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Background: Invariant natural killer T (iNKT) cells are an unconventional
lymphocyte subset that has garnered increasing attention due to their shared
features with both natural killer cells and conventional T cells, as well as their
unique dual immunological functions. In this study, we conducted a
comprehensive bibliometric analysis to trace the evolution of research in the
iNKT cell field, identify emerging trends, and highlight current research hotspots
and frontier directions.

Methods: We performed a literature search in the Web of Science Core
Collection database to retrieve all publications related to iNKT cells published
to December 31, 2024. We then used the visualization tools CiteSpace and
VOSviewer to conduct a bibliometric analysis of the retrieved data.

Results: We identified 2,579 relevant publications authored by 12,108 individuals
from 2,218 institutions across 70 countries. These publications appeared in 540
journals and collectively cited 60,342 references from 4,322 different journals.
The publication volume in the iNKT cell field has significantly increased since
2008, peaking at 151 articles in 2018. This surge highlights the sharp rise of
research interest in this area. The United States led in publication output within
this field. Among the journals, the Journal of Immunology was the most prolific
and also ranked first in total citations. Besra was the most published author, while
Bendelac's research was highly influential. Research on iNKT cells is undergoing a
paradigm shift from mechanistic exploration to clinical application.

Conclusions: Our bibliometric analysis delineates the thematic evolution within
the INKT cell research landscape. Future investigations will converge on several
pivotal frontiers, including improving the tumor microenvironment,
reprogramming the functional activity of iINKT cells within tumors, and
advancing engineered immunotherapies. Additionally, strategies to engineer
iNKT cells for more targeted and effective therapeutic interventions are likely
to gain momentum, as researchers aim to overcome the current limitations in the
field and transition from basic mechanistic studies to more impactful
clinical applications.
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1 Introduction

Invariant natural killer T (iNKT) cells are a specialized subset of
lymphocytes characterized by an invariant T cell receptor (TCR) o
chain. These cells possess a distinctive recognition system that
combines features of both T cells and natural killer (NK) cells,
enabling them to bridge innate and adaptive immunity. iNKT cells
were first identified in the 1980s, and Figure 1 presents a timeline of
key milestones in their discovery and characterization.

In 1986, Taniguchi et al. (1) identified murine T cells expressing
an invariant o chain (later designated Vol4-Jol8 in mice) and
cloned the Vo4 gene, which became recognized as a defining
feature of this lymphocyte population. In 1987, Fowlkes et al. (2)
and Budd et al. (3) independently reported a distinct population of
TCRof"CD4 CD8" double-negative (DN) T cells predominantly
utilizing the VB8 gene segments. By 1990, multiple research groups
had demonstrated that this DN T cell population also expressed the
NK1.1 surface marker. These findings led to the conclusion that this
cell type was distinct from conventional T cells. Researchers
subsequently named them “NK1.1 T cells” (4-6).

In 1994, Lantz and Bendelac (7) established a VB8.2*NKI1.1"
thymic hybridoma. Their analysis of the TCR repertoire in this cell
subset revealed expression of the invariant Voul4 receptor, identical
to the Voul4™ cells identified in 1986. These findings connected the
two previously reported cell populations, now recognized as a single
population termed “NK1.1"Va14" T cells.” In the same study, they
also identified a corresponding population in humans that expresses
the invariant o chain Voi24-Jo18. That year, Dellabona et al. (8)
discovered the homologous human population expressing Vo.24-
Jo18/VP11 TCR and generated anti-Voi24/VP11 mAbs for its
identification. This Vo-Jo. pairing is highly conserved across both
murine and human evolution. In 1995, Bendelac et al. (9) identified
CD1d as the antigen-presenting molecule that specifically
interacts with this cell population in mice. CD1d is part of the
non-polymorphic major histocompatibility complex (MHC)
class I family. By 1997, Kawano et al. (10) identified o-
galactosylceramide (aGC) as the canonical lipid ligand presented

10.3389/fimmu.2025.1618254

by CDI1d. In 1998, Brossay et al. (11) demonstrated that human
Vo24" NKT cells are specifically activated by a/GC presented via
conserved CD1d molecules. By 2000, the development of aGC-
CD1d tetramers and fluorescent tetramers enabled precise tracking
of NKT cell immune responses. These tools marked a major
breakthrough in the identification of NKT cells in both mice and
humans (12, 13).

Studies have shown that iNKT cells recognize aGC presented by
CD1d in both mice and humans, demonstrating that CD1d-mediated
0oGC recognition by NKT cells is highly conserved (11). However,
subsequent research revealed that not all CD1d-restricted T cells are
NK1.1%, leading to the hypothesis of NKT heterogeneity (14). Indeed,
in 1992, researchers reported that the NK1.1*CD4"CD8™ T cell subset
in the mouse thymus overexpresses the V38 TCR genes (15). At the
time, NKT cells were believed to primarily include two subsets: DN
and CD4"CD8" cells. In 1999, Hammond et al. (16) identified three
distinct NKT cell subsets (CD4*, DN, and CD8"), which were
differentially distributed across tissues, highlighting the phenotypic
and functional heterogeneity of NKT cells (16). In 2000, Behar and
Cardell (17) discovered that NKT cells comprise at least two
functionally distinct subsets: NKT1 cells, which produce high levels
of interleukin-2 (IL-2) and interferon-gamma (IFN-y), and NKT2
cells, which secrete large amounts of IL-4 but lower levels of IL-2 and
IFN-y. This classification enabled the categorization of NKT cells
based on functional profiles. Since then, additional subsets —
including NKT17 (18), NKTgy (19), and NKT10 cells (20) — have
also been identified. Upon stimulation with oGC, its analogs, or pro-
inflammatory cytokines, iNKT cells rapidly activate and secrete a
broad range of T-helper 1 (Thl) and T-helper 2 (Th2) cytokines,
including IFN-y and IL-4 (21, 22). In humans, iNKT cells constitute
approximately 0.01%-0.1% of circulating T cells, whereas in mice,
they account for roughly 0.2% of total lymphocytes (23). iNKT cells
are essential for modulating immune responses in various contexts,
including infectious diseases, cancer, and autoimmune disorders.
Notably, iNKT cell-based immunotherapy has emerged as a
promising strategy in cancer treatment. Given their growing
therapeutic relevance, it is crucial to obtain a comprehensive,
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FIGURE 1

Timeline of important events in the origination of iINKT cells. TCR, T cell receptor; DN, double negative; aGC, a-galactosylceramide.
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visual, and in-depth understanding of global research trends and
emerging focal points in the iNKT cell field.

Bibliometrics is a method used to quantify and analyze the
knowledge structure and dynamic progress of a particular field (24,
25). Despite the increasing attention given to iNKT cells, there has
been a lack of relevant bibliometric research conducted on the topic.
In this study, we present a comprehensive bibliometric analysis of
iNKT cell research, identifying the hotspots and key trends.
Research on iNKT cells is undergoing a paradigm shift from
mechanistic exploration to clinical application. The study shows
the increasing interest in the potential of iNKT cells in cancer
immunotherapy and antitumor activity.

2 Materials and methods
2.1 Literature search and data collection

We conducted a literature search in the Web of Science Core
Collection (WoSCC) database, covering the period to December 31,
2024. To ensure the inclusion of relevant literature, we used the
following search formula: TS = ((“Invariant Natural Killer T-Cells”)
OR (“Invariant Natural Killer T Cells”) OR (“Invariant Natural

3319 studies identified from Web of
Science Core Collection

10.3389/fimmu.2025.1618254

Killer T Cell”) OR (“INKT Cell”) OR (“Cell, iNKT”) OR (“Cells,
iNKT”) OR (“INKT Cells”) OR (“Valphal4 NKT cells”) OR
(“Valpha24 NKT cells”) (“Vol4 NKT cells”) OR (“Vo24 NKT
cells”) OR (“CD1d-restricted NKT cells”) OR (“CD1-restricted
NKT cells”) OR (“NK1.1 T cells”) OR (“TCRaf3 DNT cells”) OR
(“Vol4-Jo18”) OR (“Vo24-Jor18”) OR (“Vo24-JoQ”) OR (“Voul4-
JaQ”)). The search was limited to original research and review
articles, and only English-language publications were included to
maintain data quality. After de-duplication, 2,579 documents
were retained. The search results were exported in plain text
format (Figure 2).

2.2 Data analysis and visualization

We employed scientific software for data analysis and
visualization. To standardize the keyword analysis, we merged
synonyms and variations of terms to reduce redundancy. For
instance, “INKT cells” and “invariant NKT cells” were combined.
Data tabulation and plotting, based on annual publications and
citations, were performed using Excel 2018. Global publication
distribution was mapped using R Studio (v2024.09.0). CiteSpace
(v6.3.3) was used for visualizing and analyzing institutions, authors,

-
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0 duplicate literatures were excluded

Excluded 729 studies, including
meeting abstracts, editorial materials,
letters, corrections, proceeding

p

2590 studies identified

papers, book chapters, early access,
retracted publications, and news
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Excluded 11 studies written in non-

P
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l

Bibliometrics analysis and
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FIGURE 2
Flowchart of the screening process.
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references, and keywords, as well as generating journal dual-map
overlays. We performed cluster analysis of countries and
institutions using VOSviewer (v1.6.20).

3 Results

The 2,579 articles included in this study were authored by
12,108 researchers from 2,218 institutions across 70 countries.
These articles were published in 540 journals and cited 60,342
papers from 3,873 journals.

3.1 Publication volume and trends

From 1993 to 2024, a total of 2,579 articles related to iNKT cells
were retrieved. The number of publications reflects the growing
interest and development of this research field. Prior to 1996, iNKT
cell research received limited attention, with fewer than 10
publications per year. However, from 2008 onward, the number
of publications began to rise significantly, reaching a peak of 151
articles in 2018. Similarly, the number of citations has steadily
increased, peaking at 8071 in 2021 (Figure 3). These trends suggest
that iNKT cell research is a rapidly emerging and evolving field,
garnering increasing attention from the scientific community.

3.2 Distribution of countries and
institutions

A total of 70 countries contributed to the research on iNKT
cells. Table 1 presents the top ten countries based on total
publication output. The USA was the leading contributor, with
1166 publications, accounting for 45.21% of the total. Japan
followed with 388 publications, followed by China (n = 276) and
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FIGURE 3
Temporal distribution map of the included publications and citations.

Frontiers in Immunology

I Publication

04

10.3389/fimmu.2025.1618254

the UK (n
(Figure 4A) shows that the countries most active in iNKT cell

266). The global distribution map of publications

research are primarily located in North America, Asia, and Europe.
The USA also had the highest number of citations (n = 70,418),
followed by Japan (n = 18,085) and the UK (n = 14,625).

The clustered network map of countries (Figure 4B) illustrates the
cooperation patterns among nations. In this map, nodes represent
individual countries, with the size of each node reflecting the number
of publications from that country. The connecting lines between
nodes indicate collaborative relationships, with the line thickness
representing the strength of these connections. The clusters,
represented by different colors, are based on co-citation networks
between countries. Stronger collaboration is indicated by thicker lines
and greater link strength. The USA collaborates most frequently with
the UK (link strength of 108), followed by China (link strength of 81)
and Germany (link strength of 73). China primarily collaborates with
the USA, followed by Japan (link strength of 15) and the UK (link
strength of 11). As shown in Table 1, the USA excels in international
collaboration, with a total link strength of 807. Centrality measures
the importance of a node within a network, indicating its role as a
“bridge.” The USA has the highest centrality score, underscoring its
pivotal role in international cooperation in this field. While China has
a high publication count, its centrality is only 0.02, suggesting that its
research is relatively autonomous and independent within the
global network.

A total of 2,218 institutions contributed to the publication of
2,579 iNKT cell-related papers. Half of the top ten institutions are
from the USA (Table 2). Harvard University leads with 133
publications, representing approximately 5.16% of the total
output, and has maintained consistent productivity in recent
years. The La Jolla Institute for Allergy and Immunology (USA)
and the University of Birmingham (UK) ranked second and third,
respectively, in terms of publication output.

In the institutional co-occurrence network map (Figure 5A), the
size of the nodes corresponds to the number of publications, with larger
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TABLE 1 Publications in the top 10 countries with the most research output.

10.3389/fimmu.2025.1618254

Count (%) Citation Top 1% papers Centrality Total link strength

1 USA 1160 (44.98%) 70418 20 031 807
2 Japan 388 (15.04%) 18085 0 0.11 201
3 China 276 (10.70%) 4847 0 0.02 153
4 UK 266 (10.31%) 14625 1 027 343
5 France 204 (7.91%) 12703 0 0.22 178
6 Germany 188 (7.29%) 9088 0 0.26 250
7 Canada 143 (5.54%) 6184 0 0.08 140
8 Ttaly 102 (3.96%) 3744 0 0.05 79

9 Australia 96 (3.72%) 6831 4 0.13 85

10 South Korea 96 (3.72%) 3283 0 0.02 51

nodes indicating higher output. The red ring highlights institutions that
have seen an explosive increase in publications over time. Nodes with a
centrality greater than 0.1 are marked with an outer purple ring. The La
Jolla Institute for Allergy and Immunology has the highest centrality
(0.23) among all institutions. The institutional clustered network map
(Figure 5B) reveals a strong collaborative network between various
institutions. Notably, the University of Birmingham demonstrates the
highest tendency to collaborate with other institutions, with a total link
strength of 136.

3.3 Analysis of journals and co-cited
journals

A total of 2,579 papers on iNKT cells were published across 540
journals. Table 3 lists the top ten journals by publication volume, with
six falling within the JCR Q1 division. The Journal of Immunology led
with 298 publications, followed by Frontiers in Immunology and the
European Journal of Immunology. Notably, the Journal of
Immunology also ranked first in terms of co-citations, receiving
2,422 citations. Six of the top ten co-cited journals had an impact
factor greater than 20, with Nature Reviews Immunology being the
most influential (IF 67.7). The journal dual-map overlay (Figure 6)
illustrates the citation relationships between journals. Each journal is
represented by a dot, with the left side indicating the citing journal and
the right side showing the co-cited journal. The map reveals clusters
that correspond to different themes. The yellow and green curves
represent citation connections between journals with varying thematic
focuses. This figure highlights the evolution of iNKT cell research,
transitioning from a focus on “Molecular, Biology, Genetics” to
“Molecular, Biology, Inmunology” and “Medicine, Medical, Clinical.”

3.4 Analysis of authors and co-cited
authors

A total of 12,108 authors have contributed to 2,579 publications
in the field of iNKT cells. Table 4 lists the top ten authors by

Frontiers in Immunology

publication volume. Five authors have published more than 30
articles, with Besra from the UK leading with 68 publications.
Table 4 highlight the most co-cited authors in the iNKT cell field.
The top ten co-cited authors have accumulated more than 300
citations. Notably, Kronenberg and Van Kaer are not only highly
co-cited but also among the most productive authors in the field.
Among these, Bendelac from the USA has the highest citation count
(1201), underscoring his significant impact. Bendelac has a
centrality of 0.15, indicating that the author plays a crucial
“bridging” role within the iNKT cell research field.

3.5 Analysis of references

The 2,579 iNKT cell-related papers cited a total of 60,342
references. Table 5 shows that four of the top five reviews and
articles each had more than 100 citations. Among these, the review
“The Biology of NKT Cells” published in the Annual Review of
Immunology in 2007, and the article “Exogenous and endogenous
glycolipid antigens activate NKT cells during microbial infections”
published in Nature in 2005, garnered 282 and 151 citations
respectively, ranking first among the reviews and articles. A
timeline view of reference clustering (Figure 7A) organizes the
most cited references chronologically, grouping them by thematic
clusters. These clusters are ranked by citation count, with smaller
numbers indicating larger clusters and greater importance in the
field. The duration of each cluster also reflects its persistence over
time. Figure 7A shows that the top three topics in the references are
“#0 glycolipid”, “
Around 2005, a large number of studies on glycolipid in iNKT

#1 alpha-galactosylceramide”, and “#2 cd1d”.

cells were generated. Notably, cluster labeled “#5 cancer
immunotherapy” represents a prominent area of research in
recent years. The reference burst graph (Figure 7B) shows the
burst periods, where “Begin” indicates the start of the burst and
“Strength” reflects its intensity. It highlights the influence of the
2007 review “The Biology of NKT Cells”, which shows the strongest
burst value of 113.36. This suggests that the paper had a significant
and lasting impact at the time of publication.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1618254
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang and Lu 10.3389/fimmu.2025.1618254

0

o e s
1-10 )
M 11100 =
W 101200
M 2011200
»
1400 4
1160 ne )
1200 /?’
1000 4
z
£ 800 -
=
g 600 -
= 388
400 + 276 266
200 et 102
% 9 94 %3 78 60 45 40 37 29 27 26 25 25 24 2 18 17 15 14 13 11
0 [ — — e
IS EFIS ST LIyl > IR D RGN
FIFTFSFFT ST IPF IF TSI LT OTFHFFSHF S
Turkey
Saudisrabia
Ireland
Austria
an
Wales
Cheile
Neapalaid Southijorea Colombia
Poland
Bragil Ingia

Switzggland ﬁ = Austgalia
) 2 Singapore
Eofna
Mexico

Sweden
France /
eI Ge‘ny % Finfand
S © 2 Spain Canada
iy ©

Greece
Southfrica

s Japan Denmark

Netherlands Scotland

Kenya

Czech Republic

Thatland

gfh VOSviewer

FIGURE 4
(A) Global distribution map of publications. (B) Clustered network map of countries.
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TABLE 2 Publications in the top 10 institutions with the most research output.

Institution Count (%) Citation Centrality Total link strength
1 Harvard University USA 133 (5.16%) 14446 0.11 126
2 La Jolla Institute for Allergy andimmunology USA 101 (3.92%) 8270 0.23 129
3 University of Birmingham UK 99 (3.84%) 5809 0.10 136
4 University of Oxford UK 72 (2.79%) 4555 0.13 60
5 Chiba University Japan 67 (2.60%) 5621 0.14 40
6 Vanderbilt University USA 63 (2.44%) 4548 0.13 57
7 Albert Einstein College of Medicine USA 58 (2.25%) 2169 0.09 83
8 University of Paris Descartes France 53 (2.06%) 3629 0.07 79
9 Brigham and Women’s Hospital USA 52 (2.02%) 4302 0.08 78
10 Institut de la sante et de la recherche medicale France 47 (1.82%) 2752 0.06 71

3.6 Analysis of keywords

Keywords reflect the core themes and emerging research
hotspots within a field. A total of 981 keywords were extracted
from 2,579 documents. Table 6 lists the top 20 keywords. The most
frequently mentioned keywords included “T cells,” “NKT cells,”
“INKT cells,” “activation,” “immunity,” and “dendritic cells (DCs).”
We then performed clustering analysis on all the keywords,
resulting in ten thematic clusters: “#0 asthma,” “#1 selective

» «

reduction,” “#2 DCs,” “#3 cancer immunotherapy,” “#4 lineage,”
“#5 responses,” “#6 tumor necrosis factor,” “#7 expression,” “#8
microbial infection,” and “#9 graft-versus-host disease” (Figure 8A).
Finally, we assessed the burst strength of iNKT cell research across
different areas to identify periods of increased research activity
(Figure 8B). “NK cells” and “monoclonal-antibody” emerged as the
earliest burst keywords in 1993, implying that research on NK cells
and monoclonal antibodies sparked widespread interest at that
time. Between 1996 and 2003, “mice” exhibited the strongest
burst with a strength of 19.16, underscoring its significance
during that period. A summary of burst keywords up to 2024
reveals that cancer immunotherapy and antitumor activity are
emerging as key research directions and hotspots.

4 Discussion
4.1 Seminal studies

4.1.1 Contribution of highly co-cited authors

The citation level of an author reflects their influence and
contribution to the academic field. Highly co-cited authors’
research has had a profound impact on the development and
innovation within the discipline. The most co-cited author in the
iNKT cell field is Bendelac from the USA. He has made significant
contributions to the discovery and identification of bispecific
receptors and lipid ligands, as well as to the developmental

Frontiers in Immunology

pathways and functional regulatory mechanisms in iNKT cells
(26-28). His work has been instrumental in guiding and shaping
subsequent research. The second most co-cited author is Godfrey
from Australia. His team demonstrated that iNKT cells mediate
the anti-tumor metastatic activity of aGC via IFN-y (29). His
pioneering research on the development, regulation, and
therapeutic potential of unconventional T cells, including
Mucosal Associated Invariant (MAIT) cells and iNKT cells, has
laid a strong foundation for future clinical applications (30-33). The
third most co-cited author is Kawano from Japan. His research
team was the first to propose that oGC-mediated stimulation of
iNKT cells is restricted by CD1-d and depends on TCR and
costimulatory molecules (10). This discovery quickly spawned an
abundance of experimental studies exploring the mechanisms of
iNKT cell activation, and moreover became the starting point for
immunotherapy development.

4.1.2 Impact of highly co-cited references

The number of citations a reference receives reflects its
academic significance and influence. A highly co-cited article is
often considered a seminal work in its field, with many subsequent
studies building upon it. The most frequently co-cited article in this
study is “The Biology of NKT Cells,” which provides a
comprehensive overview of the biological characteristics of NKT
cells, including their types, developmental processes, and functions
(34). Published in Annual Review of Immunology in 2007, this
review has become a cornerstone reference in the study of iNKT
cells. The second most co-cited article is “Invariant Natural Killer T
Cells: An Innate Activation Scheme Linked to Diverse Effector
Functions,” published in Nature Reviews Immunology in 2013 (35).
In this review, the author examines the mechanisms behind iNKT
cell activation, focusing on the regulatory roles of lipid antigens, the
inflammatory microenvironment, and the interactions between
iNKT cells and other immune cells. This work has been
foundational in advancing our understanding of iNKT cell
functions in both physiological and pathological contexts. The
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(A) Network visualization map of institutional co-occurrence. (B) Clustered network map of the institutions.

third article is “Exogenous and Endogenous Glycolipid Antigens  from the cell wall of Sphingomonas and the endogenous lysosomal

Activate NKT Cells During Microbial Infections,” published in  glycosphingolipid isoglobotrihexosylceramide (iGb3). It also

Nature in 2005 (28). This study identified two new antigenic ~ demonstrated that glycosylceramides could serve as an alternative

targets for NKT cells in antibacterial defense: glycosylceramides  to lipopolysaccharide (LPS) in activating the innate immune

Frontiers in Immunology 08

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1618254
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang and Lu

TABLE 3 Top 10 journals and co-cited journals for iNKT cell research.

10.3389/fimmu.2025.1618254

Journal of Immunology 298 (11.55%)

2 Frontiers in Immunology 172 (6.67%) 5.7
3 European Journal of Immunology 107 (4.15%) 4.5
4 Proceedings of the National 78 (3.02%) 9.4
Academy of Sciences of the United
States of America
5 PLoS One 76 (2.95%) 2.9
6 Journal of Experimental Medicine 57 (2.21%) 12.6
7 Blood 46 (1.78%) 21
8 Immunology 42 (1.63%) 4.9
9 Clinical Immunology 39 (1.51%) 4.5
10 Nature immunology 34 (1.32%) 27.8

JCR, journal citation reports.

system, providing insight into the recognition of Gram-negative
and LPS-negative bacterial cell walls. This discovery became a
landmark finding in iNKT cell antigen research.

The highly co-cited authors and references analyzed in this
study are pivotal to the ongoing research and clinical applications of
iNKT cells, such as in vaccine development, autoimmune disease
treatments, and cancer immunotherapy.

4.2 Research hotspots

Bibliometric analysis can reveal key themes, trends, and gaps in
the research field by examining high-frequency keywords in

Q1
Q2

Q1

Q1
Q1
Q
Q
Qi

Journal of Immunology 2422

Journal of Experimental Medicine 2284 12.6 Q1
Proceedings of the National 2035 9.4 Q1
Academy of Sciences of the United

States of America

Science 1812 44.7 Q1
Nature Immunology 1749 27.7 Q1
European Journal of Immunology 1727 4.5 Q2
Immunity 1682 25.5 Q1
Nature 1652 50.5 Q1
Annual Review of Immunology 1649 26.9 Q1
Nature Reviews Immunology 1570 67.7 Q1

references. In this study, the most frequent keywords primarily
relate to three central aspects of iNKT cell research.

4.2.1 Mechanisms of cell activation and antigen
presentation
Keywords associated with antigens include “activation,” “DCs,”

» o«

“expression,” “alpha-galactosylceramide,” “CD1d,” “recognition,”

» o«

“receptor,” “antigen presentation,” and “antigens.” These terms
reflect the early stages of iNKT cell research, when researchers
first identified antigens that sparked further investigation into these
cells. The study revealed that iNKT cells recognize both exogenous
and endogenous lipid antigens. Exogenous antigens include

oGC and analogues from environmental sources (36-38), and

HEALTH

FIGURE 6
Dual-map overlay of journals
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TABLE 4 Top 10 authors and co-cited authors.

10.3389/fimmu.2025.1618254

Count (%) Centrality Co-Cited author Co-citation Centrality

1 Gurdyal S Besra (UK) 68 (2.64%) 0.04 Albert Bendelac (USA) 1201 0.15
2 Masaru Taniguchi (Japan) 65 (2.52%) 0.08 Dale I Godfrey (Australia) 962 0.01
3 Mitchell Kronenberg (USA) 51 (1.98%) 0.02 Tetsu Kawano (Japan) 791 0.02
4 Steven A Porcelli (USA) 45 (1.74%) 0.04 Jennifer L Matsuda (USA) 626 0.01
5 Vincenzo Cerundolo (UK) 37 (1.43%) 0.02 Mitchell Kronenberg (USA) 525 0.01
6 Luc Van Kaer (USA) 28 (1.09%) 0.02 Manfred Brigl (USA) 500 0.01
7 Michael B Brenner (USA) 27 (1.05%) 0.01 Yuzuru Kinjo (Japan) 421 0.01
8 Dirk Elewaut (Belgium) 26 (1.01%) 0.01 Jenny E Gumperz (USA) 404 0.03
9 Mark A Exley (USA) 25 (0.97%) 0.03 Shin-Ichiro Fujii (Japan) 397 0.01
10 Francois Trottein (France) 21 (0.81%) 0 Patrick ] Brennan (USA) 395 0

glycosphingolipids (GSLs) and diacylglycerol lipids from the
microbiota, such as those found in Sphingomonas (28),
Streptococcus pneumoniae, Group B Streptococcus, Borrelia
burgdorferi (39), and Bacteroides fragilis (40). Endogenous
antigens identified to date include B-GalCers, glucosylceramides
(GlcCers), phospholipid antigens (such as phosphatidylinositol,
phosphatidylethanolamine, and lysophospholipids), iGb3, the
gangliosides GM3 and GD3, and peroxisome-derived ether-linked
lipids (41-44). However, endogenous antigens activate iNKT cells
less efficiently than exogenous antigens like aGC (41).

CD1d is a crucial molecule in the recognition of glycolipid
antigens by the TCR of iNKT cells (36). The TCR of iNKT cells
consists of - and B-chains, with the highly conserved invariant o.-

TABLE 5 Top 5 co-cited reviews and articles on iNKT cell research.

chain enabling iNKT cells to recognize a broad range of lipid
antigen-CD1d complexes. The chemical structure of lipid
antigens—such as the type of glycosidic bond, the sugar group,
and the length of the lipid acyl chain—affects the affinity and
specificity of TCR binding (45). The affinity of the human Vo24/
VP11 TCR for the aGC+CD1d complex is comparable to that of the
classical TCR-MHC interaction, while the affinity of the mouse
Va14/VB8 TCR-aGC+CD1d interaction is much higher (46).
Studies have shown that most lipids associated with CD1d are
non-stimulatory, with sphingomyelins being the predominant type
(47). CDI1d preferentially binds long-chain sphingolipids and
glycerophospholipids, which are non-activating for iNKT cells
(48). iNKT cells recognize lipid antigens in a highly versatile

Type Rank Reference Year Journal Co-Citation Centrality
Review 1 The biology of NKT cells 2007 Annual Review 282 0.01
of Immunology
2 Invariant natural killer T cells: an innate activation = 2013 Nature 158 0.01
scheme linked to diverse effector functions Reviews Immunology
3 Toward an understanding of NKT cell biology: 2005 Annual Review 146 0.01
progress and paradoxes of Immunology
4 Raising the NKT cell family 2010 Nature Immunology 113 0.05
5 Tissue-specific functions of invariant natural killer 2018 Nature 97 0.01
T cells Reviews Immunology
Article 1 Exogenous and endogenous glycolipid antigens 2005 Nature 151 0.08
activate NKT cells during microbial infections
2 Lysosomal glycosphingolipid recognition by 2004 Science 134 0.04
NKT cells
3 Steady-state production of IL-4 modulates 2013 Nature Immunology 127 0.04
immunity in mouse strains and is determined by
lineage diversity of iNKT cells
4 Recognition of bacterial glycosphingolipids by 2005 Nature 123 0
natural killer T cells
5 Natural killer T cells recognize diacylglycerol 2006 Nature Immunology 98 0.01
antigens from pathogenic bacteria
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Analysis of co-cited references. (A) Timeline view. (B) Top 25 references with the strongest citation bursts.

manner, allowing them to respond effectively to a wide variety of
pathogens. Antigen recognition is fundamental to understanding
and applying iNKT cell biology. This study highlights a gap in the
research: few studies have defined the exact structure of each
antigen or the mechanisms that influence iNKT cell immune
responses. In particular, research on endogenous lipids remains
scarce and requires urgent attention.

4.2.2 Immune effector functions and transcellular
interactions

The primary keywords related to immune response include “T
cells,” “NKT cells,” “iNKT cells,” “immunity,” “DCs,” “interferon-
gamma,” “NK cells,” and “lymphocytes.” iNKT cells possess both T-
and NK-cell-specific recognition mechanisms, enabling them to
produce both innate and adaptive immune responses in response to
antigenic threats. The innate immune system serves as the body’s
first line of defense. iNKT cells are activated through endogenous
antigen/CD1d-mediated TCR stimulation and indirect cytokine
stimulation (e.g., IL-12, IL-18) from antigen-presenting cells
activated by pattern recognition receptors (49). Upon activation,
iNKT cells rapidly secrete a broad array of cytokines, depending on
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the tissue environment, including Th1 (IFN-y, TNF-o), Th2 (IL-4,
IL-10, IL-5, IL-13), and Th17 (IL-17A) cytokines. Thl cytokines
drive inflammation and cellular immune responses, Th2 cytokines
are linked to humoral immunity and the regulation of autoimmune
diseases, and Th17 cytokines enhance host defense against
extracellular pathogens (50). By secreting cytokines, iNKT cells
quickly initiate inflammatory responses and stimulate innate
immune cells, which, in turn, exert various immune effects,
including immunomodulation and cytotoxicity (51). iNKT-cell-
derived IFN-y plays a critical role in neutrophil recruitment and
bacterial clearance (52). Activated iNKT cells promote DC
maturation and polarization through CD40/CD40L interactions
(53). IL-12 secreted by DCs enhances both the trans-activation of
NK cells by iNKT cells and the secretion of IFN-y by iNKT cells,
which, in turn, stimulates DCs to secrete more IL-12, further
amplifying the immune response. Carnaud et al. (54) first
demonstrated that NKT cells induce rapid NK cell activation and
proliferation through IFN-y, and this NK cell activation further
promotes IFN-y secretion and enhances cytotoxicity. Thus, iNKT
cell activation strengthens the innate immune response, facilitating
early control of infections (52).
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TABLE 6 Top 20 keywords on iNKT cell research.

10.3389/fimmu.2025.1618254

Keyword Centrality Keyword Centrality
1 t cells 1089 0.02 11 cdld 312 0.04
2 nkt cells 939 0.01 12 recognition 290 0.02
3 inkt cells 927 0.02 13 in vivo 263 0.04
4 activation 751 0.02 14 interferon-gamma 256 0.06
5 immunity 538 0.01 15 receptor 227 0.06
6 dendritic cells 535 0.01 16 nk cells 223 0.10
7 expression 418 0.03 17 Iymphocytes 199 0.10
8 mice 412 0.03 18 innate 174 0.02
9 cutting edge 370 0.03 19 antigen presentation 170 0.06
10 alpha-galactosylceramide = 360 0.02 20 antigens 167 0.07

In addition to their role in innate immunity, iNKT cells are
crucial for adaptive immunity by regulating antigen presentation
and supporting lymphocyte activation. iNKT cells can directly
activate CD4" T cells or do so via DCs, which differentiate into
Try cells that drive B cells to generate early antibody responses (55).
iNKTgy cells also provide Tgy-like help to B cells (56).
Furthermore, iNKT cells enhance the maturation of DCs,
promoting the cross-presentation of exogenous antigens to CD8"
T cells. Activation of iNKT cells also induces strong antitumor
effects in CD8" T cells (57, 58) and helps prevent malaria by
inducing liver-resident memory CD8" T cells (59).

4.2.3 Disease modeling and preclinical research
The high frequency keywords “mice,” “in vivo,” “expression,”
and “cutting edge” reflect the importance of animal models and
gene expression research. Gene-knockout animal models (e.g.,
CDI1d/ and Jol8/ mice) underpin fundamental research into
iNKT cell biology. By genetically ablating the development or
functional capacity of iNKT cells, these models have propelled
transformative advances spanning from mechanistic dissection of
immune pathways to clinical translation of targeted therapies.

At the functional mechanism level, gene-knockout mouse models
serve as the gold standard for investigating the biological functions of
iNKT cells. In a seminal study, Kawano et al. (10) identified 0GC as a
specific TCR activator of iNKT cells through comparative analysis of
splenocytes from wild-type mice, Val4 NKT-deficient mice, Voul4
NKT mice, and NK cell-only mice. The CD1d "/ mouse model (lacks
all CD1d-dependent NKT cells) has been instrumental in establishing
iNKT cells as a critical bridge between innate and adaptive immunity.
Using CD1d-deficient mice as negative controls, researchers
confirmed that aGC activates NKT cells via CDI1d-restricted
mechanisms, thereby inducing potent NK cell activity and robust
cytokine production (54). Subpopulation-specific defect models (e.g.,
conditional knockouts of T-bet for iNKT1, GATA3 for iNKT2, or
PLZF for iNKT10) have significantly advanced our understanding of
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functional heterogeneity among iNKT cell subsets (60-62).
Methodologically, these animal models have provided essential
validation tools—for instance, CD1d’/" mice served as negative
controls to confirm the specificity of CD1d tetramer staining,
enabling high-precision isolation of iNKT cells (12, 13).

iNKT cell-deficient mouse models serve as indispensable tools
in disease therapeutics, providing in-depth mechanistic insights
into the bidirectional immunoregulatory roles of iNKT cells across
metabolic disorders, autoimmune diseases, infections, and cancers
(63-66). These models establish critical preclinical platforms for
developing targeted therapeutic strategies. Besides, humanized
mouse models are widely employed in iNKT cell-based therapy
research (67, 68). Translational advancements—ranging from aGC
dosing optimization to CAR-INKT cell design—heavily rely on
validation through genetically deficient animal models. Preclinical
data derived from murine systems demonstrate that allogeneic
CAR-INKT cells not only exert direct cytotoxicity but also prime
host CD8" T cell-mediated antitumor responses, thereby amplifying
therapeutic efficacy (69). This dual-action mechanism provides a
robust safety foundation for human clinical trials. Collectively, these
studies elucidate the dynamic functional evolution of iNKT cells
during disease pathogenesis and establish a conceptual framework
for clinical translation.

4.3 Emerging research trends

Research on iNKT cells has become a prominent focus in
immunology, with growing interest in understanding their
underlying mechanisms. Initial studies primarily centered on the
discovery and characterization of iNKT cells. This was followed by
investigations into their immune functions, and more recently, a
surge in exploring their therapeutic potential. Keyword burst analysis
has highlighted the current frontiers of iNKT cell research, shedding
light on the key issues currently driving academic interest.
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4.3.1 Cancer immunotherapy

Owing to their potent antitumor activity and favorable safety
profile, iNKT cell-based therapies have emerged as promising
modalities in cancer immunotherapy. Activated iNKT cells can
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directly kill CD1d" tumor cells by releasing perforin and granzyme
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B, as well as through Fas/FasL interactions. Additionally, iNKT cells
can promote tumor cell lysis indirectly by recruiting NK cells, DCs,
and cytotoxic T lymphocytes (70). These dual mechanisms
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underpin their therapeutic potential across diverse malignancies,
such as hepatocellular carcinoma (71), T-cell lymphoma (72),
neuroblastoma (73), and melanoma (74).

To harness this potential, multiple strategies are advanced.
Initially, autologous infusion of ex vivo activated iNKT cells
replenishes dysfunctional populations, restoring antitumor
immunity (71). For instance, a Phase I clinical trial in stage IIIB-
IV melanoma patients demonstrated that adoptive iNKT transfer
elicited Thl-polarized responses with tumor regression (74).
Subsequently, CAR-iNKT engineering was developed to enhance
specificity (75, 76). Critically, the intrinsic ability of iNKT cells to
recognize CD1d-presented endogenous tumor lipids via their
invariant TCR creates a dual-targeting synergy: this not only
amplifies CAR-mediated cytotoxicity but also mitigates antigen
escape by engaging lipid-specific killing pathways (77). It’s
reported that anti-TCRV[ CAR-iNKT cells exhibited enhanced
tumor clearance and reduced tumor escape in T cell lymphoma
models compared to conventional CAR-T cells (72). More recently,
novel activation platforms overcome endogenous limitations. The
bispecific nanobody VHH1D12 bridges CD1d and invariant TCR to
stabilize this interaction, enhancing endogenous lipid antigen
presentation without requiring exogenous oGC. Its unique
advantages include selective iNKT activation and suppression of
type II NKT cells, with preclinical efficacy surpassing traditional
agonists (78).

Beyond direct cell therapies, iNKT cells function as potent
molecular adjuvants for cancer vaccines (79). These cells can help
augment CD8" T cell responses to co-presented peptides, much like
conventional CD4" T cells. In vitro, administering DCs loaded with
0oGC promotes long-term IFN-y production and prevents iNKT cell
dysfunction, leading to a more robust antitumor effect (51).
Common vaccine types primarily include lipid-based antigenic
vaccines that activate iNKT cell activity, such as oGC and its
analogs (80). These CD1d-binding vaccines activate iNKT cells,
which then exert adjuvant effects to enhance the immunogenicity
against bacterial (81, 82), viral (83, 84), parasitic (85), and tumor
(80, 86, 87) antigens.

4.3.2 Antitumor activity

As previously described, iNKT cells exert antitumor activity
through dual mechanisms of direct cytotoxicity and immune
microenvironment remodeling. Leveraging their inherent capacity
for dual-targeting synergy—simultaneous engagement of protein
antigens via CAR and CDld-presented lipid antigens via their
invariant TCR—coupled with robust tumor microenvironment
(TME) remodeling, iNKT cells effectively overcome barriers in
solid tumor therapy.

Nevertheless, TME-imposed immunosuppression and
metabolic dysfunction critically constrain their efficacy. Prevalent
inhibitory signals, including PD-L1 checkpoint activation and
adenosine-driven A,AR signaling, impair iNKT cell function,
necessitating innovative countermeasures (88, 89). Notably, Liu

Frontiers in Immunology

14

10.3389/fimmu.2025.1618254

et al. (90) demonstrated that IL-15 co-expression in iNKT cells
confers resistance to tumor-associated macrophage-mediated
immunosuppression, significantly enhancing anti-metastatic
efficacy—a strategy now informing next-generation CAR-iNKT
designs. Concurrently, TME-driven metabolic stress induces
iNKT cell dysfunction, where metabolic reprogramming disrupts
signaling pathways and impairs intratumoral motility and
activation (91, 92). This dysfunction is counteracted by PPARY
activation via pioglitazone, which rescues iNKT function through
restoration of lipid biosynthesis (e.g., cholesterol) (93).

Furthermore, while many malignancies downregulate CD1d to
evade immune recognition, emerging strategies enable potent
circumvention. Studies in advanced B-cell malignancies show that
a soluble CD1d-CD19 fusion protein activates iNKT cells
independently of endogenous CD1d, augmenting antitumor
efficacy (94). Recent work in aggressive cholangiocarcinoma
further revealed that Vorinostat (histone deacetylase inhibitor)
restores iNKT function by reversing epigenetic silencing of CD1d
and upregulating its expression (95).

Collectively, these advances transform iNKT cells into
multifunctional therapeutic agents capable of overcoming the
TME’s most recalcitrant immunosuppressive and metabolic barriers.

5 Limitations

This study has several limitations related to its bibliometric
approach. All data were sourced from the WoSCC database. While
this database is comprehensive and up to date, it may not include all
relevant publications, potentially introducing a selectivity bias.
Additionally, some literature included in this study may not have
accumulated sufficient citations due to its recent publication, which
could lead to an underestimation of its impact. Moreover, there may
be a time lag in the data, but the results remain reliable and can offer
valuable insights for guiding future research directions.

6 Conclusion

Our analysis reveals a paradigm shift in iNKT cell research—
from mechanistic exploration to clinical implementation. Studies
conducted by American researchers continue to dominate the field,
with the Journal of Immunology publishing the wealthiest research
in the field. Bendelac was a highly influential researcher in this area.
These data-driven insights provide an evidence-based roadmap for
accelerating iNKT cell translation, directing resources toward
optimizing therapies for solid tumors and advancing engineering
strategies. These efforts aim to overcome the challenges posed by the
TME, improve the persistence and function of iNKT cells within
tumors, and ultimately achieve more effective and targeted
therapeutic interventions.
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