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Abstract

Background As the complexity and diversity of the tumor immune microenvironment (TIME) are becoming bet-
ter understood, burgeoning research has progressed in this field. However, there is a scarcity of literature specifically
focused on the bibliometric analysis of this topic. This study sought to investigate the development pattern of TIME-
related research from 2006 to September 14, 2022, from a bibliometric perspective.

Methods We acquired both articles and reviews related to TIME from the Web of Science Core Collection (WoSCC)
(retrieved on September 14, 2022). R package “Bibliometrix”was used to calculate the basic bibliometric features, pre-
sent the collaborative conditions of countries and authors, and generate a three-field plot to show the relationships
among authors, affiliations, and keywords. VOSviewer was utilized for co-authorship analysis of country and institution
and keyword co-occurrence analysis. CiteSpace was used for citation burst analysis of keywords and cited references.
In addition, Microsoft Office Excel 2019 was used to develop an exponential model to fit the cumulative publication
numbers.

Results A total of 2545 publications on TIME were included, and the annual publication trend exhibited a significant
increase over time. China and Fudan University were the most productive country and institution, with the highest
number of publications of 1495 and 396, respectively. Frontiers in Oncology held the highest number of publica-
tions. A number of authors were recognized as the main contributors in this field. The clustering analysis revealed six
clusters of keywords that highlighted the research hot spots in the fields of basic medical research, immunotherapy,
and various cancer types separately.

Conclusions This research analyzed 16 years of TIME-related research and sketched out a basic knowledge frame-
work that includes publications, countries, journals, authors, institutions, and keywords. The finding revealed

that the current research hot spots of the TIME domain lie in “TIME and cancer prognosis’, “cancer immunotherapy”,
and“immune checkpoint” Our researchers identified the following areas: “immune checkpoint-based immuno-

therapy”, “precise immunotherapy”and “immunocyte pattern’, which may emerge as frontiers and focal points
in the upcoming years, offering valuable avenues for further exploration.
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Introduction

In recent years, with the widespread application of immu-
notherapy in multiple cancers, the role of tumor immune
microenvironment (TIME) is getting the increasing
attention it deserves. The tumor immune microenvi-
ronment derives from the concept of the tumor micro-
environment (TME), which is defined to be composed
of heterogeneous cancer cells and multiple stromal cell
types along with associating parenchyma [1]. However,
TIME concentrates more on understanding the complex-
ity and diversity of immunological components of TME.

The studies of TIME burst in recent years, although
with limited research history. Currently, three main
classes of TIME have been recognized to describe the
immunological frequency and cellular status infiltrated-
excluded (I-E) TIME, infiltrated—inflamed (I-I) TIME,
and tertiary lymphoid structures (TLS) TIME [2]. (I-E)
TIME is characterized by cytotoxic lymphocytes (CTLs)
located on the border of the tumor but poorly infiltrated
into the tumor core, which is hypothesized to be poorly
immunogenic and characterized by immunological igno-
rance [3]. I-E TIME can be found in several epithelial
cancers, such as colorectal carcinoma [4] and pancreatic
ductal adenocarcinoma [5]. Leukocytes and tumor cells
that express the PD-1 (programmed cell death protein 1)
ligand PD-L1 (programmed death-ligand 1) and CTLs
that express PD-1 are more prevalent in I-I TIME, which
dampens the immune response. Microsatellite instabil-
ity high (MSI-H) colorectal cancer is one representa-
tive of this TIME type which has higher responses to
immune-checkpoint blockade treatment [6]. TLS-TIME
is a subclass of I-I TIME containing TLSs, including
T cells, B cells, and Treg cells which is often associated
with a positive prognosis for cancer patients. However,
the characteristic of TLS requires further elucidation [7].
Furthermore, studies unveil the inextricable relationship
between tumor cells and TIME. Tumor genotypes and
phenotypes contribute to the formation of TIME through
processes such as cytokine production [8] and stroma
modulation [9]. Despite deeper understanding and explo-
sive expansion of published articles in the field of TIME,
there is still a dearth of precise and useful information
concerning the publication status of relevant literature in
this field.

The bibliometric analysis serves as a valuable tool
for delving into the developmental trajectory, current
research trends, and promising avenues of investiga-
tion within a specific research domain. By harnessing
various indicators such as references, authors, journals,

countries, and institutions, this approach enables quan-
titative analysis of an extensive body of scholarly litera-
ture [10]. In contrast to traditional systematic reviews
and meta-analyses, bibliometric analysis can provide a
more systematic and intuitive perspective to uncover
the evolutionary path of a research topic. However,
the extensive feature of TIME, encompassing numer-
ous cancer types, poses significant challenges for meta-
analyses. Comprehensive analysis of the entire research
field becomes impractical due to this diversity. This
limitation arises from the heterogeneity of different
tumors and the variations in evaluation criteria. Con-
sequently, existing meta-analyses in the field of TIME
are often constrained to analyzing specific tumor types
individually [11, 12], making it challenging for readers
to gain a comprehensive understanding of this domain.
By presenting a wealth of data through knowledge
maps, we used CiteSpace, VOSviewer, as well as Biblio-
metrix R package as the main software tools to analyze
and paint descriptive images as well as collaboration
network maps based on the Web of Science database
[13, 14] to visually showcase essential information from
relevant literature in the field of TIME.

In comparison to similar latest research and after
reviewing the existing literature, we discovered that
there is a scarcity of bibliometric research on TIME. In
addition, the domains covered by these articles may be
fragmented. Several bibliometric analyses have focused
on the tumor microenvironment of specific tumors. Wu
et al. [15] conducted a bibliometric analysis to reveal
the research trends in the tumor environment of pan-
creatic cancer using CiteSpace and VOSviewer as tools.
The research findings indicate that research hot spots
primarily revolve around several key areas including
energy metabolism, cancer-associated fibroblasts, accu-
rate diagnosis, drug delivery, and new treatments. In a
bibliometric analysis conducted by Chen et al. [16] on
the literature on hematological tumors, research trends
related to the tumor microenvironment were examined.
The analysis revealed that the predominant research
emphasis is on targeted immunotherapy. Apart from
this, specific type of tumor microenvironment has also
been studied using bibliometric analysis. Zhang et al.
[17] presented a comprehensive review of research
conducted in the field of inflammatory tumor micro-
environment spanning several decades and revealed
inflammation, immunity, and angiogenesis as research
hot spots. More recently, in 2023, articles employing
bibliometric analysis in the field of TIME are still being
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produced and made significant contributions by explor-
ing various angles, including but not limited to delving
into the immunological mechanisms underlying pho-
tothermal therapy to enhance its effectiveness [18] and
offering valuable guidance and novel perspectives in
the field of tumor-associated macrophages [19].

In the whole, existing bibliometric articles in the field
of TIME have summarized and analyzed the current
state of research from various perspectives, offering valu-
able insights and prospects for future research direc-
tions. However, the existing studies lack a comprehensive
understanding of the overall landscape of TIME, and no
bibliometric study on the topic of TIME has ever been
published.

Based on an analysis of the current research status and
an overview of the existing research hot spots, this study
sought to investigate the development pattern of TIME-
related research from 2006 to September 14, 2022, from a
bibliometric perspective. More specifically, this research
aims to achieve the following key objectives:

1. To describe the current research status, such as
publication analysis from various aspects, including
country, institution, authorship, and journals.

2. To perform co-occurrence networks analysis of key-
words and discover emerging research trends in this
area.

3. To assist researchers in identifying potential avenues
for future research exploration in the field of TIME

Methods

Data source acquisition and search strategy

In our study, relevant literature was searched and
extracted from the Web of Science Core Collection
(WoSCC) database as the data source before September
14, 2022. Four indexes from the WoSCC, the Science
Citation Index Expanded (SCI-Expanded), the Social Sci-
ences Citation Index (SSCI), the Arts & Humanities Cita-
tion Index (A&HCI), and the Emerging Sources Citation
Index (ESCI) were included in the study. We selected the
Web of Science (WoS) database in this research based
on several reasons. Just as it has been utilized in schol-
arly literature research, WoSCC is one of the most influ-
ential academic databases, containing more than 20,000
journals covering a wide range of academic disciplines,
including natural sciences, engineering and technology,
and medicine. WoS is a widely accepted and commonly
utilized database for producing citation data analysis and
various evaluation purposes [20] and has been used in
numerous bibliometric analyses, serving as a fundamen-
tal resource for analyzing and assessing scholarly publica-
tions [21-24]. In addition, although other databases such
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as Scopus and PubMed have been applied to bibliomet-
ric study [25-27], they both have their own limitations.
The PubMed database may introduce biases in the search
approach that prioritize medical domains, while WoS
provides a more powerful citation analysis feature (such
as the “Cited Reference Search” function) than the Sco-
pus database that allows researchers to track and assess
the citation status of publications, enabling them to
understand their impact and academic influence. Other
limitations of the Scopus database include: it lacks refer-
ences published prior to 1996 and research results in the
Scopus database cannot be presented by institutions and
countries like WoS [28], which were essential compo-
nents of our analysis. Considering the factors mentioned
above, we selected the WoSCC database for conducting
further analysis.

The search strategy was set as follows: [TS=(“Tumor
immune microenvironment” OR “Tumor immune
microenvironments” OR “Tumour immune microenvi-
ronment” OR “Tumour immune microenvironments”
OR “Cancer immune microenvironment” OR “Cancer
immune microenvironments” OR “Immune microenvi-
ronment of tumor” OR “Immune microenvironment of
tumors” OR “Immune microenvironment of tumour” OR
“Immune microenvironment of tumours” OR “Immune
microenvironment of cancer”)]. The document types
included research articles and reviews, and the publi-
cation language was specified as English. All the pub-
lications were extracted and saved in plain.txt format
(including full records and cited references) for further
analysis.

Data analysis

This bibliometric analysis was performed mainly using
three tools R version 4.0.1 [29], VOSviewer (version
1.6.18) [30], and CiteSpace (version 5.2R) [31].

Bibliometrix version 4.0.0 is an R package involving
functions for bibliometrics and scientometrics quantita-
tive research. In this research, it was used to (1) present
the number of publications and citations of bibliometric
analysis; (2) determine the frequency of keywords and
terms; (3) analyze the collaboration frequency among
countries and authors; and (4) establish a three-field plot
to visualize keyword analysis. Bibliometrix is an R pack-
age that can be utilized for bibliometric analysis using its
default parameters.

VOSviewer is a bibliometric software concentrating
on the bibliometric network visualization based on the
distance of plots [32]. It can construct co-occurrence
networks of specific terms and provide overlaying vis-
ual network maps over time, in which the color and dis-
tance of plots represent their distribution in time and
association accordingly [33]. In this study, we primarily
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used VOSviewer to perform: (1) co-authorship analysis
to explore the cooperative relationships among authors
and their institutions and (2) co-occurrence analysis to
explore the relations among the keywords.

The thresholds of VOSviewer were set as fol-
lows—co-authorship analysis: frequency of at least 7;
keyword co-occurrence: frequency of at least 20; co-
authorship analysis of institution: the top 100 most
productive institutions. The remaining functionali-
ties of VOSviewer could be analyzed using the default
parameters.

CiteSpace is a citation visualization tool which can
generate the knowledge maps of main information such
as countries, authors, keywords, institutions and co-
citations. We mainly used it in our study to find highly
cited references and keywords that experienced citation
bursts during a period of time, which indicates emerging
research hot spots. The thresholds of VOSviewer were set
as follows: look back years, 8; link retaining factor, 3; per-
centage of nodes to label, 1.0%; maximum links per node,
5; TopN =2.0; filter refs by intrinsic citation, on.

In addition, an international collaboration map among
countries was performed using the online website
(https://bibliometric.com/). Microsoft Office Excel 2019
(Microsoft, Redmond, Washington, USA) was used to
process the data and build an exponential model to fit the
cumulative number of publications.

Results

Publication growth trend

A flowchart to summarize this study is shown in Fig. 1,
with thresholds used in the Vosviewer and Citespace
labeled. A total of 2545 articles concerning TIME, which
were published between 2006 and September 14, 2022,
were obtained from the Web of Science database. As
shown in Fig. 2, we can see the quantity and trend of
annual publication numbers. The Blue column repre-
sents the annual publication numbers and the orange
dotted curve represents the exponential model fitting the
cumulative number of publications. Based on the search
strategy we have employed, the earliest identified arti-
cle dated back to 2006, and the annual number of pub-
lications remained less than 10 before 2014. In 2007 and
2008, there was no publication in this field. The annual
publications have increased steadily since the year of
2018 and reached a peak in 2021 (n=2847). Until Septem-
ber 14, 2022, the publications concerning TIME in 2022
has reached 839, showing great potential to surpass the
annual publication numbers in the past years. Addition-
ally, we observed the significant effects of the exponential
model fitting the cumulative number of publications per
year (R*=0.9884) before 2022.

Page 4 of 14

Analysis of countries and institutions

A total of 2545 articles were published from 44 countries.
We analyzed the number of national publications and the
result are presented in Fig. 3. Among all of the countries,
China had the highest number of publications (n=1495,
58.7%), followed by the USA (n=478, 18.8%) and Japan
(n=101, 4.0%). The top three most productive countries
contributed to more than 80% of the total publications
and the remaining countries had less than 100. To clarify
the collaborative relationships among these countries, we
constructed a chord diagram in Additional file 1: Fig. S1
to visualize the cooperation. Most of the research col-
laborations were between the USA, East Asian coun-
tries, and Europe. The most frequent collaborations
were between the USA and China (frequency=126), fol-
lowed by the collaborations between the USA and Japan
(frequency=55), then between the USA and the UK
(frequency=28).

We then evaluated the number of institutional pub-
lications to investigate how institutions contribute to
the TIME-related research. A total of 2707 institutions
contributed to the research of TIME and we the top 20
institutions are summarized in Fig. 4. Among the most
productive institutions, there were 16 from China and
4 from the USA. Fudan University ranked first with 396
publications. Inter-institutional collaborations were fur-
ther investigated using clustering network analysis with
co-authorship analysis and time-overlapping network
analysis. In the network analysis, the size of the plots rep-
resented publication numbers and the same color repre-
sented a similar intensity of collaboration. In Additional
file 1: Fig. S2A, we have included the top 30 institutions
with the most publication numbers and formed five clus-
ters. The cluster with the most institutions is shown in
red; there are 10 in this cluster, all of which were Chi-
nese institutions, while cluster 2 colored green contains
all the 7 institutions other than those in China of the 30
included. We noticed that collaborations within coun-
tries were far more frequent than inter-country collabo-
rations. In Additional file 1: Fig. S2B, following the lead
of American hospitals, notably Massachusetts General
Hospital, as pioneers in the field of TIME, researchers
in Japan and China subsequently conducted numerous
studies, contributing significantly to the body of research
in this area.

Analysis of authors and academic journals

More than 10,000 researchers participated in the research
and publication work of TIME and the top ten authors
with the most publications were all Chinese. As shown
in Table 1, Wang was the most productive author who
published 158 articles with an h_index of 19, followed by
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Fig. 1 Diagram of the process and key steps of the study

Zhang who published 119 articles with an h_index of 16,
and Li who published 107 articles with an h_index of 16.
To further investigate the collaborative relationships
among researchers, we used clustering network analy-
sis to illustrate and visualize these results. As shown in
Additional file 1: Fig. S3A, 109 authors with publication
numbers no less than 7 were integrated into 17 clusters.

Chinese and Japanese researchers showed more collabo-
rative tendencies than other countries, which suggested
that collaborations among international research-
ers in the field of TIME should be further enhanced.
In the time-overlapping network analysis, as shown in
Additional file 1: Fig. S3B, we have observed emerg-
ing research network trends in China compared to
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researchers from other countries, indicating the growing
significance of future research conducted in China. This
highlighted the need to pay attention to relevant studies
originating from China in the coming years.

In the analysis of journal publication patterns, we iden-
tified a total of 561 academic journals that have pub-
lished articles related to TIME. We then recognized ten
score sources journals according to Bradford’s law [34]
(Additional file 1: Fig. S4), with Frontiers in Oncology
(n=178, IF 2021 =5.738) ranking first, followed by Fron-
tiers in Immunology (n=169, IF 2021=8.786), and Can-
cers (n=112, IF 2021=6.575) (see Table 2). Among the
top ten journals, 40% (4/10) were from the USA and 40%
(4/10) were from Switzerland, followed by 20% (2/10)

'

CHINA 1495

USA 478

JAPAN 101
KOREA 64
ITALY 62
GERMANY 46
FRANCE 35
CANADA 34
UNITED KINGDOM 29
AUSTRALIA 20

from the UK. According to journal citation reports (JCR),
Q1 was assigned to 50% (5/10) of the journals and Q2 to
40% (4/10).

Research hot spot analysis

Most cited publications

We retrospectively recognized the ten most highly cited
articles, as shown in Additional file 1: Table S1, among
the 2545 articles included. All of these ten articles were
open access and have reached more than 400 citations,
60% (6/10) of which have reached more than 500 cita-
tions. Of these articles, one review entitled “Understand-
ing the tumor immune microenvironment (TIME) for
effective therapy’, published in 2018, is the most cited
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Table 1 Top ten authors with the most publications in the field
of TIME research

100

Rank Author Publications h_index
1 WangY 158 19
2 ZhangY 119 16
3 Liy 107 16
4 Wang X 105 18
5 Zhang J 95 14
6 Wang J 87 13
7 Wang Z 87 14
8 LiJ 84 16
9 LiuY 82 11
10 Zhang X 78 14

150 200 250 300 350 400
Articles

article in the field of TIME with 1798 citations [2], which
was also the only review type of article. Other most cited
articles focused more on basic medicine or pre-clinical
medicine research [35-40], while only two articles spe-
cifically focused on exploring the TIME landscape of spe-
cific cancer types in clinical scenarios [41, 42].

Citation burst analysis

In Additional file 1: Fig. S5, we searched the top 25 arti-
cles with the highest citation burst. We set the minimum
duration of the burst as 1 year. The burst duration time is
shown by the red line, while the time period from 2006
to September 14, 2022 is shown by the blue line. Of these
articles, the article entitled “Safety, activity, and immune

Table 2 Top ten journals with the most publications in the field of TIME research

Rank Journals Articles Country IF JCR-c
1 Frontiers in Oncology 178 Switzerland 5.738 Q2
2 Frontiers in Immunology 169 Switzerland 8.786 Q1
3 Cancers 112 Switzerland 6.575 Q2
4 Frontiers in Genetics 87 USA 4772 Q2
5 Frontiers in Cell and Developmental Biology 83 Switzerland 6.081 Q3
6 Journal for ImmunoTherapy of Cancer 72 USA 12.469 Q1
7 Scientific Reports 42 UK 4.996 Q1
8 BMC Cancer 39 UK 4638 Q1
9 Aging-US 36 USA 5.955 Q2
10 Clinical Cancer Research 33 USA 13.801 Q1
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correlates of anti-PD-1 antibody in cancer’; published in
2012, had the most robust citation burst value (citation
burst=23.54) during 2013-2020 [43]. Additionally, the
citation burst for three articles is still running strong,
such as “International validation of the consensus Immu-
noscore for the classification of colon cancer: a prognos-
tic and accuracy study” [44], which helped to establish
a robust scoring system of immune microenvironment
based on immunohistochemistry in the future treatment
of colon cancer. The other two articles focused on the
genomic levels and pan-cancer analysis [45, 46], which
could be helpful in finding new potential frontiers in the
research of TIME.

Keyword analysis

Among the 2545 articles we included, we recognized
a total of 4062 keywords. Setting an admission criteria
number of at least 20, 69 keywords were included in the
study. In Fig. 5A, we listed the top 20 most frequently
used keywords, where “expression” was the most relevant
keyword with 748 occurrences, followed by “cancer”
(N=509) and “cells” (N=334). No specific cancer type
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was listed in the most frequent keywords, whereas basic
medical-related researches that focused more on the cel-
lular level were still trending.

We then performed clustering network analysis and
time-overlapping network analysis to explore the rela-
tionship among these keywords further. The size of
nodes denoted the occurrence frequency of keywords,
and the space distance between nodes represented the
closeness of their relevance. In Fig. 5B, 69 selected key-
words were separated into six clusters. In cluster 1 with
the most keywords colored red, new concept such as
“pyroptosis,” “ferroptosis,” “gene signature,; and “Inc-
RNA” were explored in several tumor types and relevant
research focused more on “prognosis” and “survival”
Cluster 2, colored green, focused on immune-related
topics such as “immune cells; “immune checkpoint,
“immune response,” and “cancer immunotherapy” in sev-
eral tumor types. Cluster 3 was in blue and concentrated
on widely studied immune checkpoints represented
by “pd-1” and “pd-11”. In other clusters, several cancer
types with immune-related topics and microenviron-
ment components intertwined with little regularity. In
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Fig.5 AThe top 20 most frequent used keywords in the field of TIME; B clustering network analysis of keyword co-occurrence; C time-overlapping
network analysis of keyword co-occurrence; D three-field plot of the keywords analysis on TIME
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the time-overlapping network analysis shown in Fig. 5C,
where the node colors are determined by the aver-
age time of each keyword’s occurrence year, we noticed
earlier research focused more on “immune checkpoint
inhibitors,” “pd-1,” and “pd-11” As research progressed,
recent studies focused more on the topics such as “gene
signature,” “ferroptosis,” “pan cancer; and “prognostic
signatures.”

To better understand the relationships between the
authors, relevant institutions, and keywords, the three-
field plot in Fig. 5D represents the connections by gray
links, in which the shades of colors represent the fre-
quency of publications. In Additional file 1: Fig. S6, we
listed the top 25 keywords with the most citation bursts
from 2006 to September 14, 2022. The keywords “pdl
blockade” (2017-2020) (citation burst=14.55), “check-
point blockade” (2015-2019) (citation burst=11.56),
and “tumor associated macrophage” (2017-2020) (cita-
tion burst =10.98) have received relatively more attention
over time. Keywords such as “tumor infiltrating lympho-
cyte” (2018-2020) and “immune cell” (2019-2020) have
been used more recently. However, in the recent 2 years,
there is still a lack of enough hot research trend burst,
indicating that popular research topics in the future
remain to be explored.

Discussion
In this research, we implemented a comprehensive bib-
liometric analysis from the Web of Science database
incorporating 2545 articles from 2006 to September 14,
2022, in the research field of TIME. These articles were
published in 561 journals from 2707 institutions in 44
countries. We observed that articles in the field of TIME
had shown a growing trend over the last decades, indi-
cating that this field has achieved sufficient attention in
recent years. As James and Tasuku Honjo were awarded
the Nobel Prize in 2018 for their research on cancer
immunotherapy using immune checkpoint inhibitors, we
found publications in the field of TIME reached a criti-
cal turning point in 2019 and have been growing signifi-
cantly until today. The keyword “Immunotherapy,” which
emerged as one of the most frequently occurring key-
words in our study, signified that research on the TIME
has predominantly focused on clinical value-oriented
investigations. Furthermore, the clinical significance of
immunotherapy has reached new heights in recent years.
In our bibliometric study, we noticed most of the arti-
cles were published by countries from East Asia (China,
Japan, Korea), North America (the USA, Canada), and
Europe (Italy, Germany, France). The top three countries
in publication numbers (China, the USA, and Japan) con-
tribute to more than 80% of TIME-related publications.
Such a phenomenon verified that enough governmental
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economic expenditure ensures academic output capabil-
ity [47]. For example, the USA had the highest annual
health expenditure in 2020, with USD 10,202 per resident
surpassing any other country [48] and had the second
publication numbers. Among the top ten most produc-
tive countries, China was the only developing country
that contributed to 58.7% of the publications with total
health expenditures of 7217.5 billion RMB in 2020 [49].
Although China has reached nearly three times the pub-
lications of the USA, the citation frequency of China
publications ranks second and is far behind the USA.
International cooperation with the USA was also the
most frequent, as the top nine inter-country collabora-
tion rankings were all between the USA and other coun-
tries. In our research of authors and institutions, Chinese
authors were found to be the most productive and simi-
larly Chinese institutions. Above all, Chinese researchers
contributed a great deal of effort and outputs to the field
of TIME, despite that research impacts and international
collaborations still had a long way to go.

Analysis of journals can help researchers find intrigu-
ing topics and select proper journals when submitting
TIME-related manuscripts [50]. All of the top ten jour-
nal publishers with the most publications in the field of
TIME are located in the USA or Europe. Frontiers in
Oncology and Frontiers in Immunology were the top two
most productive journals, significantly surpassing other
journals in publication numbers. TIME-related research
fields covered various types of tumors and cutting edge
of immunotherapy which were highly compatible with
the research areas of these two journals [51-54]. Impact
factor (IF) refers to the average number of citations for
articles published in a journal in a given year and journal
citation report (JCR) is a quantitative partitioning index
to range journals from the top quartile (Q1) to the last
quartile (Q4) based on the journals’ impact factors and
research field. Both these two indices were commonly
used to evaluate the influences of journals. We found no
significant associations between the number of publica-
tions, IF value, and JCR value among the journals in our
study, indicating different preferred tendencies of these
journals. Researchers thus have more choices in select-
ing proper journals to submit according to their research
subtypes.

Keyword analysis could reflect the current status and
hot spots of research in the field of TIME. We noticed
that several aspects of this field could be discussed sepa-
rately. Firstly, “PD-1” and “PD-L1” were classified as rep-
resentative keywords in one dependent cluster in our
clustering network analysis and showed significant status
in the citation burst analysis, both of which were exem-
plary benchmarks for tumor-related immunotherapy.
Signals through the PD-1 pathway mainly involve the
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process of negative regulation of T cell activation when
engaging its ligand PD-L1 [55]. The lack of PD-1 expres-
sion on T cells contributes to enhanced autoimmunity in
mice [56]. On the contrary, high expression of PD-1 and
PD-L1, commonly found in tumor immune microenvi-
ronment, can induce immune escape [57]. Anti-PD-1 or
PDL-1 immunotherapies have succeeded in several clini-
cal trials and have been implemented into clinical sce-
narios for various cancer types [58—61]. However, many
patients have not got satisfactory remission after PD-1
therapy. Researchers never stop searching for effective
biomarkers to predict the clinical efficacy of PD-1 or PD-
Ll-related immunotherapy and select proper patients
who will benefit from the treatment. As the most widely
selected predictor, tumor PD-L1 expression, which
correlates with infiltrating immune cells, can reflect
anti-PD-1 therapy response [62]. Increased positive pre-
dictive values of agent efficacy were observed with PD-L1
expression cutoff value growth in urothelial cancer [63],
non-small cell lung cancer (NSCLC) [64], and melanoma
[65] treated with pembrolizumab. Apart from exploring
immune checkpoints as tumor biomarkers for predicting
disease prognosis, researchers also explored combination
therapy based on anti-PD-1 antibodies, such as anti-angi-
ogenesis targeting therapy [66, 67] and CDK4/6 inhibi-
tor [68] which could help improve clinical outcomes.
Above all, we can clearly observe the significance of
PD-1-related immunotherapy and its vast research pros-
pects. Whether exploring it at the cellular level or from
the perspective of clinical benefits, research on immune
checkpoints and related treatments is expected to remain
highly active in the future. The importance of PD-1 and
its therapeutic implications have already made a signifi-
cant impact in the field of cancer immunotherapy. Con-
sequently, the research interest in this area is expected to
persist and thrive as scientists continue to explore novel
strategies, combination therapies, and biomarkers to fur-
ther enhance treatment outcomes and expand the appli-
cations of PD-1-related immunotherapy.

As diverse types of TIME were observed in different
tumors, pan-cancer analysis and clinical trials of immu-
notherapy could bring remarkable benefits to patients.
In the research of specific tumor treatment, the analysis
of keywords in our study revealed notable attention from
researchers toward several tumor types. “Breast cancer,’
“hepatocellular carcinoma,” “lung adenocarcinoma,” and
“colorectal cancer” were the most mentioned cancer-type
keywords relatively. While some of these tumors may be
more common, it is important to attribute the extensive
research conducted in the field of immunotherapy across
these cancer types. From a clinical perspective, immu-
notherapy has been successful in several cancer types
but still fails to get satisfactory therapeutic effects in
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others. Thus, exploring the composition and mechanism
of TIME becomes crucial in enhancing our understand-
ing of immunotherapy across various cancer types.

Different cancer types exhibit distinct research focuses
based on their tumor characteristics. In the immuno-
therapy of advanced NSCLC, PD-L1 expression served as
an essential measurement to evaluate feasible treatment
options. Pembrolizumab was recommended as the first-
line therapy for advanced or metastatic NSCLC without
sensitizing EGFR or ALK alterations and with low PD-L1
expression [69]. For PD-L1 expression over 50%, atezoli-
zumab [70] and cemiplimab-rwlc [71] were also added to
the first-line recommendation. In addition to immuno-
therapy, targeted therapies based on EGFR mutation pro-
vided many options for patients with advanced NSCLC
[72-74]. Based on the current treatment background,
researchers focused on the relationships between EGFR-
related treatment and TIME features. One study dem-
onstrated that EGFR-TKI treatment was associated with
changes in the TIME in CD8+ TIL density and PD-L1
expression level [75], and that EGFR-TKI could down-
regulate PD-L1 in EGFR mutant NSCLC was confirmed
in one previous study [76]. With the wide implementa-
tion of single cell sequencing in recent years, EGFR
mutant lung adenocarcinoma was revealed with suppres-
sive TIME [77]. These studies offered valuable insights
into the treatment effectiveness of NSCLC and patient
classification, highlighting the need for further research
to optimize immunotherapy strategies based on different
types of TIME.

Similar research mode could be seen from different
tumor types according to heterogenous TIME features,
thus bringing different research focus. In the research
field of glioma, restricted by drug delivery routes via the
blood-brain barrier (BBB) and the immunosuppressive
tumor microenvironment, traditional chemotherapy is
severely hampered. Various nanoparticles which could
penetrate BBB were designed to induce apoptosis of
tumor cells, antiangiogenesis, and tumor immune micro-
environment regulation, which provided a promising
avenue for viable treatment [78, 79]. Moreover, triple-
negative breast cancer (TNBC) lacks targeted therapy
owing to the receptor expression profile and genotype.
Clinical efforts of immunotherapy have been made to
convert nonresponders to responders, strengthen effec-
tive responses, and reduce resistance to immunother-
apy [80]. Thus, TIME subtypes of TNBC were defined
according to CD8+ T cell infiltration, PD-L1 expression,
and enrichment signatures of specific functions to pre-
dict prognosis and identify potential therapeutic targets
[81]. Focusing on the TIME features of TNBC, a struc-
tured TIME was elucidated using the method of multi-
plexed ion beam imaging by time of flight (MIBI-TOF)
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to select proper drugs and increase therapeutic response
[82]. Overall, these research approaches highlighted the
significance of understanding the specific TIME features
in different tumor types to develop effective treatment
strategies. In the near future, there is a growing need for
extensive clinical research and implementation of precise
immunotherapy tailored to different types of cancer.

To achieve precise immunotherapy, the frontier of clin-
ical research also requires a new landscape and break-
throughs in basic medical research, as researchers have
confirmed that immune cell infiltration status with het-
erogeneous cell types could predict tumor prognosis and
guide treatment [83]. As mentioned in “Introduction’,
a TIME model was established according to TIL status.
CD8" TIL plays a vital role in killing tumor cells directly
and keeping immune surveillance, and higher CD8" TIL
density was found with prolonged overall survival (OS) in
patients with HPV+ oropharyngeal squamous cell carci-
noma [84]. TIL status information was mainly obtained
from pathologic samples. Thus, Saltz and his colleagues
developed a deep learning method on pathology images
to elaborate the relationship between the spatial organi-
zation of TIL and molecular correlation [85]. In addition,
great efforts were also made to change tumor-infiltrating
immune cell type, such as changing tumor-associated
macrophages (TAMs) from M2 to tumor-killing M1 phe-
notype [39, 86] and to find feasible approaches to rebuild
TIME from approaches such as vascular and lymphatic
vessel normalization [87, 88]. Other studies including
those focusing on the function of intestinal flora in shap-
ing TIME [35] and how to regulate the pyroptosis pro-
cess in TIME [89] provided different angles in developing
new treatment strategies. In recent years, nanomedicine
has been deemed to have great potential to improve the
landscape of cancer immunotherapy [90, 91]. Moreover,
new strategies such as organoid modeling, macrophage
engineering, and deep learning in imaging have pro-
vided various future directions in immunotherapy [37,
85, 92]. By embracing these interdisciplinary approaches
and continuous research efforts in the immunocyte pat-
tern, we can pave the way for personalized and targeted
immunotherapy that will benefit a wide range of cancer
patients in the near future.

To our knowledge, this study is the first systematic
analysis of TIME-related publications which could pro-
vide an informative guide for researchers working in
or focusing on this field. Inevitably, several limitations
should be admitted. Firstly, we only analyzed pieces of lit-
erature from WOSCC alone, excluding data from other
widely searched databases such as PubMed, Embase, and
articles published in other languages. Secondly, as TIME
was a broad concept and included different research
directions, studies that concentrated on one subfield of

Page 11 of 14

TIME might refuse to select TIME as a keyword. This
could lead to the omission of proper articles. Thirdly, the
WoSCC database contained different levels of databases,
such as ESCI provided earlier visibility for sources under
evaluation. It is worth noting that the inclusion of these
databases may have potential implications for the preci-
sion and generalizability of our study. Finally, it is worth
noting that the publication trend in the field of TIME has
shown a significant increase in the number of articles in
recent years. However, it is important to acknowledge
that many of these recently published articles may not
have received the attention they deserve, possibly due to
their low citation frequency.

Conclusion

Generally, research in the field of TIME has witnessed
significant growth in terms of annual publications. China
emerged as the leading country in terms of productivity,
with numerous productive authors and institutions con-
tributing to the field. On the other hand, the USA dem-
onstrated the highest citation frequency, indicating the
impact of research from this country. Among the jour-
nals publishing articles in this field, Frontiers in Oncol-
ogy and Frontiers in Immunology stood out as the most
productive ones. The prevailing research direction in
this field has been predominantly clinical oriented, with
a focus on exploring immunotherapy in various cancer
types. Our researchers offered a thorough understanding
of TIME and summarized these areas: “immune check-
point-based immunotherapy’, “precise immunotherapy’,
and “immunocyte pattern” as frontiers and focal points in
the upcoming years which may provide valuable oppor-
tunities for further investigation.
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