs

pDCs
mDCs CD16 mDCs
CD1c CD16 mDCs
CD1c mDCs
HLADR+ LIN- classical monocytes

intermediate monocytes

non-classical monocytes

10.3389/fimmu.2022.1026416

Ist Qu. Median 3rd Qu. Mean
2.33% 3.37% 4.40% 3.59%

2.51% 3.48% 4.93% 5.06%

24.82% 28.02% 31.18% 29.46%
47.41% 55.59% 71.09% 58.48%
41.07% 53.63% 63.95% 52.21%
8.57% 12.41% 15.72% 12.79%
58.35% 66.47% 74.12% 65.13%
2.87% 5.12% 8.02% 5.57%

10.46% 16.66% 21.49% 17.44%
42.50% 62.02% 74.95% 59.16%
3.90% 8.21% 19.69% 12.58%
6.89% 10.02% 14.61% 10.76%

Cell frequencies (% of parent) measured by unsupervised clustering within the healthy children cohort (HC, n = 76).

Age and peripheral lymphocyte count,
but not diabetic ketoacidosis, drive a
slight segregation of the circulating
immunome in newly diagnosed pediatric
type 1 diabetes

As we expected to observe a segregation of the circulating
immunome of TID patients compared to other groups, we
performed a principal component analysis (PCA) (24) on the
46 detected clusters. Patients with T1D showed a weak
segregation from other groups (which was more evident in the
PC 1) explaining only 13% of the total variance (Figure 5A).
Then, we tested whether, in newly diagnosed T1D patients, the
following variables could affect the variance of the circulating
immunome: age, sex, BMI percentile, type of Aab, white blood
cell count, number of lymphocytes, monocytes and neutrophils,
presence of diabetic ketoacidosis (DKA), family history of type 1
diabetes or other autoimmune diseases and presence of HLA-
DR3 and/or DR4. We found that age (> or < the median, i..,
11.0 years, Figure 5B) and lymphocyte count (> or < the median,
ie., 2.6 x10* cells/uL, Figure 5C), but not DKA (Figure 5D) or
any the other tested parameters (data not shown), drove a slight,
although evident, segregation of the circulating immunome.

Frequency of N CD4 T cells at disease
onset is associated with partial remission

To determine whether immune cell subsets found to be
altered in newly diagnosed T1D may have a pathogenic
potential, we explored their relationship with partial remission.
The IDAAlc estimates residual beta cell function, with
IDAAIC <9 considered as surrogate marker of partial
remission. We found that the frequency of N CD4 T cells, but
not pDC or CD56"#" NK cells, was increased at disease onset in
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individuals with IDAAIC >9 at the 12-month follow-up visit
compared to those with IDAA1C <9 (Figure 4E). Notably, this
was independent of age, as the age range of T1D patients with
IDAA1C <9 vs. >9 was similar (Figure 4F). We also found that N
CD4 T cells show the ability, albeit mild, to predict partial
remission (AUC 0.68), indicating a potential biological relevance
in symptomatic pediatric type 1 diabetes (Figure 4G). To test the
possible involvement of N CD4 T cells in early disease stages,
their frequency was tested in relatives of patients with type 1
diabetes who transitioned from Stage 0 (at T0) to Stage>1 (at T1)
and in a cohort of age and sex-matched relatives who maintained
the Stage 0 status both at TO and T1. No difference in the time
span between TO and T1 was observed between the two groups
of relatives (i.e., mean of 2.5 years for Stage 0-T0 to Stage 0-T1
vs. mean of 2.7 years for Stage 0-TO to Stage >1-T1, ns).
Supervised analysis showed that the transition through pre-
symptomatic stages of type 1 diabetes is not associated with a
change in the frequency of N CD4 T cells (Figure 4H), indicating
that this cell subset may be a player of the late phase of the
autoimmune response associated with type 1 diabetes.

Discussion

In this study we unbiasedly identified the circulating
immune fingerprint of pediatric patients with newly diagnosed
type 1 diabetes compared to different control groups, including
healthy controls, relatives with a low-risk of developing type 1
diabetes and patients with celiac disease and thyroiditis. We
employed one of the most advanced (26), widely used (27),
unsupervised clustering technique for the analysis of
multiparameter flow cytometry data and validated the results
with a fast and reproducible semi-automated gating method
(26). Indeed, the pipelined semi-automated supervised analysis
implemented in this study was highly reliable in reproducing
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Unsupervised clustering shows increased frequency of N CD4 T cells and pDCs, and reduced frequency of CD56bright NK cells in T1D. UMAP
data visualization of the cell clusters identified in the T cell (A), T&NK cell (C) and DCs/monos (E) panels. Cell clusters differentially represented
in T1D compared to all other groups in the T cell (B), T&NK cell (D) and DC/mono (F) panels. HC, healthy controls; CD_THY, celiac or thyroid

diseases; preT1D_LR, relatives with 0-1 autoantibodies; T1D, type 1 diabetes. Significant differences were determined by post hoc Tukey's test

performed on the linear regression model with age, sex, and technician as covariates (*p < 0.05, ***p < 0.001).

results of the unsupervised clustering (r=0.94) for the vast
majority of the cell populations-including rare cell subsets.
The poorest correlations were observed in cell populations
expressed as a smear, without a clear-cut discrimination
between the negative and the positive edge. The interpretation
of markers expressed as a continuous is subtle in flow cytometry
data analysis and clustering machine-learning-based algorithms
are in development to address this issue (28).

Three immune cell subsets, i.e. N CD4 T cells, pDCs and
CD56"78" NK cells, were found differentially represented
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between new-onset type 1 diabetes and all other groups in
both the analysis. Increased circulating frequency of N CD4 T
cells has already been described by previous reports (8, 12);
noteworthy, N CD4 T cells have been shown to be
heterogeneous in phenotype, function, dynamics, gene
expression profile and differentiation status, covering a whole
spectrum of cells with different properties (29). Indeed, it is well-
established that the major genetic determinants of type 1
diabetes risk are polymorphisms of class II HLA genes

encoding DQ and DR (30), thus indicating a leading
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FIGURE 3

Cell populations altered in multiple autoimmune diseases. Cell subsets showing a reduced (A, B) or increased (C) frequency in the circulation of
both patients with T1D and with celiac disease or autoimmune thyroiditis. HC, healthy controls; CD_THY, celiac or thyroid diseases; preT1D_LR,
relatives with 0-1 autoantibodies; T1D, type 1 diabetes. Significant differences were determined by post hoc Tukey's test performed on the linear
regression model with age, sex, and technician as covariates (*p < 0.05, **p < 0.01, ***p < 0.001).

contribution of the interactions between CD4 T cells and antigen
presenting cells; our results suggest that the phenotypic and
functional characterization of N CD4 T cells would allow the
identification of candidate subsets with potential pathogenicity
in the context of human type 1 diabetes. This hypothesis was
further corroborated by the evidence that the frequency of N
CD4 T cells at disease onset was associated with partial
remission, independently of age, confirming, in a broader
cohort, the observations of a recent report (31), and others
associating the frequency of CD4 memory T cells with a longer
partial remission (32). However, N CD4 T cell frequency was
found unaltered in pre-symptomatic stages of type 1 diabetes,
suggesting that the role of these cells may be crucial in a later
phase of the autoimmune response.

Plasmacytoid DCs are mainly recognized for their swift and
massive production of type I interferon (33) and are capable of
activating several cell subsets, such as CD8 cytotoxic T cells and
regulatory T cells (34, 35), and of stimulating B-cell activation,

Frontiers in Immunology

80

differentiation into plasma cells, and antibody production (36,
37). Our data confirm previous observations showing that the
balance of peripheral dendritic cells is deeply altered at diabetes
diagnosis, with a markedly elevated proportion of pDCs and
reduction of mDCs compared with control subjects (38), and
that pDCs are not increased in other autoimmune diseases
(39, 40).

Although a small but distinct reduction in NK cell frequency
has previously been found both in patients with other
autoimmune diseases (41, 42) and with recent-onset diabetes
(10), no differences were described in the repartition of the
CD56"#"/CD16™ and CD56%™/CD16" NK cell subsets (10).
Here, we show a selective decrease of the CD56""" NK cell
subset in newly diagnosed pediatric type 1 diabetes. The
distribution of immune cells in peripheral blood tells only part
of the story, as resident cell subsets located in the pancreas are
the relevant players in the pathogenesis of type 1 diabetes.
However, these changes in the blood could reflect similar
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alterations in the tissue or could be the result of a relative
sequestration/migration of specific populations into the
pancreas. This may be the case of CD56°#" NK cells, which
are known to express high levels of CCR7 and CXCR3—thus
preferentially migrating to secondary lymphoid organs—and to
produce very high levels of cytokines (43). An increased homing
to lymph nodes, with high local production of cytokines, and a
consequent decrease in the peripheral blood of patients with
new-onset type 1 diabetes could be hypothesized.

Besides validation of previously described data and discovery
of new cellular biomarkers, our dataset clarified previous
contrasting reports on specific cell subtypes. As an example,
CD45RA™ Tregs had been described as both normal (14) or
altered (15) in type 1 diabetes; in our study, a normal frequency
of this cell subpopulation was observed in newly diagnosed type
1 diabetes. In addition, the implemented pipeline of unbiased
analyses, combined with the comparison with 3 control groups,
allowed to elucidate how some of the previously reported type 1
diabetes-related immune alterations, such as a reduction of EM
CD8 T (8) and CD56%™ NK cells (44), are rather markers shared
with other autoimmune diseases, or are not selectively altered in
type 1 diabetes, as in the case of Tgrs 56 cells (25). Therefore, the
analytic approach proposed in this article appears to be robust,
and our large cohort has the potential to be used by other
investigators as a reference dataset.
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Finally, we found that the peripheral immune profile could
not discriminate patients with new-onset type 1 diabetes from
other clinical groups, indicating that the non-(antigen)specific
peripheral immune system is presumably inadequate for an
exhaustive discrimination between individuals or diseases.
However, age and lymphocyte count had an effect, although
mild, on the segregation of the circulating immunome of
patients with type 1 diabetes, confirming a recent study
showing that a higher lymphocyte count is evident in younger
patients with type 1 diabetes (13). Unexpectedly (45), DKA did
not appear to have a major effect on the profile of the peripheral
immunome, and this is likely due to the 5-to-10-day
interval from diagnosis that we observe before the blood
sample collection.

The extensive pediatric cohort of individuals, the strong
consistency between unbiased analyses, and the proper
assortment of different control groups are major strengths
of our work. Nevertheless, although comprehensive for the
well-defined lymphoid and myeloid markers, a limitation of
this study is that we used five separate antibody panels,
mainly comprised of lineage markers, which limits the
chance to detect unconventional cell subsets. Furthermore,
this work lacks an internal validation cohort, which would
have allowed the identification and elimination of further
possible biases.
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Frequency of N CD4 T cell at disease onset is associated with partial remission. Immunome-based principal component analysis performed on
HC (n=73), CD_THY (n=47), preT1D-LR (n=82) and T1D (n=91) (A); segregation of the circulating immunome of newly diagnosed T1D patients
(n=91) based on median age (B), median peripheral lymphocyte count (C) and presence of DKA (D); comparison of the frequency of N CD4 T
cell (E) and age (F) between newly diagnosed T1D patients with IDAALC >9 (n=39) and IDAALC <9 (n=21) at the 12-month follow-up visit; model
for the prediction of partial remission based on the frequency N CD4 T cell at disease diagnosis (G); N CD4 T cell frequency in relatives who
maintained a stable Stage O status or during the transition from Stage 0 (0-1 Aab) to a Stage>1 condition (>2Aabs) (H). LYM, lymphocytes; DKA,
diabetic ketoacidosis; IDAALc, insulin dose adjusted HbAlc; AUC, Area under the curve: N CD4 T cells: naive CD4 T cells. Significant differences
were determined by unpaired (4E, F) and paired (4H) Student’s t-test for pairwise comparisons (*p < 0.05, ns, not significant

This study provides an unbiased and reproducible
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Case report: Abolishing
primary resistance to PD-1
blockade by short-term
treatment of lenvatinib in

a patient with advanced
metastatic renal cell carcinoma
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Yue Chen?, Longmei Cai’, Jingyuan Sun®, Dehua Wu**
and Guozhu Xie'*

tDepartment of Radiation Oncology, Nanfang Hospital, Southern Medical University, Guangzhou,
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Anti-PD-1 immunotherapy has been extensively used in treatment of patients with
advanced metastatic renal cell carcinoma (MRCC). Several prospective clinical
trials showed that the combined treatment of anti-PD-1 antibody plus lenvatinib, a
potent receptor tyrosine kinase inhibitor (TKI), exhibited high response rate
compared with single-agent sunitinib. However, whether the patients with
primary resistance to PD-1 blockade could benefit from the addition of
lenvatinib is still unclear. Herein, we reported a patient with mRCC who was
primary resistant to pembrolizumab and achieved a durable complete response
after a short-term treatment with lenvatinib. This case report indicates that the
patients with primary resistance to anti-PD-1 therapy could benefit from the short-
term lenvatinib in combination with anti-PD-1 therapy, and provides a useful
paradigm worthy of establishing a clinical trial for mRCC patients with primary
resistance to anti-PD-1 therapy.

KEYWORDS

primary resistance, PD-1, lenvatinib, renal cell carcinoma, pembrolizumab

1 Introduction

Renal cell carcinoma (RCC) is a rapidly progressing malignant tumor of urinary system.
Approximately one-third of patients with renal cell carcinoma have metastatic disease at
initial presentation (1). Metastatic RCC (mRCC) has been notoriously resistant to
conventional radiotherapy and chemotherapy. Currently, immune-checkpoint blockade
(ICB) has been extensively used in treatment of patients with advanced mRCC. Recent
studies showed that the ICB-based combination treatment had better outcomes than
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sunitinib for patients with mRCC (2-6). Data from a prospective trial
(NCT02853331) showed that the treatment with pembrolizumab plus
axitinib resulted in 59.3% of overall objective response rate (ORR)
among patients with previously untreated advanced mRCC (4).
Another encouraging prospective trial (NCT02811861) showed
71.0% of ORR to the treatment with lenvatinib plus pembrolizumab
for mRCC patients without previous systemic therapy (6). Notably,
the combination of lenvatinib plus pembrolizumab even showed
antitumor activity for patients with previously treated metastatic
renal cell carcinoma (7). However, whether the patients with
primary resistance to PD1 blockade could benefit from the addition
of lenvatinib is still unclear.

Lenvatinib is a novel multitargeted receptor tyrosine kinase
inhibitor (TKI) with activity against with VEGFRI-3, FGFR1-4,
PDGFRo, RET and KIT proto-oncogenes (8). Compared with other
TKIs, lenvatinib has the more potent activity against FGFR1-4 (9, 10),
and has shown the higher efficacy as monotherapies than everolimus
for RCC (11). However, high incidence rate of grade 3 and 4 adverse
events was also observed in lenvatinib group compared with
everolimus, which often led to treatment interruption of lenvatinib (11).

Previous studies in mouse tumor isograft models have
demonstrated the immunomodulatory activity of lenvatinib in
tumor microenvironment, including reducing tumor-associated
immunosuppressive macrophages, increasing cytotoxic T cells, and
activating interferon 7y signaling (12, 13). In the human body, the
immune system is able to recognize tumor antigens as not self and
mounts an immune response against tumor cells. Once the immune
response against tumor is primed in the body, it could be durable (14,
15). Given the potential role of lenvatinib in priming an antitumor
immune response, there exists a possibility that just short-term use of
lenvatinib could affect primary resistance of tumor to PD-1 blockade.
Herein, we reported a patient who was primary resistant to
pembrolizumab and achieved a durable complete response after a
short-term treatment with lenvatinib.

2 Case presentation

A male patient received a diagnosis of renal cell carcinoma in
December 2008 at 46 years of age. A computed tomography (CT) scan
of the chest and abdomen revealed a left renal tumor with a 4.5cm
maximum diameter which was confined to the renal capsule,
and he underwent radical nephrectomy on December, 2008. The
pathological examination showed a moderately to poorly
differentiated renal clear cell carcinoma. All indications suggested a
diagnosis of stage  RCC (T1bNOMO) according to the American Joint
Committee on Cancer (AJCC) Cancer Staging Handbook, 6th edition.
There was no residual tumor after surgery at the primary site, and the
lymph nodes removed were not found to be involved. The patient
underwent periodical CT examination after surgery.

The patient remained disease-free until contrast enhancement CT scan
of upper abdomen revealed several new lesions at pancreas and liver on
August 23, 2021 (Figure 1A), due to upper abdominal pain. Laparoscopic
partial hepatectomy was performed for the largest intrahepatic lesions on
August 26, 2021, and postoperative pathology confirmed liver metastasis of
renal clear cell carcinoma (Figure 1B). The images of positron emission
tomography CT (PET-CT) on September 09, 2021 showed three
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hypermetabolic lesions in pancreas and no hypermetabolism in the
residual liver and other sites (Figure 1C). The pancreaticobiliary duct
was seriously obstructed due to the compression by the metastatic tumor, a
stent was implanted by endoscopic retrograde cholangio-
pancreatography (ERCP) on September 17, 2021.
Immunohistochemical staining showed the tumor proportion
score (TPS) of PD-L1 expression was 40% according to Allred
criteria using the DAKO PD-L1 22C3 PharmDx assay (Agilent
Technologies; Carpinteria, CA, USA) (Figure 1D). Since September
22, 2021, the patient received anti-PD-1 treatment with
pembrolizumab (200 mg intravenously once every 3 weeks). The
patient received a palliative radiotherapy to the pancreatic lesions on
September 27, 2021. with a total of 40 Gy in five fractions
once every other day using 6-MV photons by means of a coplanar
nine-field intensity-modulated image-guided technique (IMRT).
After 3 cycles of pembrolizumab, a surveillance CT scan on
November 05, 2021 showed disease progression, with several new
metastases in liver (Figure 2A). The patient thus received the
combined treatment with pembrolizumab (200 mg q3W) plus
axitinib (5 mg ql2h) from November 07, 2021. After 3-cycle
treatment with pembrolizumab plus axitinib, a surveillance CT scan
was performed on February 18, 2022, and showed further disease
progression with significantly enlarged and increased number of
metastases in liver compared with that on November 05, 2021
(Figure 2A). On February 22, 2022, axitinib was replaced by
lenvatinib (12mg orally once daily) and pembrolizumab treatment
was continuously administered as before. A follow-up CT scan in May
16, 2022 (3 months after lenvatinib initiation) showed the metastatic
lesions in the liver had significantly decreased in size (Figure 2A). But
at the same time, the patient experienced grade 3 adverse events (AEs)
of proteinuria and hypertension according to the standard CTCAE5.0
criteria, so the dose of lenvatinib was reduced to 8mg once daily on
June 23, 2022. Lenvatinib had to be discontinued due to aggravation
of proteinuria on July 6, 2022, and pembrolizumab monotherapy was
maintained. The whole process of treatment was shown in Figure 2B.

3 Results

Immunohistochemistry (IHC) showed the tumor proportion
score (TPS) of PD-L1 expression was 40%, indicating potential
response to anti-PD-1 therapy. However, for this patient, tumors
did not respond to anti-PD-1 pembrolizumab monotherapy for 1.5
months, and disease continuously progressed even though axitinib
was added to pembrolizumab for later 3.5 months (Figure 2A). After
that, lenvatinib instead of axitinib was added to the treatment of
pembrolizumab. Remarkably, an abdomen CT scan showed a
dramatic treatment response of the patient’s known lesions at 23
days after addition of lenvatinib to pembrolizumab (Figure 2A). All
lesions had significantly regressed at next follow-up CT scan at 3
months after starting lenvatinib (May 16, 2022). Due to proteinuria
and hypertension, the dose of lenvatinib was reduced to 8mg once
daily on June 23, 2022. Lenvatinib was eventually discontinued on
July 6, 2022, and pembrolizumab monotherapy was maintained after
that. Nevertheless, all lesions had continuously regressed at multiple
follow-up CT scans, and achieved complete response as shown by the
CT scan images on September 29, 2022, and a sustained complete
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Aug. 27,202
C
Sept. 09, 2021
FIGURE 1

Recurrence after radical left nephrectomy of the patient’s with renal clear cell carcinoma. (A) CT scan (August 23, 2021) showed the first recurrence after
nephrectomy in 13 years. The red arrow indicates the prominent lesion in the liver, and the blue arrow indicates the pancreatic lesion. (B) Laparoscopic
partial hepatectomy was performed for the largest intrahepatic lesions on August 26, 2021, and postoperative pathology confirmed liver metastasis of
renal clear cell carcinoma. (C) The images of positron emission tomography CT (PET-CT) on September 09, 2021 showed hypermetabolic pancreatic
lesions, no hypermetabolism in the residual liver, and no additional hypermetabolic lesions. (D) Immunohistochemistry showed that PD-L1 expression in
the tumor tissue was 40% for tumor proportion score (TPS), CD3"* TIL density was 100 cells/HPF, and CD8" TIL density was 50 cells/HPF

response was observed in a recent CT scan images on December 2,
2022 (Figure 2A).

The patient experienced severe proteinuria (grade 3) and
hypertension (grade 2) during lenvatinib treatment, and lenvatinib
had to be discontinued on July 6, 2022. After 1 month of suspension
of the use of lenvatinib, the patient’s 24-hour urine protein test
showed that urine protein gradually returned to normal (Figure 2C),
hypertension symptom disappeared, and the patient no longer needed
to take antihypertensive drugs. Additionally, ascites, bloating,
diarrhea, fatigue, edema, and other lenvatinib-related adverse events
were relieved. The body weight of patient was significantly increased
(Figure 2D) and ECOG performance status was decreased from 3
points to 1 point, indicating the quality of life was
significantly improved.

4 Discussion

ICB immunotherapy has become an important approach in the
treatment of advanced cancers. However, the proportion of patients who
can benefit from such therapy remains limited, with an estimated average
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response rate of 25% for patients with solid tumors, owing to primary or
acquired resistance (16). Recently, Tae K. et al. proposed four distinct
types of human cancer based on the presence of PD-L1 expression and
tumor-infiltrating lymphocytes (TILs) in the tumor immune
microenvironment (TIME), to better identify tumor response or
resistance to anti-PD therapy. According to this classification, tumors
could be divided into four types: PD-L1-/TIL~ (type I); PD-L1+/TIL+
(type 1I); PD-L1-/TIL+ (type III); and PD-L1+/TIL- (type IV) (16).
Primary resistance to anti-PD therapy was defined as the failure to
initially respond to anti-PD therapy in the type II tumor, which has both
PD-L1 expression and T cell infiltration (16). For this case, TPS of PD-L1
expression in tumor was 40%, and CD3+ TIL density was 100 cells/HPF
(CD8+ TIL density was 50 cells/HPF), thus indicating a type II tumor
with primary resistance to anti-PD therapy, which was evidenced by the
fact that the tumor continuously progressed during pembrolizumab
treatment for 5 months.

Multiple approaches are being developed to improve the response
to anti-PD-1 therapy, including the combination treatment with other
therapies. Combination with TKI targeted therapy has proved
effective for RCC in several clinical trials. Pembrolizumab combined
with axitinib was approved by the FDA in advanced RCC after the
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Short-term lenvatinib overcomes primary resistance of mRCC to anti-PD1 therapy. (A) After 3 cycles of pembrolizumab monotherapy, CT scan on
November 05, 2021 showed disease progression, the patient was still resistant to the combination of axitinib with pembrolizumab, with significantly
enlarged and increased number of metastases in liver (Feb 18, 2022), the addition of lenvatinib to pembrolizumab led to rapid tumor regression shown in
a follow-up CT scan on March 16, 2022 (23 days after lenvatinib initiation), CT examination in May 2022 revealed almost complete response (CR) of the
intrahepatic and pancreatic lesions, all lesions continued to regress in the two CT scans after lenvatinib was discontinued, with a sustained complete
response as shown in the CT scan image on September 29, 2022 and December 02, 2022. (B) Diagram of the patient’s entire treatment process, PH
representing laparoscopic partial hepatectomy (August 26, 2021), representing lenvatinib dose reduction due to AEs (June 23, 2022). (C) After 1 month of
suspension of the use of lenvatinib, the patient’'s 24-hour urine protein test showed that urine protein gradually returned to normal. (D) After

discontinuation of lenvatinib, the patient gradually gained weight

KEYNOTE-426 trial found that the combination was superior to
monotherapy with sunitinib (4). However, for this case, the patient
presented primary resistance to pembrolizumab monotherapy and
even in combination with axitinib. Lenvatinib is a novel potent
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multitarget TKI that performs its action through the
inhibition of VEGFR 1-3, FGFR 1-4, PDGFRa, RET and KIT (8).
Lenvatinib plus pembrolizumab demonstrated a promising antitumor
activity in mRCC patients (6). However, grade 3 or higher adverse
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events occurred in up to 82.4% of the patients who received lenvatinib
plus pembrolizumab. Notably, preclinical studies demonstrated that
lenvatinib pretreatment could induce an immune-activating tumor
microenvironment, resulting in significantly greater antitumor
activity compared with anti-PD-1 treatment alone (12, 13),
indicating a possibility that just short-term use of lenvatinib could
initiate a potent and durable antitumor response to PD-1 blockade in
patients with a type II tumor that is originally resistant to anti-PD
therapy. Herein, we reported, for the first time, that a patient who was
primary resistant to pembrolizumab plus axitinib, achieved a lasting
response after a short-term treatment with lenvatinib. The miraculous
effect observed herein provided further evidence for lenvatinib of
modulating the tumor immune microenvironment and overcoming
primary resistance of tumor to ICB.

For this case, radiotherapy was another factor that should be
considered for contributing to the effect of anti-PD-1 therapy. Several
cases had been reported that local radiotherapy, especially SBRT, could
produce an abscopal effect by activation of the immune system. There
are several prospective clinical trials investigating the abscopal effect
(17-19). However, consistent results regarding occurrence of abscopal
effect are highly variable. In general, these trials exploring expansion of
abscopal effect still only provide relatively low occurrence rate of
abscopal activity (19). For this case, a palliative radiotherapy (40Gy/8F)
was delivered to metastatic lesions in pancreas. Unfortunately, disease,
except for lesions in the irradiation field, continuously progressed
during 5 months after radiotherapy until the treatment with lenvatinib.
Therefore, tumor regression is unlikely to be an abscopal effect induced
by radiotherapy. Additionally, the limitation of this case report is that
it was not clear which markers were associated with the patient’s
durable response and what was the specific mechanism by which
lenvatinib overcame primary resistance to perbrolizumab in this
patient. It would be worthwhile to design a new clinical trial and a
rigorous experiment to demonstrate.

5 Conclusion

This patient’s surprising systemic response after short-term
lenvatinib in combination with pembrolizumab provides new
insights into the role of short-term lenvatinib in overcoming
primary resistance of tumor to anti-PD-1 therapy.
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Exposure to solar ultraviolet
radiation establishes a novel
Immune suppressive lipidome
in skin-draining lymph nodes
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Georges E. Grau', Anthony S. Don' and Scott N. Byrne“*

The University of Sydney, School of Medical Sciences, Faculty of Medicine and Health, Sydney,
NSW, Australia, ?Heart Research Institute, The University of Sydney, Sydney, NSW, Australia,
sWestmead Institute for Medical Research, Centre for Immunology and Allergy Research, Sydney,
NSW, Australia

The ability of ultraviolet radiation to suppress the immune system is thought to
be central to both its beneficial (protection from autoimmunity) and
detrimental (carcinogenic) effects. Previous work revealed a key role for lipids
particularly platelet-activating factor and sphingosine-1-phosphate in
mediating UV-induced immune suppression. We therefore hypothesized that
there may be other UV-induced lipids that have immune regulatory roles. To
assess this, mice were exposed to an immune suppressive dose of solar-
simulated UV (8 J/cm?). Lipidomic analysis identified 6 lipids (2 acylcarnitines, 2
neutral lipids, and 2 phospholipids) with significantly increased levels in the
skin-draining lymph nodes of UV-irradiated mice. Imaging mass spectrometry
of the lipids in combination with imaging mass cytometry identification of
lymph node cell subsets indicated a preferential location of UV-induced lipids
to T cell areas. In vitro co-culture of skin-draining lymph node lipids with
lymphocytes showed that lipids derived from UV-exposed mice have no effect
on T cell activation but significantly inhibited T cell proliferation, indicating that
the lipids play an immune regulatory role. These studies are important first
steps in identifying novel lipids that contribute to UV-mediated
immune suppression.

KEYWORDS

immune regulation, immune suppression, lipids, ultraviolet radiation, mass
spectrometry, extracellular vesicles

1 Introduction

Exposure to the ultraviolet (UV) radiation in sunlight suppresses the local cutaneous
immune response and is a major risk factor for the development of UV-induced skin
cancers (1). The formation of pyrimidine dimers (2, 3) and production of cis-urocanic
acid (4) within the skin following UV exposure are well-established molecular signals
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responsible for local immune suppression. However, UV is also
capable of causing systemic immune suppression which is
associated with protection from several autoimmune diseases
(5). The suppressive signal generated in UV irradiated skin is
transmitted to local draining lymph nodes by migrating
Langerhans cells (LC) (6, 7) and mast cells (8). Recently
arrived LCs interact with Natural Killer (NK) T cells to
suppress the immune response in an IL-4-dependent manner
(7) while IL-10-producing mast cells (9) interact with follicular B
cells (8). Ultimately, these early cellular events lead to the
generation of antigen-specific, long-lived UV-Tregs (10, 11)
and UV-Bregs (12-15). The skin-draining lymph nodes are
therefore a key anatomical site for UV-suppression of immunity.

Recently we showed that a single dose of solar-simulated UV
altered lymphocyte recirculation between the skin-draining
lymph nodes and the peripheral blood (16). This phenomenon
was due to UV increasing the amount of the chemotactic lipid,
sphingosine-1-phospate (S1P), in the lymph nodes. The increase
in S1P led to a downregulation of sphingosine-1-phospate
receptor 1 (S1P;) receptors and a sequestration of naive and
central memory T cells in the lymph nodes. This provided the
first evidence that UV can modulate the immune system by
manipulating lipids in the skin-draining lymph nodes.

There is a growing recognition for the role of bioactive lipids
and lipid metabolism in modulating the immune response. Lipid
oxidation for example, is required for regulatory T cell
proliferation (17-19) and the generation of memory T cells
(20). In addition, bioactive lipids such as lysophosphatidylserine
suppress CD4" T cell activation and proliferation by inhibiting
IL-2 production and the upregulation of early activation markers
such as CD69 (21, 22). Binding of lysophosphatidylserine also
suppresses the generation of regulatory T cells (21), in which IL-
2 inhibition is likely similarly involved. Indeed, UV radiation
alters lipid in the skin by increasing production of sphingolipids,
prostanoids and hydroxy fatty acids whilst reducing production
of free fatty acids and triglycerides (23-25). Of particular
importance, UV radiation of the skin triggers the release of the
immunosuppressive lipid, platelet-activating factor (PAF) and
its analogs. Activation of PAF receptors on dermal mast cells and
Langerhans cells initiates their migration to the skin-draining
lymph node (26, 27). Antagonism of PAF receptors and/or PAF-
receptor deficiency attenuates UVB-induced systemic (28, 29),
but not local immune suppression (30).

In light of our finding that UV upregulates S1P, in addition
to other immune suppressive lipids such as PAF in the skin (31,
32), we hypothesized that exposure to UV may activate other
immune modulating lipids in the skin-draining lymph nodes. In
this study, we used non-targeted lipidomics to identify six novel
UV-induced lipids in the skin draining lymph nodes. Using a
combination of imaging mass spectrometry and cytometry of the
nodes we were able to reveal that the upregulated lipids were
preferentially expressed in the T cell areas following UV
exposure. Finally, when the lipids induced by UV were
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isolated from the skin-draining lymph nodes and incubated
with lymphocytes, they suppressed the proliferation of T cells.
Thus, ultraviolet radiation induces immunosuppressive lipids
where T cell activation occurs - in the skin-draining
lymph nodes.

2 Materials and methods
2.1 Animals and UV radiation

Female C57BL/6 mice (Australian BioResources Ltd, Moss
Vale, Australia) aged 7-10 weeks were housed at 22°Con a 12 h
light-dark cycle with free access to water, and chow (Specialty
Feeds, WA) provided ad libitum. The fluorescent lights used in
the animal house did not emit any UV radiation. All mice were
shaved and housed together and provided with sufficient nesting
material for them to self-regulate their body temperature. Mice
were shaved on the back and exposed to a single, immune
suppressive 8 J/cm” dose of solar-simulated UV generated with a
1000 W xenon arc solar simulator (Oriel, Stratford, CT) with an
output of 8% UVB and 92% UVA. Full details on the UV spectra
has been published by us previously (33). In female C57BL/6
mice, a solar simulated UV dose of 3.64]/cm2 is the minimum
required to induce a statistically significant increase in skin
thickness (the minimal edematous dose; MEdD) (33). Unlike
humans, mice don’t make a readily detectable erythemal
response to UV, and so the MEdD is used as a surrogate for
the minimal erythemal dose (MED). Thus, the dose used is
2.2MEdD which translates to approximately 15min of midday
summer sun in Sydney, Australia. Control mice were shaved,
sham-irradiated and co-housed with irradiated mice. The animal
experiments were approved by the University of Sydney Animal
Ethics committee (#1352).

2.2 Imaging mass cytometry

Skin-draining (inguinal) lymph nodes were collected 24
hours post-UV radiation and freshly frozen in embedding
media containing 5% v/v carboxymethylcellulose and 10% v/v
gelatin (both Sigma, St. Louis, USA) which is optimal for mass
spectrometry imaging, generating significantly less background
than OCT (34). 10 um sections were fixed in 100% cold acetone
for 10 minutes. For staining, the slide was rehydrated, blocked
using an avidin-biotin blocking kit (Life Technologies, Carlsbad,
USA) and 10% mouse serum containing anti-CD16/32 antibody
(50 pg/mL, clone 93, Biolegend, San Diego, USA). 50 uL of a
master mix containing anti-mouse CD45-FITC, CD35-biotin,
CD62L-APC and CD11b-PE in 2% mouse serum was added and
stained at 22°C for 2 hours. The CD45-FITC antibody was used
to provide visual confirmation that the staining process was
successful. The use of CD35-biotin, CD62L-APC and CD11b-PE
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primary antibodies allowed for amplification of weaker antibody
stains with a secondary metal-conjugated antibody and ensured
that all our markers of interest could be included in the panel.
Antibody clones and concentrations are stated in Table 1. The
slide was then washed in Tris-buftered Saline and Tween (TBST;
all from Sigma). A second master mix containing metal-
conjugated antibodies was added to each section and
incubated overnight at 4°C. The next morning, the slides were
washed and fixed for 9 min using formalin (Fronine, Riverstone,
Australia). Following fixation, the slide was washed in TBST and
stained with iridium DNA intercalator for 30 min at 22°C. The
slide was again washed first with TBST and then in distilled
water. The slide was dried at 22°C and imaged within one week
of staining. Imaging was conducted using the Hyperion Imaging
System coupled to a Helios (Fluidgm, South San
Francisco, USA).

2.3 Lipid extraction

Lipids were extracted from skin-draining lymph nodes as
previously described (16). For lipidomic studies, 50 uL of pooled
internal standards (all from Avanti Polar Lipids, Alabaster, USA)
containing 20 uM C12 (18:1/12:0) glucosyl (B) ceramide (C12
GluCer), 20 uM C17 (18:1/17:0) ceramide (C17 Cer) and 4 uM
of C17 (17:1) sphingosine (C17 Sph) were spiked into the
extraction solution along with the lymph nodes. For T cell
functional studies, no internal standards were added.

2.4 Non-targeted mass spectrometry

5 uL of lipid sample was injected into ThermoFisher Scientific
Vanquish Ultra-High Pressure Liquid Chromatography (UHPLC)
system coupled to a Waters Acquity UPLC C18 column (1.7 pm
pore size, 2.1 x 100 mm). The HPLC operated with gradients of
solvent A (60% acetonitrile, 40% water, 0.1% formic acid (Sigma)
and 10 mM ammonium formate (Sigma)) and solvent B (90%
isopropanol, 10% acetonitrile, 0.1% formic acid and 10 mM
ammonium formate) (Organic solvents were from Fisher
Chemical, New Hampshire, USA) (Table 2).

The lipid scan was conducted using a Thermo Fisher Scientific
Q Exactive HF-X Hybrid Quadrupole—OrbitrapTM mass
spectrometer in full scan/data-dependent MS/MS (ddMS?) mode
between m/z 220 and 1600. These scans were conducted in both
positive and negative ion mode to ensure all classes of lipids are
captured. Analysis of the peaks was conducted using Compound
Discoverer (Thermo Fisher Scientific, Waltham, USA).

Molecules of interest were fragmented either by adding the
lipids of interest onto the inclusion list, or by using a targeted-
selected ion monitoring followed by ddMS? in both positive and
negative ion mode. The fragmentation pattern was analyzed in
LipidSearch 4.0 (Thermo Fisher) to identify the molecules. The
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identification was considered correct if: 1) An A or B grade was
obtained in LipidSearch (grading indicates confidence in
identifying the fatty acids and lipid group); 2) fragments were
consistent with identification (e.g. fragments of headgroups and
fatty acids were found); and 3) fragmentation and identification
was consistent across 3 individual experiments.

2.5 Mass spectrometry imaging

The lymph nodes were cryosectioned at 10 pm thickness and
mounted onto indium tin oxide (ITO) slides (Bruker Daltonics,
Billerica, USA). The slide was prepared for matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry imaging
following a previously established method (35) to sublimate
recrystallized 2, 5-dihydroxybenzoic acid (DHB) (Sigma) onto
the ITO slide. The slide was then loaded into the UltrafleXtreme
(Bruker) mass spectrometer. Elemental red phosphorus (Sigma)
was used to calibrate the instrument. The sections were then
ablated at 15 um raster width (i.e. 15 pm spatial resolution) and
full scan analyzed at m/z 380-1800. The peaks and images were
analyzed on SCiLS lab (Bruker).

2.6 Primary lymph node cell culture
with lipids

Naive skin-draining lymph nodes were collected inside
biosafety cabinets under sterile conditions before being dissociated
with 25 gauge needles (Terumo, Shibuya City, Japan) and cells
passed through a cell strainer (Miltenyi, Bergisch Gladbach,
Germany) to obtain single cell suspensions. Cells were then
counted using a haemocytometer (Livingstone, Toronto, Canada)
and viability assessed using trypan blue (Life Technologies,
Carlsbad, USA).

For proliferation assays, cells were prepared for
carboxyfluorescein succinimidyl ester (CFSE; Thermo Fisher)
staining by washing once in RPMI 1640 medium (Life
Technologies) then resuspending in pre-warmed RPMI to a
concentration of 5x 107 cells/mL. CESE was added to the cells at
a 1 in 1000 dilution (final concentration 5uM). The cells were
immediately inverted and placed in a 37°C incubator for 10
minutes. Cells were inverted every 3-4 minutes and the staining
stopped with the addition of cold complete RPMI (RPMI with
10% charcoal-stripped FCS (Thermo Fisher), 0.05 uM 2-
mercaptoethanol (Sigma) and 1% penicillin-streptomycin
(Invitrogen, Waltham, USA)) at 4 times the initial volume.
Cells were washed twice more with complete RPML

For T cell activation assays, non-CFSE-labelled cells were
seeded into U-bottom 96-well plates (Corning, New York, USA)
at 2 x 10° cells/well. For T cell proliferation assays, CFSE-labelled
cells were seeded into the plates at 5 x 10° cells/well. Dried lipid
preparations were reconstituted in complete RPMI and added to
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TABLE 1 List of antibodies used for imaging mass cytometry.

10.3389/fimmu.2022.1045731

Fluorochrome/Metal Antibody Clone Concentration Source
FITC CD45 30-F11 5 ug/mL BD

Biotin CD35 8C12 1.25 pg/mL BD

APC CD62L MEL-14 2 pg/mL eBioscience
PE CDI11b M1/70 2 pg/mL Biolegend
Structural cell markers

115In Lyvel Polyclonal 4 pug/mL R&D

160Gd Podoplanin 8.1.1 4 ug/mL Biolegend
165Ho CD31 390 4 pg/mL BD
Pan-immune marker

174Yb anti-FITC/FITC-CD45 FIT-22 4 ug/mL Biolegend
Myeloid markers

142Nd CDllc N418 8 pg/mL Biolegend
144Nd Ly6G 1A8 2 pg/mL Biolegend
146Nd CD207 (Langerin) 4C7 4 pg/mL Biolegend
154Sm CD169 3D6.112 4 ug/mL Biolegend
156Gd Anti-PE/PE-CDI11b PE001 4 ug/mL Biolegend
161Dy F4/80 BMS8 3 pg/mL Biolegend
163Dy CD64 X54-5/7.1 2 ug/mlL Biolegend
170Er Anti-biotin/biotin-CD35 1D4-C5 1 in 200 DVS/Fluidgm
176Yb Ly6C HK1.4 2 pg/mL Biolegend

T cell markers

152Sm CD3e 145-2C11 4 ug/mL Biolegend
153Eu CD4 RM4-5 1.8 pug/mL Biolegend
168Er CD8a 53-6.7 4 ug/mL Biolegend
145Nd CD69 H1.2F3 4 pg/mL Biolegend
171Yb CD44 M7 2 pg/mL BD

162Dy Anti-APC/APC-CD62L APC003 1in 100 DVS/Fluidgm
158Gd FoxP3 FJK-16s 1in 200 DVS/Fluidgm
B cell markers

149Sm CD19 6D5 2 pg/mL Biolegend
150Nd TA-IE M5/114.15.2 2 pg/mL Biolegend
159Tb B220 RA3-6B2 2 pg/mL Biolegend
Pan-nuclei marker

1911Ir/1931Ir DNA intercalator 1.25 ng/mL DVS/Fluidgm
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TABLE 2 LC gradients and flow-rate.

Time (min) Flow-rate (mL/min) = % Solvent B
0.0 0.280 30
3.0 0.280 30
45 0.280 43
55 0.280 55
8.0 0.280 65
13.0 0.280 85
14.0 0.280 100
200 0.280 100
202 0.360 30
248 0.360 30
25.0 0.280 30

cells at a ratio of one lymph node amount of lipids to one lymph
node number of cells as previously described (16). A final
concentration of 0.27 ug/mL of anti-CD3 (clone 1452c11) and
0.17 ug/mL of anti-CD28 (Biolegend, clone 37.51) antibodies
were added to the cells. The plates were incubated at 37°C with
the activation plate analyzed after 24 hours and proliferation
analyzed at 72 hours.

2.7 Large extracellular vesicle isolation
and analysis

To assess large extracellular vesicles (LEVs), 6 hours post-UV
(or sham-UV) treatment, skin-draining lymph nodes were collected
in double filtered FACs buffer (phosphate-buffered saline (PBS)
with 0.5% bovine serum albumin (BSA, Bovogen, Melbourne,
Australia) and 0.4% ethylenediaminetetraacetic acid (EDTA)).
Lymph node capsules were broken apart and a single-cell
suspension achieved, retaining both the resulting cells and
suspension. Lymph node cell viability was assessed by trypan blue
staining and quantified using a haemocytometer. LEVs were
harvested from all samples using multiple centrifugations: 1500xg
for 15 minutes to remove cells, 13000xg for 2 minutes to remove
cellular debris and platelets, and 18000xg for 60 minutes at 4°C to
pellet LEVs. LEV pellets from each condition were then
resuspended in a final volume of 100ul filtered PBS and kept at
-80°C until they were prepared for flow cytometric analysis.

2.8 Flow cytometry staining

Cells were washed and pre-stained with Fixable Viability
Dye eFluor 455UV (Thermo Fisher) and FcBlock (Biolegend) for
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15 minutes at 22°C. Cells were then washed and 50 UL of
primary antibody mix added (Table 3). Cells were stained in
the dark at 4°C for 30 minutes. For the proliferation studies, cells
were then washed, fixed in 50 pL of fixation buffer (Biolegend)
for 20 minutes, washed and resuspended in FACs buffer ready
for analysis. For the activation studies, cells were prepared for
intracellular staining using a FoxP3/transcription factor staining
buffer set (Thermo Fisher). Cells were fixed and permeabilized
for 20 minutes at 22°C. Cells were then washed with
permeabilisation buffer and resuspended in 50 pL of
intracellular antibody mix. After 30 minutes of staining at 22°
C, cells were washed again with permeabilization buffer and then
resuspended in FACs buffer ready for analysis.

LEVs were stained with annexin-V AF488 (BD, Franklin
Lakes, USA) and selected parent antibodies: T cells (CD4,
Biolegend, clone RM4-5 or CD8, eBioscience, clone 53-6.7), B
cells (CD19, eBioscience, clone 1D3), monocyte/macrophages
(CD11b, Biolegend, clone M1/70), platelets (CD41, BD,clone
MWReg30), endothelial cells (CD105, BD, clone MJ7/18), mast
cells (CD117, Biolegend, clone ACK2) or keratinocytes (pan-
keratin, CST, clone C11) for 25 minutes in binding buffer and
enumerated on a BD LSRFortessa for 120 seconds at medium
flow rate. Countbright, absolute counting beads (Invitrogen)
were used as an internal standard to allow direct enumeration of
EVs per microlitre of supernatant. LEVs were analyzed on a FSC
vs SSC dot plot. To define the LEV gate, we used 0.22-1.34 pm
latex beads (Nano Fluorescent Size Standard Kit, Yellow, Flow
Cytometry Grade, Spherotech, Lake Forest, USA). Events falling
within the LEV gate were then analyzed for parent-antibody and
AnnexinV-AF488 fluorescence on a cytogram.

2.9 Statistics

For experiments with n values of greater than 6,
comparisons between 2 groups were done by Student’s t
tests. For experiments with n values of 6, a Shapiro-Wilks
normality test was performed (0=0.05; p<0.05) and for
normally-distributed data, a Student’s t test (comparing 2
groups) or ordinary one-way ANOVA with a Holm-Sidak
multiple comparisons test (comparing more than 2 groups)
were used. For groups that failed the Shapiro-Wilks normality
test, and for experiments with »n values less than 6 a non-
parametric analysis using Mann-Whitney test (comparing 2
groups) or Kruskal-Wallis test with Dunn’s multiple
comparisons (comparing more than 2 groups) were used.
Data from individual mice was expressed as a fold change
(normalized) to the mean of the No UV control group in each
experiment. Thus the relative expression/frequency of the No
UV group would be a value of 1, enabling different
experimental repeats to be pooled.
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TABLE 3 List of flow cytometry antibodies.

Marker Fluorochrome

10.3389/fimmu.2022.1045731

Concentration

Common to both lymph node cell panels

Company

CD16/32 Purified 5 pg/mL 93 Biolegend
Live/dead eFluor 455UV 1 in 1000 Thermo Fisher
CD3e PE-CF594 1 pg/mL 145-2C11 BD
CD4 PerCP 1 ug/mL RM4-5 Biolegend
Cell activation panel (24 hours)
CD8o FITC 2.5 pug/mL 5H10-1 Biolegend
CD62L BV421 1 pg/mL MEL-14 BD
CD44 BV786 0.2 pg/mL M7 BD
CD25 APC-eFluor780 2 pg/mL PCé61.5 eBioscience
FoxP3 (intracellular) PE 1 in 50 150D Biolegend
CD69 PE-Cy7 1 ug/mL H1.2F3 Thermo Fisher
S1P, APC 1in 100 713412 R&D
Cell proliferation panel (72 hours)
CD8a APC-Cy7 1 ug/mL 53-6.7 Biolegend
CDl1lc APC 2 pg/mL N418 eBioscience
CD19 PE 1 ug/mL eBiolD3 eBioscience
B220 BUV737 1 pg/mL RA3-6B2 BD
I-A/I-E BV510 2.5 pug/mL M5/114.15.2 Biolegend

3 Results with other studies demonstrating that CD4" T cell localize with

3.1 UV does not alter skin-draining lymph
node architecture nor T cell distribution

We have previously demonstrated that exposure to UV
results in local skin-draining lymph node hypertrophy (8, 16).
To determine if this UV-induced lymph node hypertrophy is
associated with changes in lymph node architecture, we
performed imaging mass cytometry assessing 24 immune and
structural markers. UV-exposure did not change gross lymph
node architecture, with B cell follicles (B220"), T cell areas
(CD3"), macrophage areas (defined by varying expressions of
CD11b, CD169 and F4/80), lymphatics (Lyve-1") and high
endothelial venules (CD31%) all appearing to be similar to
control unirradiated lymph nodes (Figure 1A)

UV-irradiated skin-draining lymph nodes preferentially
sequester naive and central memory T cells (16). Imaging
mass cytometry revealed that CD4" and CD8" T cell
distribution was similar between unirradiated control and UV
lymph nodes with both T cell subsets abundant in the cortical
area and CD4" T cells prominent in the interfollicular space
closer to the lymphatic sinuses (Figure 1B). This is consistent
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lymph node resident ¢cDC2s close to the lymphatic sinus,
whereas CD8" T cells localize with the more centrally-located
resident cDC1 population (36). In both groups there was a
greater concentration of CD44" memory T cells adjacent to the
follicles. Hence, UV-induced lymph node hypertrophy is not
associated with changes in lymph node architecture.

3.2 UV-radiation alters the skin-draining
lymph node lipidome

We next assessed if UV radiation of the skin alters lipids
within the skin-draining lymph nodes. Lipids extracted from the
skin-draining lymph nodes were analyzed using non-targeted
mass spectrometry. Six identifiable lipids were significantly
increased in the skin-draining lymph nodes following UV
exposure (Figure 2A). These lipids were acylcarnitine (20:4)
(neutral mass of 447.3348), acylcarnitine (20:3) (449.3505),
diglyceride (18:1_20:4) (642.5221), phosphatidylcholine (o-
38:6) (791.5823), triglyceride (16:1_14:1_18:2) (798.6743) and
phosphatidylethanolamine (22:0_18:2) (799.6102). Thus the
UV-altered lipids belonged to a variety of lipid classes.
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F4/80 LyeC Lyve-1 CD31

FIGURE 1

UV exposure does not alter skin-draining lymph node architecture. Skin-draining (inguinal) lymph nodes were collected from mice exposed (or
not) to 8 J/cm? UV 24 h after exposure. Lymph node sections were stained and analyzed by imaging mass cytometry. (A) Representative images

of immune and structural markers. (B) Representative images of CD4*, CD8

We next determined whether the UV altered lipids shared
similar anatomical distribution across the lymph node. Since
lipids cannot be imaged by immunohistochemistry or
immunofluorescence, mass spectrometry imaging was
conducted. Fresh-frozen lymph nodes were sectioned and
sublimated with a lipid-ionizing DHB matrix. Lymph nodes
were imaged by matrix-assisted laser desorption/ionization
(MALDI) mass spectrometry imaging. In this method, the
laser ablated a series of 15 wm pixels generating a non-
targeted scan of detectable lipids at each pixel. A specific mass
was selected and a gradient map generated to display the level of
expression across the acquired area. We were able to detect 2
masses matching those of triglyceride (16:1_14:1_18:2; m/z
799.347) and phosphatidylethanolamine (22:0_18:2; m/z
800.327) with a hydrogen adduct (last 2 panels in Figure 2A
showing the ammonium adduct, and imaging shown in
Figure 2B). Both lipids appeared to localize to the same areas
in the outer regions of each individual skin-draining lymph
node, suggesting that the lipids may be draining into the lymph
node. Mass spectrometry imaging data alone however did not
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,and CD44* T cells. Scale bars represent 100 um

reveal obvious differences in the lipid location between
unirradiated control and UV-irradiated skin-draining
lymph nodes.

To more closely interrogate the lymph node cells present in
the high lipid areas, we mapped the location of the lipids to the
serial section used for immune cell imaging. This revealed that
the high lipid areas (as outlined in dotted lines) in the UV lymph
nodes were more centrally located than in the control
unirradiated lymph nodes (Figure 2B). To quantify this, B220
(B cell follicles), CD3 (T cell zones) and CD169 (macrophages in
subcapsular sinus) expression within the high lipid “hotspot”
areas were calculated as a percentage of the total area of the high
lipid region of interest. The UV high lipid areas trended towards
decreased CD169" and B220" expression whilst increasing CD3™
expression [6 different lymph nodes from 6 individual mice (3
no UV and 3 UV) are shown in Figure 2C]. This data indicated
that while no specific cell subset was associated with the high
lipid regions, UV-induced lipids appear to preferentially locate
more towards the T cell areas and away from the subcapsular
sinus and B cell follicles.

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1045731
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Tse et al.
A
Acylcarnitine Acylcarnitine Diglyceride
(20:4) (20:3) (18:1_20:4)
[M+H]": m/z 448.3419 [M+H]": m/z 450.3578 [M+NH,]": m/z 660.5557
p =0.0089 p =0.0002 p = 0.0002
5 3 25 . 2.0
‘a
] o s 2.0 *
52 .:.:' 5] o= ¥l e é
8 | e e B 101 €9
e, oo 1.0 eg';e o S
] * ¢ 0.5
5 05] °8 -
« o °* o

0.0

0.0

Merged

FIGURE 2

10.3389/fimmu.2022.1045731

Phosphatidylcholine Phosy y
(22:0_18:2)

Triglyceride

(0-38:6 (16:1_14:1_18:2) _
[M+H]": m/z 792.5897 [M+NHJ" m/Z816.7003  [M+H] m/z 800.6176
p=0.0220 p=0.0049 p=0.0011
2.0 3
o L4
1.
5 2 o8

Ve d ., ¥
MESIE T

0.0

B220+ [ CD3+ MM CD169+
100
©
e
©
h-]
Q.
S 50 .H
]
o
: M
E H
@
I~
[
& 9
NoUV uv

UV altered several lipids in the skin-draining lymph nodes with possible preferential localization to T cells areas. Skin-draining lymph nodes were
collected from UV-irradiated and control mice 24 h after exposure. (A) Lipids extracted from skin-draining lymph nodes were analyzed by non-
targeted mass spectrometry. Normalized relative expression of the lipids (acyl chain) across 3 independent UV experiments (each with n = 5-6
mice per group) are shown. Statistics were done by Student’s t test with mean shown. (B) Mass spectrometry imaging and imaging mass
cytometry were conducted on serial sections of lymph nodes. Representative lymph nodes shown with expression of lipids dictated by the
gradient and dotted lines indicating high lipid areas. Scale bar represents 100 um. (C) Areas of high lipid were quantified for the presence of
CD169, B220 and CD3 expression for lymph nodes from 6 individual mice (3 NoUV and 3 UV).

3.3 UV-induced skin-draining lymph
node lipids do not alter T cell subsets

Due to the preferential accumulation of UV-induced lipids
in the T cell areas of lymph nodes, we next assessed whether UV-
induced lipids affected lymphocyte activation and/or
differentiation. To address this, we extracted the entire lipid
fraction from the skin-draining lymph nodes of unirradiated
control and UV-exposed mice. These bulk lipids were added to
lymph node cells isolated from untreated skin-draining lymph
nodes and incubated for 24 hours before T cell subsets were
assessed by flow cytometry. The gating strategy to identify naive,
central memory, effector memory and regulatory T cells is
shown in Figure 3A. To compare the effect of unirradiated
control-derived and UV-derived lipids on T cell activation, the
frequencies of subsets were normalized to the no lipid control.
No differences were observed in the ability of lipids (from
control or irradiated mice) to alter CD4" or CD8" T cells
subsets, including Tregs (Figure 3B).

The failure of lipids alone to alter T cell subsets could be due
to the absence of T cell stimulation. We therefore assessed
whether lymph node lipids were able to suppress T cell
activation in the presence of anti-CD3 and anti-CD28
antibodies. Similar to what was observed in the absence of T
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cell stimulation, adding lipids from unirradiated control or UV-
irradiated mice did not affect CD4" or CD8" T cell activation in
the presence of stimulation (Figure 3C). Hence, lipids from skin-
draining lymph nodes, whether the skin is exposed to UV or not,
do not alter T cell subsets.

3.4 UV-induced skin-draining lymph
node lipids suppress T cell expansion

Clonal expansion is a requisite event for robust immune
responses. Indeed, inhibition of T cell proliferation is a highly
effective strategy underpinning the therapeutic success of immune
suppressants (37). It was possible, therefore, that lipids from lymph
nodes draining UV-exposed skin could be inhibiting T cell
proliferation. To assess this, lipids isolated from the skin-draining
lymph nodes of unirradiated control and UV-exposed mice were
added to CFSE-labelled cells isolated from naive skin-draining
lymph nodes. Anti-CD3 and anti-CD28 antibodies were added to
induce proliferation. 72 hours later, the cells were stained and
analyzed by flow cytometry. As expected, the addition of anti-CD3
and anti-CD28 successfully caused CD4" and CD8" T cell
proliferation. The addition of lipids derived from the skin-
draining lymph nodes of mice exposed to UV, but not from
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Lipids derived from UV-irradiated skin-draining lymph nodes have no effect on T cell subsets. Skin-draining lymph nodes were collected and lipids
extracted. Lipids were then added to untreated skin-draining lymph node cells with or without anti-CD3 and anti-CD28 stimulation. Cells were
cultured for 24 hours and stained for flow cytometry analysis. (A) Gating strategy for the identification of CD4" and CD8* T cell subsets. CD62L"
CD44° T cells were defined as naive, CD62L" CD44" T cells as central memory, CD62L'° CD44" T cells as effector memory and CD4* CD25*
FoxP3* cells as regulatory T cells. (B) T cell subsets following lipid co-culture without stimulation. (C) T cell subsets following lipid co-culture with
stimulation. Relative frequency was calculated as a ratio to the no lipid control of each independent experiment. Median and individual mice (lipid
donors, n = 6-7) from 2 independent UV-irradiation experiments are shown. Statistics were done by two-tailed unpaired Mann-Whitney test.
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Lipids from UV-irradiated skin-draining lymph nodes suppress T cell proliferation. Skin-draining lymph nodes were collected and lipids
extracted. Lipids were then added to CFSE-stained untreated skin-draining lymph node cells with or without anti-CD3 and anti-CD28. Cells
were cultured for 72 h and assessed for CFSE expression by flow cytometry. (A) Representative histograms of CFSE expression in CD4* and
CD8* T cells with and without lipids and/or stimulation. (B) Normalized division and proliferation index of CD4* and CD8" T cells with
stimulation and either lipids from NoUV or UV mice. Division and proliferation indexes were normalized to the stimulated no lipid control of
each independent experiment. Median and individual mice (lipid donors, n = 6) from 2 independent UV irradiation experiments are shown.

Statistical analysis was by a two-tailed unpaired Student’s t tests.

unirradiated control mice significantly inhibited both CD4" and
CD8" T cell proliferation (Figure 4A).

To examine whether the lipids were reducing the number of
cells proliferating or reducing the number of divisions each cell
undergoes (or both), division index and proliferation index were
calculated (38). Lipids from UV-exposed mice significantly
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decreased the division index for both helper and cytotoxic T
cells (Figure 4B) indicating that the lipids suppressed the average
number of divisions undertaken by all T cells. The proliferation
index was also lower for CD8" T cells, but failed to reach
statistical significance for CD4" T cells, meaning that once a
CD8" T cell commenced proliferation, it underwent fewer
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divisions in the presence of lipids isolated from the lymph
nodes of UV-exposed mice. Together, this indicates that UV-
lymph node lipids significantly decrease the number of
proliferating cells and, at least for CD8" cytotoxic T cells,
reduce the number of divisions undertaken by cells that had
commenced proliferation.

3.5 Skin-derived large extracellular
vesicles rapidly appear in the lymph
nodes following UV

Signals generated in UV-exposed skin leads to systemic
immune suppression via the formation of microvesicles which
are submicron (0.1-1um) large extracellular vesicles (LEV)
generated from the budding of cell membranes in response to
stressors and danger-signals. LEVs derived from keratinocytes
can be readily detected in the skin and plasma of mice and
humans exposed to UVB radiation (39). Whether solar-
simulated UV-induced skin LEVs find their way to draining
lymph nodes has not been investigated before. Since LEVs can
transport lipids as both cargo and on the membrane surface (40,
41), it is possible that skin-derived LEVs transport lipids to the
skin-draining lymph nodes which could explain how UV alters
the lymph node lipidome. To investigate this, groups of mice
were exposed to UV before the LEVs in their skin-draining
lymph nodes were analyzed by flow cytometry at various times.
UV significantly increased the proportion of LEVs in the skin-
draining lymph nodes at 2, 4 and 6h after UV (Figure 5A).
Absolute numbers of LEVs were also increased 6h after UV
exposure (Figure 5B). This increase preceded hypertrophy of the
lymph nodes which typically occurs no earlier than 24h post
exposure (Figures 5C, D) (8). Detailed flow cytometry analysis
found that the only significant UV-induced increase was in
keratin® LEV thus confirming their skin origin (Figure 5E).
Indeed, keratin” LEV in the lymph nodes of control unirradiated
mice were almost undetectable (Figure 5E). In addition, we
found no change in LEV derived from other parent cells
including T cells (CD4" and CD8" LEV), B cells (CD19"
LEV), monocyte/macrophages (CD11b* LEV), platelets
(CD41" LEV), endothelial cells (CD105" LEV) or mast cells
(CD117" LEV) (Figures 5E, F with representative flow plots
shown in Supplementary Figure 1). Thus, LEV from UV-
exposed skin find their way to secondary lymphoid organs and
represent an important way in which peripheral regulatory
signals are transmitted to the immune system.

4 Discussion

The skin-draining lymph nodes are a major site of UV-
induced immune suppression, where the activation of UV-Tregs,

Frontiers in Immunology

102

10.3389/fimmu.2022.1045731

UV-Bregs and sequestration of naive and central memory T cells
occurs. Here we have demonstrated that UV upregulates 6
unique, previously undescribed UV-induced lipids, mostly in
the T cell zones of lymph nodes, and that some of these lipids
can suppress the expansion of T cells.

We previously showed that exposure to UVB prior to
contact sensitization inhibits the expansion of effector T cells
in the skin-draining lymph nodes (42). Until now, the
mechanism behind this suppression was not known. There
was no evidence for any of the described processes including
prostaglandin E2 (PGE,), pyrimidine dimers, cis-urocanic acid,
reactive oxygen species, or the generation of functional Tregs
(42, 43), to be responsible for this suppression. Here we show
that lipids isolated from UV-irradiated skin-draining lymph
nodes suppress T cell expansion. The lipid extraction method
we used has been previously established as resulting in very
minimal non-lipid material being extracted (44) and has been
used in other similar lipid-tissue culture experiments (45), giving
us confidence that the immune suppressive effects observed were
indeed lipid-mediated. This suggests that UV-induced lipids in
the local draining lymph nodes are at least in part responsible for
a dampened T cell response post-UV exposure.

Our lipidomic analysis identified 2 acylcarnitines, a
phosphatidylcholine, a diglyceride, a triglyceride and a
phosphatidylethanolamine as being significantly increased in
the skin-draining lymph nodes of UV-exposed mice. Previous
studies have identified the lipids PGE2, PAF and arachidonic
acid as being involved in UV-immune suppression (28). PGE2 is
unlikely to be detected using untargeted mass spectrometry as it
is too low in abundance. And due to its extremely short half-life,
PAF is unlikely to be detectable under the experimental
conditions used. However, the increased levels of acylcarnitine
(20:4) we observed (Figure 2A) is a close surrogate for increased
arachidonic acid as arachidonic acid is released from lipids that
contain the arachidonyl fatty acid chain (20:4) in response to cell
stimuli, usually associated with activation of phospholipase A2
(the enzyme that cleaves the 20:4 fatty acid from the lipid).

Whilst there is limited knowledge on how the specific lipids
we identified affect cell-mediated immunity, the changes in
acylcarnitines, diglycerides and triglycerides suggest that UV
alters fatty acid metabolism. Indeed this is known to occur in the
skin following UV exposure, whereby the expression of genes
related to lipid synthesis are decreased (23, 24). Our group has
also shown that UV exposure on the skin significantly increases
total liver triglycerides (46). The possibility of UV modulating
fatty acid metabolism is of particular importance as naive T cells,
but not effector T cells, use fatty acid oxidation and have high
levels of acylcarnitine molecules (47, 48). Furthermore,
regulatory T cells also use lipid oxidation to sustain
proliferation (17-19). Since an increase in naive T cells (16)
and regulatory T cells (49) occurs in the skin-draining lymph
nodes following UV irradiation, this potential change in lipid

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1045731
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Tse et al.

metabolism may be an additional mechanism of maintaining
naive and regulatory T cells numbers in the lymph nodes.

Whilst the fragmentation data allowed for the identification
of the lipid headgroup and acyl chains, the location of double
bonds within the fatty acyl chain and the position of fatty acids
on the glycerol headgroup cannot be distinguished by LC-MS/
MS with electrospray ionization, as used for this study. This
means that the specific lipids identified in this study cannot be
synthesized currently as the exact structure is unknown. As the
molecular structure affects the bioactivity of the lipid, this needs
to be ascertained before functional studies can be conducted.
Additionally, commercially available lipids typically contain
identical fatty acids meaning that the UV-lipids identified in
this study cannot be purchased, restricting the functional assays
possible to interrogate whether the specific increases in lipids we
have observed are responsible for inhibiting T cell expansion.

Visualization of UV-altered lipids using imaging mass
spectrometry in combination with imaging mass cytometry
was a powerful interrogation tool which revealed that lipids
with masses close to triglyceride and phosphatidylethanolamine
were found preferentially in T cell areas in the lymph nodes and
further away from B cell follicles. In this study, mass
spectrometry imaging was critical as lipids cannot be imaged
by traditional immunohistochemical or immunofluorescent
methods. However, mass spectrometry imaging does have
some limitations. Mass accuracy is particularly important as it
allows for the accurate identification of the lipid ion. However,
the mass accuracies varied for the instrument used for lipidomic
analysis (mass accuracy of 1 ppm) and imaging mass
spectrometry (mass accuracy of + 30 to 120 mDa). Since the
imaging mass spectrometer had low mass accuracy and no
fragmentation was done to ascertain the exact lipid identity,
we cannot be certain that the same lipids identified in the
lipidomic studies were imaged. Similarly, without an exact
lipid identity, we are forced to assume that the imaged lipids
were independent of each other and not isotopic ions (the same
compound but with a series of ions differing by one m/z unit). In
addition, the imaging mass spectrometer has lower sensitivity in
comparison to the quadrupole-orbitrap mass spectrometer used
for our lipidomics studies. This resulted in some of the low-
abundance UV-induced lipids not being imaged.

This study has highlighted the ability of UV-induced lipids
to suppress T cell proliferation in the skin-draining lymph
nodes. A number of potential lipid candidates responsible for
the suppression have been identified. Simultaneous
sequestration of naive and central memory T cells in the
lymph nodes (16) will maximise the chances that the immune
suppressive lipids we have discovered can influence T cell fate.
The current limitations of lipid imaging resolution means that it
is not yet known whether the associated cells are producing the
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lipid or are affected by the lipid. The conspicuous location of the
lipids around the outer regions of the lymph nodes suggests that
the lipids may be draining into the lymph nodes from the
irradiated skin. Alternatively, exposure of the skin to UV,
which enlarges dermal lymphatic vessels (50) and increases
vascular flow, may result in increased drainage of cutaneous
UV-induced lipids. This hypothesis would be consistent with
free fatty acids and triglycerides being depleted in the epidermis
following UV exposure (23). An alternative possibility that we
considered and tested is that UV-induced skin lipids reach the
lymph nodes packaged within large extracellular vesicles (LEV).
UV induces LEV formation by keratinocytes in a PAF-
dependent manner (51, 52) and in humans, LEV numbers
within the skin and plasma (flow cytometrically identified by
their surface expression of calcium-sensing receptors) are
significantly increased post-UVB exposure (39). Our data
shows that the same immune suppressive dose of solar
simulated UV significantly increases the number of keratin-
expressing LEVs in the local-draining lymph nodes 6 hours
following exposure. Increases in skin-derived mast cells are not
detectable in lymph nodes until 24h after UV exposure (8) so
these events would appear to be distinct. To our knowledge this
is the first-time antibodies to keratins have been used to identify
skin-derived LEV. This approach is supported by proteomic data
confirming the expression of keratins in LEVs (53). Showing that
skin-derived LEV's are the source of the T cell-suppressing lipids
in draining lymph nodes awaits next generation flow cytometers
that can sort keratin+ LEVs for lipidomic analysis. In the
meantime, studies inhibiting UV production of LEVs with
topical acid sphingomyelinase inhibitors like imipramine could
be performed. Indeed, this pharmacological strategy has already
been shown to be effective in mice (39) and is currently being
trialed in humans (NCT04520217).

Precisely how UV alters systemic immune responses is not
well known. This is important if we are to harness the beneficial
effects of UV to prevent and treat non-skin diseases like multiple
sclerosis (5). The mechanisms appear to be different to that
which mediate local immune suppression at the irradiated site.
The release of skin-LEV's containing PAF (39) and alterations to
S1P in lymph node nodes (16) are novel and major ways in
which UV modulates distant, non-skin immune responses.
Establishing a lymph node lipidome that suppresses T cell
proliferation appears to be another.
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CD83 expressed by macrophages
is an important immune
checkpoint molecule for the
resolution of inflammation
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Petra Miihl-Zirbes®, Christine Kuhnt', Christina Drassner?,
Elisabeth Zinser', Marius Wrage?, Jochen Mattner?,

Alexander Steinkasserer®, Dmytro Royzman®f

and Andreas B. Wild*"

Department of Immune Modulation, Universitatsklinikum Erlangen, Friedrich—Alexander Universitat
Erlangen—Nurnberg, Erlangen, Germany, ?Mikrobiologisches Institut - Klinische Mikrobiologie,
Immunologie und Hygiene, Universitats-klinikum Erlangen and Friedrich-Alexander-Universitat (FAU)
Erlangen-Nurnberg, Erlangen, Germany

Excessive macrophage (M) activation results in chronic inflammatory responses
or autoimmune diseases. Therefore, identification of novel immune checkpoints
on Mo, which contribute to resolution of inflammation, is crucial for the
development of new therapeutic agents. Herein, we identify CD83 as a marker
for IL-4 stimulated pro-resolving alternatively activated M¢ (AAM). Using a
conditional KO mouse (cKO), we show that CD83 is important for the
phenotype and function of pro-resolving M¢. CD83-deletion in IL-4 stimulated
Meo results in decreased levels of inhibitory receptors, such as CD200R and MSR-1,
which correlates with a reduced phagocytic capacity. In addition, CD83-deficient
Me upon IL-4 stimulation, show an altered STAT-6 phosphorylation pattern, which
is characterized by reduced pSTAT-6 levels and expression of the target gene
Gata3. Concomitantly, functional studies in IL-4 stimulated CD83 KO M reveal an
increased production of pro-inflammatory mediators, such as TNF-q, IL-6, CXCL1
and G-CSF. Furthermore, we show that CD83-deficient M@ have enhanced
capacities to stimulate the proliferation of allo-reactive T cells, which was
accompanied by reduced frequencies of Tregs. In addition, we show that CD83
expressed by Mg is important to limit the inflammatory phase using a full-thickness
excision wound healing model, since inflammatory transcripts (e.g. Cxcll, 116) were
increased, whilst resolving transcripts (e.g. Ym1, Cd200r, Msr-1) were decreased in
wounds at day 3 after wound infliction, which reflects the CD83 resolving function
on Mg also in vivo. Consequently, this enhanced inflammatory milieu led to an
altered tissue reconstitution after wound infliction. Thus, our data provide
evidence that CD83 acts as a gatekeeper for the phenotype and function of
pro-resolving Me.

KEYWORDS

CD83, macrophages, checkpoint molecule, resolution of inflammation, STAT-6,
wound healing
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Introduction

Macrophages (M@) constitute not only a vital part of the first
defense line against invading pathogens, but they also resolve ongoing
inflammation to re-establish tissue homeostasis. This variety of tasks
requires a high level of phenotypic and functional plasticity to adapt
to diverse environmental cues (1, 2). For example, M¢ undergo
specific phenotypic and functional changes thereby contributing to
proper wound healing upon skin injury. The wound healing process is
generally characterized by overlapping phases, i.e. hemostasis,
formation of inflammatory tissue, proliferation and remodeling of
injured tissue (3, 4). M@ are central for wound closure during all these
stages, which is reflected by aberrant wound healing processes when
Mo have been depleted (4). M@ not only dispose cellular debris
during the inflammatory stage of wound healing, but later they adopt
to a pro-resolving phenotype and secrete trophic factors, such as FGF
or TGF-B, that induce proliferation of fibroblasts to promote
complete wound closure (5).

These multifaceted M@ phenotypes, which are required to adapt
to in vivo challenges such as wound healing, are often classified into a
spectrum between the two polar extremes of IFN-y-stimulated,
classically activated M@ (CAM), and IL-4-treated, alternatively
activated M@ (AAM) (6). Pro-inflammatory CAM (MHCIIMeh,
CD86"", MerTK, CD40) predominantly boost inflammation by
secretion of pro-inflammatory cytokines/chemokines, such as TNEF-
o, IL-6, IL-1B, CCL2, RANTES (7, 8). By contrast, alternatively
activated M@ (AAM) are often referred to as pro-resolving M@
(MHC-II'®¥, CD86'°Y, CD206, PDL2, CD200R, MSR-1), that
express specific mediators, such as CCL22, CCL17 or IL-10 (9, 10).
Although the dichotomy of CAM and AAM does not suffice to grasp
the entire complexity of M@ polarization in vivo, it can be a valuable
substitute for studying several aspects of M@ biology in vitro (11). In
this regard, genes that are associated uniquely with one of these
phenotypes might emerge as important regulators of M@ function.

Microarray analyses revealed that the Cd83 transcript is
specifically induced in AAM but not CAM (7). The corresponding
membrane bound CD83 (mCD83) glycoprotein, which is expressed
on activated immune cells, has been described to have potent
immunomodulatory properties (12, 13). Furthermore, CD83
inhibits the ubiquitin-dependent degradation of MHC-II and CD86
on DCs as well as MHC-II on thymic epithelial cells, mediated by
MARCHI1 and MARCHS respectively, thereby stabilizing the surface
expression of these important molecules (14, 15). Moreover, CD83
expressed by DCs and regulatory T cells (Tregs) plays a central role in
promoting resolution of inflammation (16, 17). In addition, a soluble
isoform of CD83 (sCD83) has also been described, having profound
immunomodulatory properties in murine autoimmune and
transplantation models (12, 13, 18, 19). Recently, we reported that
sCD83 induces pro-resolving M¢, thereby improving corneal
transplant survival (20) as well as skin wound healing processes (21).

However, the role of endogenously expressed mCD83 by M¢ is
less well understood. An early study revealed that CD83 is preformed
and stored intracellularly in human monocyte-derived cells, which
allows for rapid surface display after stimulation with LPS. While
LPS-stimulated DCs stably express CD83 for up to 48 hours, CD83 is
only transiently detectable on monocytes and M@ upon LPS
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stimulation, suggesting distinct regulatory mechanisms that might
also affect cellular functions (22). Even more importantly, the role of
CD83 expressed by AAM has not yet been addressed, despite the clear
association with this M@ phenotype (7).

Thus, we first analyzed CD83 expression kinetics in murine
bone-marrow derived M@ (BMDM) after stimulation with pro- and
anti-inflammatory agents. Like in human M@, CD83 is expressed only
transiently by BMDM after LPS stimulation, but shows stable surface
display after stimulation with IL-4, suggesting an association with a
pro-resolving phenotype. To further investigate the biological
function of CD83 expressed by M@, we generated conditional
knock-out (cKO) mice, specifically lacking CD83 expression by M@
(CD83*M®). BMDM from cKO mice show a striking reduction of
MHC-II and CD86 expression, which could be explained by the
missing inhibition of MARCHI, mediated by mCD83 (14).
Stimulation of CD83-deficient M@ with IL-4 resulted in a disturbed
homeostatic IL-4 phenotype, characterized by lower expression levels
of the inhibitory CD200R and scavenger receptor MSR-1, whilst
DECTIN-1 was upregulated. We report data suggesting that this
phenotype is associated with decreased IL-4 signaling activity.
Functionally, CD83-deficient M¢ are characterized by their
impaired phagoytic activity, by a pro-inflammatory cytokine
signature as well as an enhanced allogeneic T cell stimulatory
capacity. Using a full-thickness excisional wound healing model, we
show that the specific deletion of CD83 in murine M@ boosts the
inflammatory phase within the wound area. This was hallmarked by
an accelerated wound closure on day 3 in cKO mice compared to
CD83wt control mice. As mentioned above during later phases of
normal wound healing, i.e. without scar formation or fibrosis, M@
adapt to an anti-inflammatory phenotype. However, we did not
observe these phenotypic changes, since our analyses revealed
increased expression of pro-inflammtory CAM-associated
transcripts, e.g. II6 and Cxcll as well as an decreased expression of
AAM-associated transcripts including Cd200r, Msr-1 as well as Ym-1.
Thus, these data confirm our in vitro analyses showing an increased
inflammatory phenotype of CD83-deficient macrophages. Finally,
this pro-inflammatory milieu in wound areas of CD83-deficient
cKO mice resulted in the upregulation of fibrosis associated
transcripts, such as Tgfb, Acta-2 and Collal on day 6.

Collectively, here we report for the first time data regarding the
regulation of CD83 expression by murine M¢ and characterize CD83
as a checkpoint molecule modulating the function of murine M¢.

Results

Stimulation of the IL-4 signaling pathway
results in long-term and stable
expression of CD83 on Mo

Previous studies reported that CD83 is transiently expressed on
human Mg after LPS stimulation and that it is associated with IL-4
induced gene expression in murine M@ (7, 22). However, temporal
regulation of CD83 expression after both pro- and anti-inflammatory
stimulation of murine M@ has not yet been investigated. Thus, we
incubated murine BMDM either with pro-inflammatory or with anti-
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inflammatory mediators and assessed CD83 expression kinetics.
Stimulation with IL-4 induced a strong and long-lasting CD83
expression on the cell surface of murine M@ after 16 h, while
neither LPS, IFN-y nor TNF-a induced elevated surface expression
levels (Figure 1A, left bar graph). Representative FACS histograms are
shown in Figure 1A, right graph. In agreement with these results, we
detected no Cd83 regulation on mRNA level upon stimulation with
IFN-v or TNF-a after 16h (Figure 1B). In addition, LPS stimulation of
murine M@ results in significantly reduced Cd83 mRNA levels in
comparison to unstimulated M¢ (Figure 1B). Again, only IL-4

10.3389/fimmu.2023.1085742

induced significant Cd83 mRNA transcript levels after 16 h post
stimulation (Figure 1B).

Subsequently, we investigated the temporal regulation of CD83
expression. Thus, we stimulated M@ with LPS and other pro-
inflammatory compounds and analyzed surface expression of
CD83 over a 20 h time course (Figure 1C). LPS treatment caused
an almost threefold increase of CD83 surface expression at the 2 h
time point, followed by a rapid decline to baseline levels after six to
eight hours. Similarly, the yeast cell wall component zymosan,
which in contrast to LPS acts via TLR2, induced fourfold higher
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FIGURE 1

Analyses of CD83 surface expression by murine bone-marrow derived M¢ using different stimuli. Murine bone-marrow derived macrophages were generated
and CD83 expression levels were analyzed after inflammatory or alternative activation. (A) Flow cytometric analyses show no CD83 expression on murine M@
upon stimulation with IFN-y (300 U/ml), LPS (200ng/ml), TNF-a (300 U/ml) for 16h. In contrast, stimulation with IL-4 (40 ng/ml), IL-13 (40 ng/ml) or IL4+IL-13
resulted in high CD83 expression on the surface of Mg at the 16h time point (n > 4) (left bar graph); Representative FACS histograms are presented (right graph).
(B) gPCR analyses of Cd83 mRNA expression after different stimulations in murine Me. (C) Time-dependent regulation of CD83 expression on BMDM after
inflammatory activation with IFN-y (300 U/ml), LPS (100ng/ml), TNF-a (1000 U/ml) or Zymosan 10 pg/ml (n > 4), analyzed by flow cytometry. (D) Time-
dependent regulation of CD83 expression on BMDM upon stimulation with IL-4 (40 ng/ml), IL-13 (40 ng/ml) or IL-10 (10 ng/ml) (n > 4), analyzed by flow
cytometry. Gating strategy for the Mg population is depicted in Supplementary Figure 2. Data are represented as mean + SEM. Statistical analysis was performed
using a Two-way ANOVA or the appropriate corresponding non-parametric test. Experiments were performed at least three times. n.s., not significant, which
indicates there is no statistical signficance; * p<0.05; ** < 0.01; *** p < 0.001; **** p < 0.0001.
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CD83 surface levels during the first two hours of stimulation. A
slightly slower and less pronounced response was observed upon
treatment with TNF-a, which resulted in a peak of CD83 expression
after 4 h (Figure 1C). IFN-y induced a rather delayed type of
response, with a steady increase up to two-fold within the first six
hours and a subsequent decrease until 16 h after stimulation
(Figure 1C). Interestingly, IL-4 and IL-13 treatment caused a 2- to
3-fold CD83 induction as early as 4 h after stimulation, but in
contrast to the pro-inflammatory mediators, this elevated
expression did not revert to baseline levels even 20 h after
stimulation (Figure 1D). Treatment with IL-10, another anti-
inflammatory cytokine, had no influence on CD83 expression
(Figure 1D). Thus, we observed a striking discrepancy in CD83
regulation after stimulation: while pro-inflammatory mediators
induced a very rapid but transient increase in CD83 surface
expression, stimulation of the IL-4R with either IL-4 or IL-13
resulted in a stable CD83 display on the cell surface. These data
indicate an interesting functional role of CD83 in Mg biology,
especially for the resolving phenotype associated with IL-
4 signaling.

10.3389/fimmu.2023.1085742

Cell specific deletion of CD83
expression in Mo interferes with
their pro-resolving phenotype

Next, we aimed to characterize the biological function of CD83
expressed by murine M@ by using a conditional knock-out (cKO)
strategy. By crossing mice carrying floxed Cd83 alleles with a
CX3CR1-Cre line, we generated a conditional line with an
abrogated CD83 expression specifically in M@ (herein termed
CD83*M%). To test the efficacy of our KO strategy, we treated M@
from CD83 cKO mice and wt mice with IFN-y or IL-4 for 16 h and
assessed the expression of Cd83 by qPCR (Figure 2A). As depicted in
Figure 2A, murine CD83wt M@ stimulated with IL-4 show a highly
significant induction of Cd83 mRNA levels compared to unstimulated
CD83wt M@, whilst no expression was observed in M¢ from cKO
mice (Figure 2A). These results were confirmed by surface expression
analyses of cKO derived M¢ after IL-4 treatment, whereas wt derived
Mo showed a significant and stable expression of CD83 (Figure 2B).
Similarly, CD83 protein was also absent in cell lysates derived from
cKO BMDMs as shown by Western blot analyses (Figure 2C).
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FIGURE 2

Analyses of CD83 deficient murine M¢. Mo were generated from CD83wt or CD83 cKO mice and subsequently stimulated with IFN-y or IL-4 for 16h or
left untreated. (A) Cd83 expression levels were determined by gPCR and normalized to CD83wt BMDMs (n = 10). (B) Assessment of CD83 expression
levels by flow cytometry (n = 20). (C) Assessment of knock-out efficiency in whole cell lysates from mock-, IFN-y or IL-4 stimulated Mo by Western
blotting. B-actin served as a loading control. See full uncut gels in Supplemental Material (S1) (D) Cell viability assessment using flow cytometry (n = 24)
(E) Differentiation efficacy assessing the percentage of F4/807CD11b* cells by flow cytometry, representing the Mo population (n > 24). (F) Expression
levels of F4/80 and CD11b within the Mg population (n > 40). The gating strategy for the Mg population is depicted in Supplementary Figure 2. Statistical
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Interestingly, while stimulation with IFN-y had no apparent effect on
CD83 surface expression after 16 h, total protein levels were also
elevated (Figure 2C), although to a lesser extent than IL-4 treatment.
Next, we examined whether CD83-deletion affects cell viability
(Figure 2D) or differentiation efficacy (Figure 2E), by flow
cytometry and found that neither were affected. Furthermore, CD83
deletion has no effect on expression levels of F4/80 as well as CD11b
on CDg83M® (Figure 2F). Thus, we conclude that CD83 deletion does
not alter cell viability nor differentiation of murine mock-, IFN-y- or
IL-4-stimulated BMDM, generated from CD83wt or cKO mice.

In APCs, such as DCs and B cells, CD83 has been reported to
stabilize surface MHC-II and CD86 expression by preventing their
ubiquitin-dependent degradation (14, 17). Both molecules are
hallmarks of a classic activation via IFN-y, and consequently, we
addressed the question how deletion of CD83 might affect their
surface display. We observed an up-regulation of MHC-II and
CD86 molecules on BMDM after stimulation with IFN-y and to a
lesser extent after IL-4 treatment (Figure 3A). In line with previous
reports regarding the CD83-MARCH-MHC-II axis, M@ from
CD83*™® mice exhibited significantly lower surface expression
levels of MHC-II and CD86 (Figure 3A). Since CD83 inhibits
MHC-II ubiquitination via the interference with the ubiquitin-
ligase Marchl or March8 in DCs or thymic epithelial cells,
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AAM, using IFN-y or IL-4 respectively, for 16h. (A) Assessment of surface MHC-II (n > 47) and CD86 (n > 47) expression levels by flow cytometry on
stimulated murine wt and CD83-deficient Mg. (B) gPCR analyses of Marchfl and Marchf8 in M derived from CD83wt or CD83 cKO mice (n = 5). (C)
Analyses of Dectin-1 surface expression levels (left bar graph) and mRNA expression levels (right bar graph, via flow cytometry and qPCR, respectively).
Significantly increased Dectin-1 expression levels on IL-4 stimulated CD83-deficient Mg (n = 7). (D) Analyses of CD200R surface expression (left bar
graph, n > 29-31) and mRNA expression (right bar graph, n > 8) revealed significantly decreased levels on IL-4 stimulated CD83-deficient Mg (E) Analyses
of MSR-1 surface expression (left bar graph, n > 31) and Msr-1 mRNA expression (right bar graph, n = 6) revealed significantly decreased levels on IL-4
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no statistical significance.
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respectively (14, 15), we tested which ubiquitin-ligase predominates
in BMDM. Thus, BMDM were either left unstimulated or treated with
IFN-y, and we detected comparable levels of Marchfl transcripts.
Since Marchf8 expression is reduced by almost two orders of
magnitude in comparison to MarchfI (see. Figure 3B), we conclude
that CD86 as well as MHC-II stabilization is achieved by CD83-
mediated inhibition of Marchl.

Next, we analyzed the overall phenotype of CD83-deficient M.
Since CD83 expression is tightly associated with an IL-4 mediated
alternative activation (Figure 1C), we hypothesized that deletion of
CD83 would mostly affect polarization of AAM. Indeed, we detected
an altered phenotype in IL-4 stimulated CD83-deficient M¢@. This
phenotype was characterized by significantly increased Dectin-1
expression on protein (Figure 3C, left bar graph) and mRNA level
(Figure 3C, right bar graph), which is associated with a pro-
inflammatory CAM polarization (23-26). Concomitantly, in IL-4-
stimulated CD83-deficient M@ we observed significantly reduced
expression levels of the inhibitory receptor CD200R, which is
known to limit pro-inflammatory cytokine secretion (27)
(Figure 3D, left bar graph). Moreover, pro-resolving MSR-1 was
also significantly decreased in IL-4 stimulated CD83-deficient M@,
compared to CD83wt control M@. Furthermore, qPCR analyses of
Clec7a (Figure 3C, right bar graph), Cd200R (Figure 3D, right bar
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graph) and Msr-1 (Figure 3E, right bar graph) are in line with the
protein data. Msr-1 is known to be upregulated on AAM being
important to phagocytose E.coli bacteria. Since we observed a
reduction in Msr-1 expression, we next checked whether CD83-
deficient M@ were impaired in their phagocytic activity to engulf
E.coli. In fact, using a gentamicin protection assay revealed a
significantly impaired phagocytic activity of IL-4 stimulated, CD83-
deficient M@ (Figure 3F). Collectively, these data suggest a profound
functional change of IL-4 stimulated, CD83-deficient M¢.

CD83-deficient M@ show a reduced
phosphorylation status of STAT-6 upon IL-4
stimulation

Since we detected a phenotypic change on IL-4-stimulated M¢
derived from CD83 cKO mice, we next examined whether members
of the IL-4 signaling cascade are also modulated. IL-4 binds to IL-4Ra.
that recruits the IL-2Ry chain, which leads to the activation of the
tyrosine kinases Jakl/Jak3 and phosphorylation of STAT6, which
form pSTAT6-dimers and translocate to the nucleus and initiate
transcription of target genes (28, 29). To analyze possible differences
between CD83wt and CD83 KO M¢, we generated M¢ from CD83wt
as well as CD83 cKO mice and stimulated them with IL-4 for 15 or
30 min. Subsequently, whole-cell lysates were prepared and analyzed
by Western blot, in respect to pSTAT6 and STAT6 levels. In fact, we
detected a decreased phosphorylation status of STAT6 upon IL-4
stimulation in CD83-deficient M@, compared to CD83wt M@
(Figure 4A). Quantified ratios of pSTAT6 to STAT6 are shown in
Figure 4B. Next, we analyzed the expression of STAT6 target gene
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FIGURE 4

STAT6 phosphorylation is altered in CD83-deficient macrophages upon IL-4 stimulation. Bone-marrow derived Mg were generated from CD83wt or
CD83 cKO mice and stimulated with IL-4 for 15 or 30 min. Unstimulated Me served as control. Subsequently, whole cell lysates were prepared and
analyzed by Western blot. (A) Representative Western blot showing pSTAT-6, STAT6 and B Actin levels in whole cell lysates derived from CD83wt and
CD83AMg animals (B) Quantification of the ratio of pSTAT-6 and STAT6 normalized to B-actin (n > 9). (C) gPCR analyses of Gata3 mRNA levels in M@
generated from cKO or wt mice, stimulated with IFNg or IL-4. Significantly reduced Gata3 mRNA levels are observed in IL-4 stimulated CD83-deficient
Me. Statistical analyses were performed by One-way ANOVA or the appropriate corresponding non-parametric test. Data are represented as mean +
SEM. Experiments were performed at least three times. *p< 0.05; **p<0.01. The absence of asterisks indicates that there is no statistical significance.
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Gata3 (30), and its expression was downregulated in IL-4-stimulated
CD83-deficient M@, when compared to wt derived M¢ (Figure 4C).

CD83-deficient Mg show increased
pro-inflammatory cytokine production
and enhanced T cell stimulatory capacity

Next, we analyzed the impact of CD83-deficiency regarding the
cytokine and chemokine production of IL-4- and IFN-y-stimulated
Me. As depicted in Figure 5A, IL-4-stimulated CD83-deficient M@
showed a significantly increased secretion of pro-inflammatory
mediators, including IL-6, TNF-o, CXCLI1, and G-CSF (Figure 5A
upper bar graphs). Additionally, we verified these data by qPCR and
observed significantly increased expression levels of the
corresponding transcripts 116, Tnfa, Cxcll, and Csf3 (Figure 5A
lower bar graphs). In addition, we detected significantly increased
levels of RANTES/CCL5 (Figure 5, left bar graph) and of MCP-1/
CCL2 in IFN-y-stimulated CD83-deficient M¢ (Figure 5, right bar
graph), suggesting that CD83 also influences the function of IFN-y
stimulated M¢@. Collectively, these data support our hypothesis that
CD83 deficiency modulates activation and function of M¢@. Recently
we reported that CD83-deficient DCs enhance antigen-specific T cell
proliferation and increase secretion of pro-inflammatory cytokines
compared to co-cultures with CD83wt DCs (17). Since the data
described above indicate a modulated pro-resolving phenotype of
CD83-deficient M@, we next assessed the T cell stimulatory capacity
of IFN-v- and IL-4-stimulated, in comparison to unstimulated Mg,
generated from CD83wt and CD83 ¢KO mice. Thus, we co-cultured
the differently stimulated M¢ with allogeneic splenocytes, derived
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CD83-deficient IL-4- as well as IFN-y-stimulated Mg show a pro-inflammatory profile. Bone-marrow derived Mo were generated and differentiated
either into CAM or AAM, via IFN-vy or IL-4 respectively, or were left untreated for 16h. Afterwards, the supernatants were analyzed by CBA and cells via
gPCR. (A) IL-4 stimulated CD83-deficient M@ show increased secretion levels of IL-6, TNF-o, CXCL1 and G-CSF (upper bar graphs). gPCR analyses
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from BALB/c mice, and T cell proliferation was assessed via tritium
incorporation. As depicted in Figure 6, T cell proliferation was
enhanced in all co-cultures with CD83-deficient M, regardless of
their stimulus (Figures 6A-C). This observation is also reflected by
enhanced clustering of T cells upon co-culture with CD83-deficient
BMDMs (see representative microscopic images, Figures 6A-C). In
MLRs with CD83-deficient M¢ we observed significantly increased
proliferative response of alloreactive T cells (Figures 6A-C). Next, we
investigated if the composition of T cell subsets, present in co-cultures
with mock-, IEN-y or IL-4-treated M¢ generated from CD83wt or
CD83 cKO mice, would be altered. As depicted in Figure 6D, flow
cytometric analyses revealed significantly reduced frequencies of
CD4"Foxp3" Tregs in co-cultures of allogeneic splenocytes with
mock, IFN-y or IL-4-stimulated CD83-deficient M. This indicates
that the reduced numbers of Tregs present in the co-cultures may
account for the observed increased T cell proliferation
(Figures 6A-C).

CD83-deficient Mg accelerate the
inflammatory phase of wound healing
and promote upregulation of fibrosis
associated transcripts

In order to investigate the in vivo relevance of CD83-deficiency in
CX3CR1" M@, we performed full-thickness excisional wound healing
experiments using cKO (CD83*M®) in comparison to wildtype
control mice (CD83wt). As depicted in Figure 7A, we induced
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6 mm biopsy punches in the dorsal skin and monitored wound
closure until day 6 and collected skin biopsies on day 3 as well as day 6
after wound infliction. As shown in Figure 7B, on day 3 the wound
closure was significantly enhanced in CD83*™® mice when compared
to CD83wt mice. This indicates a boost of the initial inflammatory
phase, which is crucial for wound closure. This upregulated
inflammatory phase was also confirmed by qPCR analyses, since
transcripts such as 116 and CxclI, associated with a pro-inflammatory
macrophage phenotype, were upregulated in CD83*™? mice
(Figure 7C). Concomitantly, markers associated with pro-resolving
Mg, including CD200r, Msr-1 as well as Ym-1 were significantly
reduced (Figure 7D). Surprisingly, regarding surface wound closure
on day 6, no differences were detected between CD83*M® and wt
animals. However, in samples derived from cKO animals we observed
significantly increased expression levels of Tgfb, Acta-2 as well as
Collal. This indicates a higher prevalence of myofibroblasts and
fibrosis associated transcript in CD83*M® mice, which are associated
with disturbed wound healing processes (Figure 7E). Indeed,
histological analyses of day 6 skin biopsies showed an altered
reconstitution process, as indicated by an expanded epidermis,
absent dermis and a prominent inflamed tissue area in CD83*M?
mice (Figure 7F, upper panel). In contrast, histological analyses of
skin biopsies from CD83wt mice showed a distinct epidermis
alongside the dermis and a resolving inflammatory area (Figure 7F,
lower panel). Of note, in CD83wt mice, hair follicles have already
migrated into the former sites of excisional wounds, indicating a
progressed stage of wound regeneration, which was not observed in
CD83*M® mice.
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FIGURE 6

CD83-deficient M@ show enhanced capacity to stimulate allo-reactive T cells. M@ were generated from CD83wt and CD83 cKO mice and differentiated
using IFNy or IL-4. Afterwards, the medium was discarded and splenocytes derived from BALB/c mice (4x10° cells/well) were co-cultured with
differentiated M in 96-well plates, at different Mg:splenocyte ratios, as indicated for 48h. T cell proliferation was assessed using tritium (A—C). Co-
cultures of unstimulated, IFN-y- and IL-4 stimulated M¢, derived from CD83-deficient Mg, show enhanced proliferative responses, when compared to
co-cultures with CD83wt derived Mg (left bar graphs, A—C). This observation is reflected by decreased T cell clusters shown in representative
microscopic images (A—C, right side). (D) Flow cytometric analyses revealed a significantly decreased frequencies of Tregs (CD4*Foxp3* cells) in co-
cultures of CD83-deficient Mg with allo-reactive splenocytes. Statistical analyses were performed by using an Unpaired t-test (A—C) or Two-way ANOVA
(D) or the appropriate corresponding non-parametric test (n > 4). Data are represented as mean + SEM. Experiments were performed at least three
times. *p< 0.05; **p<0.01. The absence of asterisks indicates that there is no statistical significance

Discussion

Mg are cells which show highly phenotypic plasticity in response
to environmental cues. Despite a multitude of functionally diverse
activation states observed in vivo, M@ are often classified into two
distinct polar extremes, namely IFN-y-stimulated CAM with pro-
inflammatory capacities and anti-inflammatory IL-4-treated AAM.
CAM and AAM reveal striking differences in their transcriptome and
subsequently provide specifically tailored effector functions during
immune responses (8, 31). CAMs are essential during the initial
inflammatory phase of wound healing. However, if they are still
present during later stages, without switching to a pro-resolving,
tissue repair AAM-associated phenotype, they are rather associated
with incomplete/poor wound healing and fibrosis (32, 33). In
contrast, anti-inflammatory AAMs are pivotal for resolution of
inflammation and tissue regeneration during the later stage of
wound healing (34, 35).

The crucial involvement of M¢ in numerous major health-
threats, such as chronic inflammatory/autoimmune diseases and
cancer, render these cells ideal targets for immunomodulatory
interventions. Identification of novel immune checkpoint molecules
on M@ that stabilize either an inflammatory or pro-resolving
phenotype and function can lead to the development of new
therapeutic agents for the treatment of the respective disease.

One promising candidate is the CD83 protein, which has been
described as an important checkpoint molecule that favors resolution
of inflammation. In the context of autoimmune diseases and
transplantation, several studies demonstrated that the sCD83
protein promotes resolution of inflammation and induces tissue
tolerance (13, 18-20, 36-38). Studies using conditional KO (cKO)
mice showed that deletion of CD83 in Tregs results in a pro-
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inflammatory Treg phenotype, which was characterized by
increased levels of TNF-o. and IL-1B concomitantly impaired
secretion of pro-resolving molecules e.g. IL-10 and TGF-B (16).
Analogously, conditional knockout mice with specific CD83
deletion in DCs showed excessive inflammatory autoimmune
responses and impaired resolution of inflammation (17, 39).
However, little was known regarding the regulation and function of
CD83 expressed by M.

An early study compared the expression pattern of CD83 upon
LPS stimulation in human monocytes/macrophages as well as human
DCs and showed that CD83 is highly and stably expressed on mDCs
but not on M¢ (22). Furthermore, microarray analyses revealed that
Mo treated with IL-4, but not with IFN-y+LPS, express Cd83,
alongside typical AAM-associated gene transcripts, such as Fizzl
and Argl (7). This associates CD83 with the pro-resolving AAM
phenotype, which is linked to tissue-repair and resolution
of inflammation.

In order to investigate whether CD83-deletion interferes with the
CAM or AAM phenotype, we subsequently performed different in
vitro assays. Phenotypic analyses of CD83 ¢cKO M@ reinforced the
concept of a tight connection between CD83 expression and an
AAM-phenotype. In line with previous literature, CD83-deficient
Me display decreased expression levels of the costimulatory
molecule CD86 as well as MHC-II (Figure 3), which is most likely
due to the missing blockade of the ubiquitin-ligase MARCH-1 in
CD83 deficient M@ (14). We attribute this effect to MARCH-1, as it is
the prevailing MARCH-ubiquitinase expressed by M¢, while
MARCH-8, which is blocked by CD83 in thymic epithelial cells
(15), is only marginally expressed. Furthermore, in IL-4 stimulated
CD83-deficient M@ we detected a striking reduction of the AAM-
associated molecule CD200R, which is crucial to control

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1085742
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Peckert-Maier et al. 10.3389/fimmu.2023.1085742

>
]

Wound infliction

. 100
using 6 mm biopsy punches Analyses of

[ -= CD83wt
wound closure 5
? -e- cDg3*M
kel
El
________ > S Fedkkek
T 5o
3
B
=
DayO0:Non- | Day3_ ____________bays
wounded skin GPCR analyses of inflammatory/resolving transcripts at do 43 46
distinct ime-points (day 0, 3 and 6) and Histological
analyses
c e Cxcl1
3 0.006 sk 3 o025 0.0385
%: (] + cos3™ % . + cos3*
= - cpgatMe = . Mg
S oone F CD83
2 2
o o
S -
% 0.002 =
o o
2 2
= =
o o 0.
@ Day0 Day3 Day6 « Day0 Day3 Day6
D Cd200R
= >k I 3
Q. o U o 0.
4 + cos™ @ + cosa* 4 - cosa"
=3 . vy 2 aMe e Mo
b= CD83 = o * CD83 = o * CD83
2 k] 2
2 2 2
o o B oY
- - s
3 3 o 3,
2 £ 2
= 1] = k]
o 0 o 0. o 0.
« Day0 Day3 Day6 « Day0 Day3 Day6 « Day 0 Day3 Day6
E Tofb Acta-2 Coltat
020 0.0545 - cps3"
- — 6
+ cosa" -+ CpgatMe & v ocos”

-« CpgatMe = CDs3M®

IS

[

Relative expression (to Rpl4)
°

Relative expression (to Rpl4)
Relative expression (to Rpl4)

Day0 Day3 Day6

Day0 Day3 Day6 Day0 Day3 Day6

Epidermis

Inflammatory
influx

Epidermis

Dermis

Inflammatory
influx

FIGURE 7

CD83-deficient Mg accelerate the inflammatory phase of wound healing and promote upregulation of fibrosis associated transcripts (A) Experimental
set-up for the full-thickness excisional wound healing model. Biopsy punches (6mm) were placed into the dorsal skin of CD83wt as well as CD83 cKO
mice. (B) Wound closure was calculated relative to the initial dO wound dimension. 8mm silicone rings (Thermo scientific) were mounted around the
wound area, using vetbond (3M). Imaging was performed on day 0, 3, and 6 and wound diameters were determined by ImageJ. (C—E) gPCR analyses
were performed using skin biopsies from day 0, 3 and 6 (n = 5 per group). (F) Representative HGE slides of day 6 wound biopsies from CD83wt as well
as CD83 cKO mice. Statistical analyses were performed by using a Two-way ANOVA or the appropriate corresponding non-parametric test. Data are
represented as mean + SEM. *p< 0.05; **p<0.01; ***p<0.001; **** p< 0.0001. The absence of asterisks indicates that there is no statistical significance.

inflammatory responses by limiting pro-inflammatory cytokine  crucial for proper resolution of inflammation (41, 42). Consequently,
secretion and cellular function (27, 40). This further supported the  the reduction of MSRI resulted in an impaired phagocytic activity
notion of a disturbed pro-resolving AAM-phenotype upon CD83  upon IL-4 stimulation and additionally, CD83-deficient M¢ show a
deletion. Scavenger receptors such as MSR-1 are involved in  pronounced pro-inflammatory cytokine profile. Thus, we conclude
phagocytosis of cellular debris, which is a hallmark of AAM and  that CD83 expressed by M¢ is crucial for the resolving AAM
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phenotype and function, which is crucial for resolution
of inflammation.

The modified alternative activation state of CD83 cKO M¢
towards pro-inflammatory features is further underpinned by the
reduced phosphorylation status of STAT6, which is essential for the
induction of AAM-related transcripts (43). In line with this
knowledge, we found decreased expression levels of the STAT6
target gene Gata3, which is also a prominent marker of IL-4
stimulated AAM (30). Since STAT6 is responsible for the anti-
inflammatory properties of murine M@ (44), we conclude that the
perturbed phenotype of IL-4 stimulated CD83-deficient M¢ is linked
to the decreased STAT®6 signaling activity. The notion that CD83 cKO
derived M@ are further modulated towards a defect in resolving
functions is further underlined by the fact that we detected elevated
expression levels of Dectin-1 after IL-4 treatment. Although induced
by IL-4, expression of Dectin-1 is rather linked to a pro-inflammatory
CAM phenotype (26, 45). This is in line with the observed enhanced
production of pro-inflammatory cytokines as well as chemokines by
CD83 cKO derived M.

Interestingly, CD83 ¢cKO BMDM induced higher proliferative
responses upon co-culture with allogeneic T cells, regardless of the
preceding stimulation. These results parallel those obtained from
CD83-deficient DCs, also showing an over-activated phenotype
characterized by an upregulation of co-stimulatory molecules and
pro-inflammatory cytokines, resulting in an enhanced antigen-
specific T cell stimulation (17). In the present study, we extend
these findings to M¢ derived from CD83 ¢KO mice and reveal that
CD83 deficiency affects regulatory T cell numbers in allogeneic co-
cultures. This again substantiates the fact that membrane-bound
CD83 expression by M@ is an important checkpoint molecule that
contributes to resolution of inflammation by Treg induction. In a
recent study, we have shown that administration of the soluble CD83
molecule during differentiation of murine M¢ results in a modulation
towards an anti-inflammatory phenotype, which is able to induce
tissue tolerance in a corneal transplantation model in vivo, which goes
along with a decreased capacity to stimulate allogeneic T cells (13).
Moreover, we have shown that sCD83 modulates M@ towards a pro-
resolving, tissue-repair AAM-associated phenotype, able to restore
tissue function and proper wound healing (21). Within the present
study, we confirm the pro-resolving function of membrane-bound
CD83 expressed by murine M@, using an in vivo wound healing
model. Although wound closure of cKO mice was significantly
accelerated on day 3, which can be explained by an enhanced pro-
inflammatory phenotype of CD83-deficient M, later phases of tissue
repair and resolution of inflammation were hampered. This is
reflected by significantly increased expression levels of fibrosis
associated transcripts, including Acta-2 and Tgf-b, which have been
linked to fibrotic scar formation (33, 46). In addition, our histological
analyses revealed a disturbed wound healing process in
CD83*M® mice.

Collectively, our data indicate that CD83 expression by Mg is vital
for the transition of pro-inflammatory M¢ into a pro-resolving, tissue-
repair associated phenotype (see also Figure 8) and identifies CD83 as a
potential target for future therapeutic intervention strategies.
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Materials and methods
Mice

To generate mice with CD83-deficient M@, we used a
conditional knock-out strategy (CD83 cKO) by mating mice with
floxed Cd83 alleles (47), with the Cx3cr1-Cre line, which was kindly
provided by Prof. Dr. Gerhard Kronke (Department of Medicine 3,
University Hospital Erlangen, Erlangen, Germany). Cre-negative
littermates as well as age-matched Cre-positive CD83wt mice served
as controls (hereafter referred to as wt mice). Animal care and all
experimental procedures of the present study were performed in
accordance with the European Community Standards on the Care
and Use of Laboratory Animals and were approved by the local
ethics committee.
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FIGURE 8

CD83 expressed by Mg is an important immune checkpoint molecule
that contributes to resolution of inflammation. CD83 is an early marker
for IL-4 stimulated AAMs and its deletion in Mg results in striking
phenotypic and functional changes. CD83-deficient, IL-4 stimulated
Me are characterized by a decreased STAT-6 phosphorylation status
when compared to CD83wt Me. This goes along with reduced
expression levels of AAM-associated marker molecules such as
CD200R and Msr-1. Reduction in MSR-1 expression correlates with a
reduced phagocytic activity of E.coli in CD83-deficient IL-4 stimulated
Me. In contrast, CAM associated Dectin-1 expression is upregulated.
Furthermore, CD83-deficient, IL-4 stimulated Mg express increased
levels of pro-inflammatory modulators, such as IL-6, TNF-o, CXCL1
and G-CSF. Functionally, M@ generated from CD83 cKO mice show
enhanced allogeneic T cell proliferative capacities and reduced
frequencies of Tregs in Mg - cell co-cultures. Finally, IFNy-stimulated
Me generated from cKO mice show an increased production of
RANTES and MCP-1, indicating that CD83 also modifies the
production of these pro-inflammatory chemokines
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Generation and stimulation of bone-
marrow-derived Mo

Bone-marrow derived M@ were generated from murine
bone-marrow precursor cells from CD83 ¢KO mice and wild type
littermates, in D10 medium consisting of DMEM (Lonza), 10% FCS
(Merck), Penicillin-Streptomycin-Glutamine-solution (Sigma
Aldrich) and 50 uM B-mercaptoethanol. Bone-marrow cells were
flushed from femur and tibia of mice and seeded for 1d in D10
medium containing M-CSF supernatant (10 - 30%). After overnight
incubation, cells were harvested and seeded at a starting density of 3-4
x 10° cells per 10 cm?* dish (Falcon) in D10 medium + M-CSF
supernatant. Fresh D10 medium + M-CSF was added on day 3. On
day 6, M@ were harvested and stimulated as described below.

Stimulation of bone-marrow derived Mo

On day 6, M@ were harvested with 10 mM EDTA-PBS, washed
with fresh medium and seeded in uncoated 24-well plates at a cell
density of 2 x 10° cells per ml. For phenotypic and functional
characterization of CD83, M¢ were generated from wt or cKO mice
and seeded for differentiation into classically activated M¢ (CAM) or
alternatively activated M@ (AAM) using IFN-y (300 U/ml) or IL-4 (40
ng/ml, PeproTech), respectively. For time kinetic experiments, M
were stimulated with inflammatory activators such as IFNy (300 U/
ml, PeproTech), LPS (100 ng/ml, In vivogen) or TNF-o. (1000U/ml)
or alternatively with mediators, such as IL-4 (40 ng/ml), IL-13 (40 ng/
ml) or IL-10 (10 ng/ml) for the indicated time period. Subsequently,
cells were analyzed by flow cytometry.

Flow cytometric analyses

Live/dead discrimination was performed using either 7-AAD or
LIVE/DEAD" Fixable Aqua Dead Cell Stain (ThermoFisher
Scientific). Surface staining of BMDMs and cells used in MLR
assays was performed in PBS-diluted appropriate antibodies for 30
minutes. In the case of live/dead discrimination with 7-AAD, the dye
was added just before the flow cytometry measurement. For
intracellular staining, cells were permeabilized and fixed in
Permeabilization Reagent (Thermo Fisher Scientific, 00-5523-00).
The following antibodies were used from BioLegend, others are
stated: F4/80 (BM8), CD11b (M1/70), CD200R (OX-110), Msr-1
(M204PA; Invitrogen), MHCII (M5/114.15.2), CD86 (GL-1), CD206
(C068C2), MERTK (2B10C42), CD83 (Michel-19) RORyT (Q31-
378), GATA3 (L50-823;BDBiosciences), T-BET (04-46,BD
Pharmingen), FOXP3 (FJK-16s; Thermo Fisher Scientific).
Afterwards, the cells were washed with PBS and subsequently
analyzed by flow cytometry.

Cytometric bead array

Supernatants of BMDM were analyzed using the LEGENDplexTM
Mouse Macrophage/Microglia or LEGENDplexTM Mu Pro-
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inflammatory Chemokine Panel (BioLegend), respectively,
according to the manufacturer’s instructions.

Me-allogeneic splenocyte cocultures (mixed
lymphocyte reaction)

On day 6, BMDMs from wt controls and ¢KO mice were
harvested, seeded in 96-well plates and stimulated with IFN-y or
IL-4 or left untreated. Allogeneic splenocytes derived from BALB/c
mice (4 x 10° cells/well) were co-cultured with BMDMs in 96-well
plates for 72 hours in D10 medium (37°C, 5.5% CO,), at different M:
splenocyte ratios (1:2, 1:4, 1:8). To analyze the allogeneic T cell
proliferation capacity, cell cultures were subsequently pulsed with
[3H]—thymidine (1 pC/well; PerkinElmer, Germany) for additional 8-
16 h. Culture supernatants were harvested onto Glass Fiber Filter
Mates using an ICH-110 harvester (Inotech, Switzerland), and filters
were counted in a 1450-microplate (Wallac, Finland). Cells of
cocultures were also harvested after 72 h and used for flow
cytometric analyses to determine frequencies of different T
cell subsets.

Phagocytosis assay

To analyze the ability of BMDMs to phagocytose and uptake
E.coli bacteria, a gentamicin protection assay was performed. Bone
marrow derived M@ were generated from wt or cKO mice and seeded
in 6 well plates in technical replicates in D10 medium without
antibiotics. Cells were differentiated into CAM or AAM for 16h.
Afterwards, M@ were exposed to E. coli (DSM 1103) at an MOI = 10
for 1 hour. After rinsing the cultures three times in PBS to remove
non-engulfed bacteria, cells were incubated for 1 h in fresh RPMI1640
medium containing 100 pg/ml of gentamicin to kill extracellular
bacteria. Gentamicin was removed, and the cells were gently rinsed
three times in PBS. BMDMs were lyzed by incubating them for three
minutes in PBS containing 2 mM EDTA and 0.5% saponin, followed
by transfer to Eppendorf tubes and high-speed vortexing for 30 s.
Subsequently, cells were plated onto blood agar plates and the next
day, E.coli colonies were counted.

Western blot analyses

To assess CD83 protein content in whole cell lysates of murine
BMDM, Western blot analyses were performed. In addition, protein
levels of pSTAT6 and STATS in lysates of CD83wt or CD83-deficient
M were also analyzed by Western blotting. Thus, protein-lysates (20-30
ug per lane) were separated via SDS - polyacrylamide gel electrophoresis
and blotted onto a nitro-cellulose membrane (GE Healthcare). After
blocking in blocking reagent (5% BSA-TBST) membranes were
incubated with the following primary antibodies overnight (4°C): goat
CD83 (Clone: AF1437, R&D systems), mouse B-actin (Clone: AC-74,
Sigma Aldrich), rabbit p-STAT6 (Clone: D8S9Y, Cell Signaling), rabbit
STAT6 (Clone: D3H4, Cell signaling). Specific signals were detected
using the appropriate HRP-labeled secondary antibody and the ECL
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Prime Western Blotting Detection Reagent (GE Healthcare).
Quantification of Western Blots was performed using the Image]/Fiji
software (48). The intensities of bands are visualized in bar graphs and
represent the protein amount in arbitrary units. To analyze
phosphorylation status of STAT6, band intensities of pSTAT6 were
normalized to total STAT6 signals. - Actin served as a loading control.

RNA isolation

Total RNA was isolated from mock-, IFN-y or IL-4-stimulated
BMDMs generated from CD83wt or CD83 cKO mice. Cell pellets
were lysed in RLT+f-Mercaptoethanol extracted by RNeasy Plus
Mini Kit (Qiagen) according to the manufacturer’s instructions. In
addition, wound biopsies were collected from CD83wt as well as
c¢KO mice at day 0, day 3 or day 6, stored in RNAlater (Qiagen) at
-80°C and subsequently used for further analyses. Homogenization
of the tissue was performed in RLT+J mercaptoethanol using
innuSPEED lysis Tube W (Analytic Jena). We performed three
homogenization cycles a four minutes in the SpeedMill PLUS
homogenizator (Analytic Jena).

TABLE 1 Primer sequences used in qPCR experiments (Sigma Aldrich).

10.3389/fimmu.2023.1085742

qPCR

Total RNA was reversely transcribed using the First strand cDNA
synthesis Kit (Thermo Fisher Scientific GmbH), as described by the
manufacturer. Briefly, 0.5-1 pg RNA was reversely transcribed and
diluted 1:5 after synthesis. QPCR analyses were performed using the
Sybr Green Super mix (Biozym) on a CFX96 Real time system
(BioRad) and normalized to reference gene transcript Hprt. All
primers were designed and validated according to the Minimum
Information for Publication of Quantitative Real-Time PCR
Experiments guidelines. For primer sequences, see Table 1.

Full-thickness excisional wound model and
analyses of wound closure

To investigate the role of CD83 expressed by M¢ in physiological
wound healing responses, we used the full-thickness excisional wound
healing model as described previously (21). Briefly, CD83wt mice as
well as CD83cKO mice were anesthetized using a mixture of ketamine
and xylazine (120 mg/kg and 20 mg/kg body weight, respectively). In

Gene Orientation Sequences
Cds3 Forward 5-CGCAGCTCTCCTATGCAGTG-3’
Reverse 5-GTGTTTTGGATCGTCAGGGAATA-3’
Cd200R Forward 5-GGAGAACTTCTGCCCTAGCA-3’
Reverse 5-AGTGTTCACTTGTGTCAGAGGA-3’
Csf3 Forward 5-AGATCACCCAGAATCCATGG-3’
Reverse 5-CCAGGGACTTAAGCAGGAAG-3’
Gata3 Forward 5-CCAAGCGAAGGCTGTCGGCA-3’
Reverse 5-TCCTCCAGCGCGTCATGCAC-3’
Hprt Forward 5-GTTGGATACAGGCCAGACTTTGTT-3’
Reverse 5-GATTCAACTTGCGCTCATCTTAGGC-3’
16 Forward 5-ACAAAGCCAGAGTCCTTCAGAG-3’
Reverse 5-GAGCATTGGAAATTGGGGTAGG-3’
Tnfa Forward 5-GTGATCGGTCCCCAAAGGG-3’
Reverse 5-CCAGCTGCTCCTCCACTTG-3’
Cxll Forward 5-ACTCAAGAATGGTCGCAAGG-3’
Reverse 5-GTCCCATCAGAGCAGTCTGT-3’
Msr-1 Forward 5-AGGTGTTAAAGGTGATCGGG-3’
Reverse 5-ATCTTGATCCGCCTACACTC-3’
Ym1/Chil3 Forward 5-GACTTGCGTGACTATGAAGC-3’
Reverse 5-TGAATATCTGACGGTTCTGAGG-3’
Tgfb Forward 5-TGGAGCAACATGTGGAACTCTA-3’
Reverse 5-AGACAGCCACTCAGGCGTATC-3’
Acta-2 Forward 5-ATG CCT CTG GAC GTA CAA CTG-3’
Reverse 5-CAC ACC ATC TCC AGA GTC CA-3’
Collal Forward 5-GAAGCACGTCTGGTTTGGA-3’
Reverse 5-ACTCGAACGGGAATCCATC-3’
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order to prevent wound healing by contraction and to give a defined
scale for subsequent wound closure assessment, 8mm silicone rings
(Thermo scientific) were mounted around the wound area, using
vetbond (3M). Imaging was performed on day 0, 3, and 6 and wound
diameters length (L) and width (W)) were determined by Image] and
wound closure was calculated relative to the initial d0 wound
dimension. Wound area (WA) on day X (dX) and wound closure
(% of baseline) was calculated using the following equations:

Wound area (WA) = (L/2)x(W/2)x 7

Wound  closure (%) = (WA d0O-WA dX)/WA do0=100

On day 3 and 6 biopsies were obtained as 8 mm punches (pfm
medicals) around the former wound area. Samples were either fixed in
4% paraformaldehyde for histological assessment or stored in
RNAlater (Qiagen) at - 80°C for subsequent RNA analyses.

Histology

For the histological assessment of wounds, skin biopsies were
obtained on day 3 and day 6 after wound infliction using 8 mm biopsy
punches around the wound area. Excised tissue was subsequently
fixed in 4% paraformaldehyde and processed by conventional
histological techniques, embedded in paraffin wax and sectioned at
5 um thicknesses. Sections were mounted onto glass slides, de-
paraffinized and stained with hematoxylin and eosin (HE).

Statistical analyses

All statistical analyses were performed using GraphPad Prism
9.3.1 and the two-tailed unpaired student’s t- test or one- or two-way
ANOVA for parametric data. Wherever necessary, we used non-
parametric tests (Mann-Whitney-U or Kruskal-Wallis) when data
was not normally distributed. Data are presented as mean values
including the Standard Error Mean (SEM). P-values of *p<.05;
*p<.0l; ***p<.001; and ****p<.0001 were considered
statistically significant.
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Background: Almost half of severe hemophilia A (HA) is caused by an intron 22
inversion mutation (Int22Inv), which disrupts the 26-exon F8 gene. Inverted F8
MRNA exons 1-22 are transcribed, while F8B mRNA, containing F8 exons 23-26,
is transcribed from a promoter within intron 22. Neither FVIII activity nor FVIII
antigen (cross-reacting material, CRM) are detectable in plasma of patients with
an intron-22 inversion.

Objectives: To test the hypothesis that (putative) intracellular synthesis of FVIII
proteins encoded by inverted F8 and F8B mRNAs confers T-cell tolerance to
almost the entire FVIII sequence, and to evaluate the immunogenicity of the
region encoded by the F8 exon 22-23 junction sequence.

Patients/Methods: Peripheral blood mononuclear cells (PBMCs) from 30 severe
or moderate HA subjects (17 with an Int22Inv mutation) were tested by ELISPOT
assays to detect cytokine secretion in response to FVIII proteins and peptides and
to map immunodominant T-cell epitopes. Potential immunogenicity of FVIII
sequences encoded by the F8 exon 22-23 junction region was also tested using
peptide-MHCII binding assays.

Results: Eight of the Int22Inv subjects showed robust cytokine secretion from
PBMCs stimulated with FVIII proteins and/or peptides, consistent with earlier
publications from the Conti-Fine group. Peptide ELISPOT assays identified
immunogenic regions of FVIII. Specificity for sequences encoded within F8
MRNA exons 1-22 and F8B mRNA was confirmed by staining Int22Ilnv CD4* T
cells with peptide-loaded HLA-Class Il tetramers. FVIII peptides spanning the F8
exon 22-23 junction (encoding M2124-V2125) showed limited binding to MHCII
proteins and low immunogenicity, with cytokine secretion from only one
Int22Inv subject.

Conclusions: PBMCs from multiple subjects with an Int22Inv mutation, with and
without a current FVIII inhibitor, responded to FVIII epitopes. Furthermore, the
FVIII region encoded by the exon 22-23 junction sequence was not remarkably
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immunoreactive and is therefore unlikely to contain an immunodominant,
promiscuous CD4*% T-cell epitope. Our results indicate that putative
intracellular expression of partial FVIII proteins does not confer T-cell
tolerance to FVIII regions encoded by inverted F8 mRNA or F8B mRNA.

KEYWORDS

hemophilia A, immune tolerance, intron-22 inversion mutation, epitope mapping,

factor VIII

Introduction

Almost half of severe hemophilia A (HA) patients have a F8
intron-22 inversion mutation (Int22Inv), which precludes expression
of an intact, functional FVIII protein (1, 2). The F8 gene consists of 26
exons encoding FVIII domains Al-A2-B-A3-C1-C2 (3). An
additional transcription start site within intron 22 produces F8B
mRNA, which consists of a short exon encoding eight non-FVIII
amino acid residues followed by F8 exons 23-26 encoding V2125-
Y2332 (4). F8B mRNA is expressed in multiple tissues of individuals
with and without HA, with the exception of HA patients having a
deletion mutation within exons 23-26. In addition to F8B mRNA,
individuals with an intron-22 inversion mutation express a truncated
F8 mRNA consisting of F8 exons 1-22 (1, 2).

Approximately 30% of severe HA patients develop neutralizing
anti-FVIII antibodies following replacement therapy with
exogenous FVIII, which are clinically referred to as “inhibitors”
(5-7) due to their interference with normal blood coagulation via
blocking of FVIII cofactor activity. The development of anti-FVIII
antibodies in HA patients follows a classic prime-boost response,
with inhibitors generally developing within the initial 20 exposures
to therapeutic FVIII (8). Initial inhibitor development after 150+
FVIII infusions is far less common. The role of CD4" T cells in
providing ongoing help necessary for anti-FVIII antibody
generation was clearly shown in a 1993 study of HA patients
infected with HIV. For those with an inhibitor, their titers
declined as their CD4" T-cell counts decreased (9). Proliferation
and cytokine secretion of CD4" T cells from HA subjects in
response to FVIII protein and synthetic peptides was
demonstrated in subsequent studies (10-15). More recently,
specific HLA-restricted T-cell epitopes have been identified, with
several confirmed by isolation of T-cell clones responding to
specific FVIIL peptides (16-21). Thus, the essential role of CD4"
T cells in development and persistence of inhibitor responses is
well established.

A 2009 case-control study indicated that large F8 gene deletions
were associated with increased risk of developing an inhibitor (22),
and a 2012 meta-analysis further indicated that inhibitor risk in
HA-Int22Inv patients was somewhat lower than in severe HA
patients with a large structural alteration of the F8 gene, e.g., large
deletion or early nonsense mutations (23). This provided some
support for an earlier hypothesis that endogenous intracellular
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expression of FVIII partial proteins from these two mRNAs
occurs, and that it may confer self-tolerance to the corresponding
FVIII protein sequences, thereby decreasing the immunogenicity of
FVIII replacement therapy in Int22Inv patients (24, 25). Since a
substantial fraction of Int22Inv patients still develop inhibitors, a
corollary of this hypothesis is that the FVIII C1 domain region
encoded by mRNA spanning the exon 22-23 splice site
(corresponding to FVIII residues ~12103-A2146), which would be
the only “non-self” region of therapeutic FVIII (Figure 1), is a
promiscuous, highly immunogenic neo-epitope.

The present study tests this hypothesis and corollary by directly
querying CD4" T-effector responses of HA subjects with and
without an Int22Inv mutation to recombinant (r)FVIII proteins
and synthetic peptides. A primary goal was to map
immunodominant epitopes that elicit CD4" T-cell responses in
the Int22Inv subjects and determine if the results indicate tolerance
to FVIII regions encoded by inverted F8 exons 1-22 and/or by F8B.
In addition, peptide-HLA Class II binding assays were employed to
test the ability of peptides encoded by the F8 exon 22-23 junction
region to be presented on a representative series of recombinant
HLA-DRBI proteins. The latter experiments would indicate if
peptides encoded by this junction region, which cannot be
expressed in patients with an Int22Inv mutation, could represent
a promiscuous, immunodominant epitope responsible for inhibitor
development in Int22Inv patients.

Materials and methods
Human subjects and blood samples

Blood samples from 11 severe and moderately severe HA subjects
were donated as part of the “INHIBIT” feasibility study (5U34HL
114674, MVR, PI). Three of these were known Int22Inv subjects,
while the HA-causing mutation was unknown for six of these
subjects. PBMCs from severe HA and normal control subjects that
were banked from earlier studies were also utilized (USU IRB#1,
protocols MED-83-3442 and MED-83-3426). All subjects provided
informed consent consistent with the Principles of Helsinki.
Additional de-identified normal control samples were obtained
from the NIH Blood Bank (Exempt E4). Both freshly prepared and
frozen (7% DMSO in FBS) PBMC samples were analyzed.
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FVIII Structure, Int22Inv DNA, Int22Inv mRNA, and hypothesized partial FVIII proteins. Full-length FVIII consists of domains Al, A2, A3, B, C1 and C2,
which are encoded by the 26-exon F8 gene. Following a type 1 or type 2 intron 22 inversion mutation, the primary F8 mRNA product consists of F8
exons 1-22, which encode the FVIII A1, A2 and B domains, plus the C1 domain sequence through M2124 and then terminating at a stop codon
within intron 22. The shorter transcript F8B is comprised of 24 nucleotides followed by F8 exons 23-26, which encode FVIII residues 2125-2332. If
these two partial FVIII proteins were expressed intracellularly, this could in principle promote tolerance to FVIII as a “self"-protein. The 20-mer exon
22-23 junction peptides, with F8 sequences overlapping by 12 residues, were designed to allow peptides to bind to the HLA-DRB1 binding grooves
in multiple possible registers, in order to evaluate their potential ability to be presented to CD4" T cells.

Inhibitor titers

Inhibitor titers, expressed as Bethesda units (BU)/mL, were
from clinical records for the subjects, which reported results of
CLIA-certified clotting or chromogenic substrate assays (26). Both
clotting and chromogenic inhibitor assays are functional assays that
measure the inhibition of FVIII cofactor activity in the presence of
anti-FVIII antibodies. The clotting assay measures plasma clotting
time [using a 1-stage assay (27)], while the chromogenic assay
measures cleavage of a chromogenic substrate for factor X; normal
factor X kinetics require a normal FVIII level. In either assay, serial
dilutions of the patient plasma are mixed with a normal pooled
plasma sample, and the residual FVIII activity, compared to a
parallel assay using the normal pooled plasma plus buffer, is
measured and reported in BU/mL. One BU/mL is the reciprocal
of the patient plasma dilution that results in 50% normal FVIII
activity in the assay. The lower limit of quantification is generally
considered to be 0.6 BU/mL, and titers > 5.0 BU/mL are considered
high-titer inhibitors.

Reagents, buffers and instruments

Recombinant (r)FVIII (Kogenate 27NZPO) was from Bayer
(Leverkusen, Germany) or Baxter (Westlake Village, CA, USA;
Recombinate TRH07504AA). Recombinant FVIII-C2 protein was
purified in-house as described (28). Tetanus and Diptheria (TD)
toxoid adsorbed was from Mass Biologics, (Boston, MA, USA) and
Remel PHA (R30852801) (100pg/ml) were from Thermo Scientific
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(Rockford, IL, USA). Benzonase nuclease, 250 U/ul (021M0852)
and 0.4% Trypan blue (T8154) were from Sigma Aldrich (St Louis,
MO, USA). RPMI 1640 with 25 mM HEPES, DMEM/F-12(1(1:1),
MEM nonessential amino acids (100X), 1X D-PBS (Ca/Mg-free)
and 10X D-PBS were from Life Technologies (Grand Island, NY,
USA). Ficoll-Paque PLUS was from GE Healthcare Life Sciences
(Piscataway, NJ, USA). HCI was from JT Baker Tyco Products
(Phillipsburg, NJ, USA). Human IFN-gamma ELISPOT pair
(551849), Human IL-5 ELISPOT pair (551886), Human IL-10
ELISPOT pair (551883), AEC substrate set (551951) and TMB
substrate were from BD Biosciences (San Jose, CA, USA). IL-7
(0.5ng/ml) was from Peprotech (Rocky Hill, NJ, USA). Fetal bovine
serum was from Hyclone (Logan, UT, USA). ImmunO human
serum type AB was from MP Biomedicals (Solon, OH, USA).
Recombinant, extracellular domains of 10 HLA-DRBI protein
monomers, HLA Class II tetramers loaded with the relevant
peptides and anti-HLA-DR antibody L243 were provided by the
Tetramer Core Facility at the Benaroya Research Institute (Seattle,
WA, USA). AIM-V medium and goat anti human IgG-HRP were
from Invitrogen (Carlsbad, CA, USA). Sheep anti-human FVIII was
from Cedarlane labs (Burlington, NC, USA). ELISA 12 well strips
were from E & K Scientific (Santa Clara, CA, USA). Wallac
enhancement solution, fluorescence assay buffer and europium-
labeled straptavidin were from Wallac-Perkin Elmer (Turku,
Finland). 96-well polypropylene plates and Corning Costar high-
binding ELISA plates were from Sigma Aldrich (St. Louis, MO,
USA), cat # CLS3799 and CLS2592, respectively). Recombinant
human IL-2 (Chiron II-2, Proleukin, 70 IU/ml) was from R & D
systems, cat #202-IL-010)
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FVIII peptides and peptide pools

Individual 20-mer peptides spanning the FVIII A2, C1 and C2
sequences, as well as equimolar pools containing 2-5 of these
peptides, were from Anaspec, Inc. (Fremont, CA, USA, Table S1).
Additional 15-mer peptides spanning the FVIII A1, A2, A3, Cl and
C2 domain sequences, with 12-residue overlaps, were from
Mimotopes, Inc. (Mulgrave, Victoria, Australia), which also
provided large, medium and small equimolar pools of these
peptides (Tables S2-S5). An intron 22-23 junction peptide pool’
was created by combining four 20-mer peptides (Mimotopes, Inc.)
with overlapping sequences spanning the F8 exon 22-23 - encoded
region (FVIII 2103-2146) in DMSO (Table 1). All peptides were
ordered at >70% advertised purity and their quality was verified by
mass spectrometry.

Peptide-MHCII binding assays
and predictions

Quantitative peptide-MHC competition binding assays were
carried out to determine binding avidities of four 20-mer peptides
spanning the F8 exon 22-23 junction region to 10 HLA-DRBI
proteins using methodology described previously (29). Briefly, 1-ul
aliquots of serially diluted (50nM - 50uM in DMSO) non-
biotinylated FVIII peptides, were added to triplicate wells of 96-
well polypropylene plates. Serially diluted non-FVIII reference
peptides known to bind to specific HLA-DRBI1 (Table S6) were
added to separate wells as positive controls. The HLA-DRBI
proteins were diluted to 50 nM in 150 mM citrate-phosphate, pH
5.4, 0.75% n-octyl-beta-D-glucopyranoside, 1 mM PMSEF. 50 ul of
the HLA-DRBI solution was added per well, and the plates were
sealed and incubated at 37°C for 30 min to allow peptide binding to
the HLA-DRBI protein. Next, 1 ul of the appropriate biotinylated
reference peptide, at a concentration in the known binding range
for its respective HLA-DRBI1 (Table S6), was added to each well, the
solutions were mixed, and the plates were incubated at 37°C for 18-
24 hrs. 100 pl aliquots of the anti-HLA-DR antibody L243 (10 g/
mL in 12.5 mM borate buffer, pH 8.2) were added to 96-well ELISA
plates, and the plates were incubated at 4°C for 18-24 hrs, washed,
and blocked with 1xDPBS containing 5% FBS for 3 hrs. The plates
were washed again and 50 pl neutralization solution (50 mM Tris,
pH 8.0, 0.75% n-octyl-beta-D-glucopyranoside) was added to each
well. The contents of wells containing the peptide-HLA-DRBI
binding reactions were then transferred to wells of the ELISA
plates containing the neutralization solution and the ELISA plates

TABLE 1 FVIII peptides spanning the F8 exon 22-23 junction region.

2103-2122 IMYSLDGKKWQTYRGNSTGT
2111-2130 KWQTYRGNSTGTLMVFFGNV
2119-2138 STGTLMVFEGNVDSSGIKHN
2127-2146 FGNVDSSGIKHNIGNPPITA

The bolded M and V indicate residues M2124 and V2125, which are the last amino acid
encoded by exon 22 and the first amino acid encoded by exon 23, respectively.
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were incubated for 18-24 hrs at 4°C. After washing the plates 5X
with 300 ul/well of 1XPBS, 0.05% Tween-20, 100 ul of Europium-
labeled streptavidin (diluted 1:1,000 into Wallac assay buffer) was
added to each well. The plates were covered with a black polystyrene
lid, incubated at room temperature for 4 hrs and washed 5X with
300 ul/well of 1XPBS, 0.05% Tween-20. Wallac enhancement
solution (100 pl/well) was then added, and the plates were
incubated at room temperature for 30 min and then read on a
Victor 2D time-resolved fluorometer. Sigmoidal binding curves
were simulated and IC50 values calculated for the FVIII peptides,
based on their competition with the reference peptides for each
HLA-DRBI.

Predicted affinities of the four FVIII junction peptides for the 10
HLA-DRBI1 alleles were obtained using the Immune Epitope
Database (IEDB) server, using the NetMHCIIPan 4.0 prediction
algorithm (30).

In vitro expansion of FVIlI-specific T cells

FVIII-specific CD4" T cells were expanded by culturing PBMCs
with or without rFVIII, rFVIII-C2 protein, or pooled or individual
FVIII peptides, as follows. One vial of frozen PBMCs (~10 million
cells) was thawed by slowly adding 9 ml of AIM-V medium
containing 10% human serum + 1.8 pl of 25K benzonase
nuclease. The cells were washed with AIM-V medium containing
10% human serum and re-suspended in AIM-V medium
containing 15% human serum, and then plated at 1x10° cells per
well in 48-well cell culture plates (1 mL/well) with one of the
following: rFVIII protein (1 pug/mL ~8nM), rFVIII-C2 protein (2
ug/mL = 50 nM), pooled FVIII peptides (50 nM and 70 nM), FVIII
pooled junction peptides (200 nM), or individual FVIII peptides (50
or 100 nM). Positive control wells were stimulated with 0.02Lf (5 pl/
mL) TD toxoid, PHA (10 pg/mL) and negative controls with 5 pl
DMSO. The plates were incubated for five days at 37°C in a 5% CO,
incubator. At day 6, cells were harvested and re-suspended in AIM-
V medium (no serum) containing 0.5ng/mL IL-7 and then directly
plated on 96-well flat-bottom ELISPOT plates. For some individual
peptide ELISPOT assays, expansions were continued for an
additional 3 days, adding fresh AIM-V medium and IL-2 (3.5 IU/
mL final concentration).

Epitope mapping by ELISPOT assays

ELISPOT plates were coated with capture antibody solutions
(anti-IFN-y, anti-IL-5 or anti-IL-10) diluted to 5 ug/ml in DPBS
and incubated at 4C overnight. Wells were then washed once with
200 pl/well Blocking Solution (AIM-V medium containing 10%
human serum). Another 200 pl Blocking Solution was then added
to each well and the plates were incubated for 2 hrs at room temp
and the Blocking solution discarded. The expanded PBMCs were
then added in serial dilutions (carried out in duplicate when
sufficient cells were available) with final concentrations of 2X10°,
1x10° and 5x10* cells/well, and incubated with the same antigenic
stimulants as before. The plates were incubated for 24 hrs for IFN-y
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ELISPOTS or 48 hrs for IL-5 and IL-10 ELISPOTS at 37C, 5% CO,.
The suspended cells were then discarded and the plates washed with
200 pl/well dH,O (2X) and 3x with PBS containing 0.05% Tween 20
(wash buffer I). The biotinylated anti-human antibody provided in
the kits (0.25 pg/ml, diluted in PBS + 10% human serum) was then
added and the plates were incubated for 2 hrs at room temperature.
The plates were washed 3X with 200 ul/well wash buffer I, washed
2X with 200 pl/well PBS, and developed with streptavidin-HRP (BD
Biosciences, #557630) diluted 1:100 in PBS containing 10% human
serum for 1 hr at room temperature. Plates were then washed 4X
with 200 pl/well wash buffer I, and washed 2X with 200 pl/well PBS.
Spots were then developed by adding 100 ul/well of BD ELISPOT
AEC substrate and incubated for 5-30 minutes in the dark. The
wells were then washed 2X with 200 pl/well dH,0 and air-dried at
room temp for 2 hrs. IFN-y, IL-5 and IL-10-specific spot-forming
cells (SFC) were then counted using software on a CTL
Immunospot S6 Ultimate Image Analyzer. Stimulants were:
rFVIII 5 pl/mL = 5 nM; rFVIII-C2 1ug/mL = 50 nM; FVIII
peptides (pooled or individual): 50-100 nM; TT; 5 ul/mL; PHA: 5
pl/mL. The criteria for antigen-specific (positive) responses were: a
minimum of 25 spots per million cells (based on spots per 200,000
cells/well) and wells with the stimulant had >3X the average
number of spots counted for the unstimulated wells. In addition,
antigen-specific responses to large FVIII peptide pools were
“decoded”, when sufficient cells were available, by subsequent
ELISPOT assays using smaller peptide pools and then with
individual peptides, to map immunogenic FVIII regions and
specific epitopes contributing to the cytokine response.

Epitope mapping by HLA Class Il
tetramer staining

PBMCs were added to 48-well plates in 1ml of 10% human
serum RPMI medium (1 million PBMCs per well) and then
stimulated with individual or pooled 20-mer or 15-mer FVIII
peptides (10 uM) and incubated for up to 19 days at 37C, 5%
CO,. At day 7, 50 pl of IL-2 was added (35 IU/mL final
concentration) without removing any medium. At day 9, 400-500
UL supernatant was removed and replaced with fresh 15% human
serum RPMI medium containing 50 ul IL-2 after which cells were
fed with 50 pl IL-2 every 48-72 hours, splitting as needed. After 17-
19 days, the cells were re-suspended, 100 pL aliquots were
transferred to FACS tubes, and 1.5 pl of the appropriate peptide-

10.3389/fimmu.2023.1128641

loaded, PE-labeled HLA Class II tetramer (~10 pg/mL final
concentration) was added. The tubes were incubated in the dark
at 37C for 2 hrs and then put on ice. A mixture of anti-CD3-PerCP
+ anti-CD4 APC (3.75 uL each from stock solutions) was added to
each tube, and tubes with no antibody added served as a negative
staining control. The tubes were then incubated in the dark at 4C
for 30 min. Additional tubes containing beads for compensation
(ThermoFisher (ebiosciences), Rockville, MD, USA), were stained
by adding 5 uL of anti-CD3-PerCP, 1.5 ul of anti-CD4-APC and 1.5
ul of anti-CD4-PE and tubes were incubated in the dark for 30 min.
Sample and control cells were then washed and re-suspended in ice-
cold FACS buffer, stored on ice in a covered container, and analyzed
by flow cytometry and/or FACS acquisition. The gating strategy
was: Singlets (FSC-H/FSC-A), Lymphocytes (SSC-A/FSC-A),
followed by gating on anti-CD3-PerCP-high, followed by
tetramer-PE/CD4-APC to detect antigen-specific CD4+ T cells.

Isolation of FVIII-specific T-cell clones

To isolate FVIII-specific T-cell clones, CD4MTetramer™ cells
were single-cell sorted into 96-well round-bottom plates containing
100 pl RPMI medium per well. To each well, (200,000) irradiated
HLA-mismatched PBMC were added as feeder cells in a volume of
100 pL RPMI Medium containing 15% human serum AB plus PHA
(5 ug/mL). The cells were incubated for 24 hrs at 37C, 5% CO,, and
then IL-2 (10 TU/mL) in 25 pul RPMI medium was added to each
well. The cells were then incubated at 37C in 5% CO, for another
14-21 days. For wells containing expanding clones, tetramer
staining was performed to confirm their specificity. If clones were
not expanding, the cells were re-stimulated with irradiated, HLA-
mismatched PBMCs and PHA as before, adding fresh medium and
IL-2 (3.5 IU/mL final concentration) as needed to continue the
expansion or else frozen in 10% DMSO in FBS.

Results

Peptide-MHCII binding assays
and predictions

The experimental FVIII peptide-HLA-DRBI1 affinities are in
Table 2A and their predicted affinities are in Table 2B. Only HLA-
DR0404, DR0701, DR0901 and DR1501 showed moderate or strong

TABLE 2A Experimental binding affinities (IC50 values) of FVIIl exon 22-23 junction peptides.

FVIII peptide DRO0101 DR0301  DR0401 = DR0404
2103-2122 n.b. 61.2 238.07 nb.
2111-2130 1091 227.6 43.66 127.5 ‘
2119-2138 nb. nb.

2127-2146 nb. nb. nb. 438

DR0701 ~ DR0901  DR1001  DR1101 DR1104 DR1501
nb ‘ 57.3 nb 50.58 nb. 41.95
5.9 352.9 68.83 nb. 9.09

74.46 - 1853.08 55.6 nb. nb. nb. 297

n.b. ‘ 60.9 n.b. n.b. n.b. 7.52

0-1.0 uM (Strong binding, dark gray); >1.0 and <10.0 uM (Moderate binding, medium gray); 10.0-50.0 uM (Weak binding, light gray); >50 uM (no binding, n.b.).
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TABLE 2B Predicted binding affinities (IC50 values)* of FVIII exon 22-23 junction peptides.

FVIIl peptide  DRO101 DR0301 DR0401 DR0404

2103-2122

2111-2130 6.081 1.816
2119-2138 3.948
2127-2146

DR0701

2.074 2.045 2.172 1.315

DR0901 DR1001 DR1101 DR1104  DR1501

* predictions run on the IEDB website (http://tools.iedb.org/mhcii) 11/27/22 and 1/16/23 using NetMHC Pan 4.0">'°.

0-1.0 uM (Strong binding, dark gray); >1.0 and <10.0 pM (Moderate binding, medium gray).

binding affinity to one or more peptides spanning the F8 exon 22-
23-encoded region of FVIII, while weak binding was observed to
HLA-DRO0101 and DR0401. The MHCIIpan algorithm (30)
predicted moderate-to-strong binding affinity to additional HLA-
DR proteins. Based on the experimental results, ELISPOT assays
were then carried out using PBMCs from nine HA subjects with an
intron 22 inversion mutation who were also known to have HLA-
DRI, DR4, DR7, DR9 or DRI5 alleles.

Epitope mapping by ELISPOT assays

Several strategies were used to map T-cell epitopes, in order to
test specific hypotheses and/or to rationally choose which peptides
to utilize when there were not sufficient PBMCs to systematically
test responses to larger and then smaller peptide pools followed by
individual peptides (due to competing studies and resulting blood
volume limitations in subjects with hemophilia A). The number of
PBMC:s per subject was highly variable, as samples were obtained
from both adults and children, and the amounts of blood drawn
also reflected the stated preferences of the subjects. Therefore, the
number of experiments and replicate wells per experiment varied
somewhat according to the number of cells available for the assays.

rEVIII and/or rFVIII-C2 domain protein ELISPOTs were
included as a specific control in almost all ELISPOT experiments.
For positive responders, IFN-vy secretion was generally more robust
when cells were stimulated with 50 nM rFVIII-C2 than with 8 nM
rFVIIL Unfortunately, FVIII protein becomes toxic to CD4" T cells
at higher concentrations. The stronger responses to rEVIII-C2, and
to pooled or individual FVIII peptides in some assays, may simply
be due to stimulation of lower-avidity CD4" T cells by the higher
concentrations of rFVIII-C2 and FVIII peptides. Of note, the
rEVIII-C2 preps were routinely tested to confirm low endotoxin
levels (31).

Exon 22-23 junction peptides

Potential CD4" T-cell responses to exon 22-23 junction
sequences were tested using samples from nine HA subjects with
an intron-22 inversion mutation who also had one of the HLA-
DRBI alleles shown experimentally to bind peptides with these
sequences: HLA-DRI, DR4, DR7, DR or DR15 (Table 2A). Eight of
these subjects failed to show a response to the pooled FVIII exon 22-
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23 junction peptides when tested using IFN-y ELISPOT assays
(Table 3). Five of them had a current inhibitor and four had no
inhibitor history. The one subject who showed a response to the
junction peptides, G4, had a low-titer inhibitor. He had an intron 22
inversion mutation as well as a missense mutation, H1499Y, and his
HLA-DRBI alleles were HLA-DRBI1*0301, 1501. Therefore,
additional MHCII binding predictions were made using the IEDB
analysis resource Consensus tool (32, 33) with the input sequence
FVIII 1485-1513, Ipktsgkvellpkvhiyqkdlfptetsng, which contains all
possible 15-mer sequences containing residue H1499. Interestingly,
the IEDB prediction algorithm identified two overlapping 9-mer
core sequences containing H1499 as potential HLA-DRBI*1501-
restrictred CD4" T-cell epitopes, ranking them in the top 15-20%
based on predicted binding affinity (Table S7).

Systematic epitope mapping using pooled
and individual FVIII peptides

Subjects P1 and P11 (both with an intron-22 inversion)
generously donated sufficient blood to carry out fairly
comprehensive epitope mapping by ELISPOT assays. P1 had a
past inhibitor that had resolved (peak titer 15.2 BU/mL
approximately 10 years prior to donating this sample). IFN-y
ELISPOT assays showed robust responses to both rFVIII and
rFVIII-C2 protein (Figure 2A). His responses to A2 and C2
domain peptides were tested next, in order to test the hypotheses
that tolerance to A2 epitopes was conferred by translation from the
inverted F8 mRNA (exons 1-22, containing the A2 domain
sequence) and/or from F8B mRNA (exons 23-26, containing the
C2 domain sequence). No responses to pooled A2 domain peptides
were revealed under these assay conditions (not shown). However,
his PBMCs responded to one of the pools of 20-mer peptides
spanning the C2 domain sequence (Figure 2B). Decoding of this
response by testing the individual peptides comprising this pool
identified robust responses to peptides corresponding to C2-2210-
2229, C2-2226-2245 and C2-2242-2261 (Figure 2C).

Subject P11 also had a previous inhibitor that resolved four
years before donating this blood sample. His PBMCs showed robust
IFN-y secretion when stimulated with rFVIIIL, rFVIII-C2 protein,
peptide pools spanning the FVIII A2 domain sequence, and peptide
pools spanning the FVIII C2 domain sequence (Figures 3A-C). His
PBMC:s also responded to rFVIII stimulation with secretion of IL-5
and IL-10 (Figure 3D).
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TABLE 3 IFN-y ELiSpot responses of Int22Inv PBMCs to pooled junction peptides (FVIII 2103-2146).

Subject Age HLA- Current Past inhibitor that Inhibitor peak F8 exon 22-23 junction peptide
code range DRB1 inhibitor? resolved? (BU/mL) stimulation?
Gl 18+ 0701, N N 0 N
0701
G2 4-17 0901, N N 0 N
1101g
G3 18+ 0701, Y N 49 N
1301
Ga* 18+ 0302, Y N 0.6 Y
1501
G5 4-17 0701, N N 0 N
1501
G6 18+ 0801, Y N 68 N
1503
G7 4-17 0404, N N 0 N
1301
G8 4-17 0401, Y N 1 N
0701
G9 18+ 0102, Y N >1000 N
1503

*Subject G4 had an Int22Inv and a missense H1499Y mutation. His ELISPOT results were positive, showing 195 spots per million PBMCs, compared to the unstimulated background of 30 spots

per million PBMCs.

Querying Int22Inv T-cell responses to a
known HLA-DRB1*1101-restricted epitope
in FVIII

IFN-y ELISPOT assays were carried out to determine if PBMCs
from six severe HA subjects with an HLA-DRII allele would
respond to a known HLA-DRBI*1101-restricted T-cell epitope in
the FVIII A2 domain, FVIII-589-608, which was identified in a HA
subject with missense substitution R593C (20). The overlapping 20-
mer peptides FVIII-A2-28 and/or A2-29 both contained the epitope
of interest. Two of the subjects had an Int22Inv mutation, two had a
frameshift mutation, and the HA-causing mutation was unknown
for the other two. One of the Int22Inv subjects responded to peptide
A2-29, and both of the Int22Inv subjects also showed a robust
response to the FVIII-C2 protein (Figure S1). Together, these
results indicated the Int22Inv mutation did not confer tolerance
to either the FVIII A2 or C2 domains.

Mapping epitopes restricted to HLA-DR3

ELISPOT assays were first carried out for subject G21, who had
an Int22Inv mutation and was monogenic for HLA-DRBI*0301. His
PBMCs showed positive IFN-y responses to rFVIII and to large
peptide pools LP1, LP2 and LP3, which together span FVIII residues
1-737 (Figure 4A). The FVIII heavy chain consists of the A1 and A2
domains, residues 1-740. There were not enough PBMCs to allow
systematic decoding via ELISPOT assays using smaller peptide
pools and then individual peptides covering 740 residues.
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Therefore, the Immune Epitope Database (IEDB) server (33) was
used to predict peptides within the FVIIT Al and A2 domains that
would bind with high affinity to HLA-DR0301. Twenty-five 15-mer
FVIII peptides from our library contained a total of 18 unique 9-
mer motifs that were predicted to be in the top 2% for binding to
HLA-DR0301 (Table S8). In several cases where overlapping 15-
mer peptides contained the same motif the 2-3 peptides were
pooled, generating a total of 18 individual or pooled FVIII
peptides for further testing (Table S9). Stimulation of his PBMCs
with four of these individual peptides, A1-41, A1-58, A2-47 and A2-
59, produced IFN-y secretion slightly above background
levels (Figure 4B).

Next, PBMCs from three additional Int22Inv HA subjects who
all had a current inhibitor and an HLA-DR3 allele, G16, G17 and
G18, were tested for IFN-y responses to these 4 peptides by
ELISPOT assays (Figure 4C). The strongest response was from
G18, responding to peptide A2-59. Therefore, HLA-DR0301
tetramers loaded with the 4 pooled peptides, and with individual
peptide A2-59, were ordered.

Other HA ELISPOT assays

PBMCs from 11 severe and moderate HA subjects, three of
whom had a confirmed Int22Inv mutation, were tested for
responses to rFVIII and rFVIII-C2 protein (Figure S2). Eight of
them showed robust cytokine secretion in response to rFVIII and 9
responded to rEVIII-C2. In general, comparing results of ELISPOT
experiments testing reactivity to rFVIII and rFVIII-C2, among the
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FIGURE 2

Mapping of CD4" T-cell epitopes in the FVIII C2 domain by peptide ELISPOT assays (Int22Inv subject P1). (A) This subject’'s PBMCs showed robust

IFN-y secretion when stimulated with rFVIIl and rFVIII-C2 proteins. The FVIII-

C2 ELISPOTSs were carried out on different plates and read separately,

hence the different background color in this image. (B) Decoding of his response to the FVIII C2 domain using pools of 20-mer peptides spanning
the C2 domain sequence indicated that C2 pool #2 contained one or more immunodominant epitopes. (C) Further decoding by stimulations with
the individual 20-mer peptides comprising C2 pool 2 indicated that he had specific responses to three epitopes in the FVIII C2 domain. His PBMCs
did not respond to pooled peptides spanning the FVIII A2 domain (not shown).

positive responders IFN-y secretion was usually more robust when
cells were stimulated with 50 nM rFVIII-C2 than with 8 nM rFVIIL
Unfortunately, FVIII protein becomes toxic to CD4 T cells at higher
concentrations. The stronger responses to rFVIII-C2, and to pooled
or individual FVIII peptides in some assays, may simply be due to
stimulation of lower-avidity CD4 T cells by the higher
concentrations of rFVIII-C2 and FVIII peptides. Of note, the
rFVIII-C2 preps were routinely tested to confirm low
endotoxin levels.

Non-HA control ELISPOT assays

Control ELISPOT experiments indicated that IFN-y secretion
from non-HA PBMCs in response rFVIII stimulation under these
assay conditions (Figure S3) was rare, while responses of non-HA
PBMCs to rFVIII-C2 protein (included as a control in several
experiments) were seen more frequently but still were not common.

Background proliferation
Two severe HA and two non-HA control subjects showed high
background IFN-y secretion (seen in ELISPOT wells with DMSO

alone added); they were therefore excluded from this study and are
not included in any figures or tables.
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Epitope mapping by HLA Class Il tetramer
staining and isolation of FVIlI-specific T-
cell clones

HLA-Class II tetramer staining was carried out using CD4" T
cells isolated from four subjects with an Int22Inv mutation. Subject
G16 was an adult inhibitor subject who had an HLA-DRBI*0301,
1201g haplotype. Subject G19 was an adult inhibitor subject with
HLA-DRBI*0302, 0901 haplotype. Subject G20 (age range 4-17
years) had the HLA-DRBI1*0301, 1101 haplotype and a current
inhibitor. Subject G21 (age range 4-17 years) had the HLA-
DRBI1*0301, 0301 haplotype and no inhibitor history. Tetramer
staining was also carried out for subject G18, an adult with an intron
1 inversion mutation, a current inhibitor, and HLA-DRBI*0301,
1401g haplotype, in order to further test for HLA-DRBI*0301-
restricted epitopes in FVIIL. Tetramer staining of CD4" T cells
isolated from these subjects’ PBMCs was followed by sorting of
tetramer-hi cells and expansion of clones in culture.

Tetramer staining to test for
T-cell responses to epitopes in
the FVIIIl A2 domain

PBMCs from Int22Inv subject G20 were queried using HLA-
DR1101 tetramers loaded with peptide pool A2-6, which consisted
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CD4* T cells from Int22Inv subject P11 respond to epitopes in the FVIII A2 and C2 domains. (A) He showed a strong IFN-y response to rFVIII, rFVIII-
C2 protein, and FVIII large peptide pool #6 (which contained peptides spanning the C2 domain sequence). (B) His PBMCs also responded to FVIII A2
domain medium peptide pools A2-7, A2-8 and A2-9. (C) Decoding of his response to rFVIII-C2 protein and FVIII large peptide pool #6 by
stimulating his PBMCs with small peptide pools spanning the FVIII C2 domain sequence. His PBMCs responded to epitopes in pools C2-33, C2-34
and C2-36. (D) This subject also showed Th2 (IL-5) and Trl (IL-10) responses to rFVIII stimulation. His responses to multiple epitopes in the A2 and
C2 domains indicate that the inverted F8 mRNA containing exons 1-22 and F8B mRNA (encoding the putative FVIIIB protein containing the FVIII C2
domain sequence) did not confer tolerance to the FVIII A2 or C2 domains. TT = tetanus toxoid. PHA = phytohemagglutinin. Negative control: DMSO

(5 ul/well). rFVIIE: 5 nM, rFVIII-C2: 50 nM.

of four 20-mer peptides spanning FVIII residues 565-616. This
region contains a known HLA-DRBI*1101-restricted T-cell epitope
that was recognized by HA subjects with an R593C missense
mutation (20). Figure 5A shows staining of representative T-cell
clones with HLA-DR1101 tetramers loaded with peptide pool A2-6,
obtained following expansion of CD4" T cells using this same
peptide pool. Results clearly indicate recognition of one or more
epitopes in the region FVIII 565-616.

Tetramer staining to test for
T-cell responses to epitopes in
the FVIII C2 domain

CD4" T-cell clones were isolated from Int22Inv subject G19
following expansion of CD4" T cells using a 20-mer peptide pool
spanning the FVIII C2 domain region 2289-2332. Figures 5B-D
shows tetramer staining of representative HLA-DRBI*0901-
restricted T-cell clones recognizing these pooled peptides. A
second staining of expanded clones using tetramers loaded with
the individual FVIII-C2 peptides comprising this pool identified

Frontiers in Immunology

FVIII-2297-2316 as an HLA-DRBI*0901-restricted T-cell epitope
recognized by CD4" T cells from this subject.

HLA-DR3-restricted T-cell clones
recognizing another FVIII A2
domain epitope

PBMC:s from three Int22Inv subjects and one intron 1 subject were
stimulated with a pool of four immunogenic peptides identified by
ELISPOT assays: Al-41, A1-58, A2-47 and A2-59 (Figure 4B). The
expanded cells were then stained and single-cell sorted using HLA-
DR0301 tetramers loaded with these pooled peptides (not shown).
Clones were obtained from three of these subjects. Specificity of the
staining was then confirmed using an HLA-DR0301 tetramer loaded
with peptide A2-59. This tetramer produced strong staining for two
clones expanded from Int22Inv subject G16, two clones from Int22Inv
subject G21, and three clones from intron 1 inversion subject G18,
confirming that this peptide contained a FVIII epitope. Representative
tetramer staining results are in Figure 6. The gating strategy and
staining of the remaining clones are in Figure S4.
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Epitope mapping of HLA-DRB1*0301-restricted responses to FVIII Al and A2 domains by ELISPOT assays. (A) PBMCs from Int22Inv subject G21
responded to rFVIIl and rFVIII-C2 domain protein, tetanus/diptheria toxin, and FVIII large peptide pools LP1, LP2 and LP3. Peptide pools LP1-LP3
consist of overlapping 15-mer peptides spanning the FVIII Al and the A2 domains (Table S3). and LP2 (B) PBMCs from the same subject also
responded to individual 15-mer FVIII peptides A1-41, A1-58, A2-47 and A2-59. Results for the remaining 6 peptides or peptide pools were negative
and are not pictured. (C) PBMCs from an additional three Int22Inv subjects with an HLA-DR3 allele (G16, G17 and G18) showed responses above
background for one or more of the 4 FVIII A1 or A2 domain peptides. The response of the final subject to peptide FVIII-A2-59 (FVIII 605-619) was

the most promising.

Positive and negative controls for
tetramer-based assays

Positive controls stimulating PBMCs from subjects with tetanus-
diptheria toxoid peptides demonstrated the validity of tetramer-based
epitope mapping via isolation of multiple TT-specific T-cell clones
(Figure S5). Negative controls for all tetramer experiments consisted
of tetramers loaded with an irrelevant peptide to rule out nonspecific
binding of the tetramer to CD4" T cells.

Summary of FVIIl immunogenicity assays

Results of all assays, grouped by assay type and presented as
per-subject results, as well as clinical and demographic data, are
summarized in Table 4.
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Discussion

The hypothesis that HA patients with an intron-22 inversion
(Int22Inv) mutation have a lower risk of developing a neutralizing
anti-FVIII antibody (“inhibitor”) response (24, 25) has gained fairly
wide traction in the hemophilia A community. Well-conducted
earlier studies have indeed indicated that severe HA patients with
an intron-22 inversion mutation had a lower inhibitor incidence
compared to patients with other large structural changes in the F8
gene such as large frameshifts or deletions, early stop codons, etc. (22,
23). However, an important point to note is that the sizes of these
respective HA cohorts differ substantially: almost half of severe HA
patients have an intron-22 inversion mutation, while the other large
structural changes are a heterogeneous group of mutations that
together comprise only ~6% of all mutations resulting in severe
HA (34) (Ahmed and Pratt, ] Thromb Haemost, in press).
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Tetramer staining identifies CD4* T-cell clones restricted to FVIII A2 and C2 domain peptides. A. CD4* T-cell clones restricted to one or more epitopes
in the FVIII A2 domain were isolated from inhibitor subject G20 (Int22Inv, HLA-DRB1*0301, 1101) PBMCs by staining his CD4* T cells with DR1101
tetramers loaded with A2 peptide pool #6 (four 20-mer peptides spanning FVIII residues 565-616). The tetramer-hi cells were then single-cell sorted,
expanded in culture, and the expanded clones were stained with the same tetramer, following standard protocols in our laboratory (29). All five clones
showed high-avidity tetramer binding. B, C, D. CD4" T-cell clones recognizing pooled and individual peptides corresponding to the FVIII C2 domain
were isolated from inhibitor subject G19 (Int22Inv, HLA-DRB1*0302, 0901) following a similar protocol. Clones recognizing C2 pool 4 peptides (spanning
FVIII residues 2238-2332) were isolated. Decoding of this response using DR0O901 peptides loaded with the individual peptides comprising this pool
identified FVIII 2297-2316 as the immunodominant epitope. Negative controls: staining using the same HLA-DR tetramers loaded with irrelevant (tetanus)

peptides did not produce tetramer-hi signals, indicating that these tetramers did not bind nonspecifically to CD4" T cells.
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v

CD4

Confirmation of an HLA-DRB1*0301-restricted FVIII-A2 domain epitope by tetramer staining. T-cell clones expanded by stimulation with 15-mer
peptide FVIII-A2-59 (FVIII 605-619) from three unrelated HA subjects: G16 (Int22Inv, current inhibitor), G18 (intron 1 inversion, current inhibitor), and
G21 (Int22Inv, no inhibitor history). All three had an HLA-DRB1*0301 allele, and their clones were stained with an HLA-DRO301 tetramer loaded with
peptide FVIII-A2-59. The results indicate that this peptide contains an immunodominant, HLA-DRB1*0301-resticted T-cell epitope recognized by

CD4" T cells from these subjects.

Furthermore, a significant fraction of patients with specific, rare large
structural F8 changes are related, compared to the overall low
relatedness among the intron-22 inversion population. A family
history of inhibitor development has been noted as a risk factor in
multiple studies, indicating roles for other genetic factors influencing
immune and/or inflammatory responses (35-37).

Individuals with an Int22Inv mutation express an mRNA from
the inverted locus that contains F8 exons 1-22 spliced to an
additional 16 in-frame codons, followed by a stop codon (1, 2).
An alternative F8 isoform expressed in multiple human tissues,
termed F8B mRNA, is a 2.6-kb transcript initiated from a start site
within intron 22 and containing F8 exons 23-26 (4). HA-Int22Inv
patients do not circulate measurable FVIII antigenic material (often
referred to as cross-reactive material, or FVIII-CRM+). Almost all
of them have FVIII clotting activity (FVIIL:C) levels <1% normal,
i.e., by definition they have severe HA. (The rare exceptions, which
generally report FVIII levels of 1-2% normal, are likely due to
experimental variations or unusually high activity of other non-
FVIII clotting factors). It has been hypothesized that partial FVIII
proteins are expressed intracellularly from these two partial F8

Frontiers in Immunology

transcripts, and that they contain FVIII residues 1-2124 (encoded
by F8 exons 1-22) and FVIII residues 2125-2332 (encoded by F8B
mRNA containing F8 exons 23-26) (24, 38). It has been further
hypothesized that this intracellular expression of the entire FVIII
sequence, contained in 2 partial FVIII proteins, confers immune
tolerance to these proteins, thereby explaining the apparently lower
inhibitor risk associated with Int22Inv mutations (25). If such
tolerance is conferred to Int22Inv patients, then their CD4" T-cell
responses (providing help for anti-FVIII antibody production) to
infused, therapeutic wild-type FVIII would be restricted to a
neoepitope containing FVIII residues M2124 and V2125, as the
mRNA encoding this short region is interrupted by the inversion
mutation, precluding translation of this region (24, 25). In support
of this hypothesis, Pandey et al. reported detection of intracellular
FVIII-CRM" in both liver tissues and circulating cells from
Int22Inv and nonhemophilic subjects, using antibody staining
and LC-MS/MS analysis of cellular immunoprecipitates (24, 38).
Our laboratory carried out similar experiments, using carefully
validated antibodies to evaluate human and canine Int22-Inv liver
tissues and cellular samples via immunofluorescence,
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TABLE 4 Per-subject summary of clinical, demographic and experimental data.

Subject HA HA Age HLA- Current  Past inhibitor Inhibitor

code in severity =mutation range DRB1  inhibitor? that peak (BU/
database resolved? mL)*

Exon 22-23 junction peptide ELISPOTS (Table 3)

FVIII
protein
response?

FVIII-C2 protein
or peptide
response?

FVII-A1 and/or
A2 peptide
response?

Exon 22-23 junc-
tion peptide
response?

Clones?

Gl severe Int22Inv + 18+ 0701, N N 0 N
frameshift 0701

G2 severe Int22Inv 4-17 0901, N N 0 N
1101g

G3 severe Int22Inv 18+ 0701, Y N 49 N N
1301

G4 severe Int22Inv 18+ 0302, Y N 0.6 Y Y
1501

G5 severe Int22Inv 4-17 0701, N N 0 N N
1501

G6 severe Int22Inv 18+ 0801, Y N 68 N N
1503

G7 severe Int22Inv 4-17 0404, N N 0 N
1301

G8 severe Int22Inv 4-17 0401, Y N 1 N N
0701

G9 severe Int22Inv 18+ 0102, Y N >1000 N Y N
1503

HLA-DR11, DR1 or DR15 alleles - A2-589-608 peptide ELISPOTS (Figure S1)

G10 severe Int22Inv 18+ 1101, N N 0 N Y Y
1503

GI11 severe unknown 4-17 1101, Y N 47 N Y N
1602

G12 severe Int22Inv 18+ 1101, N N 0 N Y N
1101

G13 severe unknown 18+ 1101, Y N 32 N N N
1301

Gl4 severe frameshift 4-17 0701, N N 0 N N
1104
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Subject HA HA Age HLA- Current  Past inhibitor  Inhibitor FViII FVIII-C2 protein FVIII-A1 and/or Exon 22-23 junc- | Clones?
code in severity =mutation range DRB1 inhibitor? that peak (BU/ protein or peptide A2 peptide tion peptide
database resolved? mL)* response? response? response? response?
G15 severe frameshift 4-17 0301, Y Y unknown
1104
HLA-DR3 - A1 and A2 domain peptide ELISPOTS (Figure 4)
Gl6 severe Int22Inv 18+ 0301, Y N 31
1201g
G17 severe Int22Inv 18+ 0301, Y N 17
0804
G18 severe Intron 1 18+ 0301, Y N 80
inversion 1401g
G21 severe Int22Inv 4-17 0301, N N 0
0301
FVIIl and FVIII-C2 protein ELISPOTS (Figure S2)
P1 moderate Int22Inv 18+ unknown N Y 15.2
P2 moderate unknown 18+ unknown unknown unknown unknown
or severe
P3 severe frameshift 18+ unknown Y N 89.6
deletion
P4 moderate unknown 18+ unknown unknown unknown un known
or severe
P5 severe Int22Inv 18+ unknown Y N 716.8
(atypical)
P6 moderate unknown 18+ unknown unknown unknown unknown
or severe
P7 severe base 18+ unknown N Y 51.2
substitution
P8 moderate unknown 18+ unknown Y N 384
P9 moderate unknown 18+ unknown Y N 4.6
P10 severe unknown 18+ unknown N Y 6
P11 severe Int22Inv 18+ unknown N Y unknown
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TABLE 4 Continued

Subject HA HA Age HLA- Current  Past inhibitor Inhibitor FVIII FVIII-C2 protein FVII-A1 and/or Exon 22-23 junc- = Clones?

code in severity =mutation range DRB1 inhibitor? that peak (BU/ protein or peptide A2 peptide tion peptide
database resolved? mL)* response? response? response? response?

Tetramer isolation of CD4 T-cell clones (Figures 5, 6, S4, S5)

G19 severe Int22Inv 18+ 0302, Y N 3456 C2-
0901 specific

G20 severe Int22Inv 4-17 0301, Y N 0 A2-
1101 specific

G21 severe Int22Inv 4-17 0301, N N 0 A2-
0301 specific

Gl6 severe Int22Inv 18+ 0301, Y N 31 A2-
1201g specific

G18 severe Intron 1 18+ 0301, Y N 80 A2-
inversion 1401g specific

Normal control subjects (Figure S3)

NC1 n/a n/a 18+ unknown n/a n/a n/a N
NC2 n/a n/a 18+ unknown n/a n/a n/a N
NC3 n/a n/a 18+ unknown n/a n/a n/a N
NC4 n/a n/a 18+ unknown n/a n/a n/a N
NCs n/a n/a 18+ unknown n/a n/a n/a N
NCe n/a n/a 18+ unknown n/a n/a n/a N

*Bethesda units (BU)/mL.
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immunohistochemistry, western blots and LC-MS/MS of
immunprecipitates. We have been unable to detect intracellular
expression of FVIII-CRM" proteins using these sensitive assays,
leading us to suggest that antibodies used in the earlier studies were
in fact binding nonspecifically to other antigens besides FVIII (39).
The most relevant data addressing the question of possible
tolerance to FVIII is the actual patient outcomes. Our lab recently
carried out a systematic regression analyses of data from >6,000 HA
subjects enrolled in the “My Life Our Future” study in the U.S., of
whom 1,075 had an Int22Inv mutation (Ahmed and Pratt, ] Thromb
Haemost, in press). A major conclusion of this study was that
inhibitor risk associated with Int22Inv mutations was
indistinguishable from that associated with other large structural
changes in the F8 gene. We attribute the apparent discrepancy of this
result with reports from earlier case-control and meta-analysis studies
(22, 23) to heterogeneity in the respective, much smaller cohorts
(compared to the Int22Inv cohort) in each study that had mutations
entailing large structural F8 changes. Thus, the recently obtained
statistical data from a large cohort in the U.S. indicate that individuals
with an Int22Inv mutation are as likely to develop an inhibitor
response as those with HA due to other major F8 gene disruptions.
The present study directly addresses the question of whether
Int22Inv patients are tolerized to FVIII, with the exception of a
hypothesized neoepitope encoded by the F8 exon 22-23 junction
region. First, the binding affinities of 20-mer peptides spanning the
exon 22-23 junction regions to ten recombinant HLA-DR proteins
were determined using an established peptide-HLA competition
binding assay (17, 29, 31). Predicted peptide-HLA-DR affinities
were also obtained using a recent update of the same algorithm
(MHCIIPan) used by Sauna et al. to predict the immunogenicity of
this region (30). As in their study, medium-to-strong affinity binding
of these peptides to multiple HLA-DR was predicted. However, the
peptide binding assays revealed far fewer high- or medium-affinity
interactions (Figure 2). Our experimental results showed high- or
medium-affinity MHCII binding of these peptides by HLA-DR7, DR9
and DR15, but not by the other 7 HLA alleles that were tested; these 10
HLA-DR alleles were broadly representative of the U.S. population.
Although the IEDB and other prediction algorithms are
extremely useful for applications such as determining prior
exposure to a given pathogen or antigen, or peptide-based vaccine
design, or for generating candidates for experimental tests of
peptide immunogenicity, experimental validation is important
before investing too many resources on the basis of predictions
alone. MHC Class II and T-cell epitope prediction algorithms are
continually being improved, and data such as those in the present
study, characterizing both binding and non-binding of peptides to
specific MHC alleles, can be utilized to train prediction algorithms
and further improve their accuracy (40). Based on the present
study’s experimental results, we conclude that the exon 22-23
junction-encoded region, encompassing the FVIII Cl1 domain
sequence extending 9-12 residues on either side of M2124-V2125,
is unlikely to comprise an immunodominant, promiscuous T-cell
epitope driving anti-FVIII immune responses in most HA-Int22Inv
patients. The one subject who showed positive ELISPOT results
(IFN-y secretion in response to stimulation with exon 22-23
junction peptides), subject G4, had a current low-titer inhibitor,
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and this result indicated that an epitope in the exon 22-23 junction
region contributed to his anti-FVIII immune response. He also had
a missense F8 mutation, H1499Y, although the relevance of this
second mutation in an individual with an Int22Inv mutation is not
clear, given that FVIII intact would not be expressed. The mutation
H1499Y was not found in the CHAMPS hemophilia A mutation
database (34) (accessed 01/24/2023, https://www.cdc.gov/ncbddd/
hemophilia/champs.html), so we found no independent data
regarding a potential association with inhibitor development. The
remaining eight Int22Inv subjects (one also had a frameshift
mutation) did not secrete IFN-y in response to stimulation with
the exon 22-23 junction peptides (Tables 3, 4).

Do individuals with an Int22Inv mutation have immune
tolerance to FVIII proteins encoded by inverted F8 exons 1-22
and/or F8B exons 23-36? This question was addressed by
experiments to test the null hypothesis using independent,
complementary methods: ELISPOT assays and HLA-DR tetramer
staining. CD4" T-cell responses to rFVIII proteins and peptides were
queried using PBMCs obtained from HA-Int22Inv subjects, as well as
HA subjects with other F8 mutations and healthy non-HA controls.
Positive controls for these assays included stimulation with tetanus/
diptheria toxin (TT) and phytohaemagluttinin (PHA), while negative
controls included stimulation with the dimethylsulfoxide (DMSO)
carrier solution for peptides, or incubating cells with an irrelevant
peptide-loaded tetramer, or comparisons of Int22Inv cellular
responses with those of healthy non-HA normal controls. The
ELISPOT assays showed interferon-y secretion in response to
rFVIII and/or rFVIII-C2 proteins in almost all of the HA-Int22Inv
experiments, whereas anti-FVIII responses were rare in the non-HA
control samples. Further epitope mapping using pooled and
individual FVIII peptides as stimulants clearly identified HA-
Int22Inv immune responses to the FVIII A2 and C2 domains.

HLA Class II tetramer staining was carried out as a stringent,
independent test to identify HLA-restricted CD4" T-cell responses
to specific epitopes in FVIII, using PBMCS from Int22Inv subjects.
An HLA-DRBI*1101-restricted epitope in FVIII was characterized
earlier, identifying the wild-type FVIII A2 domain sequence 498-
503 as a neoepitope recognized by CD4" T cells from two unrelated
HA subjects with missense mutation FVIII-R593C (20). Thus, using
tetramers loaded with FVIII-A2 peptides, we were able to test the
hypothesis that a subject with an Int22Inv mutation and HLA-
DRBI1*1101 allele would be tolerized to a confirmed HLA-
DRBI*1101-restricted epitope that contributed to the anti-FVIII
immune responses of HA subjects with a missense mutation at this
site. Staining using HLA-DR1101 tetramers loaded with pooled A2
domain peptides, followed by isolation of multiple CD4" T-cell
clones, indeed confirmed that Int22Inv subject G21 responded to
one or more HLA-DRBI*1101-restricted epitopes within the FVIII
A2 domain region 565-616 (Figure 5A).

Staining of CD4" T cells from a second Int22Inv subject, G19,
using HLA-DR0901 tetramers loaded with pooled C2 domain
peptides, produced positive staining using C2 peptide pool #4
(containing peptides spanning FVIII 2289-2332). Multiple clones
were again isolated. Three of these pooled peptide responses were
decoded by a second staining using tetramers loaded with the
individual FVIII-C2 peptides comprising the pool. All three
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decoding experiments identified FVIII-2297-2316 as an HLA-
DRBI*0901-restricted T-cell epitope contributing to the anti-FVIII
T-cell response of this subject (Figures 5B-D). Finally, FVIII-specific
T-cell clones recognizing an HLA-DRBI1*0301-restricted epitope in
the FVIII A2 domain were isolated from two Int22Inv subjects and
one intron 1 inversion subject with the same HLA-DRBI allele
(Figure 6). One of the Int22Inv subjects had a current inhibitor,
one had no inhibitor history, and the intron 1 inversion subject had a
current inhibitor. Two of these subjects also responded to FVIII A2
domain epitopes in ELISPOT assays (Figure 4). To summarize, CD4"
T-cell clones recognizing epitopes in the FVIII A2 or C2 domain were
isolated from four unrelated Int22Inv subjects.

Approximately 20 years ago, the Conti-Fine group
characterized CD4" T-cell responses to FVIII in HA and non HA
subjects, primarily through T-cell proliferation and ELISPOT assays
employing FVIII and pools of synthetic FVIII peptides spanning
several FVIIT domains (10, 12-15, 41). The present study builds on
their earlier work, focusing on specific epitopes recognized by HA
subjects with an Int22Inv mutation. We also tested the hypothesis
that HA-Int22Inv patients have been tolerized to FVIII sequences
encoded by mRNAs containing F8 exons 1-22 and/or 23-26. Results
of this study provide evidence in support of the null hypothesis:
rather than being tolerized, CD4" T-effector cells from multiple
Int22Inv subjects readily responded to multiple epitopes in FVIIL
Together with recent statisitical/epidemiological evidence (Ahmed
and Pratt, ] Thromb Haemostas, in press) and our failure to detect
FVIII-CRM" proteins in liver tissues or circulating cells from
Int22Inv subjects (39), the present study indicates that Int22Inv
patients should be monitored just as closely as other severe HA
patients for development of an inhibitor, especially during initial
FVIII infusions.
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Inflammasome molecules make up a family of receptors that typically function to
initiate a proinflammatory response upon infection by microbial pathogens.
Dysregulation of inflammasome activity has been linked to unwanted chronic
inflammation, which has also been implicated in certain autoimmune diseases
such as multiple sclerosis, rheumatoid arthritis, type 1 diabetes, systemic lupus
erythematosus, and related animal models. Classical inflammasome activation-
dependent events have intrinsic and extrinsic effects on both innate and adaptive
immune effectors, as well as resident cells in the target tissue, which all can
contribute to an autoimmune response. Recently, inflammasome molecules
have also been found to regulate the differentiation and function of immune
effector cells independent of classical inflammasome-activated inflammation.
These alternative functions for inflammasome molecules shape the nature of the
adaptive immune response, that in turn can either promote or suppress the
progression of autoimmunity. In this review we will summarize the roles of
inflammasome molecules in regulating self-tolerance and the development
of autoimmunity.

KEYWORDS

autoimmunity, self-tolerance, inflammasomes, immunoregulation, inflammation

Introduction

A functioning immune system is characterized by the capacity to distinguish between
self-antigens versus microbial pathogens and foreign molecules. Several mechanisms are in
place regulating both innate and adaptive immunity to establish persistent self-tolerance.
These mechanisms maintain self-tolerance by limiting the activation and maturation of
innate effectors such as monocytes, macrophages and dendritic cells (DC), while regulating
self-specific T and B cells via intrinsic and extrinsic events. Immunoregulation is a
dominant mechanism by which self-tolerance is established and maintained. Multiple
subsets of self-specific T cells, including forkhead box P3 (FoxP3)-expressing regulatory
CD4" T cells (Foxp3'Treg), as well as regulatory B cells, mediate immunoregulation via 1)
secretion of anti-inflammatory cytokines (e.g. TGF B1, IL-10) and modulatory factors, and
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2) cognate interactions with T and B cells and/or DC and
macrophages serving as antigen-presenting cells (APC) by
engagement of various ligand-receptor molecules. Subsets of DC
and macrophages also contribute to immunoregulation through
secretion of cytokines and factors. Breakdown of self-tolerance leads
to autoimmunity, typically characterized by chronic inflammation
driven by autoreactive T and B cells, autoantibodies, and/or
activated macrophages, DC and other innate effectors (1).
Autoimmune diseases are characterized as: 1) organ-specific
autoimmunity, such as multiple sclerosis (MS), rheumatoid
arthritis (RA) and type 1 diabetes (T1D), or 2) systemic
autoimmune diseases, such as systemic lupus erythematosus
(SLE) (2). Events leading to the failure of self-tolerance are
complex and influenced in a polygenic manner, while involving a
host of ill-defined environmental factors including microbial
infections, toxins, ultraviolet (UV) irradiation, diet, and dysbiosis
of the gut microbiota.

The immune system has also evolved to detect and rapidly
respond to invading pathogens via innate cell-driven events. This
early inflammation leads to subsequent expansion and
differentiation of effector T and B cells, typically resulting in
clearance of the pathogen, and establishment of long-lasting
immune protection. Recognition of an invading microbial
pathogen is mediated by surface and cytoplasmic pattern
recognition receptors (PRRs) which recognize: 1) conserved
pathogen-associated molecular patterns (PAMPs), and 2)
endogenous-derived danger-associated molecular patterns
(DAMPs) induced by tissue damage and cellular activities
mediated by microbial virulence factors (3).

Inflammasomes are oligomeric complexes that play an
important role in initiating inflammation in response to PAMPs
and DAMPs (4). Appropriately regulated activation of
inflammasomes protects against microbial infection. However,
aberrant inflammasome activity has been associated with severe
inflammation-driven pathologies (5-7), as well as
autoinflammatory and autoimmune diseases (8). Notably,
inflammasome receptor molecules regulate the properties of
different immune cell effectors as well as non-immune cell types
that is independent of classical activation and inflammation-
inducing events (9). This alternative function of inflammasome
molecules has also been directly linked to autoimmunity and sterile
inflammation. In this review, we will discuss how inflammasomes
contribute to autoimmunity: 1) by inflammation driven by classical
inflammasome activation, and 2) via alternative functions
inflammasome molecules display.

Inflammasome-mediated
inflammation- an overview

Inflammasome-driven inflammation in the context of innate
immunity generally entails the production of proinflammatory
cytokines such as IL-1B and IL-18, as well as induction of
programmed cell death. The typical inflammasome complex
consists of three components; namely 1) a sensor molecule such
as a nucleotide oligomerization domain-like receptor (NLR),
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Absent in melanoma 2-like receptors (ALR) or pyrin, 2) the
adaptor molecule apoptosis-associated speck-like protein (ASC)
that contains a caspase activation and recruitment domain
(CARD), and 3) pro-caspase-1 (Figure 1) (4). The assembled
inflammasome provides a platform for cleavage of pro-caspase-1
(4). Once activated via an autolytic processing event, caspase-1
mediates maturation of pro-IL-1f and pro-IL-18 precursors, as well
as initiating pyroptosis (4).

Pyroptosis, a lytic form of programmed cell death, is induced
through caspase-1-mediated cleavage of gasdermin D (GSDMD),
which removes the autoinhibitory C-terminus portion of the
protein (10). Cleaved GSDMD also forms pores in the cell
membrane, which facilitate the secretion of mature IL-1 and IL-
18 (11). Cleavage of GSDMD and induction of pyroptosis is also
achieved by a nonconical pathway in which murine caspase-11 or
human caspase-4/5 are activated by cytosolic lipopolysaccharide
(LPS), a gram-negative bacteria endotoxin (11, 12). In addition to
pyroptosis, certain inflammasome molecules such as NLR family
pyrin domain containing 3 (NLRP3) and absent in melanoma 2
(AIM2), have been associated with PANoptosis-driven cell death in
response to microbial infection and changes in cellular homeostasis
(13). PANoptosis is regulated by the PANoptosome, which is a
multimeric complex consisting in part of effector molecules
involved in pyroptotic (caspase 1), apoptotic (caspase 8), and
necroptotic (receptor-interacting protein kinase 1 (RIPK1),
receptor-interacting protein kinase 3 (RIPK3)) cell death
pathways (14). The composition of the PANoptosome varies with
the nature of the stimulatory response, and complexes consisting of
the ASC adaptor and NLRP3 or AIM2 sensor molecules have been
identified (15).

Inflammasome activation is achieved in response to a broad
range of stimuli derived from microbial infection, tissue damage,
and/or dysregulation of metabolic events (Figure 1). The process of
inflammasome activation typically entails two sets of signaling
events that prime (signal 1), and activate (signal 2) the
inflammasome (11). This multiple-step pathway ensures robust
regulation of inflammasome activity. Signal one, induced by PRR
(e.g. toll-like receptors (TLR)) primes inflammasome assembly via
activation of NF-xB, upregulation of pro-IL-1B and pro-IL-18
expression, and induction of post-translational events that favor
the formation of an inflammasome complex (11, 12). Signal two is
specific for a given sensor molecule and induces inflammasome
activation (12). Binding of an agonist to the leucine-rich repeat
containing receptor (LRR) portion of the sensor protein leads to
oligomerization via homotypic pyrin (PYD) interactions with the
ASC adaptor molecule. ASC is important for linking the sensory
protein with caspase-1 via CARD interactions (11, 12). Events
driving caspase-1 activation, IL-1B and IL-18 maturation, and
induction of pyroptosis and/or PANoptosis then follow (11, 12).
To date, the role of inflammasomes in autoimmunity have largely
focused on NLRP3 and AIM2, but other inflammasome molecules
such as NLRP1, and NLR family CARD domain-containing protein
4 (NLRC4) have also been implicated in autoimmunity (16, 17).
The respective inflammasomes are defined by the sensor protein.

NLRP3 has been the most extensively studied inflammasome, in
general and in autoimmunity (18). NLRP3 agonists are structurally
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Inflammasome Activation

Inflammasome assembly and activation. Canonical activation of the inflammasome pathway begins with a primary signal, such as PAMPs,
endogenous-derived DAMPs, or dsDNA, that are recognized by pattern recognition receptors (PRRs), such as toll-like receptors (TLRs). PRR activation
induces NF-xB and subsequent expression of NLRP, pro-IL-1f and pro-IL-18, and post-translational events. Formation of the inflammasome complex
occurs when the sensor protein, such as NLRP3, binds to ASC, driving caspase activation and inflammasome assembly. Caspase enzymes cleave pro-
IL-1B and pro-IL-18 as well as the C terminus from gasdermin D, allowing the gasdermin D N-terminal domain to form pores necessary for
pyroptosis. IL-1B and IL-18, as well as cellular contents are released to establish a proinflammatory response. In autoimmune disease, inflammasome
activation can occur via activation in a noncanonical matter including agonist-induced ion flux and lysosomal and mitochondrial reactive oxygen

species (ROS). The figure was prepared using Biorender software licensed to

and chemically diverse: such agonists include 1) PAMPs expressed
by bacteria, virus, and fungi, and 2) DAMPs including cholesterol,
extracellular ATP, microbial pore-forming toxins, and particulate
matter such as uric acid crystals (19). Consequently, it is believed
that these agonists are indirectly sensed by NLRP3. Here, agonist-
induced K" and CI" effluxes, Ca®" fluxes, lysosomal damage, and
mitochondrial damage and/or dysfunction coupled with the release
of reactive oxygen species (ROS) are directly sensed by NLRP3 (20).
For instance, noncanonical-induced activation of GSDMD results
in K efflux, which activates NLRP3 and leads to caspase-1-
mediated IL-1f and IL-18 production via the classical pathway
(21-23). Gain of function variants in the NLRP3 gene resulting in
aberrant NLRP3 inflammasome activation cause a family of diseases
referred to cryopyrin-associated periodic syndromes (CAPS), which
are marked by reoccurring systemic inflammation (20). NLRP3
activation has also been linked to diseases of the central nervous
system (CNS) such as Alzheimer’s Disease (AD) (24, 25). In AD, the
accumulation and subsequent uptake of amyloid-B by microglia
residing in the brain results in lysosomal destabilization and NLRP3
activation (24). Production of IL-1f also has neurotoxic effects on
microglia and astrocytes (25).

Frontiers in Immunology

140

the UNC Lineberger Comprehensive Cancer Center.

The process of NLRP1 activation is distinct from other
inflammasomes (26). Here, motif-dependent ubiquitination
followed by degradation of the N-terminal subunit by proteasome
are required for activation of NLRP1 (27, 28). Various bacterial
toxins and viral proteases have been reported to activate NLRP1 in
mice and humans (29-33). However, since mice encode several
NLRP1 orthologues with sequences that differ from the single
human encoded NLRPI gene, specific PAMPs and DAMPs
triggering NLRP1 activation are variable and not fully defined
among the species (34-37). The NLRC4 inflammasome is also
distinct compared to other inflammasomes, in which the sensor
protein functions as an agonist receptor. Instead, the NLRC4
protein associates with NLR family apoptosis inhibitory proteins
(NAIPs) that act as cytosolic innate immune receptors, and which
bind bacterial flagellin and type III secretion system components
(T3SS) (38, 39). Gain-of-function variants in NLRC4 lead to
periodic fever syndromes marked by increased systemic IL-18 (40).

AIM2 is responsive to cytosolic double-stranded DNA
(dsDNA) from bacteria and DNA viruses. Notably, AIM2 binds
both endogenous and microbe-derived dsDNA independent of
nucleic acid sequence (41). Expression of AIM2 is upregulated by
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type I interferon (IFN), and the AIM2 inflammasome is key in host
defense against bacterial and viral pathogens such as Francisella
tularensis and Listeria monocytogenes, and vaccinia virus and
cytomegalovirus, respectively (42). In addition, the AIM2
inflammasome promotes caspase-1-driven death of intestinal
epithelial cells and hematopoietic bone marrow cells upon
recognition of dsDNA breaks due to ionizing radiation or
chemotherapeutic drugs (43).

The roles of IL-13 and IL-18
in inflammation

Inflammasome generated IL-1f3 and IL-18 enhances both innate
and adaptive immunity against microbial pathogens. However,
dysregulated production of these two cytokines by
inflammasomes is also linked to chronic autoimmune diseases.

IL-1 is produced largely by monocytes, macrophages, and DC
(44). Local release of IL-1B amplifies inflammation by inducing
increased expression of 1) adhesion molecules and chemokines for
recruitment of immune effectors, as well as 2) proinflammatory
mediators such as cyclooxygenase type 2 (COX-2) and
prostaglandin-E2 (PGE2) (44-46). IL-1f production can also lead
to systemic inflammation via induction of the acute phase response,
vasodilatation, angiogenesis, and leukocyte activation (44, 45).

T cell responses are also regulated both indirectly and directly
by IL-1f. For instance, IL-1 enhances the stimulatory capacity of
DC by driving maturation and upregulation of co-stimulatory
molecules needed for efficient T cell activation and expansion
(47). Increased IL-12 secretion by IL-1B stimulated DC favors
differentiation of antigen-stimulated T cells towards a type 1
phenotype, marked by IFNy production by CD4" Thl and CD8"
Tcl cells (48). On the other hand, IL-1p has direct effects on CD4"
and CD8" T cells, influencing expansion and subset differentiation
depending on the extracellular milieu (49). In mice, IL-1B
synergizes with IL-6, IL-21 and IL-23 to induce the differentiation
of CD4" T cells into IL-17-secreting Th17 cells (49). In humans, IL-
1P has a more potent role in driving Th17 differentiation. Both Th1
and Th17 cells play key roles in several autoimmune diseases.
Furthermore, IL-1P can suppress the function and/or reduce the
stability of Foxp3*Treg (50, 51). Dysregulation of the Foxp3™Treg
pool leading to skewed differentiation and pathogenic function of
autoreactive effector T cells (Teff) is associated with a number of
autoimmune diseases (52-56). CD8" T cell expansion and
differentiation are also regulated by IL-1f (57).

IL-1B has regulatory effects on the B cell compartment by
enhancing B cell proliferation and antibody production (45). In
addition, IL-1J increases proliferation and secretion of IL-4 and IL-
21 by CD4" T follicular helper cells (Tfh) (58). Tth cells play a
critical role in regulating antibody production by B cells and have
also been implicated in the production of autoantibodies during
autoimmunity (59).

IL-18 is expressed by a variety of cells such as Kupffer cells,
macrophages, DC, and non-hematopoietic cells that include
intestinal epithelial cells, keratinocytes and endothelial cells (60).
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Locally, IL-18 stimulates myeloid and endothelial cells to upregulate
nitric oxide (NO) synthesis, and expression of cell adhesion
molecules and chemokines to recruit and activate additional
immune effectors at the site (60). In addition, IL-18 has potent
regulatory effects on T cells and natural killer (NK) cells (60). IL-18
along with IL-12 drives the differentiation of Th1 cells and induces
IFNy production by CD8" T cells and NK cells (60, 61).
Furthermore, IL-18 stimulation upregulates 1) perforin- and Fas
ligand (FasL)-dependent cytotoxicity in CD8" T cells and NK cells,
and 2) IL-17 secretion by yd T cells (62). Not only is IL-18 linked to
autoimmune diseases such as T1D and SLE, IL-18 has also been
shown to play a key role in the maintenance of the intestinal
epithelial barrier and regulation gut microbiota composition (63,
64). Dysbiosis of gut microbiota has been suggested as a risk factor
for the development of autoimmunity (65, 66).

Classical inflammasome activation-
dependent events in autoimmunity

In view of highly potent proinflammatory effects, it is not
surprising that classical inflammasome activation is linked to a
host of autoimmune diseases. Inflammasome activation is detected
in innate and adaptive immune effectors thereby having indirect
and direct effects that shape and maintain the proinflammatory
response either locally and/or systemically in autoimmunity. In
addition, inflammasome activation in non-immune cell types that
makeup a given organ can initiate and/or exacerbate an
autoimmune response. Finally, evidence indicates that
inflammasome activation can have a protective role and
contribute to maintenance of self-tolerance. In the following, we
will describe the different roles classical inflammasome activation
has in common tissue-specific and systemic autoimmune
diseases (Table 1).

Multiple sclerosis and inflammasome-
mediated neuroinflammation

MS is a demyelinating autoimmune disease marked by chronic
inflammation of the CNS, leading to variable neurological
symptoms and heterogenous clinical outcomes (143, 144). MS
susceptibility and disease progression are influenced by both
genetic and environmental factors (145). Although ill-defined, the
autoimmune response in MS is believed to be initiated in the
periphery, involving stimulation of CD4" and CD8" T cells
specific for myelin proteins (146, 147). Differentiation of the
encephalitogenic CD4" T cell pool is skewed towards Thl and
Th17 subsets. This pool coupled with CD8" T cells and B cells
migrate across the CNS microvascular endothelium and into the
brain and spinal cord (148, 149). The CNS infiltrate includes
peripheral monocytes/macrophages and DC that further amplify
the autoimmune response. Upon activation, microglia, which are
tissue-resident macrophages as well as resident astrocytes also
contribute to inflammation (144, 150) by production of: 1)
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TABLE 1 Intrinsic-effects of classical inflammasome-mediated inflammation in autoimmunity.

Inflammasome
intrinsic effects
on non-immune/
tissue resident
cells

Inflammasome
intrinsic effects
on adaptive
immune cells

Inflammasome
intrinsic effects on
innate immune
cells

Genetic variants
involved in
inflammasome
pathways

Associated environmental
trigger events

Autoimmune

Disease

NLRPI: p.G587S
(72), Gly587Ser (73),
p.Ile601Phe,
p-Ser13871le (74)

Microglia: 1NLRP3,
NLRC4 (77), 1NLRP9
(76), INLRX1 (78, 79),
INLRP12 (80, 81)

T cells: 1ASC (86),
INLRP12 (87, 88)

Oligodendrocytes:
TCaspase-1 (89)
Astrocytes: TNLRP3,
TNLRC4 (77),

Epstein-Barr virus (EBV), human herpes
virus 6 (HHV-6), human endogenous
retrovirus (HERV), cytomegalovirus
(CMV), varicella zoster virus (VZV) (67,

68) NLRP3: Q705K (75), | PBMC: {Caspase-1 (82) INLRX1 (90)
MS Helicobacter pylori, Chlamydia p-Leu832Ile (74) DC/macrophage: 1NLRP3

pneumoniae, Staphylococcus aureus (69) NLRC4: (83), INLRC3 (84)

Mouse hepatitis virus (MHV) (70), p.Arg310Ter, Peripheral myeloid cells:

Semliki Forest virus (SFV) (71) p.Glu600Ter (74)
NLRP9: rs10423927

(76)

1 GSDMD (85)

Porphyromonas gingivalis, Prevotella
nigrescens, Tannerella forsythensis,
Prevotella intermedia (91, 92)

NLRP3: 1510754558
(96), 14612666 (97,
98)

Monocytes/macrophages/
DC: tNLRP3, 1ASC,
tcaspase-1 (99-104),

T cells: tNLRP3
(109), |NLRP12
(110)

FLS: 1AIM2 (111),
INLRP6 (112),
ANLRP3 (113) (114),

RA Aggregatibacter actinomycetemcomitans, TNLRC4 (105), TAIM2 TNLRC5 (115),
Treponema denticola (93) (106, 107)
Decreases in o-diversity (94, 95) Neutrophil: | NLRP3
(108)
Enteroviruses (116), Mycobacterium avium | NALPI: rs12150220 APC: TNLRP3 (123) B cells: TNLRP3 (123)
subspecies paratuberculosis (117) (118), rs11651270, Intestinal tissues:
rs2670660 (119) JAIM2 (124),
1D NLRP3: 1510754558 ANLRP3 (125, 126)
(120), rs3806265,
rs4612666 (121)
NLRC4: 15212704,
15385076 (122)
EBV, parvovirus B19 (B19V), HERVs NLRPI: rs12150220 Macrophages/PBMC/ Tth: |P2X7R and Glomerular podocytes:
(127) (131), rs2670660 monocytes: TNLRP3 GSDMD-induced 1 NLRP3 (141, 142)
Gut virome (128) (131) (133-137), TAIM2 (135, pyroptosis (140)
Dysbiosis in gut microbiota (129) NLRP3: rs4612666, 138, 139)
SLE Dysbiosis of oral microbiota (130) 1510754558,
156672995,
rs3806268,
135829419,

154352135 (132)

Multiple sclerosis (MS); rheumatoid arthritis (RA); type 1 diabetes (T1D); systemic lupus erythematosus (SLE); experimental autoimmune encephalomyelitis (EAE); antigen presenting cells
(APC); dendritic cells (DC); fibroblast-like synoviocytes (FLS); germinal center (GC); human peripheral blood mononuclear cells (PBMC); interferon (IFN).
“1” indicates increased activity of a given molecule. “|” indicates reduced activity of a given molecule.

proinflammatory cytokines such as IL-1B, which has neurotoxic
and immunomodulatory effects in the CNS, as well as 2)
chemokines that promote recruitment of immune effector cells
(151, 152).

Studies of MS patients and rodent experimental autoimmune
encephalomyelitis (EAE), a model of MS, demonstrate that
inflammasomes such as NLRP3, are associated with various
aspects of the autoimmune process (153-155) (Figure 2). mRNA
expression of NLRP3 and IL1B are detected in MS lesions as well as
increased levels of IL-1p and IL-18 in blood and cerebrospinal fluid
(CSF) (150, 156). Furthermore, the P2X7 purinergic receptor
(P2X7R), a ligand-gated ion channel regulated by extracellular
ATP that activates the NLRP3 inflammasome (157), is elevated in
the spinal cord of MS patients. Indeed, increased extracellular levels
of ATP and uric acid are found in the CSF and serum of MS patients
(158, 159). ATP is normally abundant in the extracellular space of
the CNS, where it functions as an excitatory neurotransmitter.

Frontiers in Immunology

Interestingly, various drugs used to clinically treat MS such as
recombinant IFNP, glatiramer acetate and natalizumab suppress
NLRP3 mRNA expression, and decrease IL-1f in the blood and CSF
of MS patients (160-162). In the brain lesions of MS patients,
NLRP9 protein is also up-regulated in microglia but not astrocytes,
suggesting a role for NLRP9 in modulating the encephalitogenic
response (76).

The functional role of inflammasomes and inflammasome-
related molecules has been investigated using EAE and other
demyelinating rodent models. Earlier studies have shown that the
progression and severity of EAE are reduced in mice deficient in
NLRP3 (NLRP37"), ASC (ASC™) and to a lesser extent caspase-1
(Caspasel”) (83, 163). Attenuated EAE in NLRP3” and ASC”
mice coincides with decreased infiltrates of Thl and Th17 cells,
macrophages and DC in the brain and spinal cord (83). This
reduction in CNS infiltration is attributed to decreased
production of IL-1B and IL-18 by APC (83). The latter are
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The role of inflammasomes in multiple sclerosis (MS) and experimental autoimmune encephalitis (EAE). The autoimmune response for MS is believed
to begin in the periphery. Activation of NLRP3 and NLRC4 inflammasome pathways in antigen-presenting cells (APC) enhance stimulation and
differentiation of pathogenic CD4" Th1/Th17 and CD8" Tcl subsets. On the other hand, NLRC3 activation in dendritic cells (DC) is protective against
disease by inhibiting DC maturation. Secretion of IL-13 and IL-18 increase T cell expression of osteopontin (OPN), CCR2 (binding CCL7/8), and
CXCR6 (binding CXCL16) to promote infiltration to the central nervous system (CNS). Upon activation and differentiation, CD4* and CD8" T cells,
and B cells migrate to the CNS. In the CNS, peripheral DC, macrophages (MP), and monocytes (MO) further amplify inflammation. CNS resident cells
such as microglia and astrocytes also promote inflammation. Lysophosphatidylcholine (LPC) activates NLRP3 and NLRC4, causing secretion of IL-1B
and chemokines, leading to further inflammation and demyelination. NLRP9 expression is increased in microglia. NLRX1 and NLRP12 serve to down-
regulate neuroinflammation and provide protection against disease as indicated by the red arrows. Reduction of NLRX1 and NLRP12 can lead to
exacerbated disease states. Purinergic receptor (P2X7R). The figure was prepared using Biorender software licensed to the UNC Lineberger

Comprehensive Cancer Center.

needed to adequately activate and upregulate T cell expression of
osteopontin (OPN), and chemokine receptors CCR2, and CXCR6
for efficient migration into the CNS (83). In addition, lack of
NLRP3 and ASC expression also limits DC and macrophages to
upregulate matching receptor/ligands for OPN (04f1 integrin),
CCR2 (CCL7/CCL8), and CXCR6 (CXCL16) (83), resulting in
aberrant APC migration into the CNS. These findings support a
role for APC-expressed NLRP3 in mediating chemotactic
recruitment of immune effectors to the CNS.

Peripheral APC also regulate the progression of EAE via
inflammasome-mediated pyroptosis. EAE is attenuated in mice
lacking GSDMD expression by peripheral myeloid cells (85). On
the other hand, selective deletion of GSDMD in microglia has no
effect on EAE, indicating that pyroptosis of CNS-resident APC may
have only a limited role. The T cell stimulatory capacity of
GSDMD™" APC is reduced, which is marked by diminished
numbers and effector function of Thl and Th17 cells in the CNS.
Notably, selectively blocking GSDMD-mediated pyroptosis with the
inhibitor disulfiram, also attenuates EAE, demonstrating a direct
role for pyroptosis (85). It is believed that pyroptosis of APC
heightens local inflammation to promote efficient T cell
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activation, and subset differentiation needed to generate a robust
encephalitogenic T cell pool.

In addition to APC, inflammasome activity intrinsic to T cells
impacts EAE progression (Figure 2). Selective ASC-deficiency in T
cells attenuates EAE marked by reduced infiltration of CD4™ T cells,
B cells, and neutrophils (86). ASC”" T cells are readily activated and
undergo normal in vitro and in vivo differentiation into Thl, Th2,
Th17 and Foxp3*Treg subsets. However, ASC-deficiency affects the
properties of Th17 but not Th1 cells. ASC”™ Th17 exhibit reduced
survival and pathogenicity reflected by decreased secretion of IL-
17A, IFNY, TNFa, as well as IL-1P. Here, IL-1B plays a key role in
an autocrine manner, by enhancing the survival and effector
function of Th17 cells residing in the CNS. Interestingly, cleavage
of pro-IL-1f in Th17 cells is mediated via a noncanonical pathway
involving caspase 8 activation. In this scenario, increased
extracellular ATP levels due to release by stressed and dying cells
drives activation of the NLRP3-ASC-caspase-8 complex,
establishing a feed-forward loop promoting Th1l7 cell-
mediated pathogenicity.

In addition to NLRP3, the activity of other inflammasome
molecules in non-immune CNS resident cell-types have been
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found to promote neuroinflammation. Both NLRP3 and NLRC4
regulate the activity of microglia and astrocytes in a cuprizone
model of inflammation-induced demyelination (77). Both cell types
are known mediators of neuroinflammation through secretion of
proinflammatory cytokines and chemokines. Cuprizone-induced
pathology is prevented in NLRP3- and NLRC4-deficient mice
characterized by microglia and astrocytes lacking IL-1f
production, and exhibiting reduced expression of G2A, the
receptor for lysophosphatidylcholine (LPC) (Figure 2). LPC,
known for proinflammatory properties, is rapidly metabolized
under homeostasis but accumulates under pathological conditions
in the CNS (77). Following cuprizone treatment, LPC levels are
increased, and LPC functioning as a DAMP, activates NLRP3 and
NLRC#4 expressed by microglia and astrocytes (77). In MS patients,
expression of G2A and NLRC4 are increased, suggesting a role in
the MS autoimmune response (77).

Interestingly, inflammasomes have also been shown to play a
protective role in EAE. For instance, deficiency of NLRC3
exacerbates EAE (84). Lack of NLRC3 results in DC producing
increased proinflammatory cytokines such as IL-12, IL-6, and IL-23,
that in turn enhance differentiation of encephalitogenic Thl and
Th17 cells (84). NLRC3 negatively regulates DC maturation by
inhibiting activation of the p38 signaling pathway (84). The ligand
(s) regulating NLRC3 activity in DC is currently undefined (84).
Also serving a protective function is NLR family member X1
(NLRX1), a more recently characterized NLR that is ubiquitously
expressed and located in the mitochondria (78, 90). NLRX1 inhibits
proinflammatory pathways, including type I IFN and TLR-
mediated NF-kB signaling events, and may play a role in
regulating mitochondria oxidative damage (78). Mice deficient of
NLRX1 have increased T cell infiltration of the CNS, and
consequently develop more severe EAE (79). Microglia exhibit a
hyperactivated phenotype characterized by elevated expression of
MHC class II molecules and production of IL-6 and chemokines,
which in turn aid T cell recruitment and expansion (79).
Accordingly, NLRX1 function is predicted to attenuate the
proinflammatory properties of microglia. On the other hand,
NLRX1-deficiency has no intrinsic effect on the pool of
encephalitogenic T cells (79). NLRX1 may also play a protective
function in astrocytes; NLRX17" astrocytes release excess glutamate
in a Ca** dependent manner and contain reduced ATP levels
compared to wild-type astrocytes, suggesting that NLRXI
promotes mitochondria ATP production (90). Furthermore, ROS
levels in NLRX1 deficient astrocytes are increased compared to
wild-type astrocytes, which may explain the reduced glutamate
uptake (90). Recent evidence suggests that NLRXI inhibits
microglial activation in the early stages of EAE, which prevents
activation of neurotoxic astrocytes (78).

NLRPI12 has also been shown to regulate the progression and
nature of CNS inflammation in EAE (87, 88, 153). NLRP12
mediates classical inflammasome driven inflammation in innate
effector cells to certain microbes (164, 165), but also serves as a
negative regulator of the NF-xB signaling pathway (80, 87, 88, 166,
167). In mice deficient of NLRP12, a more rapid and severe EAE
develops (81). This exacerbated disease is characterized by
increased mRNA levels encoding IL-1B and other
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proinflammatory molecules in the CNS, as well as activated
microglia producing heightened levels of inducible NO synthase
(iNOS), NO, TNFo, and IL-6 (81). A second study reported that
EAE induction in NLRP12”" mice results in neuroinflammation
that promotes ataxia and poor balance, rather than the ascending
paralysis that normally develops in wild-type mice (87).
Furthermore, NLRP12-deficiency has intrinsic effects on T cells.
In the absence of NLRP12 expression, T cells exhibit increased
proliferation, and secretion of IFNY, IL-17 and IL-4, that is in part
due to hyperactivation of NF-«xB (87). Therefore, NLRP12
negatively regulates various aspects of innate cell activation, as
well as CD4" T cell expansion and effector function via blocking
NEF-xB signaling (88).

Rheumatoid arthritis and inflammasome-
mediated joint inflammation

RA is a chronic autoimmune disease characterized by the
inflammation of the joints, leading to synovial tissue proliferation,
cartilage erosion and joint destruction (168-170). Pathology is in
part driven by Thl and Th17 CD4" T cells and B cells, as well as
innate effectors such as monocytes, DC and neutrophils that traffick
into the synovium (171-173). Joint-resident cells such fibroblast-
like synoviocytes (FLS) also promote local inflammation (174).
Normally, FLS play a key role in maintaining joint homeostasis
via production of the extracellular matrix and matrix
metalloproteinases (MMPs) (175).

The autoimmune response of RA also involves high levels of
serum complement and the production of autoantibodies that target
the Fc region of IgG (i.e. rheumatoid factor), cartilage components,
nuclear proteins and proteins post-translationally modified by
citrullination (176, 177). Key proinflammatory cytokines driving
RA include IL-1P and IL-18, as well as IL-6 and TNFo. (178). In
addition to having immunomodulatory effects, IL-1 mediates
cartilage erosion and prevents chondrocyte matrix formation
(179). Furthermore, the severity of RA correlates with elevated
serum IL-18 (180, 181). Moreover, during the early-stages of RA,
FLS proliferate and differentiate into distinct subsets of activated
synovial fibroblasts that produce inflammatory cytokines, matrix-
degrading enzymes and proangiogenic factors which lead to the
release of inflammatory mediators, bone destruction and
angiogenesis (182-184). FLS also promote T cell survival, Tth and
Th17 cell differentiation, and can function as antigen presenters to
autoreactive T cells (185-193). The etiology of RA is ill-defined but
genetic and a host of environmental factors are known to influence
disease susceptibility and progression. Evidence also suggests that
inflammasomes likely have an important role in RA
pathogenesis (Figure 3).

In RA patients, NLRP3 and NLRP3-inflammasome-related
proteins are upregulated in a cell-specific manner among innate
effectors. For instance, expression of NLRP3, ASC, and caspase-1 as
well as IL-1P secretion is generally increased in monocytes,
macrophages, and DC from RA patients (99-102) (Figure 3).
CD4" T cells from RA patients also exhibit increased NLRP3
expression, which correlates with elevated serum IL-17A

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1154552
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Ke et al. 10.3389/fimmu.2023.1154552
foa dsDN/IHg;
complex &
NLRP3 CD64 ﬁ_a_f‘éase !
TASC TNLRC4 IL-18
caspase-1
NLRP3
o IL-6 1ASC
pro-caspase-1
' PTX3 _spClq
/ Y o IL-6
e oo TNFa
®e
L]
‘NLRP12
e L] 1
* IFNy : :t;; e |
° TNFa [
R oo ® )
0® © )
\ /
B \ /
A\ V) Inflammation
- A Bone destruction
Autoantibodies Articular cartilage injury
FIGURE 3

Events in dysregulated inflammasome activation in rheumatoid arthritis (RA). NLRP3 and NLRC4 activity are increased in monocytes (MO) and DC by
Fc-receptor (FcR) binding of DNA-IgG immune complexes and complement component 1qg (C1q) binding to pentraxin 3 (PTX3). Uptake of elevated
levels of calciprotein particles (CPPs) in the joint by resident DC also leads to NLRP3 activation. Resulting pyroptosis and secretion of
proinflammatory cytokines promote RA progression by favoring Thl and Thl7 differentiation and development of autoantibodies and RA factor
producing plasma cells. NLRP3 activation is also increased in Th17 cells. Aberrant lysosomal processing of endocytosed dsDNA can lead to AIM2
activation in joint resident macrophages (MP). Neutrophils exhibit reduced expression of inflammasome molecules, which correlates with decreased
disease severity. NLRP3, NLRC5 and AIM2 are associated with proinflammatory properties of fibroblast-like synoviocytes (FLS), while NLRP6 and
NLRP12 serve protective roles, indicated by the red arrows. NLRP6 limits FLS cytokine production, and NLRP12 negatively regulates Th17 subset
differentiation. Reduced expression of NLRP6 and NLRP12 leads to pathology. Matrix metalloproteinases (MMP). The figure was prepared using
Biorender software licensed to the UNC Lineberger Comprehensive Cancer Center.

concentrations and disease activity (109) (Figure 3). Notably,
differentiation of Th17 cells is inhibited by NLRP3 knockdown
(109), suggesting that NLRP3 regulates the proinflammatory
activity of both innate and adaptive effectors in RA. Interestingly,
NLRP3 activation in monocytes is mediated via multiple
mechanisms in RA patients. Clq binding to pentraxin 3, a key
regulator of complement activity and which is increased on the
surface of RA CD14" monocytes, leads to NLRP3 activation,
enhanced IL-1P and IL-6 secretion, and GSDMD-induced
pyroptosis (178). In addition, due to elevated extracellular Ca** in
the joint and concomitant heightened activity of calcium-sensitive
receptors, macropinocytosis of calciprotein particles (CPPs) is
elevated by local monocytes (194). After uptake, CPPs disrupt
lysosome integrity resulting in enhanced NLRP3 activation and
IL-1P secretion (194).

Whereas NLRP3 and related inflammasome proteins are
typically elevated in various innate and adaptive immune
effectors, neutrophils from RA patients exhibit reduced NLRP3,
ASC and pro-caspase-1 expression (108). Here, NLRP3 mRNA
levels in neutrophils negatively correlate with disease severity
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(108). This suggests that NLRP3 may serve a protective role in
the context of neutrophil function via an ill-defined
mechanism (108).

Various inflammasome molecules, in addition to NLRP3, have
been found to be involved with RA (Figure 3). NLRC4 activity is
increased in DC residing in the synovial membrane of RA patients
(105). These DC secrete elevated IL-1f, have increased expression
of CD64, an IgG Fc receptor, and display an enhanced capacity to
stimulate Th1 and Th17 subset differentiation (105). This capacity
is due to a novel mechanism of upregulation of NLRC4 expression
and activity. Here, dsDNA-IgG complexes bind to CD64, are
internalized, and the combination of CD64 signaling and
intracellular sensing of the dsDNA increases NLRC4 activity
(105). AIM2 expression is increased in synovial tissue of RA
patients, and knockdown of AIM2 mRNA inhibits in vitro
proliferation of FLS derived from RA patients (111). On the other
hand, NLRP6 levels are reduced in FLS from patients with RA
versus osteoarthritis (112). Furthermore, increased ectopic
expression of NLRP6 in RA patient-derived FLS blocks the
production of inflammatory cytokines such as IL-1f, IL-6, and
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TNFo, as well as MMP via inhibition of the NF-xB pathway. The
latter indicates that NLRP6 serves a protective role in RA (112), and
is consistent with NLRP6 having a negative regulatory function in
colitis (195).

Animal studies further support the notion that the role for
inflammasomes in RA is complex, and that cell type-dependent,
inflammasome molecules can have distinct effects on immune cells
and effector molecules depending on the RA model (103, 196)
(Figure 3). Mice deficient of ASC are resistant to collagen induced
arthritis (CIA), in part due to a reduced T cell stimulatory capacity
of ASC”" DC (103). However, CIA develops in both NLRP3™ and
Caspasel ™ mice suggesting that ASC has caspase 1-independent
effects in DC (103). On the other hand, NLRP3 and caspase-1 play a
key role in the spontaneous polyarthritis that develops in mice in
which the RA susceptibility gene A20/Tnfaip3 is selectively ablated
in myeloid cells (A20myel-KO mice) (104). Here, macrophages
lacking A20 have increased constitutive and LPS-induced
expression of NLRP3 and pro-IL-1B. The latter is indicative of
the established role A20 has as an inhibitor of NF-xB activation
(197), which is needed for NLRP3 and pro-IL-1f transcription
following inflammasome priming. Furthermore, activation of
NLRP3 in A20-deficient macrophages results in enhanced
caspase-1 activation, IL-1f secretion, and pyroptosis. Notably,
pathology in A20myel-KO mice is blocked by ablation of NLRP3,
caspase-1 and the IL-1 receptor (IL-1R), demonstrating a direct role
for classical NLRP3 inflammasome activation in this spontaneous
autoimmune model of cartilage destruction (104). NLRP3 is also
associated with the proinflammatory properties of FLS. NLRP3
expression is increased in FLS isolated from mice with adjuvant-
induced arthritis (AA) (113), and knockdown of NIrp3 mRNA
expression in FLS reduces disease severity in a monosodium urate-
induced model of gout arthritis in rats (114).

AIM2 has also been shown to have a key role in joint
inflammation. Mice deficient in expression of lysosomal
endonuclease DNase II and type I IFN receptor (IFNoR) develop
polyarthritis marked by production of autoantibodies, and
macrophage secreted proinflammatory cytokines such as IL-1j,
IL-6 and TNFa (106). Lack of lysosomal endonuclease DNase 1I
results in aberrant processing of dsDNA in lysosomal
compartments, and translocation of undigested DNA into the
cytoplasm of macrophages (106, 107). AIM2-deficiency limits
joint inflammation marked by reduced caspase-1 activity, IL-13
and IL-18 expression, and macrophage infiltration (106, 107).
Notably, however, autoantibody production is unaffected by
AIM2-ablation indicating a tissue-specific role for AIM2.
Furthermore, AIM2-ablation has no effect on the transfer of
arthritogenic serum from K/BxN mice (107). In this passive
model, arthritis is induced by the deposition of immune
complexes within the joint, leading to complement fixation and
ensuing pathology (106, 107). Therefore, AIM2 regulates
inflammation when cytosolic DNA is the key driving event. A
contribution for NLRC5 in joint inflammation has been reported
(115). NLRCS5 expression is elevated in the synovium and FLS in rat
AA (115), and knockdown of Nirc5 mRNA blocks FLS proliferation
and production of TNFo and IL-6, due to suppressed NF-xB
activation (115).
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Similar to NLRP6, NLRP12 has been shown to negatively
regulate joint inflammation (110). The severity of antigen-
induced arthritis in NLRP12”" mice is increased, marked by
elevated levels of joint infiltrating Th17 cells (110). Notably, in
vitro Th17 cell differentiation is enhanced in NLRP127~ CD4" T
cells marked by elevated IL-6-induced activation of signal
transducer and activator of transcription (STAT) 3 (110).

Type 1 diabetes and inflammasome-
mediated pancreatic islet inflammation

T1D is characterized by chronic inflammation of the pancreatic
islets (insulitis) that results in the dysfunction and/or destruction of
the insulin producing B cells (198-200). Despite life-long insulin
therapy, T1D patients typically develop a variety of complications
including retinopathy, neuropathy, and nephropathy related to
hyperglycemia and inflammation. The autoimmune response
involves islet infiltration of CD4" and CD8" T cells, B cells,
macrophages, and DC. B cell-specific CD4" and CD8" T cells are
generally believed to be the key drivers of pathology (198-200).
Diabetogenic CD4" and CD8" T cells typically exhibit a type 1
effector phenotype, although Th17 cells are also implicated in the
disease process (199). In addition to serving as APC, islet-
infiltrating macrophages and DC, mediate B cell destruction
through secretion of proinflammatory mediators and cytokines
such as IL-1B, IFNy and TNFa that have direct B cell-cytotoxic
effects (199). The initiation and progression of T1D are influenced
by genetic and poorly defined environmental factors (201-204).
The latter include viral infections, and dysbiosis of gut microbiota,
which are events that can be impacted by inflammasome activity
(16, 201, 205).

Studies using murine models of T1D show that NLRP3
regulates the diabetogenic response (Figure 4). In non-obese
diabetic (NOD) mice, which spontaneously develop B cell
autoimmunity and overt diabetes, NLRP3 deficiency results in a
reduced incidence of diabetes (123). This attenuated diabetes is due
in part to NLRP3” APC having a decreased capacity to promote
Thl cell differentiation; Th17 cell differentiation, however, is
unaffected. Importantly, NLRP3/" B cells exhibit decreased
production of IL-1B and chemokines such as CCL5, and CXCL10
(123). The latter limits migration into the islets by immune effectors
including diabetogenic T cells (123) (Figure 4). Interestingly,
limited IL-1f production leads to reduced activation of interferon
regulatory factor 1 (IRF1) that is needed for 3 cell expression of
CCL5 and CXCL10. Diminished IL-1f secretion by B cells is also
expected to aid B cell viability and function, as well as enhance the
maintenance and function of protective Foxp3*Treg in the islets.
Notably, upregulation of NLRP3 and IL-1B is also detected in
human B cells upon LPS and ATP stimulation in vitro (206). A
regulatory function for NLRP3 in the disease process is also seen in
a multiple low dose streptozotocin (MLD-STZ)-induced model of
T1D. Here, progression of B cell autoimmunity is reduced in MLD-
STZ treated C57BL/6 mice lacking NLRP3 expression (207). In this
model NLRP3 is activated in macrophages residing in the draining
pancreatic lymph nodes (PLN) by mitochondrial DNA (mtDNA)
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FIGURE 4

The roles of inflammasomes in type 1 diabetes (T1D). Under homeostasis, healthy intestinal epithelial cells maintain intestinal barrier function and
regulate permeability to prevent passage of harmful elements such as microorganisms and toxins. AIM2 serves a protective function (indicated by the
red arrow). Dysregulation of inflammasome function, such as AIM2 deficiency, leads to reduced production of IL-18, which is necessary for
maintaining intestinal barrier function. Consequently, inflammasome dysregulation enhances intestinal permeability and triggers inflammation. On the
other hand, NLRP3 is linked to dysbiosis within the gut microbiota, which can exacerbate T1D progression. In the pancreatic lymph node (PLN),
upregulation of NLRP3 in APC promotes IL-1B production that ultimately drives differentiation of diabetogenic CD8" Tc1, CD4* Thl, and Th17 cells. In
the pancreatic islets, NLRP3 hyperactivity in B cells induces release of cytokines and chemokines. These conditions combined with other
immunomodulatory factors establish a positive feedback loop to further perpetuate pancreatic inflammation. Macrophage (MP), dendritic cell (DC),
antigen-presenting cell (APC). The figure was prepared using Biorender software licensed to the UNC Lineberger Comprehensive Cancer Center.

that is released following STZ treatment. NLRP3 activation results
in increased caspase-1 activity, and IL-1f production, which drives
expansion of pathogenic Thl and Th17 cells and the induction of
diabetes. The PLN are a key site for priming of diabetogenic CD4"
and CD8" T cells. Interestingly, plasma levels of mtDNA are
increased in T1D versus healthy subjects, which is expected to
contribute to systemic inflammasome activation (208). Indeed,
circulatory mtDNA induced by MLD-STZ in mice activates
NLRP3 in endothelial cells via Ca** influx and mitochondrial
ROS generation, which leads to endothelial dysfunction and
vascular inflammation (208). Vascular inflammation is a key
driver of complications that develop in T1D. Together these
studies indicate that NLRP3 promotes pathological events driving
B cell autoimmunity. Nevertheless, mechanisms by which NLRP3
mediate effects are likely to be complex and cell dependent. For
instance, disease progression in NOD mice is unaffected by caspase-
1 deficiency (209, 210), and only minimally affected by IL-1R
ablation (211).

In contrast to NLRP3-deficient C57BL/6 (207), MLD-STZ
enhances diabetes development in AIM2-deficient C57BL/6 mice
(124). Interestingly, disease exacerbation in the AIM2”" mice is
mediated by enhanced intestinal permeability, alterations in the gut
microbiota, and increased bacterial translocation to the PLN where
CD4" Thl and CD8" Tcl are readily expanded (Figure 4).
Importantly, AIM2 deficiency results in decreased maturation of
1L-18 which is needed to maintain intestinal barrier function (124).
On the other hand, reduced NLRP3 expression in colonic NOD
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mouse tissue is associated with decreased microbiota dysbiosis,
enhanced intestinal barrier function and diabetes prevention (125,
126). It is well established that dysbiosis within the gut microbiota
significantly affects disease progression in NOD mice, and clinical
findings suggest similar effects may also occur in T1D subjects (16,
205, 212-215). These studies provide evidence that inflammasomes
may play a key role in regulating T1D progression in part via effects
on gut microbiota and intestinal barrier function (16). Studies have
reported that gut microbiota composition and/or intestinal barrier
permeability are also influenced by other inflammasome molecules
such as NLRP6 (216), NLRC4 (217), NLRX1 (218, 219), and
NLRP12 (220, 221). Further investigation is necessary to elucidate
the connection between inflammasomes, gut microbiota
homeostasis, and autoimmunity.

Systemic lupus erythematosus and the
role of inflammasome activity in
widespread inflammation

SLE is a chronic autoimmune disease with diverse clinical
manifestations. Development of SLE is influenced by genetic,
hormonal, and environmental factors that lead to dysregulation of
mechanisms of innate and adaptive-mediated self-tolerance. The
autoimmune response is characterized by the generation of anti-
nuclear autoantibodies, tissue deposition of immune complexes,
increased type I IFN production, and inflammation in multiple
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organs with the kidneys being the most commonly affected (222).
CD4" T cells such as Tth cells are key drivers of the autoantibody
response, and Th17 cells, found infiltrating the kidneys and skin
contribute to tissue damage (223). Innate effectors such as monocytes,
macrophages, DC and neutrophils also play roles in mediating the
systemic inflammation and tissue damage in SLE (223).

The etiology of SLE is not fully understood but evidence from
humans and animal models indicate that inflammasomes
contribute to disease progression (Figure 5). Inflammasome
components are typically upregulated in kidney biopsies from
SLE patients, and NLRP3, IL-1f3 and IL-18 are increased in SLE
patient macrophages, peripheral blood mononuclear cells (PBMC),
and serum (133, 134). A critical meditator of pathology in SLE are
anti-nuclear autoantibodies (ANA) that target endogenous dsDNA
and ribonucleoproteins (RNP) (224). Immune complexes (IC) of
dsDNA upregulate NLRP3 and caspase-1 activity leading to
increased IL-1B production by monocytes and macrophages of
SLE patients (225). Here, the IC activates TLR9, a DNA sensor,
which subsequently upregulates NF-xB and primes inflammasome
assembly via increasing NLRP3 and pro-IL-1B (225). Upon IC
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binding, TLR9 also promotes mitochondrial ROS production and
K" efflux and subsequent NLRP3 activation. Notably, SLE
monocytes stimulated with dsDNA-antibody complexes readily
promote differentiation of Th17 cells, which is also seen in vivo in
lupus-prone NZBW/F1 mice injected with anti-dsDNA
autoantibodies from SLE patients (224). Similarly, autoantibody
complexes of Ul-small nuclear RNP (Ul-snRNP) activate the
NLRP3 inflammasome involving cytoplasmic RNA sensors TLR7
and TLR8 signaling in human monocytes (226). Antibody
complexes of endogenous snRNP also induce production of
macrophage migration inhibitory factor (MIF) in human
monocytes, which enhances NLRP3 activation and IL-1[
production (227). Interestingly, the context of nucleic acid uptake
appears to determine the identity of the inflammasome molecule
being engaged. For instance, unbound dsDNA, normally found at
high levels in SLE patient serum, is taken up by monocytes via
macropinocytosis, which activates AIM2 as well as NLRP3 (135).
Uptake of free nucleic acid, however, requires antibody to be
internalized by macropinocytosis but not Fc receptor (FcR) (135).
On the other hand, internalization of dsDNA/snRNP autoantibody
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The roles of inflammasomes in systemic lupus erythematosus (SLE). Upregulation of NLRP3 inflammasome in macrophages (MP) and DC by DNA or
RNA immune complexes (IC) or small nuclear ribonucleoprotein (snRNP) leads to release of proinflammatory cytokines such as IL-1f, IL-18 and
IFNo. Dysregulation of inflammasomes in APC also promotes Th17 and Tfh cell differentiation. Tfh cells and IFNa facilitate B cell maturation and
autoantibody production. However, production of IFNa is regulated by AIM2-mediated pyroptosis (indicated by red arrows). Deposition of IC,
infiltrating Th17 cells, and production of autoantibodies and cytokines all contribute to tissue damage. IL-18 activates NETosis in neutrophils and in
turn upregulates NLRP3 and IL-1B and IL-18 secretion in macrophages via cathelicidin antimicrobial peptide (LL37)-driven K* efflux mediated by the
P2X7 receptor (P2X7R). These cytokines further induce pyroptosis and release of cellular and nuclear contents, leading to the production of anti-
nuclear autoantibodies and further amplifying systemic inflammation. Inflammasome activation in cells of target tissues, such as kidney resident
podocytes also contributes to disease pathology by producing IL-1B. The figure was prepared using Biorender software licensed to the UNC

Lineberger Comprehensive Cancer Center.
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complexes via FcR may favor activation of NLRP3, and possibly
NLRC4 as seen in RA (105). In each of the aforementioned
scenarios, IL-1B and IL-18 are secreted to maintain/amplify
inflammation. Furthermore, induced pyroptotic death and release
of cellular and nuclear contents lead to the production of ANA to
further fuel the autoimmune response (228, 229).

Aberrant clearance of neutrophil extracellular traps (NETSs) is also
linked with the pathogenesis of SLE and inflammasome activation
(Figure 5). NETs are a network of chromatin fibers containing anti-
microbial peptides such as LL37 and enzymes that participate in host
defense (230). NETs are primarily released by activated neutrophils
that undergo NETosis, a programmed cell-death mechanism (231).
Notably, NETs activate NLRP3 inflammasome and IL-1f and IL-18
secretion in macrophages from SLE patients via LL37-driven K* efflux
mediated by the P2X7R (136). Furthermore, IL-18 activates NETs and
promotes NETosis suggesting that a feed-forward loop exists that
helps to maintain inflammation (136).

Monocytes from SLE patients versus healthy controls exhibit
enhanced NLRP3 activation and IL-1f secretion (138, 139). This
hyperactivity is attributed to chronic IFNo stimulation of
monocytes. Elevated type I IFN-induced gene expression
“signatures” correlate with the presence of autoantibodies,
nephritis, and disease activity (232). Prolonged IFNo. exposure in
vivo induces NLRP3 hyperactivity by an IRF1 signaling pathway
(138). However, consistent with other studies (233), short-term
IFNo exposure of monocytes blocks NLRP3 activation (138). The
latter, importantly, indicates that chronic type I IFN stimulation can
have distinct effects on inflammasome activation.

The study of different murine lupus models provides further
evidence that inflammasomes regulate SLE pathogenesis. Mice
deficient in caspase-1 expression versus wild-type mice exhibit
reduced autoantibody production, a limited IFN signature, as well
as diminished NETosis and kidney pathology induced by pristane
administration (136). In addition, blocking the P2X7R significantly
impacts the development of spontaneous lupus in MRL/Ipr mice.
Here, limiting NLRP3 activation reduces the production of anti-
dsDNA autoantibodies and IL-1(, and decreases Th17 cell expansion
and the severity of nephritis (234). Furthermore, various drugs that
inhibit NLRP3 inflammasome activation attenuate disease severity in
different lupus mouse models (137, 235-237). On the other hand,
nephritis induced by pristane treatment is exacerbated in mice in
which myeloid cells selectively express a transgene encoding a
hyperactive NIrp3****" mutant protein (238).

In addition to immune effector cell types, inflammasome
activation in target tissues also contributes to disease pathology
(Figure 5). Endothelial cells, basement membrane, and podocytes
form a glomerular filtration barrier, which is essential for
maintaining kidney function (239). In NZM2328 mice, which
spontaneously develop lupus nephritis, severe proteinuria
correlates with increased activation of NLRP3 and caspase-1 as
well as IL-1P secretion by glomerular podocytes (141, 142).
NZM2328 mice treated with MCC950, an NLRP3 inhibitor,
exhibit reduced NLRP3 activation by podocytes, and attenuated
renal tissue damage and proteinuria (141, 142).

Depending on the lupus model, inflammasome molecules have

Ipr/lpr

also been shown to play a protective role. In C57BL/6 mice,
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which develop mild lupus, deficiency of NLRP3 or ASC exacerbates
pathology marked by an increase in activated macrophages and DC
and production of proinflammatory cytokines, and T and B cell
proliferation but no effect is seen on autoantibody production (240).
This enhanced pathology is marked by reduced SMAD2/3
phosphorylation during TGF-f receptor signaling, and consistent
with the role of TGF-P1 as a key regulator of immune homeostasis
(240). In this scenario, it is likely that NLRP3 or ASC serve
functions independent of classical inflammasome activation (see
below), consistent with the observation that IL-1R- or IL-18-
deficiency in C57BL/6'"'P* mice does not exacerbate pathology.

Studies have indicated that AIM2 may also serve a protective
role in lupus by negatively regulating type I IFN production. In
B6.Nba2 mice, which spontaneously develop lupus nephritis, p202,
another IFN-inducible p200 family member is up-regulated (241,
242). Notably, p202 blocks AIM2 inflammasome assembly, and
pyroptosis-mediated cell death. Consequently, p202 or other
dsDNA sensors such as cyclic GMP-AMP synthase (cGAS), bind
cytosolic DNA to promote prolonged type I IFN production that
would be normally terminated by AIM2-induced pyroptosis (243).
Regulation of pyroptosis has also been found to impact other
aspects of the autoimmune response driving lupus nephritis.
Pristane-induced lupus nephritis is exacerbated in mice lacking T
cell expression of the P2X7R (140). Here, the P2X7R normally
mediates GSDMD-driven pyroptosis of Tth cells, which then limits
differentiation of autoantibody secreting plasma cells in the
germinal centers. Together these findings demonstrate the
complexity of the roles inflammasomes have in both promoting
and suppressing the autoimmune response of SLE.

Alternative roles of inflammasome
molecule-mediated regulation

Classical inflammasome activation and induction of a
proinflammatory response contributes to autoimmunity in a variety
of ways as described above. It is becoming apparent, however, that
inflammasome molecules also serve regulatory functions independent
of typical inflammation-driving events (Table 2). Caspase-1 for
instance, in addition to being involved in the maturation of IL-1
and IL-18, has been shown to modulate protein secretion, cell death,
and lysosomal function in many cell types such as neurons,
hepatocytes, epithelial cells, and cardiomyocytes (244-251). These
alternative roles for inflammasome molecules have been linked to
regulation of immune effector cells such as T and B cells, as well as
non-immune tissue-resident cell types. Accordingly, some of these
events have been reported to be directly involved in the progression of
autoimmunity, and/or can be expected to contribute to an

autoimmune response.

ASC: A regulatory function in CD4™"
T cells

ASC has a T cell intrinsic effect regulating the production of IL-
1B needed to maintain CNS-resident Th17 cells in EAE. Recent
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TABLE 2 Alternative functions of inflammasome molecules in autoimmunity.

Inflammasome involved

Alternative mechanism

Associated diseases

ASC Affects Th17, IL-1 maturation MS
1Th2 differentiation MS
NLRP3
1TGE- signaling SLE
|Microglia inflammation
TAIM?2 in astrocytes in EAE model MS
Maintains Foxp3*Treg function
AIM2 Regulates Th1/Th17 differentiation
1Tth differentiation
SLE
TAIM2 in GC B cell, memory B cells, and plasma cells from SLE patients

Multiple sclerosis (MS); experimental autoimmune encephalomyelitis (EAE); systemic lupus erythematosus (SLE); germinal center (GC).
“1” indicates increased activity of a given molecule. “|” indicates reduced activity of a given molecule.

findings indicate that ASC also regulates properties of murine CD4"
T cells independent of classical inflammasome activation and IL-1
maturation (252). ASC is constitutively expressed in naive CD4" T
cells, and after anti-CD3/CD28 antibody stimulated TCR signaling,
ASC is upregulated but no IL-1B or IL-18 secretion is detected
(252). Naive CD4" T cells lacking ASC expression normally
differentiate in vitro into Thl, Th2, Th17, Th9, and Foxp3*Treg
subsets under polarizing conditions (252). Notably, recombination
activation gene (Rag)-deficient mice develop more severe colitis
after transfer of ASC”’~ CD4" T cells versus wildtype, NLRP3™", or
Caspasel'/ " CD4" T cells (252). This increased pathogenic function
of ASC”" CD4" T cells is marked by enhanced TCR signaling in
vitro, elevated lymphopenic proliferation in vivo, and an increased
metabolic state marked by higher glycolytic flux and increased
glucose transporter 1 (Glut-1) surface expression (252). These
findings suggest a negative regulatory function for ASC in CD4"
T cell TCR signaling, proliferation, and metabolism. The
mechanism(s) by which ASC regulates these events still needs to
be defined. Nevertheless, one could envision a scenario in which
dysregulation of alternative ASC function enhances the pathogenic
potential of autoreactive CD4" (and possibly CD8) T cells to aid
autoimmune disease progression.

NLRP3 and Th2 cell differentiation

NLRP3 has also been found to have T cell-intrinsic effects
independent of classical inflammasome activation. Specifically,
NLRP3 positively regulates Th2 subset differentiation (253). Upon
TCR stimulation by anti-CD3/CD28 antibody, expression of
NLRP3 is increased in both Thl and Th2 cells, due in part to IL-
2 induced STATS5 activity (253). However, NLRP3-deficiency
reduces Th2 but not Thl cell differentiation (253). Importantly,
ASC or caspase-1 deficiency has no effect on NLRP3-mediated Th2
lineage differentiation ruling out a role for classical NLRP3
inflammasome activity (253). Findings indicate that NLRP3
functions as a transcription factor regulating Il4 transcription
(253). Here, NLRP3 forms a complex with the transcription
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factor IRF4, that enhances the binding of the IRF4 to the I/4
promoter; however, NLRP3 alone is insufficient to mediate II4
transcription (253). Notably, induction of asthma, which is Th2
cell-dependent, is reduced in NLRP3-deficient mice (253).
Furthermore, NLRP3”" mice also more readily reject implanted
B16F10 tumor cells due to an elevated Thl cell response (253). In
wildtype recipients, increased differentiation of Th2 cells permits
the progression of B16F10 tumors (253). In the case of
autoimmunity, aberrant Th2 cell differentiation has been
associated with skewed development of Thl and Thl17 cells,
which drive the pathology in MS, RA, T1D and SLE (254).
Accordingly, aberrant expression and/or function of NLRP3 that
is independent of inflammasome activity, may favor the
development of pathogenic autoreactive Thl and Thl17 effectors.
For instance, reduced IL-2 signaling and STATS5 activation, which is
associated with T1D (255), would be expected to limit Nlrp3
transcription and Th2 cell differentiation.

Roles of AIM2 independent of
inflammasome activation

Studies demonstrate that AIM2 displays a number of alternative
functions independent of inflammasome activation in various cell
types, that affect the progression of autoimmunity. Recently, AIM2
was shown to have a T cell-intrinsic role in regulating peripheral
Foxp3*Treg (256). AIM2 is highly expressed in murine and human
Foxp3'Treg, and AIM2 expression is upregulated by TGF-B1
stimulation (256). TGF-B1 is required for peripheral
differentiation of CD4" T cells into Foxp3*Treg (257). In AIM2-
deficient C57BL/6 mice, MOGss.s5-induced EAE is exacerbated
characterized by increased Thl and Th17 cell infiltration, and a
reduction in the frequency of Foxp3™Treg in the CNS (256). A
diminished local pool of Foxp3*Treg favors the expansion and
effector function of encephalitogenic Teft (256, 257). Foxp3*Treg
are unaffected by ASC-deficiency, indicating that the role for AIM2
is inflammasome-independent (256). Notably, AIM2 in
Foxp3+Treg attenuates AKT activation, and downstream mTOR
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and MYC signaling that leads to glycolysis (256). Normal
Foxp3™Treg differentiation and lineage maintenance is achieved
under metabolic conditions favoring oxidative phosphorylation of
lipids (256). On the other hand, glycolysis negatively impacts
Foxp3'Treg stability and function (256). AIM2 serves to maintain
Foxp3'Treg under proinflammatory conditions by forming a
complex consisting of the adaptor protein receptor for activated
C kinase 1 (RACK1), and the protein phosphatase 2 (PP2A)
phosphatase that blocks AKT phosphorylation (256).

AIM2 has also been reported to regulate Tth independent of
inflammasome activation (258). Tth from blood and skin lesions of
SLE patients express elevated levels of AIM2. In mice in which
AIM2 is conditionally ablated in T cells, the severity of pristane-
induced lupus nephritis is reduced relative to control animals. The
latter corresponds with a decreased Tth pool. Notably, AIM2
regulates Tth differentiation through an interaction with
transcription factor c-MAF, that in turn is needed to promote
I121 gene transcription (258). Interestingly, Aim2 mRNA expression
is upregulated by IL-21 stimulation suggesting that AIM2
participates in a feed-forward loop promoting Tth differentiation
and function.

In addition to T cells, AIM2 has been shown to have a B cell-
intrinsic effect independent of inflammasome activation. SLE
patients exhibit elevated AIM2 expression in germinal center
(GC) B cells, memory B cells and antibody secreting plasma cells
prepared from the tonsils, blood and/or skin lesions (259).
Furthermore, pristane-induced lupus nephritis is attenuated in
mice in which AIM2 is conditionally ablated in B cells. Limited
disease is reflected by diminished numbers of GC B cells, and
plasma cells. Findings suggest that AIM2 is an upstream regulator
of the Blimp1-BCL6 transcriptional axis, which drives GC B cell and
plasma cell differentiation (259).

AIM2 also serves a protective role in EAE by limiting the
inflammatory properties of brain-resident microglia (151).
Whereas ASC-deficiency in mice attenuates EAE as discussed
above, AIM2-deficiency exacerbates EAE severity. Furthermore,
selective ablation of AIM2 in microglia is sufficient to enhance
the encephalitogenic response. In microglia, AIM2 negatively
regulates a proinflammatory phenotype by suppressing the
activity of DNA-dependent protein kinase (DNA-PK) and
downstream activation of AKT3. Inhibition of AKT3 reduces
phosphorylation of the key transcriptional factor IRF3, which
blocks the production of chemokines, type I IFN, and the
expression of antigen presentation molecules by microglia (151).
AIM2 similarly inhibits DNA-PK and AKT activation in colon
epithelial cells to protect mice from colitis and colon cancer (260).
Interestingly, a recent study provides evidence that AIM2 has
an alternative role in an EAE model independent of robust
classical inflammasome activation (152). Through the use of a
novel reporter mouse to track inflammasome activation in situ,
AIM2 activation is seen to be prevalent in astrocytes but not CNS
infiltrating monocytes and macrophages. Despite elevated AIM2
expression, no marked I/1b expression and cell death are detected in
astrocytes (152). The role of AIM2 in this scenario needs to be
further defined.
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Targeting inflammasome molecules to
prevent/treat autoimmunity

Inflammasome molecules offer an appealing target for
immunotherapy and the treatment of autoimmunity. Several
inhibitors targeting inflammasome-related molecules have been
identified, developed, and tested in preclinical studies or clinical
trials (Table 3). MCC950, a small-molecule inhibitor, specifically
binds to the Walker B motif of the NACHT domain of NLRP3 to
block function (287). Therapeutic efficacy and safety of MCC950
and analogs (Inzomelid and Somalix) have been assessed in several
preclinical studies with promising results (288-294)
(TrialTrovellD-368867; TrialTrovellD-360928). Nevertheless, a
phase II clinical trial for RA showed that MCC950 has safety
concerns related to elevated serum liver enzyme levels. Other
NLRP3 inhibitors are currently being evaluated in animal studies
of EAE (264, 266, 272, 279).

Caspase-1 is another key target for therapeutic intervention of
autoimmunity. VX-765 (belnacasan), a caspase-1 inhibitor, blocks
GSDMD-mediated pyroptosis, reduces inflammasome-associated
proteins in the CNS, and attenuates EAE in mice (275). However,
testing of the related caspase-1 inhibitor VX-740 was discontinued
in a RA clinical trial due to the liver toxicity observed in animal
models (295). Inhibiting GSDMD by necrosulfonamide reduces
neuroinflammation and necroptosis in collagenase VII-induced
mouse intracerebral hemorrhage model (277). In addition,
dimethyl fumarate, an immunosuppressive drug used for the
treatment of recurrent remission MS and plaque psoriasis
promotes succination of GSDMD, which in turn disrupts the
interaction with caspase-1 and blocks pyropotosis (278).
Disulfiram, a drug used for alcohol addiction treatment, blocks
pore formation by targeting Cys191/Cys192 in GSDMD (261).

IL-1B, which is associated with the pathogenesis of several
autoimmune diseases, has been therapeutically targeted. Two
FDA-approved biologics that block IL-1 activity have been
clinically tested. Anakinra is a recombinant human IL-1R
antagonist mainly applied for the treatment of RA. Due to a short
half-life and low response rate compared to other treatments
available, the usage of anakinra is limited, and efficacy is selective.
For example, anakinra shows no efficacy for the treatment of T1D
and Sjogren’s disease. Canakinumab is an anti-IL-1B neutralizing
monoclonal antibody and has shown efficacy in RA and systemic
juvenile idiopathic arthritis but no benefit for recent onset T1D
patients (285, 296). IL-18 blockers have also been established but
have not been applied for the treatment of autoimmunity.

Summary/conclusions

The evidence at hand establishes roles for classical
inflammasome activated inflammation and alternative pathways
regulated by inflammasome molecules in autoimmunity.
Inflammasome molecules have been implicated in human MS,
RA, T1D and SLE, and shown in corresponding disease models to
override and/or maintain self-tolerance (Table 1). Intrinsic and
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TABLE 3 Therapeutic strategies targeting inflammasomes for autoimmunity.

10.3389/fimmu.2023.1154552

Targeted inflammasome-associated molecule Therapeutic Disease
Upstream signal of NLRP3 Disulfiram MS (261)
MS (262)
MCC950 RA 99)
SLE (141)
1,2,4-trimethoxybenzene MS (263)
MS (264)
OLT1177
RA (265)
RRx-001 MS (266)
NLRP3
JC171 MS (267)
Tranilast RA (268)
A20 RA (104)
Curcumin SLE (236)
Melatonin SLE (137)
Piperine SLE (269)
Citral SLE (270)
AIM2 Myricitrin RA (271)
1C100 MS (272)
ASC Lonidamine MS (273)
Spirodalesol analog 8A MS (274)
VX-765 MS (275)
Caspase-1
VX-740 RA (276)
Necrosulfonamide MS (277)
GSDMD
DMF MS (278)
MS (279)
BAY11-7082
SLE (280)
NE-xB (281)
Methotrexate RA
NCT04464642
Icariin SLE (282)
Anakinra RA (283)
RA (284)
Interleukin-1 Canakinumab
T1D (285)
Gevokizumab TI1D (286)

Multiple sclerosis (MS); rheumatoid arthritis (RA); type 1 diabetes (T1D); systemic lupus erythematosus (SLE); Gasdermin D (GSDMD).

extrinsic effects on both APC and other innate effectors as well as T
and B cells enables inflammasome molecules to establish the nature
and specificity of an autoimmune response. Similarly,
inflammasome molecules have intrinsic and extrinsic effects that
alter the cellular integrity of tissues, independent of immune
effectors. In a given tissue, inflammasome activity can impact
inflammation by initiating and/or further driving a local
autoimmune response, which in turn may be influenced by
induction of pyroptosis versus PANoptosis cell death pathways.
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Alternatively, dysregulated inflammasome function can have more
broad effects. This is seen with aberrant inflammasome activity
reducing intestinal barrier function, which results in shifts within
the microbiota composition that can impact the production of
systemically released metabolites and favor proinflammatory versus
immunoregulatory events (214).

The key events that drive inflammasome molecule activity in
autoimmunity are poorly understood. What is apparent, however, is
that multiple pathways and mechanisms exist to induce activation,
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in part reflecting the specificity of different inflammasome
molecules. Poorly understood environmental factors known to
influence MS, T1D, RA and SLE are likely involved in inducing
inflammasome molecule activity. Release of PAMPs due to
microbial infections or DAMPs due to cytotoxic effects of drugs,
toxins, or UV irradiation for example, are obvious candidates to
engage classical inflammasome-mediated inflammation.
Polymorphisms in various inflammasome genes may also
contribute to the polygenic influence on the development of MS,
T1D, RA and SLE. Genetic analyses show that single nucleotide
polymorphisms (SNPs) in genes encoding sensor molecules (i.e.
NLRPI, NLRP3, AIM2) and inflammasome-related proteins (i.e.
PYCARD, CASPI) are linked with susceptibility to and/or response
to therapy for MS, T1D, RA and SLE (75, 78, 98, 119, 120, 153, 297-
303). However, whether the disease-linked SNPs override the
normally tight regulation of gene expression and/or function of
inflammasome molecules needs to be ascertained. Inflammasome
activity is also the consequence of collateral damage induced by
autoimmunity. Autoimmune-mediated cytotoxicity leads to the
release of DAMPs and a proinflammatory milieu induces local
cellular stress affecting metabolism and mitochondrial function for
instance, that drive inflammasome molecule activity.

The relative contribution(s) inflammasome molecule activity
has in autoimmunity is poorly understood. Questions of whether
inflammasome molecules mediate initiating events and/or
modulate the progression and severity of autoimmunity need to
be addressed. Environmental insults have typically been proposed
to initiate autoimmunity where inflammasome activation is likely to
occur (Table 1). Alternatively, sterile inflammation driven by
metabolically stressed cells may stimulate dysregulated
inflammasome activity and initiate autoimmunity. Pancreatic 3
cells are susceptible to metabolic stress due high levels of insulin
expression and secretion (304, 305) that may lead to NLRP3
activation, for example. Reports showing that inflammasome
expression and activity are upregulated in MS, T1D, RA and SLE
patients suggest a role in at least supporting disease progression.
Feed-forward loops in which inflammasome molecule activity are
self-sustaining as well as promoting autoimmune reactivity and
vice versa have been described. The use of murine models
of spontaneous autoimmunity coupled with cell-specific
and inducible expression systems will be helpful in further
defining the contribution in the disease process for a given
inflammasome molecule.

Of keen interest moving forward is defining regulation of
inflammasome molecule-mediated events that are independent of
classical activation of inflammation (Table 2). A hint to the
complexity that is involved is exemplified by AIM2. As discussed
above AIM2 regulates peripheral Foxp3*Treg differentiation by
blocking AKT signaling through a AIM2-RACK1-PP2A complex
(256). On the other hand, AIM2 suppresses colon carcinoma by
binding to and inhibiting DNA-PK and downstream AKT signaling
events needed for colon epithelial cell transformation (260).
Therefore, depending on the cell-type, AIM2 inhibits PI3K-AKT
signaling but via distinct complexes and mechanisms. Furthermore,
AIM2 is reported to interact with the c-MAF transcription factor to
positively promote Tth differentiation (258). The nature of the
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signaling events that stimulate alternative inflammasome molecule
activity, and the outcome of that activity in immune and non-
immune cell types are important issues that require
continued investigation.

To date, the therapeutic benefit of inhibiting inflammasome
activation has mostly been demonstrated in animal disease models
with limited success in the clinic (Table 3). The general lack of
efficacy may reflect the timing and relative contribution of an
inflammasome molecule in a given autoimmune disease. For
instance, inflammasome activation may play a prominent role
early in a disease process. Therefore, targeting inflammasome
activity once an autoimmune response is well established, which
is typical in the clinic, may have only a minimal effect. There is the
important concern that inhibiting a given inflammasome molecule,
particularly long-term, may compromise immunity against
pathogens. Therefore, both efficacy and safety may be enhanced
by combining an inflammasome-based approach with other types
of immunotherapies. For example, limiting ongoing inflammation
by blocking inflammasome activity may enhance the efficacy of
antigen-based immunotherapy and induction of protective Treg.

The etiology of MS, T1D, RA and SLE is highly complex, and ill-
defined. Establishing the roles of inflammasome activity in
autoimmunity will aid our understanding of the mechanisms that
drive these disease processes, as well as provide the impetus for the
development of novel strategies of immunotherapy for disease
prevention and treatment.
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Polycystic ovary syndrome (PCOS) is the most common reproductive endocrine
disorder affecting women, which can lead to infertility. Infertility, obesity,
hirsutism, acne, and irreqular menstruation are just a few of the issues that
PCOS can be linked to. PCOS has a complicated pathophysiology and a range of
clinical symptoms. Chronic low-grade inflammation is one of the features of
PCOS. The inflammatory environment involves immune and metabolic
disturbances. Numerous organ systems across the body, in addition to the
female reproductive system, have been affected by the pathogenic role of
immunological dysregulation in PCOS in recent years. Insulin resistance and
hyperandrogenism are associated with immune cell dysfunction and cytokine
imbalance. More importantly, obesity is also involved in immune dysfunction in
PCOS, leading to an inflammatory environment in women with PCOS. Hormone,
obesity, and metabolic interactions contribute to the pathogenesis of PCOS.
Hormone imbalance may also contribute to the development of autoimmune
diseases. The aim of this review is to summarize the pathophysiological role of
immune dysregulation in various organ systems of PCOS patients and provide
new ideas for systemic treatment of PCOS in the future.

KEYWORDS

polycystic ovary syndrome, immune cells, cytokines, ovary, endometrium,
vaginal microorganisms

1 Introduction

Polycystic ovary syndrome (PCOS) is a common endocrine and metabolic disorder in
women of childbearing age, which is closely related to female infertility, with an incidence
of 5% -15% (1). The diagnosis of PCOS is a diagnosis of exclusion and should present with
at least two of the three main symptoms: 1) clinical and/or biochemical hyperandrogenism
(HA); 2) ovulatory dysfunction (OD); and 3) polycystic ovarian morphology (PCOM) (2).
Clinical manifestations like insulin resistance (IR), obesity, hirsutism, and acne may also be
present (3). Women with PCOS are more likely to develop type II diabetes, endometrial
cancer, underlying cardiovascular disease, mood disorders, and depression. Additionally,
multiple pregnancies, abortions, preeclampsia and pregnancy-induced hypertension,
gestational diabetes, and other problems are more likely to occur in PCOS women (4).
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Currently, the etiology of PCOS remains unknown, as its symptoms
are complex and diverse and cannot be completely cured
clinically (5).

Primordial follicles consist of an oocyte resting at diplotene
stage in meiosis I diplotene and a single layer of flattened anterior
granulosa cells surrounding it. The majority of primordial follicles
are more likely to stay dormant until death than to be activated (6).
Activated primordial follicles form primary follicles, at which point
pregranulosa cells will transform into a single layer of cuboidal
granulosa cells (GC). The transformation of main follicles into
secondary (preantral) follicles occurs with GC proliferation,
differentiation, and oocyte growth. At the same time, theca cells
begin to form around the outer granulosa cells and can produce
androgens and serve as raw materials for estrogen production by
GC (7). Accumulation of follicular fluid between GCs increases in
response to estrogen and follicle-stimulating hormone, and
follicular enlargement is called antral follicle (7). Atresia develops
in the majority of antral follicles, and only antral follicles that react
to follicle-stimulating hormone (FSH) and luteinizing hormone
(LH) are likely to be selected for ovulation (7, 8). Due to the high
expression of LH receptors in a subset of antral follicles that line the
follicular wall, preovulatory LH spikes activate these follicles,
causing them to ultimately ovulate the dominant follicle (9).
PCOS is an important syndrome causing anovulation. Women
with PCOS have larger-than-normal ovaries and more than 12
follicles that range in size from 2 to 9 millimeters (10). PCOS is
characterized by an elevated density of small preantral follicles
compared to normal ovaries (11), arrested follicular maturation
with accumulation of follicular fluid and dilatation of antrum.
Follicles gradually expand, apoptosis occurs in the GC layer and
finally atresia occurs, resulting in the disappearance of GC in the
follicular wall and the appearance of thin-walled cysts. The causes of
ovarian folliculocytosis in PCOS patients are very complex and have
been shown to be related to factors such as abnormal anti-mullerian
hormone (AMH) secretion by GC, excessive androgen production
by membranous cells, and insufficient FSH secretion leading to
follicular maturation failure (12).

Regarding the pathogenesis of PCOS, recent studies have
suggested that it is associated with genetic and environmental
factors, intrauterine environment, endocrine, immune and
metabolic dysfunction (13). Hyperandrogenism, obesity and IR
interact in PCOS and are involved in immune disorders and
systemic inflammation in PCOS (14). Obesity, as a metabolic
disease, occurs in nearly 50% of women with PCOS and is one of
the causes contributing to chronic low-grade systemic inflammation
(15). BMI has already been shown to correlate with endometrial
proliferation in women with PCOS. In PCOS patients, BMI is
positively correlated with expression of endometrial marker of
proliferation Ki-67 (MKI67) (16). Numerous studies have recently
concentrated on the impact of chronic inflammation and low-grade
inflammation on immunity, with hyperandrogenism playing a
significant role in the emergence of immunological problems in
PCOS. The prevalence of PCOS is strongly correlated with a
number of inflammatory factors, including IL-6, TNF-o, IL-1, IL-
18, IL-17, and inflammasomes (17). Additionally, PCOS was
associated with a considerably higher proportion of various

Frontiers in Immunology

10.3389/fimmu.2023.1169232

immune cell subsets (16). A low grade chronic inflammatory state
in PCOS patients is caused by the accumulation of numerous
inflammatory cells and multiple inflammatory cytokines (18).
This article reviews the literature on the relationship between
PCOS and immune cells and cytokines and their metabolic effects
in various organ systems of the female body, and explores the
immune response mechanism of PCOS.

2 Method

In this review, a literature search was performed in PubMed,
Elsevier, and Wiley Online Library, including literatures published in
English and available up to March 2023. The following key word were
used for the search alone or in combination: polycystic ovarian
syndrome (PCOS), obesity, insulin resistance, hyperandrogenism,
inflammation, immune regulation, androgens, estrogens, cytokines,
macrophages, monocytes, dendritic cells, natural killer cells, vaginal
microorganisms, intestinal microorganisms, nonalcoholic fatty liver
disease, autoimmune thyroid disease, subclinical hypothyroidism,
adrenal androgens, dehydroepiandrosterone, dehydroepiandrosterone
sulfate, COVID-19, obstructive sleep apnea. Literatures were selected
for review based on their titles and abstracts which were relevant to the
topic. The references of the articles correlating to this review were
further searched and selected.

3 The impact of sex hormones on
immune responses in women

By boosting the amount of immune cells that are in circulation
and regulating the generation of cytokines in the body, sex
hormones have an impact on the immune system (19). Typically,
androgens have anti-inflammatory effects and can suppress
immune cell activity (20). For example, androgen ablation
increases the number of mature dendritic cells (mDCs) as well as
expression of dendritic cell (DC) costimulatory markers in lymph
nodes (21). Androgen causes a significant decrease in cell-surface
toll-like receptor 4 (TLR4) expression in macrophage-like cell lines
(22). In addition, androgens can also regulate adaptive immunity in
humans by inhibiting Th1l, Th2 and Th17 activity, but inducing
Treg activity (23). However, the anti-inflammatory effects of
androgens are not absolute. Hyperandrogenism in PCOS may
change inflammation by influencing macrophage numbers and
phenotypes. Higher M1 (inflammatory) and M2 (anti-
inflammatory) macrophage ratios could be observed in 5o0.-
dihydrotestosterone (DHT) -treated rat ovaries and PCOS female
ovaries (24). Androgen receptor (AR) is expressed by normal skin,
fibroblasts, epithelial cells, and macrophages in acute trauma (25). It
is reported that castrated rats treated with androgens before
urethroplasty have a prolonged inflammatory phase during
healing, with upregulation of macrophages and TNF-o levels in
urethral wounds (26). Estrogen has a more complex regulatory
effect on the immune system (27, 28). Because estrogen levels
fluctuate throughout the menstrual cycle, estrogen can suppress
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pro-inflammatory pathways at high levels during periovulation and
indicate pro-inflammatory pathways when levels fall to the early
follicular phase (29). Through the estrogen receptor o (ER o),
estrogen can take role in the activation of the macrophage
immunophenotype. Estrogen influences macrophage metabolic
remodeling, enabling macrophages to cooperate with various
activation pathways in different microenvironments (28). When
estrogen levels are physiological, the immune system responses
more strongly to bacterial endotoxins. Contrarily when levels are
supraphysiological, the capacity of macrophages to bind
lipopolysaccharide (LPS) is enhanced. It potentially leads to a
more severe inflammatory response after bacterial infection (28).
This reflects the dual effects of estrogen on the immune system in
different microenvironments. Specifically, in autoimmune diseases
like systemic lupus erythematosus (SLE), estrogen stimulates the
expression of IL-6, which drives naive CD4 cells to differentiate into
Th17 cells and inhibits TGF P of IL-6, which drives naive (30). In
SLE, activation of IFN (o or ) signaling upregulates estrogen
receptor o (ERo) expression and stimulates target gene
expression. Elevated levels of estrogen and IFN-o. engage positive
feedback loops that further intensify the inflammatory response in
SLE (30, 31).

4 The impact of obesity on
immune system

Obesity is a metabolic systemic disorder that affects metabolic
homeostasis and causes low-grade inflammatory responses (32). It
has been demonstrated that immune system deficiencies are related
to obesity. A large number of neutrophils, M1 macrophages, and T
cells could be observed in adipose tissues (33). Adipose tissue
macrophages (ATM) play a dominant role in participating in
systemic inflammatory responses. Increased secretion of
monocyte chemoattractant protein-1 (MCP-1/CCL2) and
leukotriene B4 (LTB4) by adipocytes promotes migration and
infiltration of macrophages. Macrophages and adipocytes that
accumulate abundantly in adipose tissue secrete adipose
inflammatory cytokines TNF-o, IL-6, and IL-1PB, activating the
nuclear factor kappa-B (NF-xB) pathway to produce large
amounts of inflammatory factors. Leptin secreted by adipose
tissue is also one of the causes involved in immune disorders in
obese individuals (34). In addition, adipose tissue was enriched for
large numbers of CD4" T cells as well as IFN-y secreted by them.
Macrophages and adipocytes overexpressing class II major
histocompatibility complex (MHC II) and costimulatory
molecules (e.g., CD80 and CD86) in adipose tissue act as antigen-
presenting cells (APCs) to promote CD4" T cell proliferation and
Th1 differentiation and produce excessive IFN-y in adipose tissue
(35). Furthermore, leptin secreted by adipocytes can stimulate Thl
cells to secrete IFN-y in excess and induce MHC 1II overexpression
in adipocytes, further aggravating the inflammatory response (36).
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5 PCOS-related immune dysregulation
in the female reproductive system

The immune system orchestrates the HPO axis to participate in
normal female physiological processes, such as ovulation,
fertilization, pregnancy, and embryo implantation. Immune cells
like neutrophils, T cells, and macrophages are recruited to the
ovaries during fertilization and migration (37). It has been proved
that luteal production and regression are influenced by
macrophage, T cell, and granulocyte infiltration (38). Endometrial
immune environment is important to the maintenance of normal
pregnancy. On the one hand, Endometrial immune cells protect
against pathogen infiltration, on the other hand, the immune
system exerts immune tolerance functions and contributes to the
implantation of embryos and normal pregnancy (39). The
composition and function of the microorganisms in the genital
tract are also influenced by mucosal local immunity. Immune
regulation issues in PCOS-affected women further promote the
development of chronic inflammation (40). The mechanisms
involved in immune as well as metabolic disorders in PCOS in
the reproductive system will be investigated below.

5.1 PCOS-related immune
dysregulation in the ovary

Opvarian tissue is mainly composed of ovarian parenchyma and
ovarian stroma. The parenchyma is composed of ovarian follicles,
whereas the stroma is composed of immune cells, blood vessels,
nerves, lymphatic vessels, and ovarian-specific components (41).
Macrophages, dendritic cells, neutrophils, eosinophils, mast cells, B
cells, T cells, and natural killer (NK) cells are among the immune
cells found in the ovary. Ovarian immune cells have multiple
functions, including phagocytosis and antigen presentation,
remodeling of tissues by proteolytic enzymes, and secretion of
soluble signals, including cytokines, chemokines, and growth
factors (41, 42).

PCOS patients are in a state of chronic low-grade inflammation,
which may trigger a cascade of events that further promote the
content of ovarian androgens and affect ovulation. PCOS patients
present with an abnormal androgen response to gonadotropin-
releasing hormone (GnRH) stimulation leading to ovarian
androgen overproduction (43). Immune cells and cytokines
interact with androgens resulting in disruption of ovarian
immune balance in PCOS. For example, Gonzalez’s results
showed that mononuclear cells (MNCs) entering the ovary may
cause a local inflammatory response that stimulates ovarian
androgen production in women with PCOS (44). Li et al. showed
that the IFN-y levels were decreased in PCOS rats induced by
dehydroepiandrosterone (DHEA). It is possible that DHEA
inhibited proliferation and promoted apoptosis of ovarian
granulosa cells and down-regulated IFN-y expression (43).

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1169232
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wang et al.

Follicles represent the basic functional units of the ovary (7).
Follicular fluid (FF) which is composed of follicular cell secretion
and theca vascular exudate, which contains gonadotropins secreted
by the pituitary gland and steroid hormones secreted by the ovary,
changes with follicular development (45). In recent years, there have
been plenty of studies demonstrating that abnormal inflammation
can alter normal ovarian follicular dynamics, leading to impaired
oocyte quality, anovulation, and associated infertility (46). DCs are
specialized innate immune cells that sense danger signals, absorb
and process antigens, and transmit them to T lymphocytes (47).
Prior to impending ovulation, DC are important components of
bone marrow-derived leukocytes in the microenvironment of
mature oocytes and their abundance and maturity may be related
to ovarian function in women with PCOS (48). Evidence has shown
that the mean fluorescence intensity (MFI) of human leukocyte
antigen DR (HLA-DR) expression reflects a positive correlation
between DC maturity and ovarian response as measured by serum
E2 levels on the day of human chorionic gonadotropin (hCG)
administration. E2 production measured 48 h prior to oocyte
retrieval was associated with the presence of more mature DCs,
while this association was strengthened when analyzing patients
undergoing in vitro fertilization (IVF) due to male factor infertility
(i.e., normal ovarian function). This suggests that maturity of DC in
FF is positively correlated with gonadotropin response and may
favor an aseptic inflammatory process leading to ovulation in
follicles (48). In addition, the percentage of CD11c" HLADR"
DCs was significantly lower in FF of PCOS patients than in
normal controls. It is also possible that reduced DCs may
influence the activation of Th17/Thl cells, leading to failure of
dominant follicle selection and developmental processes (49).

Th cells play a role in adaptive immunity by producing
cytokines.Th1 mainly secrete IL-2 and IFN-y to promote cellular
immunity, and Th2 mainly secrete IL-4 to regulate humoral
immunity (50). Local coordination of T lymphocytes impacts
survival of granulosa cells and embryo quality in female ovaries.
Changes in T cell distribution can promote follicular survival either
by providing trophic growth factors or inhibiting adverse immune
activity, or conversely by transmitting cytotoxic signals to induce
oocyte or granulosa cell death and promote follicular regression
(51). Early studies have found that memory T lymphocytes in the
theca layer of PCOS ovaries are reduced compared to non-PCOS

TABLE 1 The immune cells and cytokines in follicular fluid of PCOS.
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ovaries (52). Qin, et al. showed that Thl cytokines (IFN-y, IL-2)
production in FF lymphocytes was significantly higher in PCOS
patients than in controls, and Th1 cytokines predominate in FF of
PCOS patients as analyzed by flow cytometry. On the contrary, the
production of Th2 cytokines (IL-4, IL-10) was not statistically
significant between the two groups, suggesting that the imbalance
of Th1/Th2 cell ratio may affect egg quality and ovulation (53). Li
et al. showed that the percentage of total CD4" T cells and CD8" T
cells was significantly decreased while the expression of PD-1 was
increased in FF of the infertile PCOS patients. The failure of
dominant follicle selection and development was caused by higher
PD-1 levels, which further supported the pathogenic function of
local T cell imbalance in PCOS (54).

Granulocyte colony-stimulating factor (G-CSF) is a cytokine
that stimulates neutrophil proliferation and differentiation, which is
mainly secreted by granulosa cells before ovulation. G-CSF
produced by granulosa cells may recruit leukocytes to the thecal
layer during ovulation to accelerate ovulation (55). G-CSF
concentrations in follicular fluid and serum were also significantly
higher in PCOS patients than in controls. The neutrophil count and
neutrophil/leukocyte ratio of PCOS patients were significantly
higher than those of controls, further supporting the theory of
chronic inflammation in PCOS (55, 56). Other studies have shown
that IL-18 levels in FF of PCOS patients are higher than those in
controls, especially the level of IL-18 in FF of overweight PCOS
patients is significantly higher than that in normal weight PCOS
patients (57). More studies showed increased levels of IL-1p, IL-6,
and TNF in FF of PCOS patients (17, 58, 59). The reason for this is
that inflammatory cytokines in follicular fluid alternately alter the
follicular microenvironment, activating the NF-«xB inflammatory
pathway. The inflammatory cascade may affect granulosa cell
proliferation, inhibit oocyte maturation, and aggravate ovulatory
dysfunction more severely (58) (Table 1).

5.2 PCOS-related immune dysregulation in
the endometrium

The human endometrium is a steroid-dependent tissue, and
hormonal changes during the ovulatory cycle can affect the growth
and remodeling of endometrial cell components and tissues (60). In

Immune cells Related immune cells or  Function References
cytokines

CD11c"*HLA-DR'DCs Th17, Thl Failure of dominant follicle selection and developmental processes (49)

Thl IFN-v, IL-2 Affection on egg quality and ovulation caused by Th1/Th2 cell ratio imbalance (53)

Th2 1L-4, IL-10

CD4" T cells, CD8" T cells PD-1 Failure of dominant follicle selection and development (54)

Immune factor

G-CSF Neutrophil Chronic inflammation in PCOS (55, 56)

IL-18, IL-1p, IL-6, and TNF-o. Activation of NF-xB inflammatory pathway (17, 57-59)
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addition to guarding against infections, female reproductive system
immune cells also enable embryo implantation and establish
immunological tolerance to sperm and embryo/fetus (61). As
steroid hormones (progestins, androgens, and estrogens) change
with the menstrual cycle, it has been demonstrated in an increasing
number of studies that immune cells and inflammatory factors have
an impact on the reproductive system’s ability to function. Steroid
hormones either directly or indirectly affect the expression of
chemokines IL- 8 and MCP-1) as well as the survival and
apoptosis of resident endometrial cells (stromal cells, epithelial
cells, and endothelial cells) and immune cells (39, 62). CD56"
uterine natural killer cells (uNK), CD68" macrophages and CD8"
cytotoxic T lymphocytes are all common endometrial/decidual
immune cells (63), and They regulate endometrial function by
releasing cytokines, such as IL-15, IL-10 and IFN-y (64).

The endometrium of women with PCOS has continuous
estrogen exposure during both the proliferative and secretory
phases, while diminished progesterone action during the secretory
phase is likely to impair endometrial receptivity and lead to long-
term endometrial hyperplasia, bleeding, and cancer (65). In
addition to sex hormones, metabolic disorders and chronic
inflammatory conditions caused by obesity and hyperinsulinemia
promote oxidative stress imbalance in PCOS endometrium and
affect progesterone receptor activity in PCOS endometrium.
Women with PCOS had a poorer reaction to progesterone than
did women without the condition, and they had thicker surface
epithelium and more stromal cells than women without PCOS, but
considerably fewer blood vessels overall (66). uNK cells are one of
the most important immune cells of human uterine leukocytes. The
main endometrial NK cells are CD16~ NK cells, accounting for 70-
80% of secretory endometrial lymphocytes (67). The percentage
change of uNK with hormones during the menstrual cycle may play
a key role in implantation and maintenance of pregnancy, especially
the number of decidualized endometrium is further increased in the
first trimester (67, 68). Female sex hormones appear to regulate
uNK recruitment indirectly by modulating chemokine and
interleukin expression. It has been shown that the percentage of
CD56"/CD16™ NK cells and CD56™8"/CD16~ NK cells decreased
in the late secretory endometrium of PCOS women, while the
proportion of CD3" lymphocytes significantly increased.
Meanwhile, CD56" and CD56"€" NK cells were reduced, the
expression of IL-15, IL-18, and CXCL10 was also significantly
lower in PCOS than that of the control group, which may be
related to chronic oligo-ovulation or hyperandrogenism in PCOS
patients (68). CD68" macrophages are seen in the endometrium
throughout the menstrual cycle, particularly in the late luteal phase
(69). Endometrial macrophages may be involved in the onset of
menses, repair and remodeling of the functional layer of the
endometrium, and play an important role in the preparation of a
receptive endometrium during the “window of implantation” and
endometrial decidualization (61). Macrophages within the
endometrium have been identified as an important source of
proinflammatory and chemotactic factors that specifically express
role-specific markers at different stages of the menstrual cycle (70).
It has been shown that endometrial CD68" macrophages and
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CD163" M2 macrophages are significantly increased in PCOS
patients, which may be related to insulin resistance and the
release of inflammatory factors in PCOS (71). One of the main
endocrine features of PCOS is hyperandrogenism, while androgens
can induce TNF-o production by macrophages. Recent studies have
observed that the proliferative endometrial TNF-o level is
significantly increased in PCOS patients (72, 73). Therefore, the
increased number of macrophages in the endometrium of PCOS
patients may be responsible for the increased TNF-c (72). DCs are
mainly located in the functional and basal layers of the
endometrium and are broadly classified according to their
developmental pathways: plasmacytoid DCs (pDCs) and Myeloid
DCs. Myeloid DCs have a high correlation with the endometrium
and can be divided into immature DCs (iDCs) and mDCs according
to maturation status (74). In response to foreign antigens or
inflammatory signals, mDCs present antigens together with MHC
molecules to T cells, effectively initiating adaptive immunity (71,
75). Studies have shown that the increased percentage of
endometrial CD1a" iDCs, CD83" mDCs in normal weight PCOS
patients, and confirmed that the dysfunction of DCs may be related
to the pathogenesis of PCOS. Granulocyte-macrophage colony-
stimulating factor (GM-CSF) can promote DC and endometrial
macrophage maturation (71). Studies have found that GM-CSF
down-regulation in endometrial stromal fibroblasts (eSF) of women
with PCOS, which may be associated with poor endometrial
receptivity and DC cell migration (76). Endometrial T cells
include CD4 Thl, Th2 CD8, Treg, and Th17 cells, mainly located
in the decidual stroma and glandular epithelium (77). Decidual
tissues had the highest concentration of CD8" T lymphocytes.
Endometrial CD8" T cells are elevated in PCOS patients,
indicating that the immune environment of the endometrium is
altered and T cells may be involved in endometrial
immunoregulatory mechanisms in PCOS (71). Previous studies
have also shown that high levels of MCP-1 increased the terminal
differentiation of CD4™ T cells into Th2 cells, while the basal level of
MCP-1 was also increased in PCOS patients. It indicates that T cells
may play a role in the pathogenesis of the condition (76).

Cytokines and chemokines in the endometrium also affect the
endometrial immune microenvironment in PCOS patients. At
present, IL-1 and vascular endothelial growth factor (VEGF) are
closely related to endometrial receptivity. The expression levels of
IL-1 and VEGF in endometrium of PCOS rats were significantly
lower than those of the control group, suggesting that the
endometrial receptivity of PCOS rats was significantly lower than
that of the normal control group (78). It has been found that the key
elements of TLR -mediated NF-kB signaling pathway were
dysregulated in endometrial tissue of PCOS women, and the
expression of TLR4 protein was increased in the endometrium.
IRF-7 and NF-kB signaling may be activated and TRL4 positively
regulated by hyperandrogenism, which may also boost the
expression of cytokines like IFN-o and TNF-o in the
endometrium (79). In addition, the inflammatory environment in
the endometrium of women with PCOS is also thought to be
associated with the overexpression of other cytokines, such as IL-
6, IL-8, IL-18, and CRP (76, 80, 81) (Figure 1).
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Immunoregulation of endometrium in PCOS women. PCOS women have a imbalanced immune environment in the endometrium. Both the
proliferation and differentiation of T cells in PCOS women’s endometrium as well as the proliferation of innate immune cells such uNK cells and
dendritic cells are influenced. At the same time, cytokines secreted by immune cells are dysregulated. Further evidence of the inflammatory milieu in
PCOS women's endometrium came from the upregulation of inflammatory molecules like TNF, CRP, and IL-6.

5.3 PCOS-related immune dysregulation in
the vaginal mucosa

Healthy female vagina is colonized by multiple normal
microbial and fungal groups, which are divided into beneficial
microorganisms and opportunistic pathogens inhabiting the
vaginal environment, with lactobacilli as the dominant genus (82,
83). The effects of estrogen and progesterone on vaginal epithelial
cells, PH, sexual activity, menstruation, and antibiotic usage are the
key factors affecting the vaginal microbiome (83). The body benefits
from the homeostasis of vaginal bacteria since they are a crucial part
of the microenvironment of the reproductive tract (40). Increasing
evidence suggests that the composition of a woman‘s vaginal
microbiota can significantly impact her sexual and reproductive
health, including her risk of adverse delivery outcomes, including
miscarriage and premature delivery, as well as infection with HIV
and other sexually transmitted pathogens (84-86). The stratified
squamous epithelial cells that cover the mucus layer are part of the
vaginal ecosystem, along with vaginal bacteria, neutrophils,
macrophages, classical dendritic cells, Langerhans cells, NK cells,
T and B lymphocytes, and other innate and adaptive immune cells
(86). The vagina contains many immune-related cells and receptors
that detect pathogenic organisms primarily through microbial motif
pattern recognition of pattern recognition receptors (PRRs), such as
TLRs or dectin-1 receptors (40). Additionally, vaginal defense is
aided by mannose-binding lectin (MBL), vaginal antimicrobial
peptide (AMP), immunoglobulin A, and immunoglobulin G (IgA,
IgG) (40).

The impact of PCOS on women’s vaginal health is mainly
reflected in the disruption of homeostasis of the vaginal
microenvironment. Hong’s study showed that the vaginal
microbiome is associated with clinical manifestations of PCOS,
such as acanthosis nigricans, intermenstrual bleeding, etc. When
compared to healthy women, PCOS patients with high testosterone
levels had a higher relative abundance of L. crispatus and a lower
relative abundance of L. iners. On the other hand, their relative
abundance of Mycoplasma and Prevotella was significantly higher
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than that of controls (87). Another study also demonstrated that L.
crispatus and L. iners populations were more sensitive to
testosterone levels in women with PCOS (88). Tu showed that
there was a significant decrease in lactobacilli in lower genital tract
(LGT) organisms in PCOS patients, while Gardnerella vaginalis was
significantly enriched in both the vagina and cervix of PCOS
patients, in addition to several potential pathogens including
Gardnerella, Prevotella, Veillonellaceae, Streptococcus, and
Dialister species (89). Gardnerella, Prevotella, and other species
produce sialidase, IgA protease, and short-chain fatty acids, which
lead to local IgA inactivation and, respectively, improve their
adherence to epithelial cells, evade antibody-mediated inhibition,
and modulate the immune environment (90, 91). Prevotella also
contributes to activation of Th17 immune responses via APCs,
promotes increases in cytokines such as IL-23A, IL-6, IL-1A, and
IL-1B that promote Thl7 immune responses, and recruits and
activates Th cells in inflamed vaginal mucosa (92). Bacterial
products of certain anaerobes have been shown to induce the
production of short-chain fatty acids from pro-inflammatory
cytokines by TLR stimulation, dendritic cell activation and
maturation, and by producing specifically short immune cell
migration, apoptosis, and phagocytosis (93). This suggests that
disturbances in vaginal microbial homeostasis in PCOS may be
associated with impaired mucosal immunity.

6 PCOS-related immune
dysregulation in the
cardiovascular system

Increasing evidence suggests that women with PCOS are at
increased risk for coronary artery disease (CAD) and cardiovascular
disease (CVD) (15, 94, 95). Insulin resistance is one of the most
important pathogenesis of PCOS and an important cause affecting
cardiometabolism in women with PCOS (96). IR increases a
woman’s risk of CVD by being linked to a number of
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cardiometabolic disorders, including dyslipidemia, hypertension,
diabetes mellitus, and metabolic syndrome (97). Oxidative stress
and chronic inflammation have been implicated in the pathogenesis
of IR in PCOS, including increased reactive oxygen species (ROS)
production by peripheral blood leukocytes, activation of leukocyte-
endothelial interactions, and increased levels of the pro-
inflammatory transcription NF-xf3, as well as pro-inflammatory
cytokines and C-reactive protein (98). The low-grade
chronic inflammatory state of PCOS is likely to provide a
pathophysiological basis for the development of CVD, particularly
the development of atherosclerosis. Microparticles (MPs) are
subcellular vesicles that can be released practically by any cell and
range in size from 100 to 1000 nm. They are a major indicator for
identifying cardiometabolic risk in PCOS (99). MPs derived from
leukocytes (LMPs) may originate from neutrophils, monocytes/
macrophages, and lymphocytes, alter endothelial function,
participate in coagulation and platelet activation, and promote the
recruitment of inflammatory cells into the vessel wall, contributing
to atherosclerotic lesion progression (100). A study showed higher
levels of LMPs in PCOS patients, suggesting that MP may be closely
associated with the development of atherosclerosis in PCOS
patients (100). CRP plays a role in and triggers atherothrombotic
processes as one of the recognized markers that can forecast
cardiovascular events. In CAD patients with low-grade or
persistent inflammation, CRP can be used in combination with
the biomarkers MCP-1 and galectin 3 to predict recurrent events
(101). MCP-1 can recruit monocytes to the vessel wall via its C-C
chemokine receptor type 2 (CCR-2) on monocytes as a chemokine
(102). Hu et al. showed that serum concentrations of CRP and
MCP-1 were significantly higher in PCOS patients compared with
controls. The possible mechanism is that elevated CRP levels
promote monocyte accumulation in the atherogenic arterial wall
by increasing monocyte chemotactic activity in response to MCP-1
(103). A meta-analysis showed that women with PCOS had
significantly higher levels of CRP, Hcy, PAI-1 antigen, PAI-1
activity, VEGF, ADMA, AGEs, and Lp (a). Although it is unclear
how IL-6 and TNF-o are related to CVD events in PCOS, these
inflammatory factors are probably significant indicators for
predicting CVD in PCOS (104, 81).

7 PCOS-related immune dysregulation
in the digestive system

7.1 Intestine

The gut microbiota (GM) is a complex community with
physiological roles such as constituting the gut barrier, stimulating
the immune system, and anabolism (105). The impact of PCOS on
the gastrointestinal tract is mainly reflected in the disruption of gut
microbial diversity and homeostasis, while the gut microbiota affects
the development of the immune system and regulates immune
mediators, which in turn affect the intestinal barrier (106).

According to growing evidence showing the GM in PCOS
patients differs from those of healthy women, suggesting that
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microbial imbalance or “dysbiosis” in the gut may contribute to
the pathology of PCOS (107-109). Qi et al. showed that bile acids
are involved in regulating IL-22 production to affect ovarian
function in PCOS. IL-22 mRNA, tauroursodeoxycholic acid
(TUDCA) levels, and GATA3 levels were significantly decreased
in mice transplanted with stool from individuals with PCOS. In
addition, serum IL-22 levels in PCOS-like mouse models also
decreased. Similar to the mice research, PCOS patients had
significantly lower serum and follicular fluid levels of IL-22 than
in controls. Because mice preferentially conjugate bile acids with
taurine, humans predominantly use glycine. Intestinal and serum
IL-22 levels and intestinal GATA 3 mRNA levels increased in
PCOS-like mouse models after glycodeoxycholic acid (GDCA)
administration. Secretion of IL-22 protein and 1122 mRNA levels
were significantly increased in group 3 innate lymphoid cells
(ILC3s) cultured in vitro in the presence of TUDCA or GDCA.
The reason for this is that bile acids induce IL-22 secretion by
intestinal ILC3s via the GATA 3 signaling pathway, which in turn
improves the PCOS phenotype (110). Lindheim et al. showed a
significantly lower abundance of Tenericutes in the gut of PCOS
patients compared to healthy women and a negative correlation
with total blood lymphocyte counts (107). More studies have shown
that LPS produced by intestinal flora has endotoxin effect, and LPS-
binding protein can bind to TRL4 on the surface of innate immune
cells and mediate PCOS-related inflammatory response, further
aggravating IR symptoms in PCOS patients (111, 112).

7.2 Liver

Nonalcoholic fatty liver disease (NAFLD) encompasses a
spectrum of diseases ranging from simple steatosis without
inflammation or fibrosis to nonalcoholic steatohepatitis
(NASH), to fibrosis, cirrhosis, and finally hepatocellular
carcinoma (113, 114). The etiology of PCOS and NAFLD share
the same features: they are all strongly associated with IR,
hyperandrogenism, and obesity (113, 115, 116). In recent years,
increasing evidence suggests an association between NAFLD and
PCOS, but there are few studies on immunomodulation in
NAFLD in PCOS women. Increased plasma levels of IL-6 and
TNF-0. have now been demonstrated in NAFLD and NASH
patients, and increased production of TNF-o and IL-6 by
peripheral blood mononuclear cells from NASH patients (117).
Mohammadi et al. showed that the levels of IL-6 and CRP were
significantly increased in PCOS rats, while the levels of IL-6 and
CRP were significantly decreased in curcumin-treated PCOS rats
(118). Increases in IL-6 and TNF-o are likely related to depletion
of DCs located in the central and periportal veins aggravating
aseptic inflammation in the liver and enhancing TLR4 and TLR9
activity and expression in innate effector cells (119, 120). Chen
et al. showed that nine differentially expressed genes (DEGs),
TREMI, S100A9, FPR1, NCF2, FCERIG, CCR1, S100A12, MMP?9,
and IL1RN, were significantly upregulated in PCOS and NAFLD,
whereas these DEGs have been demonstrated to be associated with

immune and inflammatory responses (121).
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8 PCOS-related immune
dysregulation in the endocrine system

PCOS is one of the common reproductive endocrine system
diseases in women. In this section, we only discuss dysregulated
immune response in other endocrine system rather than
reproductive system.

8.1 Thyroid

Recent research has demonstrated that autoimmunity,
particularly autoimmune thyroid disease (AITD) and subclinical
hypothyroidism (SCH), may be strongly linked to PCOS etiology.
AITD, the most widespread autoimmune antibody disease, is more
prevalent in women with PCOS than in non-PCOS women and is
the most frequent cause of hypothyroidism or subclinical
hypothyroidism in the adult population (122-125). AITDs
include Hashimoto‘s thyroiditis (HT) and Grave’ s disease (GD).
The pathogenesis of GD and HT may be related to triggering of T
cell- and B cell-mediated immune responses, which may eventually
develop generalized hypothyroidism (125, 126). More women may
have only higher antibody levels without significant thyroid
dysfunction, leading to SCH (126). Several studies have
demonstrated that autoimmune antibodies such as anti-TPO,
anti-TG, anti-TSH are significantly elevated in women with PCOS
(127, 128). The cause of AITD in women with PCOS is likely to be
associated with hyperandrogenism. Androgen levels rise in vivo as a
result of increased GnRH and LH pulse frequency in women with
PCOS (126). Excessive androgens can enhance T suppressor cell
activity or promote Thl responses, and Thl-mediated
autoimmunity leads to thyroid cytolysis and hypothyroidism,
leading to HT (125). Aromatase converts androgens to estrogens,
which causes compensatory increases in estrogen levels.
Additionally, binding to estrogen receptors appears to have
proliferative effects on B lymphocytes, T lymphocytes, and
macrophages (126). Women with PCOS tend to have inadequate
progesterone secretion, estrogen increases IL-6 expression in T cells,
and the absence of progesterone suppression may lead to
overstimulation of the immune system, making these patients
more susceptible to autoimmune diseases (128).

8.2 Adrenal gland

The ovary is the main source of androgens in women with PCOS.
Indeed, it has long been shown that adrenal androgen secretion is also
increased in PCOS (129). DHEA and dehydroepiandrosterone sulfate
(DHEA-S) are the two primary adrenal androgens in PCOS women.
Acne vulgaris, as one of the common dermatologic manifestations
of PCOS, has also been shown to be associated with higher
concentrations of dehydroepiandrosterone sulfate (130).
Peripheral conversion to testosterone nevertheless contributes to
hyperandrogenism despite minimal adrenal androgen activity (131).
It is reported that adrenal androgen (AA) has been reported in 20% to
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30% of PCOS patients (132). A meta-analysis showed that DHEA
levels were significantly higher in women with PCOS compared to
healthy controls (133). Corticosteroid-steroidogenesis may therefore
be an independent factor for hyperandrogenism in some women with
PCOS and may be a genetic, stable trait (134). DHEA as well as
DHEA-S have been demonstrated to have immunomodulatory
functions in human cytological experiments, mainly affecting
immune cell numbers by modulating cytokine levels (135). DHEA
is involved in ovarian immune regulation and affects the balance of
Thl and Th2 immune responses in the ovary. It enhances Thl
responses while weakening Th2 responses by reducing the release of
IL-2 and IL-10 (i.e., Th2-related cytokines) and the expression of the
activation marker CD69 on CD4" T cells, resulting in a new balance of
Th1/Th2 immune responses (136). This shows that adrenal androgens
may be associated with the immunological response in PCOS, but
further research is needed to determine the precise mechanism.

In addition, according to a study, there is a unique clinical
phenotype of PCOS. This phenotype is characterized by age-
specific hyperandrogenism, but the patient’s hyperandrogenism
initially decreases to the normal range by approximately 35 years of
age. The hyper-/hypoandrogenic PCOS phenotype (HH-PCOS) is
known for having comparatively low androgen levels compared to
the traditional PCOS phenotype (137). Gleicher et al. found that
women with the HH-PCOS phenotype showed an activated immune
system, particularly a strong association with anti-thyroid
autoimmunity in the form of anti-TPO antibodies (138). Whereas
adrenal autoimmunity is highly associated with other autoimmune
abnormalities, antiadrenal and antithyroid autoimmunity is
frequently observed in the same patient (123). Insufficient cortisol
(C) production in the zona fasciculata can be detected in HH-PCOS.
It is tempting to speculate that the putative autoimmune attack on the
adrenal gland is not limited to decreased androgen production in the
zona reticularis, but also affects the adjacent zona fasciculata (139).
This suggests that HH-PCOS is likely an immune/inflammatory
disease and is associated with autoimmunity.

9 PCOS-related immune
dysregulation in the other system

On account of the global outbreak of novel coronavirus
pneumonia, COVID-19 has been increasingly investigated in
PCOS. PCOS patients may have a higher susceptibility to
COVID-19, which is also increased by the presence of
comorbidities such as NAFLD, obesity, alterations in the gut
microbiome (140, 141). Hyperandrogenism in PCOS may be one
of the main causes of high susceptibility to COVID-19. Androgens
modulate immune responses, decrease NK cell activity, reduce
TRL4 expression on macrophage surfaces, and also suppress pro-
inflammatory responses by reducing extracellular signal-regulated
kinase and leukotriene formation in neutrophils (142). In PCOS
mice, elevated androgens upregulated SARS-CoV-2 receptor
angiotensin converting enzyme 2 (ACE2), which acts
synergistically with host transmembrane protease serine 2
(TMPRSS2) to increase SARS-CoV-2 viral entry into tissues (141,
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143). Vitamin D can regulate the immune function of the body and
play an important role in inducing macrophage differentiation,
inhibiting the maturation of dendritic cells and blocking the
adaptive response to antigen presentation, and enhancing the
development of Treg cells (144). Furthermore, vitamin D can also
down-regulate the synthesis of pro-inflammatory factors (IL-1, IL-
6, IL-12, TNF-o. and IL-17) and increase the expression of anti-
inflammatory factors (IL-1). Macrophage activation correlates well
with the severity of COVID-19 (145). Vitamin D has been linked to
COVID-19 in a growing number of studies (146-148), although
further research is needed to determine its significance for PCOS
patients. One study showed that vitamin D was significantly lower
in women with PCOS and was negatively correlated with BMIL
Women with PCOS had higher levels of the pro-inflammatory
macrophage-derived biomarkers CXCL5, CD163, and matrix
metalloproteinase 9 (MMP9), but CD200 expression was lower.
Pro-inflammatory expression of these macrophage-derived proteins
was linked to obesity. CD80 was identified as one of the specific
markers of activated Treg in circulation (149), whereas IL-12
induced Thl cell differentiation and stimulated IFN-y synthesis
(150). Vitamin D deficiency has been associated with decreased
CD80, IFN-y, and IL-12 in PCOS in women with PCOS (151).
These findings imply that one of the potential high-risk variables
contributing to PCOS patients’ susceptibility to COVID-19
infection may be vitamin D deficiency.

Obstructive sleep apnea (OSA) is also an obesity-related disorder
and is generally more prevalent in men than in women (152). OSA is
characterized by repeated partial or complete airway collapse that may
lead to intermittent hypoxia. Intermittent hypoxia further contributes
to oxidative imbalance, producing reactive oxygen species, numerous
cytokines such as IL-2, IL-4, IL-6, lipid peroxidation, and free DNA
(153). There has long been much evidence that women with PCOS
have a higher prevalence of OSA than the normal population (154
156). Although androgen excess may influence the prevalence and
severity of OSA in both men and women, it does not necessarily cause
OSA in women with PCOS because androgen levels in this population
are still lower than those in men (157, 158). Nevertheless, hormones
may play a protective role in the development of OSA. For instance,
IL-6 secretion is elevated in sleep apnea, yet estrogen can inhibit IL-6
secretion (157). The true predisposing factors for OSA in women with
PCOS may be IR and obesity (152). Obesity/insulin-resistance may be
the main cause of sleep apnea, which in turn may accelerate these
metabolic abnormalities because of the gradual rise of cytokines, such
as IL-6 and TNF-o, (159).

10 Discussion

PCOS has a range of effect on organ system in addition to the
female reproductive system. Immune system function is impacted
by hormonal disorders, and PCOS patients suffer low-grade chronic
inflammation due to abnormal cytokine secretion, immune cell
dysfunction, and hormonal disorders. At the same time, the etiology
of chronic inflammation in PCOS is also influenced by obesity and
metabolic disorders (particularly insulin resistance). In a vicious
circle involving hormones, obesity, and IR, inflammatory cells and
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inflammatory markers accumulate up in PCOS women and disrupt
the immune microenvironment of PCOS. In addition to having an
impact on the reproductive system of PCOS patients, where it
affects ovulation, endometrial receptivity, and folliculogenesis,
abnormal immune function also contributes to the dysfunction of
other systems in PCOS women. Patients with PCOS exhibit
microbial dysbiosis, CVD, NAFLD, and OSA, all of which are
closely associated with immunological regulation. Compared to
healthy women, women with PCOS are even more susceptible to
inflammatory illnesses and COVID-19.

One of the PCOS diagnosis criteria and one of its most prevalent
symptoms is hyperandrogenism. Sexually dimorphic
immunoreactivity typically uses androgens as anti-inflammatory
hormones and estrogens as pro-inflammatory hormones.
Furthermore, considering women experience menstruation cycles,
changes in sex hormones have an impact on the growth of female
follicles and ovulation. However, androgens are not just
straightforward anti-inflammatory hormone in PCOS. In PCOS
patients with hyperandrogenism, DEGs are highly enriched in
immune and inflammatory responses (160). Nevertheless, there is
controversy over how androgens affect fat tissue in PCOS. There is a
stronger correlation between visceral and abdominal obesity in
women with PCOS, as well as a significantly higher incidence of
NAFLD. Obesity is a chronic inflammatory disorder in which
necrotic adipocytes attract inflammatory cells and release
inflammatory cytokines like TNF-0; PCOS is also associated with
higher levels of M1 macrophages and inflammatory cytokines like
TNEF-o and IL-6. More significantly, obesity by itself is not a PCOS
diagnostic indicator. Moreover, there is evidence that an excess of
androgen is not responsible for chronic inflammation in PCOS but
instead has anti-inflammatory benefits when obesity is present (161).

PCOS women

Increased risk of
AITD and SCH

FIGURE 2

The dysfunction of organ systems related to immune dysregulation
in PCOS women. This figure summarizes immune dysfunction in
PCOS women in various systems. Not only the female reproductive
system, the impact of PCOS is even reflected in the cardiovascular,
intestinal, thyroid and other organs.
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From the viewpoint of organs and tissues from the systemic
system, we outline the pathogenic function of immune imbalance in
PCOS women in this review. It is more convincing to demonstrate
that PCOS is a systemic metabolic syndrome as well as an illness of
the reproductive system. The review does, however, have some
constraints. The manuscript is solely based on the author’s
collection of literature, and the opinion that was eliminated has
some subjectivity in the author’s opinion. The significance of
immune cell and immune factor imbalance in PCOS has been
summarized in earlier research. This manuscript begins with
immune cells and immune factors as well. However, it
concentrates more on the relationship with systemic organs and
examines how obesity, hormones, and metabolic disorders interact
with immune cells and immune factors in PCOS inflammation.

In addition to helping to evaluate chronic low-grade
inflammation, understanding the immune cell phenotype and
cytokine expression in PCOS patients can help predict the
development of other diseases. Consequently, figuring out the
pathogenic function of immune regulation in PCOS is crucial for
both treatment and preventing further complications in the
future (Figure 2).
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The methylation profile of /L4,
IL5, IL10, IFNG and FOXP3
associated with environmental
exposures differed between
Polish infants with the food
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Objectives: Epigenetic dynamics has been indicated to play a role in allergy
development. The environmental stimuli have been shown to influence the
methylation processes. This study investigated the differences in CpGs
methylation rate of immune-attached genes between healthy and allergic
infants. The research was aimed at finding evidence for the impact of
environmental factors on methylation-based regulation of immunological
processes in early childhood.

Methods: The analysis of methylation level of CpGs in the IL4, IL5, IL10, IFNG and
FOXP3 genes was performed using high resolution melt real time PCR
technology. DNA was isolated from whole blood of Polish healthy and allergic
infants, with food allergy and/or atopic dermatitis, aged under six months.

Results: The significantly lower methylation level of FOXP3 among allergic
infants compared to healthy ones was reported. Additional differences in
methylation rates were found, when combining with environmental factors. In
different studied groups, negative correlations between age and the /L10 and
FOXP3 methylation were detected, and positive - in the case of /L4. Among
infants with different allergy symptoms, the decrease in methylation level of
IFNG, IL10, IL4 and FOXP3 associated with passive smoke exposure was
observed. Complications during pregnancy were linked to different pattern of
the IFNG, IL5, IL4 and IL10 methylation depending on allergy status. The IFNG
and /L5 methylation rates were higher among exclusively breastfed infants with
atopic dermatitis compared to the non-breastfed. A decrease in the IFNG
methylation was noted among allergic patients fed exclusively with milk
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formula. In different study groups, a negative correlation between IFNG, IL5
methylation and maternal BMI or /L5 methylation and weight was noted. Some
positive correlations between methylation rate of /L10 and child’s weight were
found. A higher methylation of /L4 was positively correlated with the number of
family members with allergy.

Conclusion: The FOXP3 methylation in allergic infants was lower than in the
healthy ones. The methylation profile of /L4, IL5, IL10, IFNG and FOXP3
associated with environmental exposures differed between the studied groups.
The results offer insights into epigenetic regulation of immunological response in

early childhood.

KEYWORDS

DNA methylation, environmental exposure, allergy, IL4, IL5, IL10, IFNG, FOXP3

1 Introduction

Food allergy (FA) is a complex, multifactorial disease that is
becoming a worldwide health problem. Its prevalence is increasing
in both Western and developing countries affecting up to 10% of the
populations, with the greatest incidence observed among younger
children (1, 2). Cow’s milk and egg allergy are two of the most
common food allergies in most countries (2) and most of them
resolve within the first few years of life (3, 4).

In normal conditions, antigen-presenting immune cells
including dendritic cells (5), macrophages (6), and T regulatory
(Tregs) cells (7) inhibit an inappropriate immune response to food
antigens, whereas in allergic individuals, it comes to dysregulation
of normal immune tolerance and in consequence, to FA
development (1). It was found that IgE-mediated food allergy
results from a Th2 immune response of the adaptive immune
system to specific food-derived antigens (8). By extension, Th1/
Th2 lineage determination mediated by multitude of factors,
including the cytokine environment, is critical to the development
of food allergy (9). Thl cells are mainly responsible for interferon
gamma (IFNG) production and mounting a protective response
against infectious agents. Interleukin 4 (IL4), interleukin 5 (IL5) and
interleukin 10 (IL10) are secreted by Th2 cells, which are involved
in allergic responses and humoral immunity (10). Any disruption of
the cytokine secretion, especially increased IL4 and/or decreased
IFNG, are considered to be a major factor contributing to allergy
development (11). The IL5 contributes to the development of
allergic diseases via a very complicated process of inflammation
engaging the T cells and granulocytes (12). The IL10 is a regulator of
the immune response and repressor of inflammation. A modulation
of the Th1 and Th2 responses by T cell-derived IL10 may lead to the
acquisition of immunotolerance (13). The expression pattern of

Abbreviations: FA, food allergy; AD, atopic dermatitis; CMA, cow’s milk allergy;
Tregs, T regulatory (Treg) cells; IFNG, interferon gamma; IL4, interleukin 4; IL5,
interleukin 5; IL10, interleukin 10; FOXP3, forkhead box protein 3; PBMC,
peripheral blood mononuclear cells; TSDR, treg-specific demethylated region.
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transcription factor Forkhead Box Protein 3 (FOXP3) in Tregs was
shown to be associated with the IgE-dependent food allergy and
acquisition of tolerance in infants with cow’s milk allergy (14, 15).

It is suggested that FA mechanisms may involve the interactions
between genetics, epigenetics and environmental factors. The
epigenetic changes are believed to provide a possible account of
the influence of ambient exposures on gene expression,
dysregulating immune processes as a result (1, 9). The differences
between methylation profiles of single-food and multi-food-allergic
individuals were observed, suggesting that the epigenome changes
play a significant role in differentiation of B cells in allergic
processes (16). The potential of analysis of 96 CpG’s methylation
status to predict a clinical response to food challenge in food-
sensitized infants was demonstrated (17). It was found that DNA
methylation status of Th1/Th2- related genes like IL4, IL5, IL10 and
IFNG was different between children with cow’s milk allergy and
those tolerant to cow’s milk (18). Similarly, the association of the
FOXP3 gene methylation with milk’s allergy status in young allergic
patients was observed (19). The study by Syed et al. (20) showed an
FOXP3 methylation decline throughout the peanut oral
immunotherapy course.

There are few papers on the role of DNA methylation of Th1/
Th2 loci in the food allergy/atopic dermatitis development in
infants. The studies performed thus far focused preferentially on
the dynamics of RNA and protein levels depending on allergy
status. Besides, the studies were very small in terms of sample sizes.
In the case of infants, the cord blood has often been used to infer
differences between the healthy and allergic participants, whereas in
older children or adults, the peripheral blood mononuclear cells
(PBMC), single blood cells lineages or purified T-cell populations
were examined. It cannot be ruled out that cord blood might
contain contamination with maternal cells. In turn, PBMC’s
collection requires large amounts of blood to be drawn, which
can be difficult in the case of infants.

The first objective of the current investigation was to examine
the methylation level of CpG’s spanning promoter sequences of the
IL4, IL5, IL10 and IFNG genes and Treg-specific demethylated
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region (TSDR) within the FOXP3 gene in whole blood collected
from infants. The supplementary goal was to check if a few drops of
blood deposited on the FTA card would be sufficient for testing,
which would be extremely beneficial in the case of the youngest
patients. For the purpose of determining methylation status, a very
simple and cost-effective real-time PCR technology was employed.
The next goal was to detect any differences in methylation of
selected loci between infants with and without allergy, in order to
infer whether the TH1/TH2 methylation profile from whole blood
may be predictive in allergy development. Additionally, the study
was aimed at finding evidence for the impact of environmental
factors on methylation dynamics in allergic and healthy groups that
would help in better understanding of molecular basis of allergy.

2 Materials and methods
2.1 Subject recruitment

As patients, we enrolled infants with atopic dermatitis (AD)
and/or food allergy (FA) under six months of age that were
hospitalized in the Department of Pediatrics, Allergology and
Gastroenterology, Collegium Medicum, Nicolaus Copernicus
University, Poland and from Gastrological and Allergological
Outpatient Clinics in Bydgoszcz, Poland. As controls, during the
same study period, healthy infants without symptoms indicating
allergy visiting the medical centre were also recruited. The inclusion
and exclusion criteria as well as medical data were described in
detail previously (21).

Finally, after rejection of participants who did not meet all the
requirements, the study sample consisted of 89 controls and 138
patients with allergy suspicion (for simplicity, this group was
further referred to as allergic patients) including 15, 38 and 85
with atopic dermatitis (AD), food allergy (FA) or atopic dermatitis/
food allergy (ADFA), respectively. For some analyses infants with
ADFA were coupled with those with FA or AD (FA+ADFA group
and AD+ADFA group, respectively).

2.2 Sample collection

Peripheral blood samples from patients and healthy subjects
were collected on FTA cards during medical appointments and
delivered in short order to the laboratory for further processing.

2.3 Methylation analysis

We investigated the methylation profiles of selected CpG’s sites
located in IL4 (Chr5:132673908, Chr5:132673939, Chr5:132673992,
Chr5:132674040), IL5 (Chr5:132556873, Chr5:132556876,
Chr5:132556881, Chr5:132556887, Chr5:132556894, Chr5:132556902,
Chr5:132556906, Chr5:132556911, Chr5:132556913, Chr5:132556929,
Chr5:132556932, Chr5:132556947, Chr5:132556950, Chr5:132556956,
Chr5:132556958, Chr5:132556962, Chr5:132556978), IL10
(Chr1:206772789, Chr1:206772819, Chrl1:206772821,
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Chrl:206772842), IFNG (Chrl12:68159573, Chr12:68159617,
Chr12:68159623) gene promoters and in the TSDR of FOXP3 gene
(ChrX:49260767, ChrX:49260786, ChrX:49260795, ChrX:49260803,
ChrX:49260807, ChrX:49260813, ChrX:49260816,
ChrX:49260826, ChrX:49260834).

DNA from whole blood deposited on FTA card was extracted
by GeneMATRIX Bio-Trace DNA Purification Kit (EurX)
according to the manufacturer’s instructions. DNA concentration
was estimated with Quantifiler Duo Quantification kit (Thermo
Fisher Scientific). 500 ng of DNA was bisulfite-converted using the
EpiTect Fast DNA Bisulfite Kit (Qiagen) following the
manufacturer’s protocol. PCR was performed in a 10 UL reaction
volume. 10 ng of converted DNA were added to each well which
contained 1 x HRM Master Mix® (Thermo Fisher Scientific) and
0.2 uM of each primer (for details see Supplementary Table S1). The
amplification consisted of 10 min at 95°C and 40 cycles of the
following steps: denaturation 95°C, 15 s and annealing/extension
61°C (exception: 60°C in case of IL4 reaction), 1 min. High
resolution melting analyses were performed at the temperature
ramping and fluorescence acquisition setting recommended by
the manufacturer. Real Time PCR amplification of the DNA (for
quantification purposes as well as methylation analysis) was carried
out using ViiA7 apparatus (Thermo Fisher Scientific) equipped
with the Ruo software (Version 1.1). The EpiTect PCR Control
DNA Set consisting of Human Methylated and Non-Methylated
DNA standards were purchased from Qiagen, and mixed to receive
the standard curve containing 0, 10, 25, 50, 75 and 100% of
methylated template. The methylation level of each test sample
was determined by interpolation of the data generated from the
linear regression analysis of the standard curve as described in (22).
Additionally, the methylation analysis products were verified by
direct sequencing using Sanger method.

2.4 Statistical analysis

The normality of data was checked with the Shapiro-Wilk test
and homogeneity of variance by Levene’s test. Clinical categorical
data were analysed using two-tailed Fisher’s exact and/or Chi-
square tests. The Kruskal-Wallis one way ANOVA test was used
to evaluate the differences among continuous variables. Bonferroni
correction for multiple comparisons was applied. Correlations
between demographic/clinical variables and methylation levels in
different compartments were tested using Spearman’s rho. For all
statistical tests a significance level of 0.05 (p) was used. All analyses
were conducted by SPSS for Windows (PS IMAGO PRO 8.0).

3 Results

The characteristics of the study and control groups are given in
Table 1. Generally, the study and control cohorts are similar, but
some significant differences were observed, including mother’s
weight/BMI (which is higher in the control group) and familial
history of allergy. The significant findings described in sections
below were shown in figures (numbered 1-10). All results of
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TABLE 1 The characteristics of the study and control group.

10.3389/fimmu.2023.1209190

Variables Control group Allergic group FA group ADFA group AD group
n =89 n=138 n =38 n =85 n=15

Child’s age (weeks), mean + SD 14.87 + 6.62 16.63 + 6.89 16.13 + 6.65 16.58 + 7.01 18.20 + 7.01

Females 46 (51.7) 57 (41.3) 17 (44.7) 34 (40.0) 6 (40)
Sex, n (%)

Males 43 (48.3) 81 (58.7) 21 (55.3) 51 (60.0) 9 (60)
Child’s birth weight (kg), mean + SD 3.36 + 0.59 3.47 + 0.46 3.36 + 0.53 3.50 + 0.43 3.59 +0.37
Child’s current weight (kg), mean + SD 7.09 £ 1.37 7.18 £ 1.33 6.09 + 1.35 6.42 + 1.36 6.96 + 1.58
Exclusive breastfeeding, n (%) 38 (42.7) 57 (41.3) 15 (39.5) 36 (42.3) 6 (40.0)
Exclusive milk formula feeding, n (%) 42 (47.1) 67 (48.5) 20 (52.6) 39 (45.9) 8 (53.3)

village 9 (10.1) 7(5.1) 2 (5.3) 4 (4.7) 2 (5.3)
zl?;e) of residence, suburbs 14 (15.7) 36 (26.1) 12 (31.6) 20 (23.5) 12 (31.6)

city 66 (74.2) 95 (68.8) 24 (63.2) 61 (71.8) 24 (63.2)
Mother’s age (years), mean + SD 29.37 £ 5.11 30.04 + 4.89 29.50 + 5.01 30.71 + 4.65 27.67 £ 5.33
Father’s age (years), mean + SD 31.96 + 5.08 32.35 +5.10 31.74 + 5.36 32.96 + 4.84 30.40 + 5.59
Mother’s weight (kg), mean + SD * 65.35 + 12.21 62.20 = 10.17 65 +9.16 61.70 + 10.72 58.15 + 7.47
Mother’s BMI, mean + SD ** 23.71 + 4.12 22.52 + 341 2349 +3.24 2225+ 353 21.76 + 2.76
Siblings, n (%) 35 (39.3) 59 (42.8) 16 (42.1) 37 (43.5) 6 (40)
Animals at home, n (%) 33 (37.1) 60 (43.5) 20 (52.6) 32 (37.6) 8 (53.3)
Passive smoking During pregnancy 17 (19.1) 29 (21) 9 (23.7) 16 (18.8) 4 (26.7)
exposure, n (%) After birth 25 (28.1) 35 (25.4) 9(237) 19 (224) 7 (46.7)
Pregnancy complications, n (%) 33 (37.1) 45 (32.6) 14 (36.8) 24 (28.2) 7 (46.7)

0 46 (51.7) 56 (40.6) 18 (47.4) 26 (30.6) 12 (80)
Number of family 1 32 (36) 40 (29) 12 (31.6) 27 (31.8) 1(67)
members with allergy,
n (%) ** 2 11 (12.4) 33 (23.9) 7 (18.4) 25 (29.4) 1(67)

3 0 (0) 9 (6.5) 1(2.6) 7 (8.2) 1(6.7)

* significant p value for comparisons between control and allergic groups.

** significant p value for comparisons between control and allergic groups/FA, AD and ADFA groups.

statistical analyses were presented in Supplementary Tables
§2-S13).

3.1 Methylation status, presence of allergy
and the type of symptoms

The present study concentrates on methylation profiles of gene
promoters of the immune response-attached factors IL4, IL5, IL10,
IFNG and TSDR of FOXP3. The assessments of the methylation
level in particular loci were based on relevant standard curves. A
similar distribution of methylation for allergic and healthy donors
was observed. Methylation interquartile values were fluctuated
depending on locus: for IFNG ranging from approximately 82%
to 100%, for FOXP3 from 90% to 100%, for IL4 from 56% to 100%,
for IL10 from 31% to 47% and for IL5 from 0% to 16%. In the case
of the first three loci, most values were between 95% and 100%,
whereas the IL5 methylation rate mostly assumed a value near 0%.

Frontiers in Immunology

Some outstanding values for all loci were also observed. The
methylation rates of the IL4, IL5, IL10, IFNG and FOXP3 genes
are presented in Figure 1. No significant differences were found
between controls and all allergic patients with the exception of the
FOXP3 gene for which lower percentage of methylation in allergic
infants was observed (Hyx w=5.651; p=0.017). On the other hand,
the distributions of the methylation level for all genes did not differ
between healthy participants and those with FA, AD and ADFA,
analysed separately.

3.2 The impact of environmental exposures
on methylation dynamics in the /L4, IL5,
IL10, IFNG and FOXP3 genes

3.2.1 Demographic/social data
Comparison of the percentage of methylation between the
healthy and allergic groups (analysed separately or together) in
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FIGURE 1
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the context of gender did not exhibit any significant distinctions. No
statistically significant differences in methylation levels of the genes
between any studied groups were found, regardless of having
siblings or animals. Similarly, no connection between the
methylation status and place of residence (village, suburbs or city)

was detected.

Frontiers in Immunology

However, some relations between the infants’ and parents’ age

and the methylation profile of the genes were observed (Figures 2, 3,

respectively). It turned out that the older the child, the lower was the
IL10 methylation in the control group (rho=-0.300, p=0.004).
Besides, the older the mother or father, the lower was the FOXP3
methylation in controls (rho=-0.229, p=0.031 and rho=-0.268,
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FIGURE 2

Significant correlation between DNA methylation level of /L10 promoter and infant's age. rho — Spearmans’ rho coefficient, level of significance p<0.05.

p=0.011, respectively). In turn, the opposite relationship between
the IL4 methylation and age of mother and father in the AD
group was shown (rho=0.569, p=0.027 and rho=0.521,
p=0.047, respectively).

3.2.2 Cigarette smoking

When cigarette smoking exposure is taken into account, some
differences in the methylation levels appeared in a manner that in
infants subjected to second-hand smoke the methylation level has
mainly declined (Figure 4). In details, the IFNG methylation level
decrease was observed in participants with any allergy (Hyg.
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8
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w=5.359, p=0.021), the IL10 methylation level was lower among
FA+ADFA patients (Hx w=5.116, p=0.024), whereas the FOXP3
methylation level was higher among those with ADFA (Hy.
w=4.670, p=0.031), while smoking exposure was taking place
after the birth of an infant.

The same relationship was found between the percentage of
methylation and smoking exposure during pregnancy. The
methylation rate of IFNG promoter was lower in allergic children
and in the group consisting of FA+ADFA donors (Hy w=5.785,
p=0.016 and Hg w=4.130, p=0.042, respectively). Similarly,
methylation level of IL4 and FOXP3 genes diminished among
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FIGURE 3
Significant correlations between DNA methylation level and parent’s age

in control group and paternal age, (C) /L4 in AD group and maternal age,

level of significance p<0.05.
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. (A) FOXP3 methylation rate in control group and maternal age, (B) FOXP3

(D) /L4 in AD group and paternal age. rho — Spearmans’ rho coefficient,

179 frontiersin.org


https://doi.org/10.3389/fimmu.2023.1209190
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Gorzkiewicz et al.

10.3389/fimmu.2023.1209190

A . D
Allergic group Allergic group
100 g
80 80 i
g g 8
5 8 o S §
g 0 * -% 60 % °
£ § 40
® % o *
g =
e e
20 20
0 * Hk-w = 5.359; p = 0.021 g * Hkw = 5.785; p = 0.016
no yes no yes
Passive smoking exposure after birth Passive smoking exposure during pregnancy
B E
FA+ADFA group AD group
100 * 100 I;
80 80
g = 3
< <
c
'ﬂg 60 ° é 60 i’
g 40 g 40
o -
F =
T o 20
o o
0 o Hk-w =5.116; p = 0.024 0 Hk-w = 6.381; p = 0.012
no yes no yes
Passive smoking exposure after birth Passive smoking exposure during pregnancy
Cc F
ADFA group AD group
100 % ? 100 ;]
o
o
—~ 80 -~ B
g ° g
c c
S
€ w £ e
£ g 5
E 4 E w
b b
x x
o o
o Wy
d HK-w = 4.670; p = 0.031 0 HK-w = 5.255; p = 0.022

no yes

Passive smoking exposure after birth

FIGURE 4

no yes

Passive smoking exposure during pregnancy

Significant associations between DNA methylation level and infant’s passive smoking exposure: (A-C) after birth, (D-F) during pregnancy. °C and * —
the outliers, Hk-w — Kruskal-Wallis ANOVA coefficient, level of significance p<0.05.

children with AD (Hg w=6.381, p=0.012 and Hg w=5.255,
p=0.022, respectively).

3.2.3 Complications during pregnancy

Abnormal course of pregnancy was shown to be associated with
changes of methylation degree. Different abnormalities were
diagnosed in mothers including gestational diabetes,
hypothyroidism, hypertension, anaemia, oligoamnios,
hydramnion, bacterial infections, mycoses and others. One of the
most frequently diagnosed complications of pregnancy in the study
was gestational diabetes but few cases were limited only to this
disease. The presence of several comorbidities was prevalent so it
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was decided to carry out statistical analyzes for pregnancy
complications in general, without separating them into individual
disease entities.

In the healthy group, significantly lower methylation of IFNG
(Hg-w=5.828, p=0.016), IL5 (Hx w=5.231, p=0.022) and IL10 (Hk.
w=4.618, p=0.032) promoters was found (Figure 5).

Similar statistically significant relations between an abnormal
pregnancy and methylation status were observed for IL5 in infants
with allergy (Hgx w=5.298, p=0.021) and in those from the FA
+ADFA group (Hg w=5.131, p=0.024), whereas for IL4 in patients
with ADFA (Hg.w=4.301, p=0.038) and among the FA+ADFA
infants (Hx w=4.118, p=0.042) (Figure 6).
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3.2.4 The type of infant feeding

The possible impact of the type of feeding on the level of
methylation was analysed (Figure 7). It was shown that percentage
of methylation of IFNG is higher among exclusively breastfed
infants with AD compared to those who were not breastfed at all
(Hg.w=4.449, p=0.035) and lower among exclusively milk formula-
fed compared to those who were never fed by milk formula (Hyx
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Significant associations between DNA methylation level and the
presence of complications during pregnancy in the control group:
(A) in case of IFNG, (B) in case of IL5, (C) in case of IL10. °C and * —
the outliers, Hx.w — Kruskal-Wallis ANOVA coefficient, level of
significance p<0.05.
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w=6.303, p=0.012). The opposite observation in patients with FA
was found (Hg w=3.139, p=0.076; Hx w=4.515, p=0.034,
respectively), whereby results for exclusively breastfed infants
were not significant. Additionally, the significantly decreased
methylation of IL5 among infants with AD who were exclusively
breastfed, was observed (Hy.w=3.926, p=0.048). A similar, but not
significant trend was noted for milk formula feeding (Hy.
w=2.084, p=0.149).

3.2.5 BMI/weight of mother or infant

Analyses of correlation between methylation profiles and values
of maternal weight/BMI are presented in Figure 8 and child’s weight
in Figure 9 as well.

A slight negative correlation between the mother BMI and
methylation profile was observed. The higher the BMI value, the
lower was the methylation level of: IFNG (rho=-0.238, p=0.028) and
IL5 (rho=-0.330, p=0.028) in controls. The same trend was observed
for the IL5 methylation status in controls in the case of the mother’s
weight (rho=-0.299, p=0.005).

In the allergic and FA+ADFA groups, the increase in the level of
the IL10 methylation was observed with an increase in the birth
weight of the child (rho=0.203, p=0.017 and rho=0.205,
p=0.023, respectively).

The current child’s weight was positively correlated with IL10
methylation level in patients with allergy (rho=0.203, p=0.017).

3.2.6 History of familial allergy

A weak positive correlation between the number of
allergic family members and the IL4 methylation was observed
in the healthy subjects (rho=0.226, p=0.033), AD patients
(rho=0.585, p=0.022) and AD+ADFA patients (rho=0.202,
p=0.044) (Figure 10).

4 Discussion

4.1 Methylation status, presence of allergy
and the type of symptoms

Previous studies have shown that epigenetic changes, especially
the pattern of DNA methylation, were associated with food allergy
and other allergic diseases, as reviewed in (23). Methylation in CpG
islands within gene promoters is believed to silence gene expression.
Also, a strong correlation with gene expression has been shown for
DNA methylation in regions located even up to 2 kb from known
CpG islands (24).

All researches the papers of which are cited in the current work
examined fresh blood samples but we used blood spotted on FTA
cards. Since DNA extraction and even transport to the place of
proper storage cannot always be performed at the time of sample
collection (i.e. immediately after the visit), whole blood samples
must be stored in conditions preventing the decline of the yield and
quality of DNA, including DNA methylation. FTA classic cards are
commonly used for blood, saliva and sperm transport and storage
providing reliable results of classic DNA analysis like genotyping or
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sequencing. More recently, their usefulness was confirmed for
epigenetic analysis (25-27).

Since different methylation profiles may act as potential
biomarkers of modifiable disease pathways, the methylation
profiles of selected CpG’s sites spanning regulatory regions of the
IL4, IL5, IL10, IFNG and FOXP3 genes from infants with FA, AD
and with symptoms of both (ADFA), as well as healthy subjects
were investigated. To simplify the workflow as much as possible, the
MS-HRM methodology was used that enables assessment of the
overall methylation percentage of the entire amplicon in a particular
sample by comparison with melting standard curves created by
different dilution ratios of methylated and unmethylated control
DNAs. Using this method, even small differences (5%-10%) in
DNA methylation could be detected, allowing to assess the
contribution of methylated DNA from subpopulations of cells
within heterogeneous populations (28).

Comparing the distribution of methylation of the TH1/TH2
cytokine and FOXP3 genes from patients with those from the
control group demonstrated a significant difference for the
FOXP3 gene only. It was shown that lower percentage of
methylation occurred in allergic infants. But measuring the
methylation level in the CpG loci of healthy infants up against
the ones with FA, AD or ADFA, respectively, did not differ
significantly. In other studies methylation of the same loci had
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the values ranging from approximately 35% to 85% for IL4, IL5 and
IFNG (18) and from 75% to 100% for FOXP3 (19) depending on the
allergy status. It has been proved that DNA methylation profiles of
CpGs in the promoter region of IL4, IL5, IL10 and IFNG (18) as well
as the demethylation status of TSDR in FOXP3 (19) clearly
separated patients with cow’s milk allergy from controls and
children who outgrew CMA. The IL4 and IL5 DNA methylation
was significantly lower, and the ILI10, IFNG and FOXP3 DNA
methylation was higher in active IgE-mediated CMA patients
compared to the other two groups. The discrepancy between
methylation rates obtained in this and other studies (18, 19) can
result from distinct material used for examination, since we used
whole blood samples, whereas other groups tested peripheral blood
mononuclear cells (PBMCs) isolated from whole blood samples.
Blood is a complex mixture of many different specialized cell types
with varying methylation profiles (29). It can influence detected
methylation level and, for example, may have a dilution effect. For
example, normal proportion of T cells equals 20% of white blood
cells (29), so analysing PBMC will give distinct methylation values
for TH1/TH2-derived loci in comparison to whole blood. On the
other hand, Yu et al. (30) identified relative hypermethylated states
in gene promoters of neonatal CD4+ T cells, compared to those of
adults. Others reported that neonatal CD4/CD45RO- T cells, but
not CD8+ T cells, are hypermethylated at CpG within and adjacent
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to the IFNG promoter (31, 32). There is the opposite pattern of
CpGs in both the promoter and the transcribed region in NK and B
cells (hypo and hypermethylated, respectively) (33). The
methylation differences spanning CpGs within and adjacent to
the IFNG promoter were also noticed between neonatal CD4/
CD45RO- T cells and CD8+ T cells and NK cells. The former
were hypermethylated, whereas the latter were less methylated and
were comparable with those of adults (31, 32). Hypermethylation of
IENG promoter down-regulated gene expression in neonatal T-
cells, but for IL4 a converse correlation was found in neonatal CD4+
T cells, compared to those of adults (30). It is possible that the
pattern similar to adults occurs also in older children. It is worth
mentioning that in the case of IL4, we reported a very wide range of
methylation rate suggesting the methylation in this locus changes in
a more individual manner. In turn, the level of methylation
obtained in this study for IL10 in whole blood fluctuated mainly
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between 31% and 47% but did not differ regardless of the presence
of allergies. A similar range of values was shown for healthy controls
and children who outgrew CMA, although the two groups could be
distinguished from each other (18). In the case of allergic donors, a
higher level of methylation has been shown (55-85%) (18). Cytokine
IL10 is mainly expressed by monocytes, Th2 and regulatory T cells
which have an inhibitory effect over the expression of Th1 cytokines
(34). There are contradictory results on the presence of correlation
between methylation of ILI0 promoter and the level of cytokine
expression. The discrepancies concerned both the presence or
absence of correlation, but also different CpG dinucleotides in the
promoter of the IL10 gene and different regulatory regions
(promoter/intron) subjected to methylation (18, 35-39). Zheng
et al. (40) have described in detail the intricate networks of
relationships surrounding the dynamics of epigenetic changes
associated with IL10. Moreover, IL10 can cause various effects
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Significant correlations between DNA methylation level and
maternal weight/BMI: (A) correlation between IFNG and maternal
BMI in control group, (B) correlation between IL5 methylation and
maternal BMI in control group, (C) correlation between /L5
methylation and maternal weight in control group. rho —
Spearmans’ rho coefficient, level of significance p<0.05

depending on timing, dose, and location of expression; in some
cases, the expected immunosuppressive activities are observed,
while in others IL10 enhances immune or inflammatory
responses (41). Coming back to our FOXP3 methylation picture,
lower methylation levels were observed among infants with
allergies, in contrast to the results of others (19). We tested the
blood of infants with active allergic symptoms at the time of
inclusion. Some of these children developed tolerance at a later
stage, and in some of them the initial diagnosis was verified (data
not shown). The research of Paparo et al. (19) encompassed infants
with CMA at diagnosis aged 5.5 months, the subject’s outgrown
CMA and healthy participants aged 16.9 and 9 months,
respectively. The same research group was examined by Canani
et al. (18). Therefore, it is possible that differences in the
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methylation rates of FOXP3 and TH1/TH2 cytokine genes, at
least partially, result from distinct age of donors. In addition, it
was pointed that the role of FOXP3 expression in unstimulated and
milk-allergen stimulated different T-cell populations could not be
the same and has to be elucidated (42). Another explanation for the
lower FOXP3 methylation could be that in the developing immune
system, the inflammatory processes associated with the
development of allergies start to arouse an earlier response,
whereas nothing is happening in healthy children. All in all, these
mechanisms are still unknown.

The above facts can explain the differences in the percentage of
methylation between experiments. One could note it may be
difficult to achieve sufficient signal strength of methylation
changes in minor fraction, for example, Treg cells within the
total white cell compartment. On the other hand, a diagnostic
test that requires isolation of specific cell populations would be of
far less utility in comparison to the one demanding only a small
amount of unsorted whole blood, such as from finger prick. We
have made such an attempt in this study. The lack of differences in
our study may result from a dilution effect as mentioned above, but
not only. It should be noted that in the case of FOXP3 only, we
certainely tested the same CpG’s set as elswere (19) because we
used the same primers for amplification. For the remaining loci,
we can confirm that we tested a similar region, the promoters, but
are not sure if an identical set of CpG’s. It is documented that not
all CpG’s in regulatory regions have the same methylation level in
different donors [i.e. neonatal and adult T-cells differ in IFNG gene
promoter particular CpG’s methylation pattern (32)], or in normal
and affected conditions [i.e. the upstream CpGs at -408, -387, -385,
and -355 bp had similar hypermethylated status in both the
patients with rheumatoid arthritis and healthy donors, whereas
the proximal CpG at -145 was hypomethylated to a much greater
extent in the patients than in the controls (37)]. Another issue
mentioned above concerns the age of the surveyed children, which
varies in different publications. It has been found that methylation
profiles of many loci are changing with age. Mulder et al. (43)
characterized the genome-wide DNA methylation directions
across age period spanning multiple time-points from birth to
late adolescence. They have found that sites with decreasing levels
of methylation around the age of 6 years were functionally
enriched for immune-developmental pathways, whereas sites
with increasing levels of methylation for the neurodevelopmental
ones. It turned out that 11% of CpGs were undergoing methylation
changes in a non-linear manner, mostly involving changes from
birth to the age of 6 years, after which DNA methylation status was
more stable. One should not forget about the differences in
methylation patterns depending on the population origin,
resulting from epigenome-wide studies in different populations,
including Europeans, Africans, Latin Americans or Arabs.
Additionally, health disparities between human populations may
be partially elucidated by methylation differences (44). It was
proposed that differences in the development of specific T cell
memory to food and inhalant allergens during the first 2 years of
infant’s life may explain a disparate picture of allergic disease
prevalence in Swedish and Estonian populations (45).
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4.2 The impact of environmental exposures
on methylation dynamics in the /L4, IL5,
IL10, IFNG and FOXP3 genes

4.2.1 Methylation status and demographic/
social data

The potential relationships between the methylation profile of the
TH1/TH2 cytokine genes and FOXP3 and some social data were
analysed. The two factors of having no siblings nor animals were
correlated with methylation dynamics in all studied groups. For
example, Celakovska et al. (46) reported that persistent AD lesions
occurred more often in patients that had become sensitized to animal
dander. Allergy to cats, dogs, or both is considered a major risk factor
for the development of asthma and rhinitis, and to a lesser extent is
associated with atopic dermatitis or some forms of food allergy,
however, such associations are controversial [reviewed in (47)]. One
could expect that place of residence (village, suburbs or city) may
influence the methylation status but we have not found evidence for
that. It can be assumed that heavy metals, dust and other pollutants in
the air such as particulate matter (PM) are more common in cities.
Many studies supported the hypothesis that these factors could
influence DNA methylation patterns as reviewed in (48-50). It was
shown, for example, that PM2.5 exposure level was positively
correlated with methylation level in the IFNG promoter region and
decreased cytokine expression (51). The cited studies concerned older
participants. Perhaps the infants we examined were exposed to these
factors for too short, or even protected against them.

The impact of age on methylation processes was also confirmed
in this study. We observed that the older the child, the lower was the
IL10 methylation rate in the control group. The same relation
between parents’ age and FOXP3 methylation in controls was
detected. Similar but weaker association of mother’s age with
methylation of FOXP3 in allergic infants was noted. On the other
hand, in patients with AD, the methylation of IL4 promoter was
increasing along with father’s or mother’s age. A report based on the
results of genome-wide DNA methylation profiling of 168
newborns indicated that maternal, and to a lesser extent paternal
age contributes to differences in CpG methylation levels at birth.
There is a general trend towards hypomethylation of CpG islands,
especially in genes associated with oncogenesis and cancer
progression in newborn blood cells with increasing parental age
(52). It was reported that DNAm gestational age acceleration of the
offspring at birth was associated with maternal age of over 40 years
at delivery. In contrary, DNAm GA deceleration of the offspring at
birth was associated with insulin-treated gestational diabetes
mellitus (GDM) in a previous pregnancy and Sjogren’s syndrome.
GAA means an older DNAm GA than chronological GA, whereas
GAD means younger DNAm GA than chronological GA (53).
Older maternal age was significantly associated with reduced
methylation at four adjacent CpGs near the second exon of
KLHL35 in Norwegian newborns, while no corresponding effect
of paternal age on methylation levels at these sites was found (54).
Studies on protein expression level of TH1/TH2 genes in children
aged 1-96 months demonstrated that the expression of IFNG and
IL4 was increasing progressively with age, whereas the levels of IL5
and IL10 tended to be regulated on an individual basis during
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infancy and early childhood. The IL4 mRNA expression levels were
diminished in neonates, then they tended to be increased after birth
and remained relatively stable in infancy and childhood.
Interestingly, no correlation was observed between IL4 protein
expression and IL4 mRNA levels (55). A significant age
correlation of IFNG, IL4 and IL5 release in blood samples of
atopic and non-atopic children after stimulation with
staphylococcal enterotoxin B was reported (56). There are no
systemic studies on TH1/TH2 genes methylation alterations with
age, but the correlation between methylation of the promoters and
mRNA/protein expression levels may be indirect evidence of such a
link. A significant influence of age on DNA methylation and mRNA
levels of different genes (i.e. ELOV2, HOXC4 and PI4KB) in white
blood cells of adults was found (57).

The changes in DNA methylation pattern occur naturally with
aging, including global hypomethylation and region-specific
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Significant correlations between DNA methylation level and infant's
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hypermethylation. The dynamics of methylation processes is more
rapid in children than adults (58), with the majority of changes in
childhood taking place during the first five years of life (59). It is
well established that DNA methylation biomarkers can determine
biological age of any tissue during the development as well as across
the entire human lifespan. There is also growing evidence
suggesting epigenetic age acceleration to be strongly linked to
common diseases or occurring in response to various
environmental factors (44, 60). The decrease in DNA methylation
level of IL10 gene associated with infant’s age that we found in
control group may be a result of natural maturation process. The
lack of such relationship among allergic infants may come from
alterations in epigenetic mechanism linked to allergy. The
association of changes in FOXP3 and IL4 methylation level with
parental age is more difficult to elucidate. Epidemiological studies
(53, 61, 62) have shown that exposure to adverse environmental
events in the prenatal period predicts increased risk of aging-related
diseases, which are consistent with the Developmental Origins of
Health and Diseases (DOHaD) hypothesis, suggesting that prenatal
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exposures alter developmental trajectories (63). One option is that
placenta epigenetic aging of older mothers is a player as its
associations with pre-pregnancy conditions and birth outcomes in
children were reported. Accordingly, neonate methylomes contain
molecular memory of the individual in utero experience (62, 64). It
is assumed that each generation begins with a “renewed”
epigenome. After fertilization the maternal and paternal genomes
undergo a rapid demethylation of most of the genome followed by
remethylation. Embryogenesis up until the blastocyst stage is crucial
in determining the epigenetic marks needed for later development.
The in utero period is developmentally plastic life stage, during
which environmental exposures may impart long-lasting effects on
future phenotype via epigenetic programming. However, there is
evidence that the methylation patterns present in the parents are
not totally erased and reset during gametogenesis and fertilization
at a proportion of loci, including both imprinted and non-
imprinted genes (44, 52, 65). So age-related DNA methylation
changes also take place in germ cells and might be possibly
transmitted to the offspring and may contribute to the increased
disease risk in offspring of older parents (52, 66, 67). As information
on maternal or paternal DNA methylation status is unavailable, the
comparison between parental and offspring’s methylation profile is
impossible. The epigenetic inheritance or in utero environment
effects seem to be important players in shaping the offspring
epigenome but other confounding factors cannot be excluded and
further studies are needed to clarify this issue.

4.2.2 Cigarette smoking

It was found that methylation levels of some loci declined
among infants exposed to second-hand smoke both during
pregnancy and after birth. Methylation of IFNG was lower within
an overall allergic group, methylation of IL4 and ILI0 was
diminished among patients with AD and FA+ADFA. Whereas
FOXP3 exhibited contradictory results depending on the time of
smoking exposure. Multiple independent studies on different
populations have shown a significant impact of smoking on blood
methylome (68). Due to very few cases of active maternal smoke
exposures in our study, we resigned from analysing potential links
with methylation patterns. However, it is documented that maternal
smoking during pregnancy causes many undesirable effects on the
offspring including low birth weight, some types of cancers,
respiratory dysfunctions, and it leads to obesity and elevated
blood pressure (69, 70). Epigenetic mechanisms are suggested
since a set of genes with methylation changes present at birth in
children whose mothers smoked during pregnancy was identified
(71). The association of maternal smoking, birth weight and
gestational age with significant DNA methylation differences in
neonatal blood was confirmed (72, 73). Functional network analysis
suggested a role in activating the immune system (73).

4.2.3 The presence of complications
during pregnancy

Interestingly, a link was found between blood methylation
status in infants and the occurrence of complications during
pregnancy. Abnormal state has been associated with the decrease
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in methylation of IFNG, IL4, IL5 promoters in the healthy group.
Also, statistically significant relations for IL5 in infants with allergy
and those with FA or ADFA, as well as for IL4 in patients with
ADFA or FA+ADFA were observed. The presence of pregnancy
anomalies was associated with partial demethylation of the analysed
loci in infant blood, although not always in a significant manner.
These findings are in agreement with other observations of the
relationships between maternal environmental exposures during
pregnancy and the risk of illness in offspring. The prenatal period is
believed to programme epigenetics of foetus, which in turn
influences the risk for a range of disorders that develop later in
life, including food allergy (examples are discussed (74, 75).

One of the most frequently diagnosed complications of
pregnancy in our study was gestational diabetes but in most cases
they were accompanied by other disorders like thyroidism,
hypertension, bacterial infections and mycoses, and others. Little
is known about the biological processes that link the occurrence of
these pregnancy complications with adverse child outcomes; altered
biological aging of the growing fetus up to birth is one molecular
pathway of increasing interest (62). It was shown that maternal
dysglycaemia was associated with significant changes in the
methylation profile of the infants. Moreover, the epigenetic
changes caused by a dysglycaemic prenatal environment appeared
to be modifiable by a lifestyle intervention in pregnancy (76).
Interestingly, compared to those who did not develop gestational
diabetes mellitus, women diagnosed with GDM were older, had a
higher BMI, and were more likely to be multiparous (76). As
mentioned earlier in this work, DNAm GA deceleration of the
offspring at birth was associated with insulin-treated gestational
diabetes mellitus (GDM) in a previous pregnancy and Sjogren’s
syndrome (53). It was observed that prenatal exposure to
gestational diabetes and preeclampsia, but not to hypertension,
was associated with reduced biological maturity (decelerated
gestational biological age) at birth among female neonates (62).
On the other hand, there was evidence that offspring of mothers
with hypertensive disorders of pregnancy (compared with those
whose mothers who did not experience HDP) had a slightly faster
increase in methylation between birth and age 7 (77).

Ours and other researchers’ findings suggest that the epigenetic
dynamics is an important biological pathway associated with
pregnancy conditions playing a role in mediating the effects of
these conditions on perinatal and child health outcomes. Further
research on the functional relevance of methylation changes at
specific sites is required.

4.2.4 The type of infant feeding

Some differences in methylation profiles were shown to be
associated with the type of feeding within groups of allergic and
healthy infants. In the case of exclusive breastfeeding, demethylation
of IFNG was observed among patients with FA, whereas
hypermethylation was characteristic for infants with AD.
Contradictory results were obtained for infants exclusively fed with
milk formula. Additionally, breastfeeding seemed to be linked with a
lower IL5 methylation rate in AD infants. There is no consensus
among researchers about the effects of diet during pregnancy and in
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early childhood on allergy development. It was suggested that
observed discrepancies in the results which were varying from a
protective or neutral effect to a disease-promoting effect can result
from other modulating factors affecting the immunological processes,
for example age, gender, family history of allergies, coexistence of
other allergies or genetic background (74). We have also observed the
influence of some of these factors on the methylation dynamics as is
discussed elsewhere in this work. It has been confirmed that
improving the diet and exercise influence methylation biomarkers
of healthy aging (78). Exclusive breastfeeding is suggested to prevent
the risks of overweight/obesity of children and adults through DNA
methylation mechanisms occurring early in life (79). Modifications of
methylation patterns in blood playing important roles in various
biological pathways including development and function of the
immune system have also been associated with the duration of
breastfeeding (80). L-Arginine is an important nutrient in the
infant diet that by methylation mechanisms is acting as a regulator
of the maturation process of the immune system in neonates,
including the maturation of CD4+ T cells. Interestingly, after L-
arginine treatment, more CpG dinucleotides were hypomethylated
and more genes appeared to be activated in neonatal T-cells as
compared with adult (76). Besides these findings, the role of
breastfeeding in modulating the epigenetic pathways remains
unclear. Introducing milk formula into the child’s diet and
maternal supplementation during breastfeeding are suggested to
influence baby’s methylome. Prenatal L. reuteri supplementation
was shown to change DNA methylation patterns in CD4+ T cells
of newborns enhancing immune activation at birth, resulting in
affecting immune maturation and allergy development (81). It was
observed that hydrolysed casein formula containing probiotics for
infants drew higher IL4/IL5 and lower IL10/IFNG DNA methylation
patterns in CD4+ T cells than soya formula (30). L-arginine
treatment induced greater hypomethylation of CpG dinucleotides
and gene activation in neonatal T-cells as compared with adult.
Among the most stimulated were genes regarding immune-related
pathways (30). The L-arginine intake influenced the ILI0 promoter
DNA hypomethylation inducing increase in IL10 production by
neonatal CD4+ T cells (82). w-3 PUFA seemed to have
immunomodulatory properties via modifying DNA methylation
since altered LINELI repetitive sequences’ methylation in children of
women who smoked during pregnancy, as well as modulated DNA
methylation levels in the promoters of genes encoding IFNG and
IL13 were observed (83). Vitamin C was found to prevent offspring
DNA methylation changes associated with maternal smoking during
pregnancy (84). Furthermore, gestational vitamin D deficiency is
considered to increase IL4 concentration and decrease the Th1/Th2
ratio and IFNG production. The maternal deficit of vitamin D was
shown to cause an increase in the activity of DNA methyltransferase
and hypermethylation of IFNG locus. The process can be reversed by
vitamin D supplementation during pregnancy (85). Acevedo et al.
(86) compiled studies on the effects of breastfeeding on the onset and
course of allergic diseases. The authors indicated that some findings
have supported the protective effects of breastfeeding on food allergy,
atopic dermatitis and overall positive effect on gut and respiratory
health, while some of them showed no or even an increased risk in
children who were breastfed. The inconsistencies between studies are
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most likely due to differences in duration of breastfeeding, the
amount of milk given, genetic predisposition and methodology.
One cannot ignore the fact that the composition of milk may differ
between individuals and across populations, and it may depend on
maternal nutritional status, smoking, having pets, and geographic
location, etc.

4.2.5 BMI/weight of mother or infant

We also demonstrated the effects of birth/current weight of the
child as well as mother BMI on CpG methylation status that is
consistent with other findings. It was reported elsewhere that pre-
gestational maternal obesity contributed to decreased basal
expression of pro-inflammatory mediators in monocytes and in the
latter, to suppressed expression of the key inflammatory regulator
IL10 in activated macrophages. Alterations in the expression of IL-1/3
and IL10 were associated with DNA methylation dynamics in their
promoter regions (87). We found that with an increase in maternal
BMI/weight value DNA methylation of some loci in offspring blood
has become lower. Changes toward demethylation of IFNG and IL5
associated with higher BMI were observed in controls and of IL10 in
allergic infants. A similar negative correlation appeared for mother’s
weight and IL5 methylation status in healthy infants. There are many
reports confirming positive or negative correlations, depending on
the locus, between maternal BMI/adiposity and DNA methylation in
neonates (88-95). Lifestyle interventions in pregnant women with
obesity contributed to epigenetic changes in offspring, potentially
influencing its lean mass and early growth (96).

Additionally, we have found that the IL10 methylation level was
increasing along with a child’s birth weight in a group consisting of
all patients as well as FA+ADFA participants. Similarly, the current
child’s weight was positively correlated with the IL10 methylation
level in allergic infants. DNA hypermethylation found in cells of
blood or adipose tissue of obese individuals is the consequence of
obesity (97). In another study, the association between increased
BMI and accelerated epigenetic aging in the blood cells of middle-
aged individuals was noted (98).

The results of epigenome-wide association studies (EWAS)
regarding paternal prenatal body mass index (BMI) in relation to
DNA methylation in offspring blood at birth and in childhood do
not confirm any association between these variables, even at
imprinted regions (88, 99). It supports the hypothesis of the
uterine microenvironment playing a role in methylation shaping.

4.2.6 Family history of allergy

We detected a weak positive correlation between the number of
allergic family members and IL4 promoter methylation within certain
subgroups such as the healthy group, patients with AD and ADFA or
with AD only. It seems likely that history of familial allergy may
increase the risk of allergy symptoms in the next child. The
heritability of epigenetic marks and their association with DNA
variants were documented (100-102). A neonatal epigenome is
shaped by both intrauterine environmental and underlying genetic
factors (100). It is the evidence that allele-specific DNA methylation is
widespread across the genome, most of which can be strongly
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influenced by the sequence of adjacent SNPs (101, 102). Average
heritability for DNA methylation is estimated at approximately 20%
(103). There are studies indicating food allergies heritability estimates
ranging from 15% to 30% for food specific IgE (104). The recent rise
in prevalence of food allergies suggests a low to moderate impact of
genetic factors and highlights the environmental exposure issues.
Only a proportion of children subjected to variation in these
exposures develop clinical food allergy, suggesting that some
individuals are more genetically susceptible than others, but only in
certain environments (23). The sequence information is inherited
from the parents but epigenetic pattern is arising de novo during
development of the embryo, except for a group of promoter
sequences (CpG islands) needed for the expression of the
developmental genes (105). On the other hand, research on animal
models indicated that epigenetic patterns affected by external factors
can persist across generations depending upon the timing of
exposures (23). The genes are capable of learning’ or ‘adapting’ to
the environment over time and highlighted that the very complex
interplay between genetic and ambient components during early
immune development is at the root of the allergy (23). The risk of FA
among one-year-old allergic infants was higher when there was any
allergy in one immediate member of family and increased even to
80% when two such members were present in comparison to children
without family history of allergy (106).

Limitations of this study include a low number of participants,
especially patients with AD and the fact that we tested the blood of
infants with active allergic symptoms at the time of inclusion, in some
of them the initial diagnosis was verified. The age may be a weakness
of this study in terms of establishing a diagnosis, but it was also a
strong point. The knowledge on DNA methylation mechanisms in
the food allergy/atopic dermatitis development in infants is obscure.
Our research partially fills the gap because we test the blood of infants
at a time when the infants methylome begins to form outside the
womb in response to external factors. Besides, the comparisons
between infants of similar age is very beneficial. Additionally, the
effects of cell mixture on the measurement of DNA methylation in
whole blood must be considered. On the other hand, counting of cell
type may also be predictive in allergic processes. More extensive
validation of methylation analysis of whole blood is required.

In conclusion, the potential of examination of a few drops of
whole blood to detect methylation changes in the immune-attached
genes using a cost-effective MS-HRM PCR methodology was
demonstrated. It was found that methylation rate in FOXP3 TSDR
region in allergic infants was lower than in the healthy ones. It was also
shown that methylation profile of IL4, IL5, IL10, IFNG and FOXP3
was associated with environmental exposures and the direction of
methylation dynamics differed depending on the presence and types
of allergy symptoms. These results indicate that the interpretation of
methylation pattern in the context of an allergic disease should take
into account ambient factors having impact on epigenetic variation in
early childhood. Undoubtedly, the development and maturation of the
immune system is a very complicated process influenced by both
individual genetic background and the environmental exposures
regulating action of different types of cells. Further studies are
needed to clarify this network.
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