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Abstract

8F-fluorodeoxyglucose (**F-FDG) is the most widely used radiotracer for positron emission tomography (PET) imaging in
clinical oncology, owing to the elevated glycolytic activity of tumor cells. However, transient post-radiotherapy (RT) “met-
abolic flares” of ¥F-FDG uptake are frequently observed in patients and are traditionally attributed to localized inflamma-
tory responses. Whether these flares are linked to immune cell dynamics, particularly tumor-infiltrating T cells, and the
mechanisms involved remain poorly understood. Here, we demonstrate that RT markedly upregulates intracellular adhe-
sion molecule-1 (ICAM-1) expression and promotes T cell infiltration in tumors, as observed in both patients and mouse
models. Genetic ablation of ICAM-1 significantly attenuates RT-induced metabolic flares in irradiated tumors, primarily
due to reduced *F-FDG uptake by tumor-infiltrating T cells rather than myeloid cells. Mechanistically, ICAM-1 engages
with lymphocyte function-associated antigen 1 (LFA-1) to facilitate T cell clustering, thereby promoting their intratumoral
accumulation and activating glycolysis and the tricarboxylic acid cycle via the PI3K-AKT-mTOR signaling pathway. These
findings identify ICAM-1 as a critical regulator of T cell metabolic reprogramming and tumor infiltration following RT,
offering a mechanistic explanation for *F-FDG PET flares. Clinical monitoring of post-RT tumor ICAM-1 expression may
enhance PET interpretation and aid in distinguishing pseudoprogression from true tumor progression.
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Introduction through DNA damage in tumor cells (Herrera et al., 2017).
Radiotherapy (RT) is one of the most widely used non-sur- ~ Beyond its cytotoxic properties, RT also exerts potent
gical cancer treatment modalities, applied in over half of =~ immunomodulatory effects by promoting the release of
all patients with cancer (Abdel-Wahab et al., 2024; Chan-  tumor-associated antigens and inducing cytokine secre-
dra et al., 2021). Its primary antitumor effect is mediated  tion, thereby activating cytotoxic T cells and remodeling

Received 14 July 2025; accepted 11 December 2025

© The Author(s) 2025. Published by Oxford University Press on behalf of Higher Education Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

=
()
O
oJ
(@
or=i
(O]
s
(@]
Tt
(oW



https://doi.org/10.1093/procel/pwaf111
https://orcid.org/0009-0008-3912-2175
https://orcid.org/0000-0003-1938-289X
https://orcid.org/0000-0001-6435-0737
https://orcid.org/0000-0003-0927-721X
https://orcid.org/0000-0002-9431-2413
https://orcid.org/0000-0003-2084-5193
https://orcid.org/0000-0001-8718-8154
mailto:zhaomeixin.student@sina.com
mailto:tsy1997@126.com
mailto:pekyz@163.com
mailto:liuzf@bjmu.edu.cn
https://creativecommons.org/licenses/by/4.0/

=
()
O
oJ
(@
o =i
()]
s
o
f]
(o

632 | Songetal
the tumor microenvironment (TME) (McLaughlin et al.,
2020; Rodriguez-Ruiz et al., 2020).

Positron emission tomography (PET) using *F-fluorode-
oxyglucose (¥F-FDG), a glucose analog, is the most com-
monly employed molecular imaging tool for noninvasive
visualization of primary tumors, residual disease, and
metastases, as well as for tumor staging and monitoring
responses to therapies, including RT (Bai et al., 2023; Bussink
et al,, 2011). ®F-FDG PET leverages the “Warburg effect”
(Vander Heiden and Deberardinis, 2017), characterized by
elevated aerobic glycolysis in tumor cells, for tumor detec-
tion. Because metabolic alterations often precede anatom-
ical changes, ®F-FDG PET offers superior sensitivity
compared to anatomical imaging modalities such as com-
puted tomography (CT) and magnetic resonance imaging
(MRI), particularly for early assessment of treatment
response (Basu and Alavi, 2007; Weber, 2009). However, **F-
FDG PET lacks tumor specificity, and elevated uptake may
also occur in inflammatory or infectious conditions while
signal intensity may be reduced in tumors with low meta-
bolic activity (Ben-Haim and Ell, 2009; Pijl et al., 2021). Nota-
bly, a well-recognized phenomenon termed “metabolic
flare,” involving transient increases in *F-FDG uptake in
tumors responding to RT, is frequently observed in clinical
practice (Ben-Haim and Ell, 2009; Haberkorn et al., 1991).
For instance, a prospective study of patients with locally
advanced non-small cell lung cancer reported metabolic
flarein 41% of cases (van Baardwijk et al., 2007). These flares,
which do not reflect tumor progression, have traditionally
been attributed to RT-induced local inflammation and may
persist for weeks to months, thereby complicating image
interpretation (Haberkorn et al.,, 1991; Rahman et al., 2019).

In addition to recruiting inflammatory myeloid cells
such as neutrophils, activated macrophages, and
myeloid-derived suppressor cells (MDSCs), RT can also pro-
mote the infiltration of adaptive immune cells, particularly
T cells, into both irradiated and distant non-irradiated
lesions. This immune infiltration underlies the develop-
ment of systemic antitumor immunity and the abscopal
effect of RT (Herrera et al., 2017; Rodriguez-Ruiz et al.,
2018). Intriguingly, emerging evidence indicates that
immune cells within the TME can exhibit higher glucose
uptake than tumor cells (Reinfeld et al., 2021), raising the
possibility that immune infiltration, rather than inflamma-
tion alone, may contribute to ¥F-FDG flares following RT.

Our recent work revealed that RT induces CD8* T cell
infiltration and upregulates intracellular adhesion mole-
cule-1 (ICAM-1) expression in both irradiated and distant
tumors (Zhao et al., 2021), implicating ICAM-1 as a medi-
ator of RT-induced immune responses. ICAM-1 is known
to be expressed on dendritic cells (DCs), myeloid cells, and
endothelial cells, where it facilitates immune cell migra-
tion through interaction with lymphocyte function-asso-
clated antigen-1 (LFA-1) (Dustin, 2019; Ramos et al., 2014).
However, the specific role of ICAM-1 expressed by T cells
in the TME following RT remains poorly understood (Zhang

et al,, 2024; Zhao et al., 2021). In this study, we examined
whether T cell infiltration contributes to ®¥F-FDG PET flares
and investigated the role of T cell-intrinsic ICAM-1 in reg-
ulating T cell metabolic activity. We found that ICAM-1 on
T cells promotes *F-FDG accumulation by facilitating T
cell clustering through ICAM-1 and LFA-1 interaction,
enhancing tumor infiltration, and driving glycolytic repro-
gramming. These findings identify ICAM-1 as a potential
metabolic marker of activated T cells and support the
development of ICAM-1-targeted imaging approaches to
complement ¥F-FDG PET, thereby improving the interpre-
tation of PET signals and minimizing the risk of misdiag-
nosing pseudoprogression in tumors after RT.

Results

RT induces ®*F-FDG flares and upregulates ICAM-1
expression in tumors of patients

BE-FDG uptake reflects cellular glucose metabolism and
is widely used in PET imaging to monitor tumor progres-
sion. However, its ability to distinguish proliferating tumor
cells from inflammatory infiltrates remains limited (Ben-
Haim and Ell, 2009; Rahman et al., 2019). We retrospec-
tively reviewed PET images from patients who had received
RT at our institution and selected two representative cases
(Table S1). In the first case (Fig. 1A), a 70-year-old woman
with stage cT1INOMO lung cancer presented a 1.77 x 1.46cm
nodule in the right lung. Baseline *F-FDG PET revealed a
maximum standardized uptake value (SUV__)of 2.61 and
a peak SUV corrected for lean body mass (SUL ) of 1.62.
Eleven months after stereotactic RT (50Gy in 5 fractions),
¥F-FDG PET showed markedly increased SUV__ (4.36) and
SUL ., (3.48) in the same lesion (Fig. 1B), suggesting pro-
gressive metabolic disease (PMD) per the PET Response
Criteria in Solid Tumors (PERCIST) (Wahl et al., 2009). How-
ever, biopsy revealed no residual tumor, and immunohis-
tochemistry showed that ICAM-1 expression closely
associated with CD3 (a T cell marker). Quantitative anal-
ysis confirmed a strong correlation between ICAM-1 and
CD3 (Pearson’s r=0.9551; Fig. 1C), but not with CD11b (a
myeloid cell marker; Pearson’s r=0.06689; Fig. 1C).

In the second case (Fig. 1D), a 55-year-old man with stage
IVB NK/T-cell lymphoma received chemotherapy followed
by RT. Baseline **F-FDG PET showed an SUV__ of 8.90 and
anSUL__, of 5.92in the nasopharynx and paranasal sinuses.
After two cycles of chemotherapy, interim F-FDG PET
showed near-complete lesion resolution. Following RT
(50Gy in 25 fractions) and two additional chemotherapy
cycles, *F-FDG PET/CT at 8months revealed elevated **F-
FDG uptake (SUV, , 4.12; SUL , 4.37) in the same region.
Although this was categorized as progressive disease (PD)
per Lugano criteria (Van Heertum et al., 2017), nasal endo-
scopic biopsy revealed inflammatory infiltrates without
residual lymphoma. Consistent with the first case, immu-
nohistochemistry demonstrated that ICAM-1 expression
was associated with CD3-positive T cells but not with
CD11b-positive myeloid cells (Fig. S1). Together, these results
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Figure 1. RT induces metabolic flares of 18F-FDG and upregulates ICAM-1 expression in tumors of patients. (A) ¥F-FDG PET/CT
images of a 70-year-old woman (patient #1; Table S1) with lung cancer (clinical stage cTINOMO) receiving stereotactic RT (95% PTV,
50Gy in 5 fractions). At baseline, the nodule showed an SUV, _ of 2.61 and an SUL,, of 1.62. Eleven months after RT, PET/CT revealed
increased uptake (SUV,,.: 4.36; SUL__,: 3.48), indicative of PMD per PERCIST criteria. Tumors are indicated by red arrows. (B) Changes
inSUV, . and SUL , values of *F-FDG PET before and after RT in patient #1. (C) Immunohistochemical staining of ICAM-1, CD3, and
CD11b in ICAM-1 low- and high-expressing regions of the post-RT tumor from patient #1. Correlation between ICAM-1 and CD3
(r=0.9551) and correlation between ICAM-1 and CD11b (r=0.06689) were determined by Pearson’s correlation analysis (n=38). Scale =
100 pm. (D) *®F-FDG PET/CT images of a 55-year-old man (patient #2; Table S1) with NK/T-cell lymphoma (stage IVB). At baseline, SUV___
and SUL,_, of the nasopharyngeal lesions were 8.90 and 5.92, respectively. Midterm **F-FDG PET/CT revealed nearly complete response
after chemotherapy, while post-RT *F-FDG PET/CT (50Gy in 25 fractions) showed new hypermetabolic lesions (SUV :4.12; SUL _:
4.37). Tumors are indicated by red arrows. (E and F) Representative immunohistochemical staining (E) and quantification (F) of ICAM-1,
CD3, CD11b, and CD31 in tumor tissues (Table S2) before and after RT (n=4 per group). Scale = 100 um. P values were determined by
a paired Student’s t test (F). ns, not significant (P>0.05).

suggest that RT-induced immune infiltration can drive tran-
sient 8F-FDG flares independent of actual tumor progres-
sion, highlighting the need for caution when interpreting

RT induces upregulation of ICAM-1 predominantly
onT cells

Building on clinical findings, we next evaluated ICAM-1

PERCIST- and Lugano-based response assessments after RT.
To further investigate ICAM-1 dynamics after RT, we
analyzed tumor specimens from four rectal adenocarci-
noma patients before and after RT (Table S2). Immuno-
histochemistry revealed significantly increased ICAM-1*
cells in post-RT tumors. This upregulation coincided with
increased CD3* T cells, but not CD11b* myeloid cells or
CD31* endothelial cells (Fig. 1E and 1F), supporting that
RT promotes ICAM-1 expression and T cell infiltration.

expression profiles in tumors and systemically in mouse
models using whole-body PET imaging. To this end, we syn-
thesized an ICAM-1-specific radiotracer #Zr-DFO-alCAM-1/
Fab by conjugating the Fab fragment of an anti-ICAM-1
antibody with deferoxamine (DFO) followed by radiolabel-
ing with ®Zr (Fig. S2). #Zr-DFO-alCAM-1/Fab (specific activ-
ity: ~1.48 MBqg/ug) exhibited high radiochemical purity
(>98%) and excellent in vitro stability for up to 48h (Fig. S3A
and S3B). Specificity for ICAM-1 of #Zr-DFO-aICAM-1/Fab
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was confirmed by in vitro binding assays (Fig. S3C) and in
vivo PET imaging, which showed significantly higher tumor
uptake in MC38 tumor-bearing mice compared with an iso-
type control #Zr-DFO-IgG/Fab (Fig. S4A and S4B).

Using this ICAM-1-specific radiotracer, PET imaging
revealed significantly increased tumor uptake of
#Zr-DFO-alCAM-1/Fab in mice 8days after two doses of
10Gy RT (Fig. 2A and 2B), indicating enhanced ICAM-1
expression in tumors post-RT. Ex vivo immunofluorescence
staining corroborated this finding, showing upregulated
ICAM-1 and increased CD3* T cells in tumor tissues after
RT (Fig. S5A and S5B). Flow cytometry further revealed that
ICAM-1 expression was upregulated on T cells (CD45*CD3"),
endothelial cells (CD31%), and polymorpho-nuclear MDSCs
(PMN-MDSCs; CD45*CD11b*Ly6G*Ly6C") rather than other
cell types on day 8 after RT (Fig. 2C).

Additionally, RT significantly increased the infiltration
of T cells (CD45*CD3*), total myeloid cells (CD45*CD11b"),
and tumor associated macrophages (TAMs; CD45*CD-
11b*F4/80") (Fig. 2D and 2E). Among these, T cells showed
the highest increase in both number (Fig. 2E) and ICAM-1

expression (Fig. 2C) after RT. These results were validated
in a separate Lewis lung carcinoma model, where RT led
to marked upregulation of ICAM-1 on T cells (Fig. 2F) and
increased T cell (CD45*CD3") accumulation (Fig. 2G). Fur-
ther flow cytometry analysis of T-cell subsets revealed that
RT significantly upregulated ICAM-1 expression across all
subsets (Fig. S6A), while predominantly increasing the
infiltration of CD4* (CD45*CD3*CD4*) and CD8* T cells
(CD45+CD3+CD8*) in MC38 tumors (Fig. S6B). These findings
suggest that ICAM-1 upregulation after RT occurs predom-
inantly in tumor-infiltrating T cells.

ICAM-1 deficiency abrogates RT-induced *F-FDG
flares and reduces T cell-specific ¥F-FDG uptake

To determine whether ICAM-1 contributes to RT-induced
®F-FDG flares, we performed longitudinal *F-FDG PET
imaging on days 0, 3, and 8 post-RT in MC38 tumor-bearing
wild type (WT) and Icam1-knockout (KO) C57BL/6 mice
that received two doses of RT (Fig. 3A). Compared with WT
mice, ICAM-1 deficiency impaired the antitumor effects
of RT (Fig. 3B). While **F-FDG uptake was comparable on

Figure 2. RT induces upregulation of ICAM-1 predominantly on T cells. (A) Experimental schedule for RT, in vivo PET imaging using
8Zr-DFO-aIlCAM-1/Fab, and flow cytometry in MC38 tumor-bearing mice. (B) Representative PET/CT images and quantitative analysis
of tumor uptake of #Zr-DFO-alCAM-1/Fab at 24h post-injection (n=4 per group). Tumors are indicated by white arrows. (C-E) Flow
cytometric analysis of ICAM-1 expression on different cell subsets (C), t-SNE visualization (D), and quantification of cell population
frequencies (E) in MC38 tumors (n=5 per group). (F and G) Flow cytometric analysis of ICAM-1 expression on T cells (F) and frequencies
of CD45*CD3* T cells (G) in Lewis lung carcinomas (n=5 per group). All the numerical data are presented as mean + SD. P values were
determined by an unpaired Student’s t test (B, C, and E-G). ECs, endothelial cells; NK cells, natural killer cells; PMN-MDSCs, polymor-
pho-nuclear myeloid-derived suppressor cells; M-MDSCs, monocytic myeloid-derived suppressor cells; TAMs, tumor associated

macrophages.
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days 0 and 3, WT mice showed significantly higher tumor
uptake than Icam1-KO mice on day 8 (Fig. 3C and 3D).
These results were replicated in Lewis lung carcino-
ma-bearing mice (Fig. S7/A-D), confirming that ICAM-1 is
essential for the post-RT *F-FDG flare.

To determine the cellular contributors to F-FDG
uptake, we analyzed tumor-infiltrating immune cells by
flow cytometry and measured ®F-FDG uptake by magnet-
ic-activated cell sorting on day 8 post-RT (Fig. 3E). Icam1-KO
mice had reduced tumor infiltration of CD45* cells and
CD4+* and CD8* T cells compared to WT, whereas myeloid
cell, PMN-MDSC, DC, and macrophage populations
remained unchanged (Figs. 3F, S8A-D, S9A and S9B). Con-
sistent with PET findings, both ex vivo necropsy-based
biodistribution analysis (Fig. 3G) and per-cell quantifica-
tion of in vivo **F-FDG radioactivity (Fig. 3H) demonstrated
significantly reduced uptake in tumors of Icam1-KO mice.
Cellular analysis further revealed that ICAM-1 deficiency
decreased ®¥F-FDG uptake in CD45* and CD4/8* T (both
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CD3*CD4* and CD3*CD8* populations) cell subsets, but not
in CD45  tumor cells, CD11b* myeloid cell, Ly6G* cell,
CD11c* DC, and F4/80* macrophage subsets (Figs. 31, S9C
and S9D). Together, these results demonstrate that ICAM-1
expressed on T cells contributes to the ¥F-FDG uptake in
the tumors after RT (Fig. 3]).

ICAM-1 inhibition abrogates ®F-FDG uptake in
tumor-infiltrating T cells originated from lymphoid
tissues

We next investigated the origin of the ICAM-1*T cells infil-
trating tumors after RT. As RT induces immunogenic cell
death that activates DCs and promotes T cell recruitment
into the TME (Galluzzi et al., 2023), we hypothesized that
the increased ICAM-1*T cells were generated during RT-in-
duced immune activation and subsequently migrated into
tumors. To test this, we collected blood and tumor-drain-
ing lymph nodes (TDLNs) from MC38 tumor-bearing mice
treated with or without RT and assessed ICAM-1* T cells

Figure 3. Genetic ablation of ICAM-1 abrogates RT-induced 18F-FDG flares and reduces T cell glucose uptake. (A) Experimental
design of RT and PET imaging in WT or Icam1-KO C57BL/6 mice bearing MC38 tumors. (B) Tumor growth curves post-RT in WT and
Icam1-KO mice (n=4-5 per group). (C and D) Representative PET/CT images (C) and quantification of *F-FDG tumor uptake (D) on days
0, 3, and 8 after RT in MC38 tumor-bearing WT or Icam1-KO C57BL/6 mice (n=4-5 per group). Tumors are indicated by white arrows.
(E) Workflow for RT, tumor tissue dissociation, flow cytometry, and cell sorting for measuring *F-FDG avidity. (F) Flow cytometric anal-
ysis of immune cell subsets, including CD45*, CD11b*CD45*, CD4*CD45*, CD8*CD45*, and CD11b*Ly6G'Ly6C CD45* cells (n=4-5 per
group). (G-1) Ex vivo **F-FDG uptake in whole tumors (G), total cells dissociated from tumors (H), and sorted immune cell subsets (I)
from WT and Icam1-KO mice on day 8 (n=3-5 per group). (J) Schematic illustrating how ICAM-1 deletion impairs T cell glucose uptake
and tumor *F-FDG accumulation. All numerical data are presented as mean + SD. P values were determined by two-way ANOVA (B)
and an unpaired Student’s t test (D and F-I). ns, not significant (P>0.05).
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by flow cytometry (Fig. 4A). Compared to control,
RT-treated mice showed a marked increase in ICAM-1+T
cells in both the blood and TDLNSs, which correlated with
increased activation of DCs in TDLNs (Figs. 4B, S10A and
S10B). Moreover, in vitro co-culture of irradiated tumor
lysates with bone marrow-derived DCs (BMDCs) and T
cells significantly upregulated ICAM-1 expression on T
cells relative to control lysates (Fig. S11A and S11B).

To determine whether these ICAM-1* T cells were
recruited from lymphoid tissues, we administered FTY720,

a sphingosine-1-phosphate receptor (S1PR1) antagonist
that blocks T cell egress from lymphoid organs (Ito et al.,
2019; Zhou et al., 2020) (Fig. 4C). FTY720 treatment signifi-
cantly reduced both total T cells and ICAM-1* T cells in
tumors, as shown by flow cytometry (Figs. 4D, S12A and
S12B). Transwell assays further confirmed that ICAM-1
deficiency impaired T cell migration (Fig. S13A and S13B).
These findings suggest that RT induces ICAM-1 upregula-
tion on T cells, promoting their migration from lymphoid
tissues into tumors.

Figure 4. Pharmacological ICAM-1 blockade abrogates 18F-FDG uptake in tumor-infiltrating T cells originated from lymphoid
tissues. (A) Experimental schedule for RT and flow cytometry of peripheral blood and tumor-draining lymph nodes (TDLNs) in MC38
tumor-bearing mice. (B) Flow cytometric analyses of ICAM-1*T cells (ICAM-1+CD45*CD3") in blood and TDLNs and activated dendritic
cells (CD11c*MHC-II*CD45%) in TDLNs (n=6 per group). (C) Experimental schedule of RT combined with FTY720 treatment. (D) Flow
cytometry for T cells (CD3*CD45*) and ICAM-1* T cells (ICAM-1*CD45*CD3*) in MC38 tumors (n=7 per group). (E) Experimental schedule
for RT combined with anti-ICAM-1 antibody and FTY720. (F) Tumor growth curves under indicated treatments: PBS (control), RT,
RT+aICAM-1, and RT + FTY720 (n=5-7 per group). (G and H) Representative PET/CT images (G) and tumor uptake quantification (H)
of 8F-FDG on days 0 and 8 post-treatment (n=5 per group). Tumors are indicated by white arrows. (I) Flow cytometric analysis of CD45%,
CD11b*CD45*, CD4+*CD45*, and CD8+*CD45* cells on day 8 (n=5 per group). () Schematic showing ICAM-1 inhibition impairs T cell tumor
infiltration and reduces **F-FDG tumor uptake. All numerical data are presented as mean + SD. P values were determined by an unpaired
Student’s t test (B, D, and I), two-way ANOVA (F), and one-way ANOVA with a post hoc Tukey's test (H). ns, not significant (P>0.05).
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To evaluate whether ICAM-1-mediated T cell infiltration
contributes to ¥F-FDG PET flares, we blocked ICAM-1 using
a neutralizing antibody or inhibited T cell trafficking with
FTY720 in RT-treated mice (Fig. 4E). Neither intervention
compromised the antitumor efficacy of RT (Fig. 4F). How-
ever, both ICAM-1 blockade and FTY720 treatment signifi-
cantly reduced *¥F-FDG tumor uptake on day 8 post-RT, as
shown by in vivo PET imaging (Fig. 4G and 4H). Ex vivo
radioactivity measurements confirmed that the reduction
in ®F-FDG uptake was confined to CD45* immune cells,
but not CD45- tumor cells (Fig. S14). Flow cytometric anal-
ysis further revealed that blocking ICAM-1 markedly
reduced tumor-infiltrating CD45* cells and CD4* and CD8*
T cells, but not CD11b* myeloid cells (Figs. 4] and S15A-D).
Near-infrared imaging and immunofluorescence staining
confirmed that ICAM-1 blockade impaired the tumor infil-
tration of DiR- and CFSE-labeled T cells (Fig. S16A and
S16B). Collectively, these results demonstrate that ICAM-1
upregulation following RT facilitates T cell infiltration and
contributes to the ®F-FDG flares, which can be attenuated
by blocking ICAM-1 or lymphoid egress (Fig. 4)).

ICAM-1-LFA-1 interaction promotes T cell
clustering and enhances tumor infiltration and
18F-FDG uptake

Having established that genetic and pharmacological
ICAM-1 inhibition suppresses *F-FDG tumor uptake, we
next explored the underlying mechanisms. Since ICAM-1
is also expressed on host endothelial cells and facilitates
the adhesion and transmigration of leukocytes via inter-
action with LFA-1, it is possible that ICAM-1 blockade
interferes with the interactions between ICAM-1 on endo-
thelial cells and LFA-1 on T cells (Sabatos et al., 2008),
thereby impairing T cell infiltration. To exclude this pos-
sibility and investigate the role of ICAM-1 on T cells per
se, we isolated OT-I T cells from CD45.2* WT or Icam1-KO
OT-I1 mice. Flow cytometric analysis confirmed ICAM-1
deficiency in Icam1-KO OT-1T cells (Fig. S17A). These cells
were then adoptively transferred into MC38-ovalbumin
(MC38-0OVA) tumor-bearing CD45.1* mice to assess the T
cell-intrinsic role of ICAM-1 (Fig. S17B). Compared with
control mice, adoptive transfer of WT OT-I T cells signifi-
cantly suppressed tumor growth. In contrast, the antitu-
mor effect was abrogated in mice receiving Icam1-KO OT-I
T cells (Fig. S17C). In line with this, PET imaging on day 4
revealed markedly reduced tumor uptake of ¥F-FDG in
mice receiving Icam1-KO OT-I T cells compared to those
receiving WT cells (Fig. S17D and S17E).

To directly compare the infiltration capacity of WT ver-
sus Icam1-KO T cells in the same host environment, we
mixed CD45.2* WT and Icam1-KO OT-I T cells at a 1:1 ratio
and transferred them into MC38-OVA tumor-bearing
CD45.1* mice (Fig. S17F). Flow cytometric analysis on day 4
showed that the majority of tumor-infiltrating CD45.2+*CD8*
T cells were ICAM-1-positive WT cells (96.1% + 2.69%)
rather than ICAM-1-deficient KO cells (3.51% + 2.59%) (Fig.
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S17G) indicating that ICAM-1 deficiency directly impairs T
cell tumor infiltration and reduces *¥F-FDG tumor uptake.

While these findings highlight the contribution of
ICAM-1on T cells to tumor infiltration, T cells themselves
express LFA-1, the binding partner of ICAM-1 (Sabatos et
al., 2008), raising the possibility that ICAM-1 may also
engage in homotypic interactions with LFA-1 on adjacent
T cells. We thus hypothesized that ICAM-1-LFA-1 interac-
tions on T cells may mediate T cell clustering, contributing
to infiltration and metabolic activity. To test this, T cells
were cultured in the presence or absence of A-286982, a
selective inhibitor of ICAM-1-LFA-1 interaction (Wei et al.,
2023). Immunofluorescence staining revealed that ICAM-1
expression and ICAM-1-LFA-1 co-localization were
enhanced in clustered T cells compared to individual T
cells (Fig. SA). Treatment with A-286982 or genetic ICAM-1
deficiency significantly reduced T cell cluster formation,
as visualized using CFSE-labeled T cells (Fig. 5B). These
findings suggest that ICAM-1 expression promotes
LFA-1-mediated T cell clustering during activation (Fig.
5C), which may contribute to tumor infiltration.

To assess the functional consequences of disrupting
this interaction in vivo, CD45.2* OT-1 T cells pre-treated
with A-286982 or vehicle were adoptively transferred into
MC38-OVA tumor-bearing CD45.1* mice (Fig. 5D). Disrup-
tion of the ICAM-1-LFA-1 interaction significantly impaired
the antitumor activity of transferred T cells (Fig. 5E),
reduced tumor uptake of ¥F-FDG (Fig. SF and 5G), and
decreased CD45.2* T cell infiltration as assessed by flow
cytometry (Fig. SH).

To determine whether ICAM-1 overexpression could
enhance T cell clustering, infiltration, and metabolic activ-
ity, we transduced OT-I T cells with a retroviral vector encod-
ing ICAM-1 (Icam1-OE) (Fig. S18A and S18B).Icam1-OE T cells
formed more clusters than control vector-transduced cells
(Fig. S19). In MC38-OVA tumor-bearing CD45.1* mice, adop-
tive transfer of Icam1-OE OT-I T cells (Fig. 51) significantly
inhibited tumor growth (Fig. 5]) and was associated with
higher ¥F-FDG tumor uptake on day 4, as revealed by PET
imaging (Fig. 5K and 5L). Flow cytometric analysis demon-
strated markedly enhanced infiltration of CD45.2*CD8* T
cells in tumors of mice receiving Icam1-OE OT-I T cells com-
pared with those receiving control OT-I T cells (Fig. 5M).

Collectively, these results demonstrate that ICAM-1-
LFA-1 interactions between T cells promote T cell cluster-
ing, thereby enhancing tumor infiltration and increasing
BF-FDG tumor uptake. These findings suggest that RT-in-
duced ICAM-1 upregulation may drive T cell accumulation
and glucose metabolic activation within tumors.

ICAM-1 reprograms glycolysis and enhances T cell
effector function through the PI3K-AKT-mTOR
signaling pathway

We have demonstrated that ICAM-1 upregulation follow-
ing RT increases the quantity of tumor-infiltrating T cells,
thereby contributing to elevated ®F-FDG uptake in tumors.
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Figure 5. ICAM-1-LFA-1 interaction promotes T cell clustering and tumor infiltration, and enhances 18F-FDG tumor uptake.
(A) Immunofluorescence staining of ICAM-1 and LFA-1 in clustered and free T cells. (B) ICAM-1-LFA-1-mediated clustering assessed
in T cells cultured with or without A-286982 and in WT versus Icam1-KO T cells labeled with CFSE. (C) Schematic showing T cell clus-
tering via [CAM-1-LFA-1 interactions. (D) Experimental design of adoptive transfer of CD45.2* OT-I T cells (with or without A-286982
pre-treatment) into MC38-OVA tumor-bearing CD45.1* C57BL/6 mice. (E) Tumor growth curves after treatment with PBS (control), OT-I
T cells (OT-I), or OT-I T cells pre-treated with A-286982 (OT-1+A-286982) (n=5-6 per group). (F and G) Representative PET/CT images (F)
and F-FDG tumor uptake quantification (G) on days 0 and 4 post-transfer (n=6 per group). (H) Representative flow cytometric plots
and quantification of CD45.2+CD8* T cells in tumors treated with OT-I or OT-1+A-286982 (n=4 per group). (I) Experimental design for
adoptive transfer of CD45.2+ OT-1T cells or Icam1-OE CD45.2* OT-1T cells into MC38-OVA tumor-bearing CD45.1* mice. (J) Tumor growth
curves of MC38-OVA tumor-bearing mice following the indicated treatments: PBS (control), adoptive transfer of OT-I T cells trans-
fected with control retrovirus (OT-I-control), and adoptive transfer of Icam1-OE CD45.2* OT-I T cells (Icam1-OE OT-I) (n=6 per group).
(K and L) Representative PET/CT images (K) and *F-FDG tumor uptake quantification (L) on days 0 and 4 (n=6 per group). (M) Repre-
sentative flow cytometric plots and quantification of CD45.2*CD8* T cells in tumors treated with OT-I-control and Icam1-OE OT-I (n=4
per group). Tumors are indicated by white arrows in the PET/CT images. All numerical data are presented as mean + SD. P values were
determined by two-way ANOVA (E and J) and an unpaired Student’s t test (G, H, L, and M).



Beyond this quantitative effect, we sought to determine
whether ICAM-1 also regulates the metabolic activity of
individual T cells to enhance their glycolytic capacity. To
address this, T cells were isolated from the spleens of WT
or Icam1-KO mice, and their in vitro ¥F-FDG uptake was
measured (Fig. 6A). Compared to WT T cells, Icam1-KO T
cells exhibited significantly reduced *F-FDG uptake (Fig.
6B). Consistent with this, Icam1-KO T cells showed signifi-
cantly reduced expression of the glucose transporters
GLUT1 and GLUTS3 (Fig. 6C), which mediate glucose uptake
in activated T cells under transcriptional regulation by
hypoxia-inducible factor-1a (Beckermann et al., 2020; Mac-
intyre et al., 2014). In contrast, Icam1-OE T cells displayed
markedly increased *F-FDG uptake and GLUT1 and GLUT3
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expression compared to WT controls (Fig. S20A and S20B),
supporting a role for ICAM-1 in promoting T cell glucose
metabolism. Inhibition of the ICAM-1-LFA-1 interaction
using A-286982 also reduced *F-FDG uptake and GLUT1
and GLUT3 expression in T cells (Fig. S20C and S20D), indi-
cating that ICAM-1 promotes T cell glycolysis, at least in
part, through interactions with LFA-1.

To further elucidate the metabolic consequences of
ICAM-1 deficiency, we performed targeted metabolomic
profiling of WT and Icam1-KO T cells. ICAM-1 deficiency
led to a significant reduction in metabolites involved in
glycolysis and the tricarboxylic acid (TCA) cycle (Fig. 6D),
along with decreased abundance of multiple amino acids
(Fig. S21), underscoring the broad impact of ICAM-1on T

Figure 6. ICAM-1 reprograms T cell glycolysis and enhances effector function via the PI3K-AKT-mTOR signaling pathway.
(A) Schematic of WT and Icam1-KO T cell isolation and preparation. (B) In vitro *F-FDG uptake in WT and Icam1-KO T cells (n=7 per
group). (C) Western blot analysis of GLUT1 and GLUT3 expression in WT and Icam1-KO T cells. (D) Targeted metabolomic analysis of
glycolytic and TCA cycle intermediates in WT and Icam1-KO T cells (n=3 per group). (E and F) GSEA of mTOR (E) and PI3K-AKT
(F) signaling pathways in WT versus Icam1-KO T cells. (G) Western blot analysis of non-phosphorylated and phosphorylated mTOR,
PI3K, and AKT in WT and Icam1-KO T cells. (H) Flow cytometric analysis of cell proliferation using CFSE dilution assay in WT and
Icam1-KO T cells (n=4 per group). (I and J) Flow cytometric analysis of granzyme B* (I) and IFN-y* (J) T cells (n=6 per group). (K) Schematic
diagram illustrating how ICAM-1 enhances glycolysis through PI3K-AKT-mTOR signaling by interacting with LFA-1 on clustered T cells.
All numerical data are presented as mean + SD. P values were determined by an unpaired Student’s t test (B and H-J).
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cell metabolic activity. To explore the underlying mecha-
nisms, RNA sequencing (RNA-seq) analysis was performed
on WT and Icam1-KO T cells stimulated with anti-CD3/
CD28. KEGG pathway analysis revealed dysregulation of
key signaling pathways, including Th1/Th2/Th17 differen-
tiation, FoxO, JAK-STAT, and mTOR signaling (Fig. S22).
Since PI3K-AKT-mTOR signaling is essential for aerobic
glycolysis and T cell growth upon TCR/CD28 co-stimula-
tion (Buck et al., 2015), we hypothesized that ICAM-1 reg-
ulates glycolytic reprogramming via this pathway. Gene
set enrichment analysis (GSEA) confirmed significant
enrichment of PI3K-AKT and mTOR signalingin WT T cells
(Fig. 6E and 6F). In agreement, western blot analysis
showed that ICAM-1 deficiency or blockade of ICAM-1-
LFA-1 interaction markedly reduced phosphorylation of
PI3K, AKT, and mTOR, whereas ICAM-1 overexpression
enhanced their phosphorylation (Figs. 6G, S23A and S23B).
Given the importance of interleukin-2 (IL-2) in T cell
activation and survival (Cho et al., 2013; Dutta et al., 2017),
GSEA also revealed enrichment of TCR and IL-2 signaling
in WT T cells (Fig. S24A and S24B). Compared with WT
cells, Icam1-KO T cells showed impaired proliferation (Fig.
6H) and reduced expression of effector molecules, includ-
ing granzyme B and interferon-y (IFN-y), at both protein
(Fig. 6l and 6]) and mRNA levels (Fig. S25A and S25B). Sim-
ilarly, inhibition of ICAM-1-LFA-1 interaction significantly
decreased granzyme B and IFN-y expression (Fig. S26A and
S26B), whereas ICAM-1 overexpression enhanced their
production (Fig. S26C and S26D). Together, these findings
demonstrate that ICAM-1 plays a critical role in T cell
activation and metabolic reprogramming. Specifically,
ICAM-1 promotes glycolysis and the TCA cycle in T cells
via the PI3K-AKT-mTOR pathway, thereby enhancing glu-
cose metabolism and *®F-FDG uptake (Fig. 6K).

Discussion

Noninvasive evaluation of tumor responses to RT using
BF-FDG PET is essential for guiding personalized treat-
ment strategies, including adjustments to radiation dose,
fractionation, timing, and selection of optimal combina-
tion therapies (Bussink et al., 2011). However, RT-induced
metabolic flares of ¥F-FDG may complicate early response
assessment and lead to potential misinterpretation of
therapeutic efficacy (Ben-Haim and Ell, 2009; Weber, 2005).
Understanding the mechanisms underlying these flares
is critical for improving patient management. While prior
studies have suggested that infiltration of inflammatory
cells, such as neutrophils, macrophages, and lymphocytes,
contributes to ¥F-FDG flares after RT (Ben-Haim and Ell,
2009; Haberkorn et al., 1991), the specific mechanisms
remain incompletely understood. Given that both inflam-
matory and residual tumor cells exhibit high *F-FDG avid-
ity, conventional PET imaging cannot distinguish between
them. In this study, we provide evidence that ICAM-1* T
cells, rather than myeloid cells, are the primary mediators

of tumor glucose metabolism following RT. Mechanisti-
cally, ICAM-1 enhances the effector function of T cells by
activating the PI3K-AKT-mTOR signaling pathway and
promoting the glycolytic activity of tumor-infiltrating T
cells, thereby increasing their avidity for ¥F-FDG. This T
cell-intrinsic regulatory mechanism of ICAM-1 is a major
contributor to the ®F-FDG PET flares observed after RT.
ICAM-1 is best recognized for mediating adhesion
between antigen-presenting cells (such as DCs and mac-
rophages) or endothelial cells and T cells via interaction
with LFA-1 (Bui et al,, 2020; Qian et al., 2024). This inter-
action promotes the formation of the immunological syn-
apse between antigen-presenting cells and T cells,
facilitates antigen presentation, and enables effective T
cell activation and migration (Ramos et al., 2014; Zhang
etal., 2022). In our study, the use of Icam1-KO mice revealed
significantly reduced *F-FDG uptake in tumors post-RT,
highlighting the importance of host ICAM-1 in modulating
tumor glucose metabolism. To specifically examine the
role of T cell-intrinsic ICAM-1, we adoptively transferred
Icam1-KO or Icam1-OE OT-I T cells. ICAM-1 expression on
T cells was found to be both necessary and sufficient to
promote T cell infiltration and increase ¥F-FDG tumor
uptake. Furthermore, pharmacologic inhibition of the
ICAM-1-LFA-1 interaction impaired T cell infiltration, acti-
vation, and *¥F-FDG uptake in tumors, suggesting that
ICAM-1 facilitates T cell clustering through ICAM-1-LFA1
binding, promoting metabolic reprogramming in the TME.
The molecular mechanisms by which RT induces
ICAM-1 upregulation on T cells remain incompletely
understood. Previous studies have shown that ICAM-1
expression on endothelial cells is increased by tumor
necrosis factor (TNF)-a through activation of the NF-xB
signaling pathway (Qian et al., 2024). RT is known to stim-
ulate the release of multiple cytokines within the TME,
with their profiles shaped by radiation dose and fraction-
ation. Moreover, accumulating evidence indicates that RT
extensively remodels the immune landscape, enhancing
the infiltration of various immune cell subsets and pro-
moting cytokine secretion that drives metabolic rewiring
in these cells (Galluzzi et al., 2023). Whether and how
these RT-induced cytokine and metabolic cues converge
to regulate ICAM-1 expression specifically on T cells
remains an important question for future investigation.
Each immune cell subset within the TME exhibits dis-
tinct metabolic phenotypes. For example, M1 macro-
phages predominantly rely on glycolysis, whereas M2
macrophages preferentially utilize oxidative phosphory-
lation (OXPHOS) (Kolliniati et al., 2022; McLaughlin et al.,
2020). T cell metabolism is similarly dynamic: upon acti-
vation through tumor-associate antigen recognition and
co-stimulatory signals, T cells undergo metabolic repro-
gramming characterized by upregulated glycolysis, TCA
cycle activity, and OXPHOS to support proliferation and
effector function (Geltink et al., 2018; Leone and Powell,
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2020). Notably, activated T cells often demand more glu-
cose than tumor cells to sustain their function (Reinfeld
et al.,, 2021). Our data identify ICAM-1 as a key regulator
of this metabolic shift. Specifically, ICAM-1 deficiency
impairs glycolysis and TCA cycle activity in T cells, in par-
allel with downregulation of the PI3K-AKT-mTOR pathway.
These findings suggest that upregulating ICAM-1 expres-
sion may offer a strategy to metabolically reprogram T
cells and enhance their antitumor activity. Indeed, we
previously demonstrated that pharmacological upregula-
tion of ICAM-1 augments systemic antitumor immunity
when combined with RT (Zhao et al., 2021).

Given the central role of effector T cell infiltration in
driving ®¥F-FDG PET flares, there is an urgent need for non-
invasive imaging tools capable of distinguishing true
tumor progression from immune-mediated inflammation.
We previously demonstrated that PET imaging of gran-
zyme B offers a noninvasive readout of T cell effector func-
tion in cancer patients (Shen et al.,, 2024; Zhou et al., 2022).
However, since granzyme B is a secreted protein, longitu-
dinal imaging is required to capture dynamic changes in
its tumor expression during RT. In this study, we identified
ICAM-1 as a cell-surface marker of metabolically active,
tumor-infiltrating T cells. Thus, PET imaging of ICAM-1
expression may provide a means to assess both T cell func-
tionality and metabolic activity within the TME following
RT. When used in conjunction with conventional ®*F-FDG
PET, ICAM-1-targeted PET imaging could improve response
classification by differentiating true progression from
pseudoprogression or clinical response (Fig. S27), thereby
addressing the diagnostic limitations of ®F-FDG PET alone.

In summary, our findings reveal ICAM-1 as a key regulator
of T cell glucose metabolism and intratumoral infiltration
in response to RT. By promoting LFA-1-mediated interac-
tions, ICAM-1 enhances T cell effector function and ¥F-FDG
uptake, contributing to RT-induced metabolic flares. ICAM-
1-targeted PET imaging may therefore serve as a valuable
tool to monitor immune dynamics in the TME, offering a
more accurate evaluation of RT efficacy and supporting the
rational design of combinational therapy strategies.

Supplementary data

Supplementary data is available at Protein & Cell online at
https://doi.org/10.1093/procel/pwaf111.
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