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CD4+ T cells; Nedd4 family interacting protein 1 (Ndfip7) was first mentioned in an article in 2000. Since
cell differentiation; its discovery, related studies have shown that this protein is associated with apoptosis, neu-
cell proliferation; roprotection, substance transport, ubiquitination, and immune regulation. It is noteworthy
immune regulation; that the lack of Ndfip? can lead to death in fetal mice. Researchers generally believe that
Ndfip1 the function of Ndfip1 is closely related to individual immune capacity and have published a

large number of articles. However, a comprehensive classification of the immune regulatory
function of Ndfip1 is still lacking. In this review, we will overview and discuss this new per-
spective, focusing on the role of Ndfip1 in the proliferation, differentiation, and cell activity
of CD4* T cells, CD8* T cells, mast cells, and eosinophils. This review provides an updated
summary of Ndfip1, which will unveil novel therapeutic targets. Finally, the conclusion is that
Ndfip1 mainly plays a negative regulatory role in immune cells by maintaining the stability of
the immune response and limiting its overexpression.
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Introduction

Ndfip1 is a protein that can bind to the ubiquitin E3 ligase
Nedd4.! Studies have reported that Ndfip1 can show a pro-
tective effect on nerve cells by mediating protein ubig-
uitination,>* and the protective mechanism may also be
closely related to the migration of divalent metal ions.>
Since its immunological function has gradually attracted
attention, many studies on the role of Ndfip? in CD4*
T cells, CD8* T cells, mast cells, and eosinophils have been
published. To solve the lack of a comprehensive classifi-
cation of the immune regulatory function of Ndfip1, we
will summarize the main immune function performed by
Ndfip1 and address its role on several immune cells in
this paper.

Ndfip1 negatively regulates T-cell proliferation
and differentiation

Ndfip1 inhibits the proliferation and
differentiation of CD4+ T cells

A study in 2006 found that CD4* T cells were increased and
activated in mice with Ndfip1 deficiency (Ndfip1 knockout);
while mice lacking Ndfip1 developed spontaneous skin and
lung inflammation and died prematurely.”” Later, Ramon
et al." found that CD4* T cells increased in the digestive
tract of Ndfip7-deficient mice, especially in the esophagus.
The reason why inflammation occurs in the known sites of
environmental antigen exposure may be that the immune
system of these mice responds to environmental antigens
as though they are pathogenic. These results suggest that
the function of Ndfip1 may be related to the regulation
of tolerance to environmental antigens. Further, it was
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found that broad-spectrum antibiotic treatment drastically
reduced the bacterial load in stool but hardly affected
the activation of CD4* T cells, gastrointestinal eosinophil
infiltration, or esophageal epithelial cell hyperplasia, indi-
cating that antibiotic treatment could not prevent the
proliferation and differentiation of CD4* T cells caused by
Ndfip1 defects. In addition, this result also indicated that
intestinal inflammation in NDFIP1-CKO mice (conditional
knockout mice, mice lacking Ndfip1 only in T cells) was not
caused by the loss of tolerance to intestinal microbiota but
might be due to T-cell activation and eosinophilia caused
by environmental antigens.” To a certain extent, this con-
firmed the conclusion of Ramon et al.'" Further studies then
reported that Ndfip1 inhibits IL-2 production by enhancing
CD28 costimulation, while Ndfip1-deficient CD4* T cells
continuously produce IL-2 without CD28 costimulation, thus
promoting the proliferation and differentiation of a large
number of T cells.” A year later, Altin et al." stated that
Ndfip1 can prevent autoimmune diseases mainly by induc-
ing the termination of the CD4* T-cell cycle to prevent its
proliferation and differentiation in their study. Afterwards,
O’Leary et al.” further demonstrated the mechanism that
Ndfip1 promotes Jak1 degradation and regulates the cyto-
kine signaling pathway to limit the proliferation of CD4* T
cells. In addition, the proliferation of Ndfip1-deficient CD4*
T cells was significantly higher than that of wild-type (WT)
cells in the same cytokine environment, suggesting that
Ndfip1-deficient T cells were more likely to be induced by
cytokines promoting division and differentiation. At the
same time, it was also found that Ndfip1-deficient CD4*
T cells were more likely to cause colitis. All of the above
studies indicated that an abnormal CD4* T-cell response
occurred in Ndfip1 defects, which caused excessive pro-
liferation, differentiation, and spontaneous aggregation of
CD4* T cells (Figure 1).B31
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Figure 1 The mechanism by which Ndfip1 inhibits the proliferation and differentiation of CD4* T cells
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Ndfip1 inhibits the proliferation and
differentiation of CD4* Th cells

Ndfip1 inhibits the differentiation of CD4* Th2 cells
Early literature suggested that inflammatory diseases of
the skin, especially those involving eosinophils, are typi-
cally enhanced by Th2 CD4* T cells.'®"” The hypothesis was
that Ndfip1 deletion predispositions T cells to differentiate
into Th2 cells and can cause Th2-mediated fatal inflamma-
tion.'®" Following this, experiments show that Itch activity
was not high and that Jun-B accumulated in the absence
of Ndfip1. ITCH is a monomeric protein belonging to the
homologous HECT-type ubiquitin ligase E3 family, which
is involved in the ubiquitinated degradation of various
proteins in vivo; in immune responses; in various cellu-
lar processes, including cell recycling, proliferation, and
apoptosis; and plays an important role in the formation
of tumors. ITCH cannot initiate the degradation of Jun-B
in the absence of NDFIP1, which is a connector protein
of ltch, and the accumulation of Jun-B leads to excessive
production of IL-4, which promotes the differentiation of
T cells into Th2 cells." Many subsequent studies revealed
that Ndfip1 may be phosphorylated by T cells in a JNK-
dependent pathway to accelerate the degradation of C-Jun
and Jun-B, which is a transcription factor promoting IL-4
and IL-5 production.’®?° Therefore, several studies above
showed that a prominent feature of ltch or Ndfip1 defi-
ciency is increased differentiation of Th2 cells."%"-22

Ndfip1 inhibits the proliferation and differentiation
of CD4* Th17 cells

Two studies (including the references of Korn et al.?* and
Louten et al.*) found that while Th17 cells play a pro-
tective role in the body, they also worsen the pathogen-
esis of inflammatory diseases, such as multiple sclerosis,
arthritis, inflammatory bowel disease, and asthma. Later,
Ramon et al.? found that Ndfip1 inhibited the proliferation
and differentiation of Th17 cells by blocking the production
of proinflammatory cytokines (such as IL-6) in vivo. The
results showed that the number of neutrophils and Th17
cells in the lungs of Ndfip1-deficient mice was increased,
and the number of eosinophils in the spleen was increased
and then induced by inflammatory conditions in second-
ary lymphoid organs and tissues, producing higher levels
of IL-6 to promote Th17 differentiation. Th17 cells express
the transcription factors RORYT4, RORa5, and STAT36 and
can secrete IL-17F, IL-22, IFNy, TNFa, and other cytokines.?
On this basis, further studies found that Ndfip? could bind
Itch to restrict Th17-cell proliferation by degrading the
transcription factor RORyt and inhibiting the production of
proinflammatory cytokines, thus preventing severe tissue
inflammation and inflammatory bowel disease.?”

Ndfip1 inhibits the proliferation and
differentiation of CD4"* Treg cells

It was found that the expression of Ndfip1 was temporarily
upregulated in a TGF-8-dependent manner during the dif-
ferentiation of iTreg (induced regulatory T) cells, and TGF-8
induced the expression of Ndfip1 to inhibit the production
of IL-4, thereby preventing iTreg cell differentiation.?®

Following this several studies reported that the mecha-
nistic target of rapamycin (mTOR) is a serine-threonine
kinase, which constitutes a part of the protein complexes
of mTORC1 and mTORC2. Since appropriate regulation of
cellular energetics and metabolism is important to the
function and lineage stability of Treg cells, these two
complexes, as key regulators of cell metabolism, can limit
glycolysis in Treg cells by promoting lineage stability.?*3'
Moreover, mTORC1/mTORC2 deficiency impaired CD4*
T-cell accumulation and immunoglobulin A production.?
In 2017, the study of Layman et al.®* supported the inher-
ent role of Ndfip? in limiting IL-4 production in Treg cells
but also showed that Ndfip1-deficient Treg cells were more
likely to produce IL-10, IFNy, and IL-17A wild-type controls.
Furthermore, they explored and proved that Ndfip1 could
prevent high proliferation and active metabolism of Treg
cells by inhibiting mTORC1 signaling of glycolysis of Treg
cells, maintain the stability of Treg lineage and immune
homeostasis, and prevent spontaneous inflammation in
some body parts, such as lungs and skin. As mentioned in
the article, Ndfip1 limits both the accumulation and pro-
liferation of Treg cells and prevents the production of IL-4
by Treg cells, and Treg cells lacking Ndfip1 show increased
conserved noncoding DNA sequence 2 (CNS2) methylation
and are prone to losing Foxp3 expression. Based on the
above research, we speculate that Ndfip? promotes the
generation of mTORC1/mTORC2 protein complexes and
therefore increases the lineage stability of Treg cells by
inhibiting mTORC1 glycolysis signaling (Figure 2).10.25.27.28,32

Ndfip1 inhibits the proliferation and
differentiation of CD8* T cells under high
tolerance antigen concentrations

In 2018, Wagle et al.>* confirmed that Ndfip? can act as a
key checkpoint for inhibiting the proliferation and differ-
entiation of CD8" T cells in an environment with high tol-
erance antigen levels and can autonomously prevent the
aggregational destruction of tissue cells targeted by CD8*
T cells and prevent the occurrence of autoimmune diabe-
tes. In contrast, Ndfip1 hardly affected the proliferation
and differentiation of CD8" T cells during acute infection
or at low tolerance antigen concentrations. Furthermore,
the peripheral tolerance checkpoints of CD8* T cells are
usually mediated by cytolytic protease granzyme B (GzmB),
and the production of cytokines inhibits the differentiation
of effector cells.’>* Therefore, the increased expression of
GzmB in Ndfip1-deficient CD8* T cells indicates that Ndfip1
can inhibit the type 1 immune response, while the dele-
tion of Ndfip1 in CD4* T cells has almost no effect on Th1
differentiation. %2734

Ndfip1 can inhibit mast cell activity

The study of Yip et al.” revealed that Ndfip? limited the
intensity and duration of positive signal transduction
induced by IgE-FceRI in mast cells through ubiquitination
of p-Syk, thereby controlling the release of mast cell media
and limiting in vivo overreaction and pathological changes.
Syk is an indispensable tyrosine kinase for the activity of
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Figure 2 The mechanism by which Ndfip1 inhibits the proliferation and differentiation of CD4* Th cells and CD4* Treg cells.

the downstream FceRI signaling body. After phosphorylated
Syk is ubiquitinated, the loss of its tyrosine kinase activity
leads to a reduction in calcium degranulation and cytokine
production.3® Conversely, loss of Nedd4-2 or Ndfip1 in mast
cells leads to prolonged phosphorylation of Syk and its
substrates, increased histamine release, and significantly
increased production of the proinflammatory cytokines
TNF, IL-6, and CCL2, resulting in intensification and prolon-
gation of IgE-mediated skin allergic reactions .3%

Defects in Ndfip1 can increase eosinophil cell
activity

Oliver et al." found that Ndfip? knockout mice were prone
to develop an inflammatory state with a large number of
infiltrating eosinophils. Ramon et al." found that the infil-
trating cells in the esophagus, stomach, cecum, and colon
of Ndfip1-deficient mice were characterized by eosino-
phils. In addition, it was confirmed that a large amount of
IL-5 produced by over-proliferating CD4* T cells promoted
the recruitment of gastrointestinal eosinophils in Ndfip1-
deficient mice. Gastrointestinal diseases are caused by the
recruitment of eosinophils in Ndfip1-deficient mice, such
as eosinophilic esophagitis and eosinophilic gastrointesti-
nal disease or food allergy. As the activation of eosinophils
is generally considered a byproduct of excess cytokines
produced by the proliferation of CD4* T cells due to the
loss of Ndfip1, there is no much literature specifically
available that study the effect of Ndfip? on eosinophils.

Future perspective

Currently, Ndfip1 has been found to protect against auto-
immune diseases, antiviral infections, anti-tumor (such as
hepatocellular carcinoma,* uveal melanoma,* pancreatic
ductal adenocarcinoma,® head and neck squamous cell
carcinoma,** glioblastoma multiforme,* breast cancer,*
etc.) and has a neuroprotective effect in neurodegener-
ative diseases and traumatic brain injury. However, the
impact of Ndfip1 on numerous functions of infection and
tumors remains to be explored.

Moreover, as seen in Table 1, related studies on immune
cells are not in-depth enough. Strengthening the study of
other immune cells will more widely contribute to a more
comprehensive understanding of the immune function of
Ndfip1 and may lead to the development of novel Ndfip1-
based therapeutic research axes in the future.

Conclusions

As reviewed above, recent studies indicate that Ndfip? is
an important player in immune regulation and negatively
regulates the functions of immune cells. In the case of
Ndfip1 deficiency, excessive proliferation and differentia-
tion of several immune cells will produce a large number
of cytokines, leading to autoimmune diseases. Therefore,
the role of Ndfip1 is to maintain the stability of the immune
response and limit its overexpression.
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Table 1 Different immune cells and methods of validation.

Immune cell Main validation methods  Main validation model Species Reference
T-cell CD4+ WB, PCR, FCM, IP, Ubi-GFP mice, C57BL/6 mice mice 10
T cell MBMCE
IHC, ELISA, FCM, MBMCE  Ndfip1-/- mice, Rag1-/- mice, ltch mice 11
mutant mice, C57BL/6 mice
PCR, PCR, FCM, IHC Ndfip1-cKO mice mice 12
WB, PCR, FCM, ELISA, Ndfip1-/- mice, ltch mutant mice, mice 13
IHC CD45.1 mice, IL-4 mice, CD28 mice,
OT-1l mice, Rag1 mice, CD4-Cre mice
WB, FCM, MBMCE 3A9 TCR Tg mice, insHEL Tg mice 14
mice, Aire-/- mice, Bim-/- mice,
Foxp3-/- mice
GST pulldown, PUA, Ndfip1-/- mice, Ndfip1fl/fl CD4-Cre mice 15
UCA, FLC, IGD, K-egg mice, IL-4-/- mice, Ndfip1-/- IL-4-/-
IP, LC-MS/MS, WB, PCR, (DKO) mice, IL-17A GFP mice, Tcell
FCM, [HC B3K506 mice
CD4+ Th2 cell WB, PCR, FCM, IP, Ubi-GFP mice, C57BL/6 mice mice 10
Th cell MBMCE
WB, FCM, MBMCE 3A9 TCR Tg mice, insHEL Tg mice 20
mice, Aire-/- mice, Bim-/- mice,
Foxp3-/- mice
Th 17 cell  ATTE, WB, PCR, ELISA, C57BL/6 mice, CD45.1 mice, CD4-Cre mice 17
FCM, IHC, MBMCE mice, IL-17A GFP mice, Tcell B3K506
mice
WB, FCM, ELISA Ndfip1-/- mice, IL-4-/- mice mice 27
Treg WB, PCR, ELISA, FCM, CD45.1 mice, IL-4-/- mice, OT-Il mice,  mice 29
cell IHC Rag1-/- mice, Itch mutant mice,
Ndfip1fl/fl CD4-Cre mice
BS, WB, PCR, ELISA, CD45.1 mice, Foxp3-Cre mice, mice 34
FCM, IHC, MBMCE, MS Ndfip1fl/fl mice
CD8+ FCM, IHC, MBMCE, HPAE  Rag1-/- Ndfiptkru/kru OT-I mice, mice 16
T cell Ndfip1kru/krumice, Ndfip1f/f (floxed
Ndfip1 gene) mice, GzmB-cre mice,
C57BL/6 mice, OT-l mice, B6.129S7-
Rag1tm1Mom/J (Rag1-/-) mice,
B6.SJL-PfpreaPep3b/BoyJ (CD45.1)
mice, RIP-OVAhL mice
Mast EIA, WB, PCR, ELISA, Mcl-1fl/fl mice, Mcl-1+/+ mice, mice 37
cell IP, FCM C57BL/6 mice, Kit mice, Cpa3-cre
mice, Nedd4-2-/- mice, Ndfip1-/-
mice, C57BL/6 mice
Eosi- WB, PCR, FCM, IP, Ubi-GFP mice, C57BL/6 mice mice 10
nophil MBMCE
cell FCM, IHC, ELISA, MBMCE  Ndfip1-/- mice, Rag1-/- mice, Itch mice 11

mutant mice, C57BL/6 mice

WB: western blot; PCR: polymerase chain reaction; FCM: flow cytometric analysis; IP: immunoprecipitation; MBMCE:
mixed bone marrow chimera experiments; IHC: immunohistochemistry; ELISA: enzyme-linked immunosorbent assay; GST
pulldown: glutathione-S-transferase pulldown; PUA: poly ubiquitination assay; UCA: ubiquitin charging assay; FLC: fetal
liver chimeras; IGD: In-gel digest; K-egg IP: K-e-GG peptide immunoprecipitation; LC-MS/MS: liquid chromatograph-mass
spectrometry/mass spectrometry; ATTE: adoptive Th17 transfer experiments; BS: bisulfite sequencing; EIA: enzyme

immunoassay.
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