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Hepatocellular carcinoma (HCC) is the second leading 
cause of cancer-associated death worldwide and the 

fifth leading cause of cancer death in the United States 
(1,2). Transarterial chemoembolization (TACE) and im-
munotherapy are first-line therapies for patients with in-
termediate and advanced HCC, respectively. Although 
TACE and immunotherapy have proven survival benefits 
in select patient populations, local and distant recurrences 
are common (3,4). To overcome these limitations, existing 
treatment paradigms must continue to evolve, and there is 
growing interest in integrating TACE and immunomodu-
lators for combination therapy.

Multiple locoregional therapies, including embolother-
apies, have shown the potential for immune activation (5–
7). TACE represents a particularly promising candidate for 
this approach, given the potential for immune stimulation 
by means of the large-scale release of tumor- associated an-
tigens following ischemia-induced cell death (7). Although 
clinical trials combining TACE with immune checkpoint 
inhibitors (ICIs) are ongoing (8,9), there has been lim-
ited characterization of embolotherapy-induced immune 
alterations that is essential for informing the integration 
of therapeutic immunomodulation into clinical protocols 
(10,11). Fundamental questions remain to be answered, 

Background: Transarterial embolization (TAE) is the most common treatment for hepatocellular carcinoma (HCC); however, there 
remain limited data describing the influence of TAE on the tumor immune microenvironment.

Purpose: To characterize TAE-induced modulation of the tumor immune microenvironment in a rat model of HCC and identify 
factors that modulate this response.

Materials and Methods: TAE was performed on autochthonous HCCs induced in rats with use of diethylnitrosamine. CD3, CD4, 
CD8, and FOXP3 lymphocytes, as well as programmed cell death protein ligand-1 (PD-L1) expression, were examined in three 
cohorts: tumors from rats that did not undergo embolization (control), embolized tumors (target), and nonembolized tumors from 
rats that had a different target tumor embolized (nontarget). Differences in immune cell recruitment associated with embolic agent 
type (tris-acryl gelatin microspheres [TAGM] vs hydrogel embolics) and vascular location were examined in rat and human tissues. 
A generalized estimating equation model and t, Mann-Whitney U, and x2 tests were used to compare groups.

Results: Cirrhosis-induced alterations in CD8, CD4, and CD25/CD4 lymphocytes were partially normalized following TAE (CD8: 
38.4%, CD4: 57.6%, and CD25/CD4: 21.1% in embolized liver vs 47.7% [P = .02], 47.0% [P = .01], and 34.9% [P = .03], respec-
tively, in cirrhotic liver [36.1%, 59.6%, and 4.6% in normal liver]). Embolized tumors had a greater number of CD3, CD4, and CD8 
tumor-infiltrating lymphocytes relative to controls (191.4 cells/mm2 vs 106.7 cells/mm2 [P = .03]; 127.8 cells/mm2 vs 53.8 cells/mm2 
[P , .001]; and 131.4 cells/mm2 vs 78.3 cells/mm2 [P = .01]) as well as a higher PD-L1 expression score (4.1 au vs 1.9 au [P , .001]). 
A greater number of CD3, CD4, and CD8 lymphocytes were found near TAGM versus hydrogel embolics (4.1 vs 2.0 [P = .003]; 3.7 
vs 2.0 [P = .01]; and 2.2 vs 1.1 [P = .03], respectively). The number of lymphocytes adjacent to embolics differed based on vascular 
location (17.9 extravascular CD681 peri-TAGM cells vs 7.0 intravascular [P , .001]; 6.4 extravascular CD681 peri-hydrogel embolic 
cells vs 3.4 intravascular [P , .001]).

Conclusion: Transarterial embolization–induced dynamic alterations of the tumor immune microenvironment are influenced by un-
derlying liver disease, embolic agent type, and vascular location.
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Autochthonous Rat Model of HCC and TAE
Animal studies were conducted in accordance with institu-
tionally approved protocols adhering to Institutional Ani-
mal Care and Use Committee guidelines. Briefly, autoch-
thonous HCCs were induced in male Wistar rats weighing 
300–400 g (Charles River Laboratories) with use of ad li-
bitum oral administration of 0.01% diethylnitrosamine for 
12 weeks, which induces liver tumors through sequential 
progression of hepatitis, cirrhosis, and carcinogenesis (17). 
Rats with at least one tumor measuring 0.5–1.0 cm in maxi-
mum diameter on T2-weighted MRI scans (Agilent 4.7-T 
40-cm horizontal bore MRI; repetition time minimum, 1.4 
seconds [respiratory-gated]; echo time, 59.1 msec) were 
selected for the experiment. Animals were only included 
if they had at least one targetable lesion. Transarterial ac-
cess was gained through ventral tail artery or transfemoral 
approach (18,19). With use of fluoroscopic guidance, the 
artery feeding the target tumor was selectively catheterized 
and embolized with 0.2 mL of 40–120 mm tris-acryl gela-
tin microspheres (TAGM) (Embosphere, Merit Medical) or 
70–150 mm hydrogel embolics (LUMI beads, BTG) sus-
pended in 1 mL iopamidol contrast medium (Isovue 370, 
Bracco) (17). Pre- and post-embolization arteriography was 
performed using an Angiostar Plus or Cios imaging system 
(Siemens), and stasis of contrast material within the target 
vessel was confirmed in embolized animals (by S.J.H., O.J., 
A.G., or T.P.F.G., with 16, 3, 3, and 16 years of experience, 
respectively). Ten rats were embolized with hydrogel embol-
ics (two rats were euthanized 2 days after embolization and 
eight rats were euthanized 7 days after embolization). The 
remaining 38 rats were embolized with TAGM.

Eighteen rats were used for flow cytometry experiments 
and collected for analysis 7 days following embolization. A 
total of 48 rats were used for immunohistochemistry (IHC) 
and in situ hybridization (ISH) experiments and collected for 
analysis 2, 7, or 12 days following embolization. For IHC 
and ISH experiments, additional rats were added to cohorts 
collected at later time points to compensate for attrition due 
to tumors developing after treatment. Nontarget tumors in 
rats that had a different target tumor embolized were also 
collected to determine whether TAE influenced tumor lym-
phocyte infiltration in these tumors. Nontarget tumors were 
collected at the time of necropsy at either 2, 7, or 12 days af-
ter embolization. Time points for tissue harvest were based on 
prior studies demonstrating peak T-cell response in periph-
eral blood 14 days following locoregional therapies (20,21).

Tissue Preparation and Histologic Examination
Treated and untreated tumors were harvested from rats fol-
lowing euthanasia in accordance with institutionally ap-
proved protocols. Tumors were hemisected, fixed overnight 
in formalin, and dehydrated with 70% alcohol before paraf-
finization. The pathologic diagnosis of HCC was confirmed 
on 4-µm-thick hematoxylin and eosin–stained sections by a 
hepatobiliary pathologist with 35 years of experience in eval-
uating HCC (E.F.). One central section per tumor was used 
for cell counting.

including the ability of embolotherapy to enhance the infiltra-
tion and activation of immune cell populations in target and 
nontarget tumors.

The paucity of studies characterizing embolotherapy-related 
immune responses issues from two primary challenges. These in-
clude the lack of standardized embolization techniques and limi-
tations in animal models that faithfully recapitulate the hallmark 
features of HCC while enabling the recapitulation of clinical 
embolotherapy protocols. HCC generally arises from a back-
ground of chronic liver disease or cirrhosis, which profoundly 
alters the immunobiologic characteristics and architecture of 
the liver (12,13). It is therefore critical that animal models re-
capitulate the immune microenvironment in which HCC arises 
as well as the changes in scaffolding and vasculature that accom-
pany chronic liver disease. Complicating matters further is the 
inconsistent use of standardized embolic agents across preclinical 
and clinical studies. Depending on their physical and chemical 
properties, different embolic agents have varying propensities to 
extravasate outside of the vasculature and elicit inflammatory tis-
sue reactions (14–16)—properties that may influence the overall 
immune response to TACE.

An improved understanding of the nature and mechanisms 
of immune activation in the setting of embolization is required 
to design more effective treatment strategies that leverage the 
TACE-induced modulation of the tumor environment to 
achieve an optimal antitumor immune response. The purpose of 
this study was to characterize transarterial embolization (TAE)–
induced modulation of the immune microenvironment within 
autochthonous HCCs induced in rats and to identify factors 
that modulate this response.

Materials and Methods
The experimental schema and animal cohorts are described 
in Figure 1.

Abbreviations
HCC = hepatocellular carcinoma, ICI = immune checkpoint inhibitors, 
IHC = immunohistochemistry, ISH = in situ hybridization, PD-L1 = 
programmed cell death protein ligand-1, TACE = transarterial chemo-
embolization, TAE = transarterial embolization, TAGM = tris-acryl 
gelatin microspheres, TIL = tumor-infiltrating lymphocyte

Summary
Transarterial embolization–induced alterations in the tumor immune 
microenvironment are influenced by underlying liver disease, embolic 
agent type, and vascular location and result in increased programmed 
cell death protein ligand-1 expression.

Key Results
 n Transarterial embolization normalized proportions of CD8 and 

CD4 lymphocytes (38.4% [CD8] and 57.6% [CD4] in embolized 
liver vs 47.7% [P = .02] and 47.0% [P = .01] in cirrhotic liver 
[36.1% and 59.6% in normal liver]).

 n Embolized tumors had higher programmed cell death protein ligand-1 
expression than nonembolized controls (4.1 au vs 1.9 au [P , .001]).

 n Tris-acryl gelatin microspheres extravasated at higher rates than 
hydrogel embolics (87% vs 41% [P , .001]) and recruited more 
peri-embolic CD4 and CD8 lymphocytes (3.7 vs 2.0 [P = .01] 
and 2.2 vs 1.1 [P = .03], respectively).
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Figure 1: Experimental flowchart. Chemically induced autochthonous hepatocellular carcinomas were generated in Wistar rats, 
and tumor development was monitored using T2-weighted MRI. Tumors reaching 0.5–1 cm in maximum transverse diameter were 
treated with transarterial embolization (TAE). At selected post-TAE time points, samples were collected for analysis with either flow 
cytometry or immunohistochemistry (IHC)/in situ hybridization (ISH). Flow cytometry was performed on three different groups: liver 
samples from healthy diethylnitrosamine (DEN)–naive rats treated with sham embolization (naive), sham-treated tumors (SHAM), 
and embolized tumors (TAE group). Histologic examination (IHC, ISH, hematoxylin and eosin [H&E] staining) was performed on 
three different groups: tumors from rats that did not undergo embolization (non-embo CTRL), embolized tumors (target or TAE), and 
nonembolized tumors from rats that had a different target tumor embolized (nontarget). Hydrogel = hydrogel embolics, TAGM = 
tris-acryl gelatin microspheres.
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IHC, Immunofluorescence, and ISH
Standard IHC and immunofluorescence protocols were used to 
stain tissues fixed in formalin and embedded in paraffin (by D.J.T. 
[with 16 years of experience], A.G., O.J., and I.G. [with 3 years 
of experience]). ISH for CD4 and programmed cell death protein 
ligand-1 (PD-L1) (a predictive marker of response to ICIs and 
enriched in HCC [22,23]) was performed by D.J.T. on sections 
fixed in formalin and embedded in paraffin with use of RNAscope 
2.5 HD Brown Reagent Kit in combination with RNAscope 
Probe-Rn-CD4 and RNAscope Probe-NPR-0002409-PDL1 
(Advanced Cell Diagnostics) according to the manufacturer’s in-
structions. See Appendix E1 (online) for additional details.

Flow Cytometry
Rat tissue, including spleen, liver, target tumor, and non-
target tumor, was prepared for flow cytometry (by A.G. and 
O.J.)  (Fig 2) based on established protocols (24) (Appendix 
E1 [online]).

Cell Counting and Image Analysis
Cell counting (ISH and IHC pertaining to Figs 3–5) was per-
formed using ImageJ version 1.53g (National Institutes of 
Health) in a blinded fashion, wherein digitally scanned slides 
were anonymized before counting (by D.J.T., A.G., and I.G.). 
with use of a unique identifier. Because the proportion of tu-
mor-infiltrating lymphocytes (TILs) found within connective 
tissue and vasculature (stromal compartment), versus embedded 
within the tumor parenchyma (intratumoral), has been shown 
to be clinically significant, stromal and intratumoral compart-
ments were defined according to standardized methods before 
lymphocyte counting (25). Quantitative analyses of lympho-
cytes or macrophages was performed at high power (3200) by 
counting the total number of cells within three separate areas 
each measuring 1 mm2. The average number of cells per square 
millimeter was then calculated. The stromal and intratumoral 
compartments were both analyzed separately, and cells per 
square millimeter are reported (D.J.T.).

Figure 2: Cirrhosis and transarterial embolization (TAE) modulate lympho-
cyte populations. Box and whisker plots show (A) the percentage of CD41 and 
CD81 cells as a proportion of the CD31 population in spleen, liver, and tumor 
specimens from healthy diethylnitrosamine-naive rats that underwent sham em-
bolization (naive, n = 5), cirrhotic diethylnitrosamine-treated rats that underwent 
sham embolization (sham, n = 5), and cirrhotic diethylnitrosamine-treated rats 
that underwent embolization with tris-acryl gelatin microspheres (TAE group, 
n = 8); (B) the percentage of CD251 and FOXP31 cells as a proportion of the 
CD41 population; and (C) the percentage of CD251 and FOXP31 cells as a 
proportion of the CD31 population. Whiskers indicate maximum and minimum 
values. Boxes extend from the 25th to 75th percentiles. The line in the middle of 
the box is plotted at the median. * = P , .05, ** = P , .01, and *** = P , 
.001 according to the t test. Significant P values (left to right): in A, .04, .006, 
.049, .01, .02, .03, .005, .047, .02, .03; in B, .04, ,.001, .03, .04, .049, 
,.01; and in C, .048, ,.001, .03, .001.
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Figure 3: Transarterial embolization induces increased lymphocyte infiltration in embolized tumors. Box and whisker plots show (A) the average number of CD31, 
CD81, FOXP31, and CD41 cells (intrastromal and intratumoral cells) at 2 days (n = 7), 7 days (n = 12), and 12 days (n = 17) after embolization relative to control (CTRL) 
tumors that were not embolized (n = 12); (B) the average number of cells within the intratumoral compartment of embolized tumors at 2, 7, and 12 days after embolization 
relative to control tumors that were not embolized; and (C) the average percentage of immune cells found within the intratumoral compartment expressed as a percentage 
of total number of cells (intrastromal plus intratumoral cells) at 2, 7, and 12 days after embolization relative to control tumors that were not embolized. Whiskers indicate 
maximum and minimum values. Boxes extend from the 25th to 75th percentiles. The line in the middle of the box is plotted at the median. * = P , .05, ** = P , .01, and 

*** = P , .001 according to the generalized estimating equation model. Significant P values (left to right): in A, .02, .03, .01, ,.001; in B, .02, .02, .001, ,.001; and in 
C, .02, .007, .01, .002. (D) Representative images of histologic staining of CD3, CD8, FOXP3, and CD4 cell markers in embolized and control tumors. (E) Representative 
low-magnification image shows CD31 cell infiltration into a hepatocellular carcinoma (HCC) tumor 12 days after embolization. (F) Representative image demonstrates 
intrastromal CD31 cells (pink markers) and intratumoral CD31 cells (green markers) within HCC specimens.

Figure 4: Transarterial embolization increases the number and proportion of tumor-infiltrating lymphocytes in the intratumoral compartment of nontarget tumors. Box 
and whisker plots show (A) the average number of CD31, CD81, FOXP31, and CD41 cells (intrastromal and intratumoral cells) at 2 days (n = 4), 7 days (n = 6), and 
12 days (n = 8) after embolization in nontarget tumors relative to control (CTRL) tumors from rats that did not undergo embolization (n = 12); (B) the average number 
of cells within the intratumoral compartment of nontarget tumors at 2, 7, and 12 days after embolization relative to control tumors; and (C) the average percentage of 
cells found within the intratumoral compartment as a function of total number of cells (intrastromal plus intratumoral cells) in nontarget tumors at 2, 7, and 12 days after 
embolization relative to control tumors. Whiskers indicate maximum and minimum values. Boxes extend from the 25th to 75th percentiles. The line in the middle of the 
box is plotted at the median. * = P , .05 and ** = P , .01 according to the generalized estimating equation model. Significant P values (left to right): in B, .02, .04; in 
C, .02, .03, .002, .01.
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For embolic analyses in rat tissue, samples that had visible 
embolic particles were selected. To quantify peri-embolic leu-
kocytes, a region of interest calculation was performed that en-
compassed a circumference twice the diameter of the embolic. 
Confluent embolics were considered to be a single “island” of 
embolic particles, and adjacent cells were counted together along 
with the number of embolic particles present. The maximum 
number of individually resolvable embolics within an “island” 
was 50, which was used as the cap when determining immune 
cell numbers on a per-embolic basis (D.J.T. and A.G.). To calcu-
late CD68 response around embolics located in or out of vessels, 
region of interest analysis was applied as described earlier, and 
positive smooth muscle actin staining around embolic particles 
was used to indicate an intravascular location. See Appendix E1 
(online) for additional details.

To determine whether embolic particles exhibit simi-
lar phenomena in human patients with HCC treated with 
TACE, we performed IHC for the general immune cell 
marker CD45 on human HCC samples from patients who 
had been treated with TACE using either TAGM or hydrogel 
embolics (Bead Block microspheres [predecessor of LUMI 
beads], BTG). Access to archived human HCC tissue speci-
mens (four patients with a total of 240 embolic particles lo-
cated intravascularly; five patients with a total of 142 embolic 
particles located extravascularly) received approval from our 
institutional review board on human research, and the re-
quirement for informed consent was waived. See Appendix 
E1 (online) for additional details.

Statistical Analysis
Generalized estimating equation models were used to de-
termine the impact of the predictors (day, embolic type, 
group) on outcome measures related to Figures 3–6 (SAS, 
version 9.4; SAS Institute). For Figures 3 and 4, our gener-
alized estimating equation model included main effects for 

post-embolization time point and tumor group (target or 
nontarget), as well as an interaction term between the two. 
For Figures 5, 6, and 7C, the generalized estimating equa-
tion model was limited to main effects. Student t tests for 
the data included in Figure 2, Mann-Whitney U test for the 
data included in Figure 7E, x2 test for the data included 
in Figure 7B, and all graphs were performed or generated 
in GraphPad Prism 9.0 (GraphPad Software). All statistical 
tests used a cutoff of .05 to determine statistical significance. 
See Appendix E1 (online) for additional statistical details.

Data Availability
Data generated or analyzed during the study are available from 
the corresponding author by request.

Results

Cirrhosis and TAE Influence Intrahepatic Lymphocyte 
Populations
Relative to naive rats, sham-treated rats displayed a greater pro-
portion of CD81, CD251/CD41, and FOXP31 lymphocytes 
in the liver (respectively, 36.1% vs 47.7% [P = .047]; 4.6% vs 
34.9% [P , .001]; and 0.8% vs 9.8% [P = .009]) and spleen 
(39.0% vs 50.9% [P = .03]; 4.7% vs 22.9% [P = .045]; and 
0.6% vs 3.9% [P = .049]), as well as a lower proportion of 
CD41 cells (liver, 59.6% vs 46.9% [P = .049]; spleen, 58.0% vs 
43.4% [P = .04]) (Fig 2). When comparing TAE-treated rats to 
sham-treated rats, we observed a reduction in the proportion of 
CD81 cells within spleen, liver, and target tumor (spleen, 50.9% 
vs 36.7% [P = .005]; liver, 47.7% vs 38.4% [P = .02]; tumor, 
49.1% vs 35.5% [P = .03]), with a corresponding increase in 
CD41 cells (spleen, 43.4% vs 60.2% [P = .006]; liver, 46.9% vs 
57.6% [P = .01]; tumor, 44.5% vs 58.9% [P = .02]) (Fig 2A).  
In addition, TAE-treated rats demonstrated a reduction in the 
proportion of CD251/CD41 cells within the liver and target 

Figure 5: Transarterial embolization induces increased expression of programmed cell death protein ligand-1 (PD-L1) by hepatocellular car-
cinoma cells. (A) Violin plot shows the average expression score of PD-L1 as determined with in situ hybridization (ISH) in untreated control tumors 
(CTRL) (n = 12), embolized tumors (target) (n = 17), and nontarget tumors (n = 8) in rats that underwent embolization. Tissues were collected for 
analysis 12 days after embolization. Bold dotted lines indicate medians, and thin dotted lines indicate quartiles. * = P , .05 and *** = P , .001 
according to the general estimating equation model. Significant P values: ,.001 (left), .02 (right). (B) Representative images of PD-L1 ISH  
(3,3’-diaminobenzidine stain [brown stain]) in embolized tumors and untreated control tumors that were not embolized. Sections have been 
 counterstained with hematoxylin to mark cell nuclei.
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tumor relative to sham-treated rats (34.9% vs 21.1% [P = .03]; 
45.1% vs 27.5% [P = .04]) (Fig 2B).

TAE Enhances Recruitment of TILs
We compared the average number of lymphocytes (intratu-
moral plus intrastromal) per square millimeter within un-
treated tumors with embolized tumors at postembolization 
days 2, 7, and 12. Within embolized tumors, there were 
greater numbers of CD31, CD41, and CD81 TILs at 12 days 
after embolization relative to untreated controls (191.4 cells/

mm2 vs 106.7 cells/mm2 [P = .03]; 127.8 cells/mm2 vs 53.8 
cells/mm2 [P , .001]; and 131.4 cells/mm2 vs 78.3 cells/mm2  
[P = .01]) (Fig 3A, 3D, 3E). Next, we examined the average 
number and proportion of lymphocytes in the intratumoral 
compartment. Consistent with the aforementioned results, 
we found a greater number of CD31, CD41, and CD81 
cells within the intratumoral compartment at 12 days after 
embolization relative to control tumors (123.9 cells/mm2 
vs 45.3 cells/mm2 [P = .02]; 80 cells/mm2 vs 22.3 cells/
mm2 [P  , .001]; and 71.9 cells/mm2 vs 35.9 cells/mm2 

Figure 6: Recruitment of lymphocytes and myelocytes differed based on type of embolic. (A) Representative images of hematoxylin and eosin 
staining demonstrate differences in foreign body reactions induced within hepatocellular carcinoma tumors embolized with hydrogel embolics (hy-
drogel) or tris-acryl gelatin microspheres (TAGM). Because of their unique chemical properties, hydrogel embolics stain purple and TAGM stain 
pink when subjected to hematoxylin and eosin staining. Whereas numerous small-cell nuclei characteristic of immune cells can be seen surrounding 
TAGM, hydrogel embolics have relatively few immune cells associated with them (cell nuclei in proximity to hydrogel embolics largely reflect tumor 
cells). (B–D) Box and whisker plots show (B) the average number of CD31 (51 TAGM, 19 hydrogel), CD41 (46 TAGM, 24 hydrogel), CD81 (53 
TAGM, 21 hydrogel), and FOXP31 (38 TAGM, 21 hydrogel) cells per embolic by embolic type; (C) the average number of CD681 (68 TAGM, 
30 hydrogel) and CD1631 (79 TAGM, 29 hydrogel) macrophages per embolic by embolic type; and (D) the average number of cells surrounding 
TAGM at 2 and 12 days after embolization. Whiskers indicate maximum and minimum values. Boxes extend from the 25th to 75th percentiles. The line 
in the middle of the box is plotted at the median. * = P , .05, ** = P , .01, and *** = P , .001 according to the generalized estimating equation 
model. Significant P values (left to right): in B, .003, .01, .03; in C, ,.001, .03; and in D, .003, ,.001, .04, ,.001, .04.
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[P  = .001], respectively) (Fig 3B, 
3F). When comparing differences in 
the proportions of cells found within 
the intratumoral compartment, we 
found a greater proportion of CD3 
and CD4 cells at 12 days after embo-
lization relative to controls (58.5% vs 
45.3% [P = .007]; 62.4% vs 41.9% 
[P = .002]), as well as an increased 
proportion of FOXP3 cells within 
the intratumoral compartment at 2 
days after embolization (43.6% vs 
21.0% [P = .01]) that did not persist 
at 7 (34.0% vs 21.0% [P = .25]) or 
12 days (32.5% vs 21.0% [P = .12]) (Fig 3C).

TAE Increases the Number of TILs in the Intratumoral 
Compartment of Nontarget Tumors and Modulates  
PD-L1 Expression
Within embolized rats that had at least one nontargeted tu-
mor, we found no difference in the average number of CD31, 
CD41, CD81, and FOXP31 TILs within the entire nontarget 

tumor at any of the time points studied (CD3: 106.7 cells/
mm2 [control] vs 154.3 [day 2, P = .35], 107.5 [day 7, P = 
.97], and 157.5 [day 12, P = .27]; CD4: 53.8 cells/mm2 vs 43.7 
[P = .49], 68.5 [P = .53], and 104.3 [P = .12]; CD8: 78.3 cells/
mm2 vs 81.5 [P = .91], 100.2 [P = .46], and 123.3 [P = .18]; 
FOXP3: 65.1 cells/mm2 vs 60.0 [P = .83], 40.3 [P = .34], and 
44.0 [P = .24]) (Fig 4A). However, nontarget tumors demon-
strated a greater number of CD41 and CD81 TILs in the in-

Figure 7: Tris-acryl gelatin microspheres 
(TAGM) induce a marked foreign body reaction that 
increases with extravasation. (A) Representative im-
ages show triple immunofluorescence for the macro-
phage marker CD68, arterial marker smooth muscle 
actin (SMA), and 4’,6-diamidino-2-phenylindole 
(DAPI) stain (marks cell nuclei) on hepatocellular 
carcinoma (HCC) specimens containing hydrogel 
embolics or TAGM. The foreign body reaction, as 
indicated by macrophage number, differs between 
embolic type and vascular location. Extra = extravas-
cular, Intra = intravascular. (B) Bar graph shows the 
percentage of embolic particles found within smooth 
muscle actin–positive vascular walls by embolic type. 
(C) Box and whisker plot shows the average number 
of CD681 macrophages surrounding hydrogel 
embolics (14 outside, 20 inside) and TAGM (41 
outside, six inside) based on vascular location. Whis-
kers indicate maximum and minimum values. Boxes 
extend from the 25th to 75th percentiles. The line in 
the middle of the box is plotted at the median. (D) 
Representative images of CD45 immunohistochemis-
try (3,3’-diaminobenzidine [DAB] stain [brown stain]) 
on posttransarterial chemoembolization human 
HCC specimens co-stained with hematoxylin. For 
illustrative purposes, images of hydrogel embolics 
(100–300 mm in size) and TAGM (100–300 mm 
in size) are shown in both intravascular and extravas-
cular locations, as annotated. (E) Box and whisker 
plot shows the average number of surrounding 
CD451 cells per embolic particle based on vascular 
location (four patients with a total of 240 particles 
located intravascularly; five patients with a total of 
142 particles located extravascularly). * = P , .05 
and *** = P , .001 according to the x2 test for B, 
generalized estimating equation model for C, and 
Mann-Whitney U test for E. Significant P values (left 
to right): in B, ,.001; in C, ,.001, ,.001; and in 
E, .02.
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tratumoral compartment at day 12 relative to untreated con-
trols (63.6 vs 22.3 cells/mm2 [P = .04]; 68.7 vs 35.9 cells/mm2 
[P = .02]) (Fig 4B). Differences in the proportions of TILs 
within the intratumoral compartment of nontarget lesions as 
compared with controls were heterogeneous, with a greater 
proportion of CD81 TILs at day 7 (72.8% vs 49.4% [P = 
.02]), CD41 TILs at day 12 (58.1% vs 41.9% [P = .01]), and 
FOXP31 TILs at days 7 and 12 (48.1% vs 21.0% [P = .03]; 
43.6% vs 21.0% [P = .002]) (Fig 4C).

Next, we sought to determine whether TAE influences  
the expression of PD-L1 by HCC tumors in our rat model. 
Within embolized tumors, the average expression score of 
PD-L1 was higher relative to controls (4.1 arbitrary units [au] 
vs 1.9 au [P , .001]). A smaller increase was observed within 
nontarget tumors compared with controls (3.5 au vs 1.9 au  
[P = .02]) (Fig 5).

Embolic Type and Vascular Location Influence Recruitment of 
Lymphocytes and Macrophages
Hematoxylin and eosin–stained sections demonstrated a strikingly 
greater number of inflammatory immune cells encircling TAGM 
compared with hydrogel embolics (Fig 6A). These findings were 
confirmed at quantitative analysis of IHC and ISH, which dem-
onstrated a greater number of CD31, CD41, and CD81 lympho-
cytes in proximity to TAGM as compared with hydrogel embolics 
(4.1 vs 2.0 [P = .003]; 3.7 vs 2.0 [P = .01]; 2.2 vs 1.1 [P = .03]) 
(Fig 6B). Similarly, IHC demonstrated a markedly greater number 
of CD681 cells around TAGM (13.6 vs 5.8 [P , .001]) (Fig 6C). 
The number of immune cells encircling embolic particles on day 2 
versus day 12 was also compared (Fig 6D).

To compare the influence of intra- versus extravascular loca-
tion of the embolic agent on macrophage recruitment, we per-
formed immunofluorescence for the general macrophage marker 
CD68 and the vascular marker smooth muscle actin (Fig 7A). 
Quantitative analysis revealed that TAGM extravasated at higher 
rates as compared with hydrogel embolics (87.4% vs 41.2%  
[P , .001]) (Fig 7B). Interestingly, extravasated embolic  particles 
recruited greater numbers of CD681 macrophages as compared 
with embolic particles that remained within the intravascular 
space (17.9 extravascular CD681 peri-TAGM cells vs 7.0 intra-
vascular CD681 peri-TAGM cells [P , .001]; 6.4 CD681 extra-
vascular peri-hydrogel embolic cells vs 3.4 CD681 intravascular 
peri-hydrogel embolic cells [P , .001]) (Fig 7A, 7C).

Similar analysis of human HCC tumors following TACE 
demonstrated that TAGM and hydrogel embolics were identi-
fied both intra- and extravascularly within embolized tumors (Fig 
7D). Consistent with our findings in rats, extravasated embolic 
particles recruited a greater number of CD451 immune cells as 
compared with embolic particles that remained within the in-
travascular compartment (four vs 231 [P = .02]) (Fig 7D, 7E).

Discussion
Clinical trials are underway to test the presumed benefit  
of combinations of locoregional and immunotherapies (22,26–
28). However, data characterizing the influence of embolother-
apy on the immune landscape remain lacking. Herein, we dem-
onstrated that transarterial embolization dynamically influences 

the number and ratio of effector T cells within the tumor micro-
environment of target and nontarget tumors (CD3: 191.4 cells/
mm2 vs 106.7 cells/mm2 [P = .03]; CD4: 127.8 vs 53.8 [P , 
.001]; CD8: 131.4 vs 78.3 [P = .01]) and that PD-L1 expression 
is higher in both target and nontarget tumors (target: 4.1 au vs 1.9 
au [P , .001]; nontarget: 3.5 au vs 1.9 au [P = .02]). In addition, 
we demonstrated the impact of embolic type (per-embolic CD3: 
tris-acryl gelatin microspheres [TAGM] vs hydrogel embolics, 
4.1 vs 2.0 [P = .003]; CD4: 3.7 vs 2.0 [P = .01]; CD8: 2.2 vs  
1.1 [P = .03]) and vascular location (17.9 extravascular CD681 
peri-TAGM cells vs 7.0 intravascular CD681 peri-TAGM cells  
[P , .001]; 6.4 extravascular CD681 peri-hydrogel embolic 
cells vs 3.4 intravascular CD681 peri-hydrogel embolic cells 
[P , .001]; human CD451 cells, four intravascular vs 231 ex-
travascular [P = .02]) on immune cell recruitment, with striking 
differences in the resulting immunomodulation in both rat and 
human hepatocellular carcinomas.

Prior studies examining the impact of TAE on TILs have 
also demonstrated significant alterations in the tumor immune 
microenvironment (10,20). Our study builds on this prior re-
search, applying an autochthonous animal model together with 
ISH/IHC and flow cytometry to comprehensively measure mul-
tiple immune cell populations at multiple time points following 
embolization within tumor parenchyma (intratumoral) and tu-
mor stroma (intrastromal). The observation that cirrhosis, a key 
component in the pathogenesis of most human HCCs, causes 
significant changes in the underlying tumor immune microen-
vironment suggests the relevance of this model for the study of 
certain aspects of HCC immunobiology (29–31). Furthermore, 
studies in human patients with HCC have demonstrated strik-
ing correlations between certain molecular subtypes and the 
immunologic landscape. For example, tumor-intrinsic active 
b-catenin, or CTNNB1, signaling has been shown to result in 
T-cell exclusion and resistance to ICIs (32). Similar to human 
HCC, diethylnitrosamine-induced HCC tumors arise from a 
heterogeneous array of driver mutations, approximately half of 
which have been identified in human HCC samples, including 
TP53 and CTNNB1 (33). Moreover, autochthonous tumors 
have been shown to most closely recapitulate the biologic char-
acteristics of the tumor microenvironment, including vascula-
ture, immunobiologic characteristics, and architecture (34,35). 
Specifically, the dependence of HCC on the arterial blood sup-
ply develops over time through the growth of abnormal intrano-
dular arteries, a characteristic that distinguishes autochthonous 
from transplanted tumor models and is particularly relevant in 
the study of embolotherapy (36,37). Indeed, the observed ex-
travasation of embolic particles is likely to be influenced by the 
unique structural features of intratumoral arteries. The demon-
stration of this phenomenon in clinical samples further empha-
sizes the translational relevance of this model.

Clinical studies examining the role of TACE in modulating 
the anti-HCC immune response have been limited by the dearth 
of tissue samples from treated tumors and heterogeneity in em-
bolization protocols, including the choice of embolic agent. 
Hematoxylin and eosin staining revealed dramatically different 
foreign body responses in HCCs treated with hydrogel embol-
ics as compared with TAGM. Further analysis demonstrated 
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significant differences in the quantity of lymphocytes and my-
elocytes attracted to each type of embolic agent. These results 
underscore differences in how embolic agents access and engage 
the immune system based on vascular location. Interestingly, 
the data reported herein indicate that extravasation may be an 
advantageous phenomenon that can be harnessed to enhance 
antitumor immunity. Further studies are required to explore fac-
tors influencing this extravasation and the observed differences 
in the surrounding immune response, which may include the 
concentration, material composition, and/or size of the embolic 
agents and the role of pressure-enhanced delivery (38–41). These 
findings also underscore the potential for the development of 
designer embolic particles that integrate therapies or coatings ca-
pable of polarizing the antitumor immune response.

Finally, the described findings hold important implications 
given the completed (8,9) and ongoing clinical trials investigat-
ing the use of TACE in combination with ICIs for the treatment 
of HCC (Table E2 [online]). In addition to demonstrating the 
temporal changes in the immune response induced by TAE, we 
found that TAE causes increased expression of PD-L1 in both 
target and nontarget tumors consistent with recent findings in 
human tissue samples (23). These data reaffirm the notion that 
combination therapy with programmed cell death protein 1 or 
PD-L1 inhibitors may act synergistically to overcome the seem-
ingly negative consequence of increased PD-L1 expression on 
tumor cells, which might otherwise promote T-cell exhaustion; 
however, ICIs have also been associated with immune-related 
adverse reactions that can sometimes be fatal. Our study em-
phasizes the importance of a thorough understanding of the im-
mune response to TAE as well as the timing and method of ICI 
administration, both to optimize treatment response and mini-
mize adverse reactions.

Our study has several limitations. Due to the nature in which 
our samples were collected, quantitative measures of immune 
cell numbers were not obtained using stereologic methods, 
which may influence precision in counting. Furthermore, we 
only examined the impact of bland embolization on the im-
mune response, and thus, it is unknown how the addition of 
chemotherapeutic agents might affect these results. In addition, 
the time of liver harvest for the human samples was not stan-
dardized, likely contributing to the observed variability across 
samples. Moreover, our choice of embolic agents was based on 
standard clinical protocols at our institution; it is unknown how 
differences in the size of human and rat vasculature alter the 
functionality of these particles. Finally, while the diethylnitro-
samine rat model recapitulates the hepatic cirrhosis and disease 
progression observed in patients, the underlying causes of the 
liver disease in patients are heterogeneous, including exogenous 
or toxic, infectious, toxic or allergic, immunopathologic or auto-
immune, and vascular processes that may have differential effects 
on the HCC immune microenvironment. As a result, our find-
ings may not be generalizable to all of these patient populations.

In summary, our study delineates the dynamic transarte-
rial embolization–induced cellular immune response in hepa-
tocellular carcinoma. The data demonstrate the potential of 
locoregional  embolotherapy to modulate the tumor immune 
microenvironment directly and provide unique insights into 

the nature, breadth, and mechanism of the induced alterations. 
These findings hold important implications for the ongoing 
development of therapeutic strategies combining locoregional 
therapy with immunomodulators as well as for the develop-
ment of techniques and materials that further leverage the 
transarterial chemoembolization–induced modulation of the 
tumor immune microenvironment.
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