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Glioma-associated macrophage/microglia (GAM) represents a key player in
shaping a unique glioma ecosystem to facilitate tumor progression and
therapeutic resistance. Numerous studies have been published concerning
GAM, but no relevant bibliometric study has been performed yet. Our
bibliometric study aimed to comprehensively summarize and analyze the
global scientific output, research hotspots, and trendy topics of publications
on GAM over time. Data on publications on GAM were collected using
the Web of Science (WoS). The search date was 16 January 2022, and the
publications were collected from 2002 to 2021. Totally, 1,224 articles and
reviews were incorporated and analyzed in the current study. It showed
that the annual publications concerning GAM kept increasing over the past
20 years. The United States had the largest number of publications and
total citations. Holland, Kettenmann, and Gutmann were the top three
authors in terms of citation frequency. Neuro-oncology represented the
most influential journal in GAM studies, with the highest H-index, total
citations, and publication numbers. The paper published by Hambardzumyan
in 2016 had the highest local citations. Additionally, the analysis of keywords
implied that “prognosis,” “tumor microenvironment,” and “immunotherapy”
might become research hotspots. Furthermore, trendy topics in GAM
studies suggested that “immune infiltration,” “immune microenvironment,”
"bioinformatics,” “prognosis,” and “immunotherapy” deserved additional
attention. In conclusion, this bibliometric study comprehensively analyzed
the publication trend of GAM studies for the past 20 years, in which the
research hotspots and trendy topics were also uncovered. This information
offered scholars critical references for conducting in-depth studies on GAM in
the future.
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Introduction

Glioma has been considered to be the majority of primary
intracranial malignancies, with poor prognosis, high recurrence,
and mortality rate. Although great progress has been made
in advanced multimodality regimens, the clinical outcomes
of patients with glioma remained dismal (1, 2). In line with
the latest World Health Organization (WHO) definition, adult
gliomas primarily include tumors ranging from WHO grade
II to IV (3). Glioblastoma (GBM, WHO grade IV), the
most life-threatening subtype of glioma, is extremely resistant
to conventional therapies, with a median survival of 14
months (4).

It has been well-accepted that the tumor microenvironment
(TME) plays a pivotal role in sustaining the malignant
proliferation and progression of GBM (5). The TME of GBM
consists of various components, including endothelial cells,
vascular pericytes, cancer-associated fibroblasts, infiltrating
immune cells, and extracellular matrix (6-8). Among them,
the glioma-associated macrophage/microglia (GAM) represent
the most abundant cell type in the TME, comprising as
many as 30-50% of all cells in human GBM (9). Of note,
85% of GAM are infiltrating macrophages/monocyte, while
the remaining 15% are resident microglia (10). Recent studies
have demonstrated that GAM could be divided into two
major subpopulations: the M2 macrophage/microglia (tumor-
supportive subtype) and M1 macrophage/microglia (tumor-
suppressive subtype). The M2 subtype has an intimate
association with the immunosuppressive status of TME in
GBM (11, 12). Notably, the majority of GAM in GBM
exhibit M2-like properties, with potent immunosuppressive
capacity (13). Furthermore, the GAM’ density has been
demonstrated to be positively correlated with the glioma grade
and poor prognosis among patients with glioma (14, 15).
Despite the significant role of GAM in GBM, the mechanisms
underlying tumor-supportive functions of GAM have not been
established yet.

Bibliometrics represents a branch of library science that
uses mathematical and statistical measurements to analyze
publications quantitatively and qualitatively (16). Based on
multidimensional analyses, the bibliometric methodology
can depict the trend of published literature and investigate
the patterns of publications in a specific research field
(17). Additionally, it can facilitate researchers in grasping
the key research focuses and predicting future tendencies
(18). At present, bibliometric has been generally used
in various fields, including orthopedics, neuro-oncology,
infectious disease, and others (18-22). Nevertheless, to the
best of our knowledge, bibliometrics-based study on GAM
remains a virgin land. Correspondingly, it is necessary
to conduct an integrated analysis of the present status,
research hotspots, and future tendencies of publications
concerning GAM.
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Materials and methods

Data source and search strategy

We searched the Web of Science (WoS) on 16 January
2022 to collect GAM-related studies between 2002 and 2021.
The database source was limited to Science Citation Index
Expanded. The search strategy was presented as follows: TS
glioma AND
(tumor-associated macrophage OR tumor-associated microglia
OR TAM) OR TS = glioblastoma-associated macrophage OR
TS = GBM-associated macrophage OR TS = (glioblastoma
OR GBM) AND (tumor-associated macrophage OR tumor-
associated microglia OR TAM).

= glioma-associated macrophage OR TS =

Eligibility criteria and data collection

The publication types were limited to “article” and
“review,” which were written in English. The meeting abstract,
editorial material, book chapter, letter, and others were
excluded. Duplicate and inaccurate raw data were removed
by the analyzing tool automatically. Eventually, a total
of 1,224 publications were
in the study. All
titles, affiliations,
publication year, and references, was retrieved for subsequent

incorporated and analyzed
the

sources,

current information, including

authors, countries, keywords,

bibliometric analysis.

Bibliometric analyses and visualization

The R software (version 4.1.2) and the “BiblioShiny”
package were used to construct the basic analysis of all
enrolled publications. “BiblioShiny” is the tool under the
package that is designed for non-coders to provide methods
for complete bibliometric analysis. It enables the generation
of multiple results in the form of tables and graphs, which
are not common in other software (21). To optimize the
presentation of results, the “ggplot2” package was adopted
for visualization.

The number of articles and citations were applied as the
bibliometric indicators. Briefly, productivity was measured by
the number of publications (NP). The impact was measured by
the number of total citations (TC) and average article citations
per year (AC). H-index was used to predict future achievement
and evaluate academic achievements by integrating productivity
and impact. Besides, the latest impact factor (IF) based on the
latest Journal Citation Reports was also chosen as an indicator
reflecting the quality and impact of medical sources.

To comprehend the most highlighted keywords in the GAM
field intuitively and quickly, a word cloud was constructed
to extract the author’s keywords. To deeply understand

frontiersin.org


https://doi.org/10.3389/fneur.2022.1047162
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

1331 studies identified
from WoS [Studies excluded (n=106):\
Meeting abstract (n=57)
Editorial material (n=15)
Proceedings paper (n=12)
< Retracted publication (n=1)
Online publication (n=7)
Book chapter (n=8)
Correction (n=3)
A 4 News (n=2)
1225 studies identified \ b )
r 3
< 1 published in 2022 literature
was excluded
\_ J
Y
1224 studies identified

the categories and main information of the GAM field, a
co-occurrence analysis of the author’s keywords was carried out.
Furthermore, the analysis of the most locally cited publications
can be an important tool to measure the contribution
of an article in a selected field, which may facilitate the
researchers in finding innovative studies. Additionally, the
trend topics analysis can help us to understand the research
trends in the recent 20 years, thereby predicting future
research hotspots.

Results

Main information of publications on GAM

Until 16 January 2022, a total of 1,224 publications on
GAM met our inclusion criteria and were eligible for subsequent
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bibliometric analyses, including 1,053 original articles and 171
reviews. The detailed process for screening and enrollment is
presented in Figure 1. The average citations per publication were
33.8, with 4.8 of the average citations per year per publication.
The main information of this collection can be found
in Table 1.

Analysis of annual publications on GAM

Since 2002, the number of publications in the GAM field
has elevated from 11 to 253 in 2021. As shown in Figure 2A
and Table 2, the annual publications revealed gradual growth
with an annual growth rate of 17.94% in the past 20 years.
Figure 2B exhibits the average article citations per year, in
which three peaks could be observed in 2005, 2013, and 2017,
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respectively. Combined with the wavy appearance, this index
might encounter new peaks in the future. All of these results

TABLE 1 Main information of publications on GAM.

10.3389/fneur.2022.1047162

implied that GAM represented a hot research field and deserved
consistent attention.

Analysis of countries in publications on
GAM

Description Results
As depicted in Figure 3A, the corresponding authors in
Main inf tion about dat: . . s . . . .
aun information about cata this collection were distributed in 57 countries. The intensity
Ti 2002:2021
tmespan of blue on the world map reflects the NP of a chosen
Sources (Journals, Books, etc 403 .
acees (Jour ) country and the more documents were published, the deeper
Documents 1,224 . .
the blue. Notably, the United States, China, and Germany
Average years from publication 5.39 . P TR
had a deeper blue than any other countries, indicating that
Average citations per documents 33.84 . .
the three countries have the largest NP, accounting for 30.3,
Average citations per year per doc 4.753 . .
Rt 6071 25.6, and 8.7% of the total, respectively. Additionally, there
eferences ,07 .
were also several countries whose NP reached more than
Document types
Article 1,053
Review 171 . .
TABLE 2 The top 10 countries with the largest number of total
Document contents citations.
Keywords plus (ID) 3,104
Author’s keywords (DE) 2,551 COllIltl'y TC AC NP
Authors
USA 19,876 55.06 2,273
Authors 6,884
Author appearances 10,172 CHINA 5545 1636 1,916
Authors of single-authored documents 7 GERMANY 4054 45.55 651
Authors of multi-authored documents 6,877 JAPAN 1,886 37.72 237
Authors collaboration ITALY 1,190 22.88 288
Single-authored documents 7 SWITZERLAND 968 69.14 104
Documents per author 0.178 POLAND 943 42.86 68
Authors per document 5.62 AUSTRALIA 760 30.40 145
Co-Authors per documents 8.31 FRANCE 632 21.07 204
Collaboration index 5.65 NETHERLANDS 610 43.57 106
A B
Annual Scientific Production 1 Average Article Citation per Year
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2
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FIGURE 2
Annual publications analysis. (A) Annual scientific production of GAM research field as of 16 January 2022. (B) Average article citations per year
of GAM research field of 16 January 2022.
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1% of total publications, including Italy, Japan, South Korea,
France, Australia, the United Kingdom, Canada, Netherlands,
Switzerland, Spain, Brazil, and Belgium. Figure 3B exhibits the
mapping of country collaborations in the GAM field, and the
thickness of the red line represents the number of collaborations
between countries. According to the thickness of red lines, the
United States, China, and Germany appeared to be the core
countries in the network. Of note, the collaboration between
the United States and China has reached 68 times, which
possessed the maximum thickness among all pairs. The amount
of co-published papers between the United States and Germany
attained 35 times.

The top 20 most cited countries measured by the number
of citations are shown in Figure3C. It is clear that the
United States, China, and Germany remained the top-ranking
countries regarding the TC. In particular, the TC of the
United States was roughly 3.6 times that of China and ~4.9
times that of Germany. In terms of the AC, the publications from
Portugal have more than 100 average article citations, which are
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much higher than that of any other country (Figure 3D). As the
top three countries with respect to the NP, the average article
citations of the United States, China, and Germany were not in
the leading position, for which China merely had 16.36 average

article citations.

Analysis of authors in publications on
GAM

In GAM-related publications, a total of 6,884 listed authors
were retrieved for the subsequent analysis. Table 3 shows the
results of the top 20 authors with the largest number of TCs.
Among them, the number one author was Holland EC from
the Fred Hutchinson Cancer Research Center, followed by
Kettenmann from the Max Delbriick Center for Molecular
Medicine and Washington University School of Medicine. The
third top author was Gutmann DH from the Washington
University School of Medicine. These top 20 authors contributed
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TABLE 3 The top 20 authors with the largest number of total citations.

Authors TC H-index NP
Holland EC 1,848 8 9
Kettenmann H 1,828 13 13
Gutmann DH 1,772 15 21
Zhang ] 1,657 14 24
Heimberger AB 1,523 10 15
Akkari L 1,520 4 4
Joyce JA 1,520

Wang Y 1,496 16 30
Huse JT 1,453 5 5
Quail DF 1,424 3 3
Brennan CW 1,379 2 2
Pyonteck SM 1,379 2 2
Sevenich L 1,379 2 2
Daniel D 1,354 2 2
OeiY 1,354 2 2
Wei ] 1,295 10 11
Hambardzumyan D 1,186 9 11
Wang Q 1,184 9 12
Leslie CS 1,141 1 1
Olson OC 1,141 1 1

174 publications, accounting for 14.2% of the total number
of papers.

Analysis of sources in publications on
GAM

As shown in Table 4, Neuro-oncology had the largest number
regarding the TCs (2,228 citations), with Cancer Research (1,969
citations) and Clinical Cancer Research (1,812 citations) ranking
second and third, respectively. Meanwhile, Neuro-oncology also
shared the highest H-index (23) and NP (37 articles), implying
that this journal had the most outstanding contribution to the
publications on GAM. These top 20 sources outputted 311
publications, accounting for 25.4% of the total number of papers.

Analysis of keywords in publications on
GAM

Figure 4A maps the word cloud of keywords, and the
font size of a word or phrase reflects the frequency of
occurrences. The top 20 keywords are shown in Figure 4B. After
excluding our searched terms, the most frequently appeared

» <«

keywords in publications on GAM included “prognosis,” “tumor

» » o« s

microenvironment,” “immunotherapy,” “Uimmunosuppression,”
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TABLE 4 The top 20 sources with the largest number of total citations.

Sources TC H-index NP IF
Neuro-Oncology 2,228 25 37 12.3
Cancer Research 1,969 21 27 12.7
Clinical Cancer Research 1,812 18 23 12.5
Glia 1,520 15 22 7.5
Cancer Cell 1,353 4 4 31.7
PLoS ONE 1,241 17 28 32
Proceedings of the National 1,149 10 12 9.6
Academy of Sciences

Nature Medicine 1,141 1 1 53.4
Oncotarget 841 21 27 0
Oncoimmunology 827 14 17 8.1
Nature Neuroscience 788 3 3 24.9
Nature Communications 749 14 19 14.9
Journal of Pathology 687 6 6 8.0
International Journal of Cancer 580 14 15 7.4
Cell 547 3 3 41.6
Frontiers in Immunology 536 12 25 7.6
Oncogene 530 10 10 9.9
Experimental Neurology 521 2 2 5.3
American Journal of Pathology 519 7 8 43
Journal of Neuro-Oncology 489 12 22 4.1
“angiogenesis,” “inflammation,” “immune,” and “biomarker;

which might represent the research hotspot in GAM studies.
The co-occurrence network of keywords is summarized in
Figure 4C, in which the keywords are divided into four color-
coded clusters. The red cluster is mainly associated with the
prognostic role of GAM and the identification of GAM-related
biomarkers in reflecting the immune status of patients with
glioma and predicting the efficacy of immunotherapies on the
basis of the TCGA database. The cluster in blue focuses more
on regimens that manipulated the state of GAM to reverse
the immunosuppressive microenvironment of glioma, thereby
improving the effectiveness of immunotherapies. The green
cluster concentrates on the role of GAM in regulating the glioma
microenvironment and the mechanism of GAM in promoting
therapeutic resistance. The cluster in purple represents a
relatively isolated cluster, yet it remains an important one, which
included studies that focused on GAM-related PD-1 and PD-LI.

Analysis of locally cited articles in
publications on GAM

The top 10 most locally cited publications are presented

in Table 5. The local citations of publications written by
Hambardzumyan D in 2016 were 233, ranking first. In this
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FIGURE 4

Keywords analysis. (A) World cloud of author's keywords in GAM articles measured by the frequency analysis. (B) Most relevant words measured
by the number of occurrences. (C) Co-occurrence analysis of author’s keywords.

review, the authors summarized the interaction between tumor-
associated macrophage and glioma cells (24). In addition, a
study conducted by Pyonteck et al. (25) proposed that tumor-
associated macrophage could serve as a promising therapeutic
target for proneural gliomas and demonstrated that CSF-1R
inhibition might become a potential therapeutic strategy for
patients with glioma. Meanwhile, Komohara et al. identified

Frontiersin Neurology

07

that the M2 macrophage marker (CD163) would be useful in
predicting the prognosis for patients with glioma (13). Wu et al.
discovered that cancer stem cells (CSCs) could mediate the
shift of macrophages/microglia toward an immunosuppressive
phenotype in glioma (23). Additionally, Gabrusiewicz et al.
and Szulzewsky et al. focused on the unique phenotype of
macrophage in glioma, which was different from the M1 or
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M2 subtype (26, 27). Anyway, these innovative studies have
made outstanding contributions to the research field of GAM,
facilitating the understanding of immunopathogenesis and the
development of immune-adjuvant therapies.

Analysis of trend topics in publications on
GAM

The mapping of trendy topics revealed the “GAM”
research tendency over time (Figure 5). Since 2017, attention
has been given to “immunotherapy.” From 2019 to 2021,
numerous novel topics on GAM were introduced, including
“prognosis,”  “bioinformatics,” “immune infiltration,” and
“immune microenvironment.” The above topics deserved
special attention in order to predict the coming hotspots in the

research field of GAM.

Discussion

In the current bibliometric analysis, we comprehensively
mapped the current status, research hotspots, and tendency
of publications on GAM using the R software with the
“BiblioShiny” package. A total of 1,224 original articles and
reviews published from 2002 to 2021 were retrieved for further
investigation. According to the analysis of annual production,
the number of publications revealed an overall upward trend
(Figure 2A). The publications of most locally cited articles might
be the main reason for three peaks in average article citations
per year (Figure 2B). Overall, these findings implied that GAM
gradually became the research focus in the scientific field and
entered into a rapidly growing stage. Delineating publications
and citations provided insight into the pattern of scientific
production on the GAM.

According to the analysis of countries, the United States
ranked first in terms of TC and NP, suggesting that it was a highly
productive and influential country in GAM-related research
(Table 2). However, when compared with the United States, the
publications from China encountered a contradiction between
quality and quantity, as evidenced by comparable NP but
substantially lower TC. These results suggested that Chinese
scholars should make more efforts on the quality of their studies,
for which the application of more cutting-edge sequencing
technologies might be helpful. Among the top 20 sources, 8 had
relatively high IF (IF > 10). These results showed that it was
possible to publish GAM-related studies in high-quality sources
(Table 4). Notably, the top three sources (Neuro-Oncology,
Cancer Research, and Clinical Cancer Research) have reached
a balance between the yield and quality of studies on GAM.
Paying attention to these top sources will facilitate us in grasping
the frontiers of the research field of GAM, and publishing
articles in these journals will contribute to the academic
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dissemination of our own research results. Of the top three
authors in the GAM field, two are from the United States, and
they all focused on the interaction between GAM and other
components in the glioma microenvironment (24, 28-30). An
in-depth understanding of the “cross-talk” mechanism will help
to decipher the key features of the glioma immunosuppressive
microenvironment, accelerating the development of GAM-
related immune-adjuvant therapies and clinical transformation
in this field.

As shown in the red cluster presented in Figure 4C, the
“biomarker” and “prognosis” represented research hotspots
in GAM studies. In earlier studies, the identification of
GAM in glioma was mainly based on several markers,
including CD163, CD204, and IL-10 (14, 15). However, with
the development of monitoring approaches, scholars found
that these markers representing GAM might not accurately
reflect the real infiltering status. In recent years, as shown
in Figure 5, bioinformatics methods based on transcriptome
data in predicting immune infiltration have attracted more
attention and became a hotspot. For example, CIBERSORT
(31), TIMER (32), and xCell (33, 34) can quantitatively analyze
the GAM in glioma tissue. These integrated methods could
provide more information that could not be accomplished using
single markers. By applying TCGA, CGGA, and the Rembrandt
database, the association between GAM infiltration and clinical
prognosis could be established. Zhang et al. constructed the
microglia-related SubP28 signature that could precisely predict
the prognosis for patients with glioma. In addition, based
on the SubP28 signature, a comprehensive drug-subpathway
network was established for identifying candidate drugs and
feasible therapeutic targets (35). Therefore, recognizing glioma
phenotypes and therapeutic responsiveness on the basis of GAM
infiltration pattern and composition would be of prominent
significance in the research field of GAM. Additionally,
correlation analysis could be carried out to explore the cell-
cell communications between GAM and the other components
in the glioma microenvironment, providing a cellular and
molecular basis for further investigation.

The heterogeneity of GAM in the glioma microenvironment
also represented a research focus according to the blue cluster
in Figure 4C. Some studies proposed that the majority of
GAM displayed an M2-like phenotype, which played an
immunosuppressive role that facilitated glioma progression in
TME (7, 8, 14). Nevertheless, a study by Gabrusiewicz et al.
revealed that GBM-infiltrated innate immune cells resemble
MO (undifferentiated) phenotype (26). In general, most of
these studies were derived from in vitro experiments on cell
lines such as THP-1 and RAW264.7. The THP-1 cell line
was cultured from the blood of a boy with acute monocytic
leukemia, and RAW264.7 represents a mouse leukemia cell
line of monocyte (36-38). Upon stimulation, they could yield
three phenotypes (MO, MI, and M2) for further analysis
(39). Using cell lines is generally simple and risk-free, with a
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TABLE 5 The top 10 most locally cited publications.

Title Corresponding

author

The role of microglia and macrophages in glioma Kettenmann H

maintenance and progression

CSF-1R inhibition alters macrophage polarization and Joyce JA

blocks glioma progression

Possible involvement of the M2 anti-inflammatory Takeya M
macrophage phenotype in growth of human gliomas

Glioma cancer stem cells induce immunosuppressive Heimberger AB

macrophages/microglia
Glioma-associated microglia/macrophages display an Kettenmann H
expression profile different from M1 and M2

polarization and highly express Gpnmb and Spp1

Glioblastoma-infiltrated innate immune cells resemble Heimberger AB
MO macrophage phenotype

The molecular profile of microglia under the influence Graeber MB

of glioma

Microglia function in brain tumors Badie B
Characteristics of the alternative phenotype of Kaminska B
microglia/macrophages and its modulation in

experimental gliomas

Microglial stimulation of glioblastoma invasion Segall JE

involves epidermal growth factor receptor (EGFR) and

colony stimulating factor 1 receptor (CSF-1R) signaling

relatively rapid growth rate than that of primary cells. Moreover,
the homogeneous genetic background further eliminates the
degree of variability in studying macrophage phenotypes (38).
Nonetheless, the disadvantages of using cell lines could not
be neglected, for which the polarization of macrophage is
distinct between human and mouse cell lines. More importantly,
an in vitro study could not accurately reflect the actual
functional status of GAM (2, 11). For example, unlike the
primary culture of monocyte, THP-1 cells exhibit low levels
of CD14, which plays an indispensable role in LPS signaling.
Besides, the responsiveness of THP-1 cells upon stimulation has
been reported to be lower than that of primary macrophages
(40). Thus, more advanced models of in vivo experiments
are an urgent need for exploring the heterogeneity of GAM.
Meanwhile, emerging evidence has implied that GAM in glioma
could not be simply divided into M1 and M2 subtypes,
which came from in vitro experiments (41). In GBM tissues,
GAM has been confirmed to develop a perplexed status
that expressed both M1 and M2 markers (27). With the
innovation of cutting-edge sequencing technologies, single-
cell sequencing analysis and proteomics-based assay have been
broadly applied in this field, which enabled researchers to decode
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Journal Publication year Local citations IF
Nature 2016 233 249
neuroscience

Nature medicine 2013 202 53.4
Journal of 2008 139 8.0
pathology

Neuro-oncology 2010 102 12.3
PLoS ONE 2015 89 32
JCI insight 2016 86 8.3
Neuro-oncology 2012 85 12.4
Journal of 2005 84 4.2
neuroscience

research

PLoS ONE 2011 78 32
Molecular medicine 2012 77 6.4

significant heterogeneity within GAM. Miiller et al. revealed
that GAM possessed inherent heterogeneity. When compared
with the microglial GAM, the blood-derived GAM had a unique
phenotype that preferentially expressed immunosuppressive
cytokines and exhibited an altered metabolic profile. They
also pointed out that GAM-related therapies should focus
on immunosuppressive blood-derived GAM but not target all
GAM indiscriminately (42). Ochocka et al. demonstrated that
GAM could be separated into three major groups, including
microglia, infiltrating monocyte/macrophages, and border-
associated macrophages. Additionally, these data uncovered a
difference in GAM phenotype between males and females, for
which significant upregulation of genes encoding MHCII was
identified in microglia and infiltrating monocyte/macrophages
of male mice. Further studies on GAM should take into
consideration this discrepancy and avoid using single-sex
research to speculate on the general population (43). Therefore,
there is an urgent demand for a brand new classification system
that can comprehensively yet accurately reflect the phenotypes
of GAM.

The cross-talk between GAM and CSC is a topic of great
concern (Figure 4C). Increasing evidence showed that CSC
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could regulate the recruitment, polarization, and survival of
GAM in multiple manners. For example, CSC-derived IL-10 and
IL-6 were demonstrated to potentiate a pro-tumor phenotype of
GAM (23, 44). CSC can also enhance the infiltration of GAM
through the production of OLFML3, POSTN, CCL5, CXCLI,
and CXCLI12B (7, 45-47). Furthermore, Tao et al. found that
CSC could improve the survival of GAM via activating the
a6P1 integrin/AKT pathway (8). Mirroring the function of CSC,
GAM-derived factors were found to maintain the stemness
of CSC (48). Thus, further discoveries will help identify the
mechanism underlying their interaction, and targeting their
interplay is expected to be an innovative therapeutic regimen for
patients with glioma.

In recent years, immunotherapies-related studies have
become a trendy topic according to Figure 5. However, T-
cell-based immunotherapies have failed to induce an effective
immunologic response in most patients with GBM (49), for
which several reasons were responsible for these consequences.
First, there is a preponderance of myeloid over lymphoid
lineage in the glioma microenvironment, which is a unique
feature of brain immunity in comparison with peripheral
immunity (11). Massive infiltration of immunosuppressive
GAM could jeopardize T-cell functions by expressing various
co-inhibitory molecules and releasing inhibitory cytokines
(50, 51). Second, since effector CD8T T cells are rare in GBM
tissues, they cannot mediate effective antitumor immune
responses (52). Therefore, elucidation of the mechanism
underlying immunosuppressive microenvironment remodeling

Frontiersin Neurology

10

by GAM might provide an important theoretical basis for
the development of novel immunotherapeutic strategies
against glioma. Recently, Chen et al. reported a cavity-
injectable nanoporter-hydrogel superstructure that could
generate glioma stem cells (GSCs)-specific chimeric antigen
receptor (CAR) macrophage/microglia. Strikingly, these CAR-
macrophage/microglia could target GSC and eliminate GSC by
activating an adaptive antitumor immune response. Besides,
they could also facilitate long-term antitumor immunity as they
prevent postoperative glioma from relapsing in a mouse model
(53). Future studies should focus more on novel therapeutic
strategies underlying reprogramming GAM into exerting
antitumor subtype and reversing immunosuppressive TME.

Similarly, the expression of PD-1 and PD-L1 on GAM
has been a focus in this field, as presented by the purple
cluster in Figure 4C. Wen et al. showed that the upregulation
of PD-L1 was a remarkable feature of M2-like macrophage
(54). Consistently, Gabrusiewicz et al. illustrated that CSC could
drive differentiation of M2 macrophage and PD-L1 upregulation
on human monocytes (55). By interacting with PD-L1 on
GAM, PD-1 could drive an inhibitory signal in T cells, further
attenuating the effector functions (5). Meanwhile, the expression
level of PD-1 on macrophages was negatively correlated with
phagocytic capacity (56). Notably, the blockade of PD-1 could
substantially influence the phenotypical shift from M2 to M1
macrophage (57). Hence, regulation of the status of GAM
using anti-PD-1/PD-L1 therapies is a research area that deserves
further exploration.
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Nonetheless, this study had several limitations. First, merely
original articles and review articles written in English were
included. Second, analysis based on the R package “BiblioShiny”
might omit some information since it could not analyze the full
text of enrolled publications. Third, only data obtained from the
WosS database were included in this study; other databases need
to be analyzed in a future study. Finally, the database updates
continuously and only relevant records from 2002 to 2021 were
taken into consideration in the current study. Therefore, a
discrepancy might exist between the bibliometric analysis and
the real status of publications on GAM.

Conclusion

In conclusion, we performed an integrated bibliometric
analysis of publications on GAM regarding different countries,
authors, and sources, with the comprehensive mapping of
the research hotspots over the past 20 years. Moreover, we
also predicted the research trends of GAM-related studies.
We hope our study can reflect the current status and novel
directions for GAM research, thereby facilitating scholars to
obtain more innovative research and rapid development in
this field.
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