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Detection of response to tumor microenvironment–targeted 
cellular immunotherapy using nano-radiomics
Laxman Devkota1,2*, Zbigniew Starosolski1,3*, Charlotte H. Rivas2,4, Igor Stupin1, 
Ananth Annapragada1,3, Ketan B. Ghaghada1,3†, Robin Parihar2,4†

Immunotherapies, including cell-based therapies, targeting the tumor microenvironment (TME) result in variable 
and delayed responses. Thus, it has been difficult to gauge the efficacy of TME-directed therapies early after ad-
ministration. We investigated a nano-radiomics approach (quantitative analysis of nanoparticle contrast–enhanced 
three-dimensional images) for detection of tumor response to cellular immunotherapy directed against myeloid- 
derived suppressor cells (MDSCs), a key component of TME. Animals bearing human MDSC- containing solid 
tumor xenografts received treatment with MDSC-targeting human natural killer (NK) cells and underwent nanopar-
ticle contrast–enhanced computed tomography (CT) imaging. Whereas conventional CT-derived tumor metrics were 
unable to differentiate NK cell immunotherapy tumors from untreated tumors, nano- radiomics revealed texture- 
based features capable of differentiating treatment groups. Our study shows that TME-directed cellular immuno-
therapy causes subtle changes not effectively gauged by conventional imaging metrics but revealed by nano-radiomics. 
Our work provides a method for noninvasive assessment of TME-directed immunotherapy potentially applicable to 
numerous solid tumors.

INTRODUCTION
Cellular immunotherapies such as chimeric antigen receptor (CAR)– 
bearing T cells have shown efficacy in clinical trials of hematologic 
malignancies (1). However, the efficacy in patients with advanced 
solid tumors has been low (2). Solid tumors have inhibitory micro-
environments that limit the efficacy of targeted therapies (3). Myeloid- 
derived suppressor cells (MDSCs) play a central role in maintaining 
the tumor microenvironment (TME) of these solid tumors by suppress-
ing host immunity, establishing new vasculature, and remodeling 
tissue with tumor-supportive stromal elements (4). The frequency 
of intratumoral MDSCs correlates with cancer stage, disease pro-
gression, and resistance to standard chemo- and radiotherapy (5). 
Hence, effective immunotherapy for solid tumors will involve strat-
egies that reverse the inhibitory environment by targeting key com-
ponents of the TME such as MDSCs. As TME-directed therapies 
emerge, methods to detect changes within the TME will be required 
to monitor their efficacy.

Response to TME-directed immunotherapy has been difficult to 
assess by biopsy due to tumor heterogeneity and the impracticality 
of repeated biopsy. In vivo imaging provides a noninvasive approach 
for studying “whole-tumor” dynamics in four-dimensional (4D) domain 
(3D space + time) and therefore allows the elucidation of inter- and 
intratumor heterogeneity that is not appreciated using analysis of 
biopsy samples or 2D microscopy-based techniques (6, 7). However, 
standard imaging-derived tumor metrics, such as tumor volume de-
rived from conventional computed tomography (CT) and magnetic 
resonance imaging (MRI), are likely to be ineffective in the assess-
ment of early efficacy of TME-directed therapies. This is because (i) 

the burden of immunosuppressive cells is substantially low com-
pared with tumor cells in solid tumors, and thus, acute changes 
in tumor size may not be evident despite alterations in immuno-
suppressive components like MDSCs, and (ii) the effects of TME- 
directed therapies on tumor growth are often indirect and delayed 
(8, 9). Thus, there is a need to investigate advanced imaging meth-
ods that may provide early biomarkers of efficacy to immune-based 
TME-directed therapies.

Radiomics is an emerging field in which 3D images are analyzed 
to extract quantitative imaging features such as intensity, shape, 
size, morphology, and texture that can objectively define phenotypic 
characteristics of tumors (10, 11). These quantitative methods may 
enable detection of subtle changes in tumor morphology that are 
not evident by standard imaging tumor metrics. While such meth-
ods have been investigated to evaluate tumor response to check-
point blockade therapies, no preclinical or clinical studies have been 
conducted to investigate their utility in the context of cellular im-
munotherapies. Because of increasing interest and ongoing clinical 
trials in the emerging field of cell-based cancer therapies, we inves-
tigated whether the application of radiomics to the human TME 
would allow for detection of subtle changes in tumor morphology 
produced after TME-directed cellular immunotherapy.

In prior work, we reported a preclinical xenograft TME model in 
which human solid tumor cells grow in the presence of human MDSCs 
and reported the efficacy of gene-modified human natural killer (NK) 
cells in depleting intratumoral MDSCs (12). NK cells modified to 
express a chimeric version of the NK cytotoxicity receptor NKG2D, 
whose ligands are overexpressed on human MDSCs, directly lysed 
human MDSCs and secreted immune-promoting cytokines. Further-
more, we showed that depletion of MDSCs via gene-modified NK 
cells by itself did not result in tumor regression or improvement in 
overall survival but did create a more favorable TME that allowed 
enhanced antitumor activity of subsequently infused tumor-redirected 
T cells (12). Thus, we established a model to study the immediate 
effects of TME-directed cellular immunotherapy that affects immuno-
suppressive components of the TME such as MDSCs but without 
mediating direct antitumor effects.
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In the current work, we have further characterized the immuno-
suppressive nature of this unique preclinical TME model and used 
it to investigate radiomic phenotypes indicative of response to MDSC- 
directed cellular immunotherapy. Because MDSCs play a central role 
in angiogenesis and shaping of tumor vasculature, radiomic analysis 
was performed on high-resolution contrast-enhanced CT images ac-
quired using a long circulating nanoparticle contrast agent. The long 
blood half-life and the unique ability of nanoparticles to extravasate 
and accumulate in perivascular regions of high vascular permeability 
facilitate 3D interrogation of MDSC-influenced tumor vascular ar-
chitecture (13, 14). Thus, radiomic analysis of nanoparticle contrast– 
enhanced CT imaging features was used to follow changes in MDSC 
composition within the TME. We use the term “nano-radiomics” to 
refer to radiomic analysis of nanoparticle contrast–enhanced images 
and report the first of its kind study. We show that nano-radiomic 
analysis allows the extraction of quantitative features associated with 
response to MDSC-directed cellular immunotherapy, a clinically 
useful finding that may be readily applied during cellular therapy 
trials to noninvasively assess changes in the TME.

RESULTS
Response to MDSC-directed cellular immunotherapy does 
not correlate with change in overall tumor size
To evaluate the effects of cellular immunotherapy that targets a 
component of the TME, we used NK cells genetically modified to 
express a chimeric receptor in which the NK activating receptor 
NKG2D is fused to the cytotoxic  chain of the T cell receptor, called 
NKG2D. (12). We have shown that NKG2D.-bearing NK cells 
target and eliminate human MDSCs from the TME of solid tumors 
while sparing normal cells (12). We tested NKG2D. NK cells in a 
TME xenograft model in which co-inoculation of pediatric neuro-
blastoma (NB) (the most common extracranial solid tumor of child-
hood) with human MDSCs in immunocompromised NSG mice 
modeled TME-mediated suppression. We chose NKG2D ligand–
negative LAN-1 tumor for this model so that NKG2D. NK cells 
would only target MDSCs and not tumor cells within the xenografts, 
thus allowing evaluation of the effects of specifically targeting a com-
ponent of the TME on tumor parameters. To determine the MDSC 
dose in our xenograft model that resulted in increased MDSC bur-
den within the TME, we engrafted LAN-1 NB with increasing per-
centages of MDSCs (Fig. 1A). When tumors became quite large 
(>1500 mm3; approximately day 28), they were extracted en bloc and 
total MDSC burden was enumerated by flow cytometry. As seen in 
Fig. 1B, there was an inoculation dose-dependent rise in MDSC bur-
den within these advanced tumors. Further, when tumor tissue was 
examined by immunohistochemistry (IHC) for CD31 [marker for 
microvessel density (MVD)] and S100A9 (marker for human tissue- 
resident MDSCs), MDSC-containing tumor sections showed an 
MDSC dose-dependent increase in MVD and perivascular distribu-
tion of MDSCs (Fig. 1C). Furthermore, increasing inoculation doses 
of MDSCs during tumor engraftment resulted in significantly elevated 
levels of the circulating human suppressive cytokines interleukin-6 
(IL-6), IL-10, and transforming growth factor– as compared with 
control tumors without MDSCs (Fig. 1D). To confirm that engraft-
ment of human MDSCs in a dose-dependent manner within the solid 
tumor TME model resulted in increasing immunosuppression, we 
examined the ability of GD2 NB antigen-specific CAR-T cells (GD2.
CAR-T cells) to mediate tumor regression in mice bearing xeno-

grafts containing increasing doses of human MDSCs (Fig. 1E). Whereas 
GD2.CAR-T cells mediated complete regression of control tumor 
xenografts without MDSCs, the same doses were ineffective in re-
gressing tumor xenografts containing increasing doses of MDSCs 
(Fig. 1F). We next wanted to determine whether cellular immuno-
therapy directed against only the TME (no direct antitumor cell 
effect) would be similarly inhibited by MDSCs or regress tumor. In-
creasing doses of MDSC-targeting NKG2D. NK cells (range, 5 × 
106 to 1 × 108 cells per animal) were administered to mice bearing 
NKG2D ligand–negative NB tumors with 50% inoculation dose of 
human MDSCs (Fig. 1G). The 50% MDSC inoculation dose was 
chosen for all future experiments, as data from Fig. 1 (C, D, and F) 
indicated optimal immunosuppression at this dose. Although intra-
tumoral MDSC reduction was achieved after NK cell infusion and 
was NK cell dose dependent (Fig. 1H), there were only minor changes 
in tumor size, as determined by caliper-based measurements (Fig. 1I). 
These results suggest that, in contrast to tumor antigen–directed cel-
lular therapy such as CAR-T cells, where response may be directly 
gauged via tumor size measurement, response to TME-directed cel-
lular therapy (i.e., intratumoral MDSC elimination) may not cor-
relate directly with changes in tumor size.

MDSCs localize to perivascular intratumoral regions and are 
eliminated effectively by NKG2D.-modified NK cells
To determine whether global tumor metrics derived from contrast- 
enhanced imaging would detect changes in tumor produced after 
TME-directed cellular therapy, we used our MDSC-containing TME 
xenograft model in a setup similar to the schema in Fig. 1G, this 
time adding nanoparticle contrast–enhanced imaging on day 28 in 
addition to ex vivo tumor assessment by flow cytometry and IHC 
(see schema in Fig. 2A). Analysis of intratumoral MDSC levels using 
flow cytometry confirmed the efficacy of MDSC-directed NK cell 
therapy. MDSC levels in the immunotherapy group were signifi-
cantly lower than those in the untreated group and reached similar 
levels to the non-MDSC control group (Fig. 2B). Spatial microscopic 
analysis of IHC revealed a predominant perivascular distribution of 
MDSCs in both the untreated MDSC-containing tumors and immuno-
therapy group (Fig. 2C). However, the level of perivascular MDSCs 
was significantly reduced in tumors that received NK cell immuno-
therapy (Fig. 2D). CD31 staining of intratumoral blood vessels re-
vealed a higher MVD in untreated MDSC-containing tumors than 
in control tumors devoid of MDSCs (T) (Fig. 2E). Tumors that re-
ceived NK cell immunotherapy demonstrated a lower MVD than 
untreated tumors, indicating reduction in tumor vascularity upon 
intratumoral MDSC depletion.

Imaging-derived global tumor metrics do not correlate 
with intratumoral MDSC depletion
Imaging-derived global tumor metrics were computed to determine 
whether these parameters can be prognostic for changes in the TME 
after MDSC-depleting therapy. Nanoparticle contrast–enhanced CT- 
derived tumor volumes in mice bearing MDSC-containing tumors 
that received NK immunotherapy (T + M + Tx, 3.61 ± 1.10 cm3) 
were not significantly different compared with MDSC-containing 
untreated tumors (T + M, 2.27 ± 1.13 cm3) and control tumors de-
void of MDSCs (T, 2.38 ± 0.93 cm3) (Fig. 3A). CT-derived tumor 
attenuation on nanoparticle contrast–enhanced delayed CT scans, 
an indicator of tumor vascular leakiness, did not differ between im-
munotherapy (400 ± 12 HU), untreated (410 ± 13 HU), and control 
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groups (402 ± 13 HU) (Fig. 3B). Tumor fractional blood volume, an 
indicator of tumor vascularity, did not change significantly in the 
immunotherapy group (5.1 ± 1.7%) compared with the untreated 
(9.6 ± 7.8%) and control groups (5.3 ± 2.8%) (Fig. 3C). Nanoparticle 
contrast–enhanced delayed CT imaging demonstrated heterogeneous 
spatial patterns of intratumoral signal enhancement due to the ac-
cumulation of nanoparticle contrast agent at sites of increased vas-
cular permeability in tumors of all groups (Fig. 4). Nanoparticle 
contrast–enhanced CT angiography demonstrated presence of sporadic 
large vessels in the central region of MDSC-containing tumors in the 
untreated group (T + M) compared with the immunotherapy and 
control groups devoid of MDSCs. Similarly, noncontrast T2-weighted 
magnetic resonance (T2w-MR) also indicated heterogeneous contrast 
pattern in MDSC-containing untreated tumors (T + M) compared 
with immunotherapy and control groups devoid of MDSCs (fig. S2).

Nano-radiomic features correlate with tumor changes after 
intratumoral MDSC depletion mediated by TME-directed 
cellular immunotherapy
To determine whether advanced quantitative imaging can be prog-
nostic for changes in the TME after MDSC-depleting therapy, so as 
to circumvent reliance on conventional imaging metrics such as tu-
mor size, radiomic analysis was performed on segmented tumor vol-

umes generated from nanoparticle contrast–enhanced delayed CT, 
CT angio, and noncontrast T2w-MR images. A total of 107 radiomic 
features (RFs) were computed for each segmented tumor volume 
obtained from each imaging methodology. To eliminate potential 
for bias, shape- and size-based radiomic features were excluded be-
cause tumors in the immunotherapy group showed, although not 
statistically significant, larger tumor size compared with the untreated 
and control groups. As a result, 91 of 107 RFs were investigated for 
their discriminatory power in differentiating the immunotherapy group 
from the untreated group. Tumors from the untreated group demon-
strated high correlation among RFs than tumors from the immuno-
therapy group, analyzed by all three imaging methodologies (Fig. 4). 
Nano-radiomic analysis revealed 10 RFs based on nanoparticle 
contrast–enhanced delayed CT leak datasets and 13 features based 
on nanoparticle contrast–enhanced CT angiographic datasets that 
were able to statistically differentiate (P < 0.05) the immunotherapy 
and untreated groups (Table 1). In comparison, radiomic analysis 
of noncontrast T2w-MR images identified five features that statisti-
cally differentiated (P < 0.05) the immunotherapy and untreated 
groups. Texture-based RFs belonging to gray level size zone matrix 
(GLSZM) class and gray level run length matrix (GLRLM) were 
among the predominant features exhibiting high statistical power 
in differentiating the immunotherapy group from the untreated group 

Fig. 1. Elimination of intratumoral MDSCs does not correlate with tumor regression. (A) Treatment schema for experiments assessing MDSC dose-dependent tumor 
burden, vessel density, and suppressive environment. (B) Tumors were harvested en bloc, and percentage of MDSCs within tumors inoculated alone (No MDSCs) or with 
a 25 or 50% MDSC inoculation dose was determined by flow cytometry. (C) Tumors were harvested, sectioned, and analyzed (n = 5 samples per section) for presence of 
microvasculature by human CD31 immunostaining and of human MDSCs by S100A9 immunostaining on hematoxylin and eosin (H&E) of tissue sections. Shown is num-
ber of areas where MDSCs and CD31 vessels colocalize within tumors inoculated alone (No MDSCs) or with a 25 or 50% MDSC inoculation dose. (D) Levels of suppressive 
cytokines in serum of mice with tumors alone or inoculated with 25 or 50% MDSC dose. * indicates P < 0.05 vs. same cytokine in other groups. (E) Treatment schema for 
experiments assessing MDSC dose-dependent immunosuppression. (F) Neuroblastoma antigen GD2-specific CAR-T cells were injected into mice bearing tumor xenograft 
alone (No MDSCs) or mice bearing xenografts containing 25 or 50% MDSC dose, and tumor volume was followed over time. Control mice received non-CAR modified 
T cells (no Tx). (G) Treatment schema for experiments assessing effect of MDSC-targeting NKG2D.-modified NK cells on (H) intratumoral MDSCs and (I) tumor volume. ns, 
not significant; sc, subcutaneously; iv, intravenously.
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Fig. 2. Intratumoral MDSCs localize to areas of high CD31 vessel density and are eliminated effectively by NKG2D.-modified NK cells. (A) Experimental schema 
for evaluating changes in MDSC burden after TME-directed NK cell therapy by flow cytometry, IHC, and nanoparticle contrast–enhanced CT imaging. (B) Intratumoral 
MDSC burden in tumor-only (T), tumor + MDSC (T + M), and tumor + MDSC + NK cell immunotherapy (T + M + Tx) groups was quantified per group by flow cytometry for 
CD14+/HLA-DRneg/intracellular S100A9+ cells. (C) Tumors were harvested, sectioned, and analyzed (n = 5 samples per section) for presence of microvasculature by 
human CD31 immunostaining (brownish red) and of human MDSCs by S100A9 immunostaining (black) on H&E of tissue sections. Shown are two representative 
sections of tumors inoculated without (T) or with MDSCs (T + M) and tumors with MDSCs after NK cell immunotherapy (T + M + Tx). (D) Number of S100A9+ MDSCs 
within areas of each tumor section containing CD31+ vessels (CD31 positive) were enumerated and compared to MDSC numbers in areas devoid of CD31+ vessels 
(CD31 negative). (E) MVD analysis demonstrates a reduction in tumor vascularity after depletion of MDSCs in the NK cell therapy group. Data are presented as 
means ± SEM (n = 9 to 10 animals per group).

Fig. 3. Nanoparticle contrast–enhanced CT imaging. (A) Representative thick slab coronal images of mouse lower abdomen showing tumor signal enhancement on 
delayed CT image (top row) and CT angio image (bottom row) for an animal in the tumor-only control group (T, left column), tumor + MDSC untreated group (T + M, 
middle column), and tumor + MDSC + NK cell immunotherapy group (T + M + Tx, right column). Delayed CT images were acquired 4 days after administration of nanoparticle 
contrast agent. Immediately thereafter, a second dose of nanoparticle contrast agent was injected to acquire CT angiography within an hour after contrast administration. 
(B) CT-derived tumor volume, (C) CT-derived mean tumor attenuation [Hounsfield units (HU)], from delayed CT scan due to accumulation of nanoparticle contrast agent, 
an indicator of tumor vascular permeability and tumor leakiness, and (D) CT-derived mean tumor fractional blood volume, an indicator of tumor vascularity, in tumors 
alone (T), tumor inoculated with human MDSCs (T + M), and tumors with MDSCs after NK cell therapy (T + M + Tx). CT-derived global tumor metrics did not show signifi-
cant group differences (P > 0.05). Data are presented as means ± SD (n = 9 to 10 animals per group).
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(Fig. 5). Some of the RFs demonstrated significant differences be-
tween the therapy and control (tumor only) groups. A complete list 
of RFs demonstrating significant difference between the immuno-
therapy and untreated groups is provided in tables S1 to S3.

DISCUSSION
TME-directed cellular immunotherapies are undergoing preclinical 
and clinical development (15). These use live engineered cells that 
adapt to changing conditions so that they may survive, home, ex-
travasate, and traffic to key intratumoral sites, all while maintaining 
antitumor effector functions and therefore are distinctly different 
from checkpoint blockade immunotherapies. Because of the indi-
rect and often delayed effects of TME-targeting strategies on tumor 
growth, advanced imaging methods that enable detection of response 
to these therapies would play an important role in patient manage-
ment. In this preclinical study, we investigated a nano-radiomics ap-
proach for identifying quantitative imaging features within a tumor 
indicative of phenotypic changes after TME-directed cellular immuno-
therapy. In a TME xenograft model comprising human MDSCs, we 
show that response to MDSC-directed cellular immunotherapy did 
not correlate with changes in imaging-derived tumor size, a standard 
clinical metric for disease evaluation. In contrast, radiomic analysis 
performed on segmented tumor volumes generated from nanoparticle 
contrast–enhanced delayed CT, CT angio, and noncontrast T2w-MR 
images revealed RFs that correlated with tumor changes after intra-
tumoral MDSC-depleting cellular immunotherapy.

Fig. 4. Radiomic feature maps. Correlation matrix maps of radiomic features generated from analysis of nanoparticle contrast–enhanced delayed CT and CT angio and 
noncontrast MRI. Maps are presented for the tumor + MDSC untreated group (T + M, top row) and tumor + MDSC + NK cell therapy group (T + M + Tx, bottom row). GLCM, 
gray level co-occurrence matrix; GLDM, gray level dependence matrix; NGTDM, neighboring gray tone difference matrix.

Table 1. Radiomics-based differentiation of immunotherapy-treated 
tumors and untreated tumors. Number of radiomic features under each 
class that differentiated (P < 0.05) the immunotherapy group (T + M + Tx) 
and untreated group (T + M). Radiomic analysis was performed on 
nanoparticle contrast–enhanced delayed CT, CT angio, and noncontrast 
T2-weighted MR images. 

Radiomic 
feature class

CT delayed CT angio T2w MRI

First-order 
statistics

0 2 1

Gray level 
co-occurrence 
matrix (GLCM)

0 0 1

Gray level 
dependence 
matrix (GLDM)

2 2 1

Gray level run 
length matrix 
(GLRLM)

2 2 1

Gray level size 
zone matrix 
(GLSZM)

5 6 1

Neighboring 
gray tone 
difference 
matrix 
(NGTDM)

1 1 0
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We used a clinically relevant human xenograft TME model in 
NSG mice wherein human tumor cells grow in the presence of hu-
man suppressive immune cells (12). Physical cell-cell interactions 
play a critical role in generating an immunosuppressive microenvi-
ronment in solid tumors (16). Several adult and pediatric solid tu-
mors, including clinical NB, contain intense infiltrates of MDSCs 
(17), which should be included in tumor xenograft models used to 
study human cell therapeutics. Although NSG mice lack a complete 
immune system in which to examine the effects of multiple endog-
enous immune components, our ability to engraft human MDSCs 
within our TME model provides the possibility of simulating im-
munosuppressive aspects of the solid TME as well as direct testing 
of human cell therapies that are being developed for clinical trials. 
These human cellular therapies cannot be tested directly in immune 
competent mouse models due to differences in targeting epitopes be-
tween mouse and human as well as issues with xenorejection. Com-
pared with immune competent tumor models, where the complexity 
of the TME is often unpredictable, our model allows isolation and 
perturbation of single variables and direct evaluation of their conse-
quences on tumor response. Further, by varying the tumor burden 
of suppressive immune cells (i.e., MDSCs), the model enables “fine- 
tuning” of TME immunosuppression, thereby allowing us to un-
derstand the effect of each TME component on tumor response to 
engineered cellular immunotherapies that are being developed for 
clinical trials. As proof of principle for the human MDSC depen-
dence of our xenograft microenvironment, we showed that increas-
ing the dose of MDSCs in tumor xenografts increased intratumoral 
MDSC burden, immunosuppressive cytokine milieu, and vascular 
density. In addition, increasing the dose of MDSCs in tumor xeno-
grafts led to an MDSC dose-dependent inhibition of tumor antigen– 
directed CAR-T cell activity, thus simulating the treatment-resistant 
clinical phenotype of solid tumors (18, 19).

In addition to simulating treatment resistance to cell therapy, our 
model also recapitulates the clinical condition in which response to a 
therapy directed specifically against cellular players of the TME is not 
necessarily reflected in the standard clinical tumor evaluation metric: 
change in overall tumor volume. We show that despite almost com-
plete depletion of intratumoral MDSCs by TME-targeting NK cell 
immunotherapy, changes in gross tumor volume were minimal. These 
data are consistent with previous clinical reports showing that changes 
in tumor size do not accurately capture responses to immune-based 
therapies in which effects on tumor volume are often indirect or de-
layed (8, 9). For example, Wolchok et al. (20) reported that response 

to checkpoint blockade treatment with single-agent ipilimumab was 
associated with initial decrease in tumor size in only 10% of patients 
and that many patients with eventual response failed to exhibit initial 
decreases. It is now evident in the field of immunotherapy that Re-
sponse Evaluation Criteria in Solid Tumors (RECIST) or World 
Health Organization criteria, designed to detect early effects of cyto-
toxic agents, do not provide accurate assessment of response to im-
munotherapeutic agents. Further, despite recent attempts at defining 
specific criteria for the evaluation of antitumor responses within the 
context of immunotherapeutic agents such as checkpoint blockade 
antibodies or immune-directed small-molecule inhibitors (immune- 
related RECIST), it remains difficult to apply these modified criteria 
directly to cellular immunotherapy (20). Cellular immunotherapies 
(such as CAR-T or CAR-NK cells) are “living drugs” modified with 
targeting receptors that not only enable them to sense, seek, and de-
stroy cancer cells with specificity but also have secondary effects such 
as coordination and expansion of immune responses (21). Conven-
tional imaging-derived standard tumor metrics present challenges in 
assessing treatment efficacy in the context of cell-based immunother-
apies, especially those directed at the TME. Thus, our attempt at an 
advanced quantitative imaging methodology represents an important 
initial step in addressing this unique problem.

Because MDSCs play a central role in tumor angiogenesis and 
reside in perivascular niches with a TME, we hypothesized that de-
pletion of intratumoral MDSCs will alter tumor vascular architec-
ture and, therefore, tumor texture. Thus, a long circulating nanoparticle 
blood-pool contrast agent that enables interrogation of tumor vas-
culature was used, in combination with high-resolution CT imaging, 
to assess response to MDSC-directed immunotherapy. The long 
blood-circulating property of liposomal-iodine (Lip-I) nanoparticle 
contrast agent allowed 3D maps of the tumor’s vascular compart-
ment during the blood pool phase when imaged within a few hours 
after administration of contrast agent (22). In addition, because nano-
particles gradually extravasate (over a period of days) at sites of 
increased vascular permeability and reside in perivascular tumor re-
gions for prolonged periods, delayed contrast-enhanced CT images 
provide 3D tumor maps of regions with high vascular permeability, 
indicated by high signal intensity voxels, thus allowing the interro-
gation of tumor “leakiness” (13, 14). Similar approaches have previ-
ously been used to study the effect of tumor vasculature–modulating 
therapies, differentiate malignant from benign lesions, and 3D map-
ping of nanoparticle distribution in tumors (13, 23, 24). Further-
more, delayed imaging with a nanoparticle contrast agent accurately 

Fig. 5. Radiomic features differentiate immunotherapy-treated tumors and untreated tumor. Examples of radiomic features differentiating the untreated group 
(T + M) from the immunotherapy group (T + M + Tx) for (A) delayed CT images analyzed using GLRLM run length nonuniformity RF, (B) CT angio images analyzed using 
GLSZM gray level nonuniformity RF, and (C) noncontrast T2w-MR images analyzed using GLRLM run length nonuniformity RF.
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captures vascular architectural changes in tumors that are less prone 
to artifacts associated with rapid wash-in/wash-out kinetics and 
bolus injection/tracking protocols used with conventional small- 
molecule contrast agents.

Our data confirmed that whole-tumor global CT metrics, even 
when using a nanoparticle contrast agent that uses aspects of MDSC 
biology, are insensitive to the indirect subtle changes associated with 
TME-directed therapies. As demonstrated by flow cytometry, tumors 
in the immunotherapy group exhibited significantly lower MDSC 
burden compared with the untreated group, consistent with our pre-
vious observations demonstrating efficacy of MDSC-directed NK 
cell therapy (12). Furthermore, immunohistochemical analysis indi-
cated a significant reduction in MVD in the immunotherapy group 
compared with the untreated group. However, global tumor metrics 
on CT imaging (overall volume, CT attenuation, and fractional blood 
volume) did not corroborate with findings of NK cell immunotherapy 
efficacy (i.e., intratumoral MDSC depletion). Although previous 
studies have attempted to define noninvasive radiomic biomarkers 
in the context of checkpoint blockade and tyrosine kinase inhibitors, 
our study is the first to evaluate nanoparticle contrast–based imaging 
in the assessment of tumor changes after cellular immunotherapy, 
especially one that specifically targets the TME. Further, our data 
underscore the need for advanced analytics in correlating efficacy 
with tumor changes.

Radiomic analysis was performed on high-resolution nanoparticle 
contrast–enhanced CT images. In addition, radiomic analysis was 
performed on noncontrast T2w-MR images, which provides native 
contrast, and has potential for clinical translation because patients 
with cancer routinely undergo noncontrast MRI for monitoring of 
treatment response. Analysis of nanoparticle contrast–enhanced de-
layed CT and CT angiograms (CTAs) revealed several RFs that en-
abled detection of early response to NK cell therapy, i.e., differentiation 
of the immunotherapy group from the untreated group. These find-
ings suggest that TME-directed immunotherapy induces subtle changes 
in the tumor architecture that may not be detectable using global 
tumor imaging metrics but can be detected by quantitative nano- 
radiomic analysis that involves data mining of high-resolution 3D 
images. Radiomic analysis of T2w-MR images also revealed RFs, 
albeit with fewer number of features when compared with features 
identified from the analysis of nanoparticle contrast–enhanced CT 
images, for the detection of treatment response. Texture-based RFs 
belonging to GLSZM and GLRLM exhibited the highest discrimina-
tory power for the detection of tumor response to MDSC-directed 
therapies. GLSZM is a class of texture features that quantifies gray 
level zones, which is defined as the number of connected voxels with 
similar intensity levels, within images (11). For instance, GLSZM 
nonuniformity feature evaluates homogeneity in gray level intensi-
ties between zones. A higher value indicates a higher degree of het-
erogeneity in gray level zones. GLRLM is another class of texture 
features that quantifies path length of connected voxels that exhibit 
similar gray level intensities (11). It is likely that depletion of MDSCs 
by NK cell therapy reduces tumor vascularity, as demonstrated by 
IHC, which reflects as a heterogeneous pattern of signal intensities 
on nanoparticle contrast–enhanced CT images. Analysis of these fea-
tures suggests that immunotherapy-driven MDSC depletion results 
in a high degree of tumor texture heterogeneity. A high correla-
tion was observed between RFs in 3D image maps from the MDSC- 
containing untreated group, indicating a higher uniform tumor 
spatial representation when compared with 3D image maps from 

the immunotherapy group. The low inter-RF correlation in the im-
munotherapy group could indicate a vast spread of architectural 
changes, and therefore high texture heterogeneity, in response to 
TME-directed NK cell therapy. Radiomic analysis of CT images has 
the advantage of providing rich information by using high spatial 
resolution imaging. Furthermore, ease of imaging standardization 
provides additional benefits for reproducible quantitative imaging 
using this modality (25). Radiomic analysis of contrast-enhanced CT 
images has been used to assess intratumoral burden of CD8 cells 
and response to anti–PD-1 (programmed cell death protein 1) check-
point blockade immunotherapy (26, 27). Furthermore, texture-based 
RFs have demonstrated strong discriminatory power in the predic-
tion of treatment response to a variety of therapies (28, 29).

Our work is important for two main reasons. First, this is the 
first study applying radiomic analysis to cellular immunotherapies, 
which are distinctly different from checkpoint blockades and will 
soon enter clinical trials for treatment of pediatric solid tumors. 
Furthermore, by using a clinically validated radiomic software, to 
noninvasively determine image-based quantitative phenotypic fea-
tures indicative of tumor response to TME-directed cellular immu-
notherapies, we show its applicability and high potential for clinical 
translation for treatment response monitoring in the emerging field 
of cell-based cancer therapies. We believe that radiomics will be im-
mensely useful in the clinic in determining tumor response to next- 
generation immunotherapies, including cellular immunotherapies, 
due to substantial heterogeneity in treatment response and the high 
cost associated with “living” cell-based therapies. Second, our work 
is the first application of radiomics to nanoparticle contrast–enhanced 
imaging. Unlike molecular contrast agents, tumor accumulation and 
intratumoral distribution of nanoparticle contrast agent is predom-
inantly a function of tumor architecture. Furthermore, extravasated 
NP contrast agent resides in tumor for prolonged period and there-
fore eliminates the introduction of confounding variables in radio-
mic analysis that may be present in conventional molecular-based 
contrast-enhanced images such as dose and rate of contrast admin-
istration, bolus timing, and image acquisition, which can affect re-
producibility of RFs.

We acknowledge that our study has limitations. Since CT and 
MR imaging sequences provide a high degree of flexibility with re-
spect to scan parameters, the effect of changes in scan parameters 
on the robustness of RFs requires further investigation (25). The pre-
dictive power of RFs on tumor response to anticancer therapies has 
not been evaluated in our study. Radiomic analysis was not performed 
on non–contrast-enhanced CT images due to absence of 3D signal 
intensity variations in noncontrast CT images. In general, radiomics 
approaches analyze variations in pattern of signal intensities and tis-
sue texture to extract phenotypic and tissue architectural differences. 
Absence of signal intensity variations is unlikely to yield RFs indic-
ative of treatment response or tumor phenotype. Exceptions would 
be spontaneous and orthotopic lesions wherein the signal intensities 
of tumor boundaries differ substantial from surrounding normal 
tissue, such as lung cancer. Future studies will build on the promis-
ing results of this work to determine the sensitivity and specificity of 
the RFs in tumor response to combinatorial (antitumor + TME- 
directed) immunotherapies. Future studies are also warranted to val-
idate RFs in other tumor models, such as sarcoma, where TME-directed 
cellular therapies in combination with antitumor T cell immuno-
therapy are undergoing preclinical investigations (15). Although, 
we used a Lip-I nanoparticle contrast agent in combination with 
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high-resolution CT, it is possible that, because of rapid imaging speed 
of clinical CT, radiomic analysis of contrast-enhanced CT images 
obtained using conventional molecular CT contrast agents could 
yield phenotypic features indicative of treatment efficacy for TME- 
directed cellular immunotherapies, thus increasing potential for 
rapid clinical translation of such approaches. In addition, radiomic 
investigations can be performed in contrast-enhanced MR images 
acquired using ultrasmall iron oxide nanoparticles, which are being 
investigated for monitoring burden of intratumoral immune cells 
in clinical trials (30).

In conclusion, our study describes a preclinical approach for 
the application of nano-radiomic analysis in the field of cellular 
immunotherapy. These disciplines have been combined to help 
further understand efficacy of cellular immunotherapy in harsh 
solid TMEs. Current attempts in our laboratory at multiparametric 
optimization of imaging methodologies and sequences in the pre-
clinical domain to enable the selection of the most promising imaging 
techniques for clinical translation would serve to implement radiomic 
analysis for monitoring response to cellular immunotherapies.

MATERIALS AND METHODS
Cell lines and cytokines
The human NB cell line LAN-1 was purchased from the American 
Type Culture Collection (ATCC) (Manassas, VA, USA) and cul-
tured in DMEM (Dulbecco’s modified Eagle’s medium) culture me-
dium supplemented with 2 mM l-glutamine (Gibco-BRL) and 10% 
fetal bovine serum (FBS) (Hyclone, Waltham, MA, USA). A modi-
fied version of parental K562 cells, genetically modified to express a 
membrane-bound version of IL-15 and 41BB-ligand, K562-mb15-
41BB-L, was provided by D. Campana (National University of 
Singapore). All cell lines were verified by either genetic or flow 
cytometry–based methods (LAN-1 authenticated by ATCC in 2011) 
and tested for mycoplasma contamination monthly via MycoAlert 
(Lonza) mycoplasma enzyme detection kit (last mycoplasma testing 
of LAN-1 and K562-mb15-41BB-L on 8 October 2019; both nega-
tive). All cell lines were used within 1 month of thawing from early- 
passage (<5 passages of original vial) lots. Recombinant human IL-2 
was obtained from the National Cancer Institute Biologic Resources 
Branch (Frederick, MD). Recombinant human IL-6, GM-CSF 
(granulocyte- macrophage colony-stimulating factor), IL-7, and IL-15 
were purchased from PeproTech (Rocky Hill, NJ, USA).

CAR-encoding retroviral vectors
The construction of the SFG-retroviral vector encoding GD2-CAR. 
41BB. was described (31). The SFG-retroviral vector encoding 
NKG2D., an internal ribosomal entry site (IRES), and truncated 
CD19 (tCD19), was generated by subcloning NKG2D. from a retro-
viral vector (32), provided by C. L. Sentman (Dartmouth Geisel School 
of Medicine, Hanover, NH, USA), into pSFG.IRES.tCD19 (33). RD114- 
pseudotyped viral particles were produced by transient transfection 
in 293T cells, as previously described (34).

Expansion and retroviral transduction of human NK and  
T cells
Human NK cells were activated, transduced with retroviral con-
structs, and expanded as previously described by our laboratory 
(35). Briefly, peripheral blood mononuclear cells (PBMCs) obtained 
from healthy donors under Baylor College of Medicine IRB–approved 

protocols were cocultured with irradiated (100 Gy) K562-mb15-
41BB-L at a 1:10 (NK cell:irradiated tumor cell) ratio in G-Rex cell 
culture devices (Wilson Wolf, St. Paul, MN, USA) for 4 days in Stem 
Cell Growth Medium (CellGenix) supplemented with 10% FBS and 
IL-2 (500 IU/ml). Cell suspensions on day 4 (containing 50 to 70% 
expanded/activated NK cells) were transduced with SFG-based retro-
viral vectors, as previously described (36). The transduced cell pop-
ulation was then subjected to secondary expansion to generate 
adequate cell numbers for in vivo experiments in G-Rex devices at 
the same NK cell:irradiated tumor cell ratio with IL-2 (100 IU/ml). 
This 17-day human gene-modified NK cell protocol resulted in >95% 
pure CD56+/CD3− NK cell population with an average of 72.1  ± 
10.1% (n = 5) of NK cells transduced with the construct of interest. 
For most experiments, transduced NK cells were purified to >90% 
by magnetic column selection of tCD19 selection marker–positive 
cells. For the production of GD2.CAR-T cells (autologous to MDSCs), 
PBMCs from healthy donors were suspended in T cell medium con-
sisting of RPMI 1640 supplemented with 45% Click’s Medium (Gibco- 
BRL), 10% FBS, and 2 mM l-glutamine and cultured in wells precoated 
with CD3 (OKT3, CRL-8001, ATCC) and CD28 (Clone CD28.2, 
BD Biosciences) antibodies for activation. Human IL-15 and IL-7 
were added on day +1, and cells underwent retroviral transduction 
on day +3, as previously described (36). T cells were used for exper-
iments between days +10 and +14 after transduction, with pheno-
type as reported previously (12).

Induction and enrichment of human MDSCs
Our method for ex vivo enrichment of human PBMC-derived MD-
SCs was derived from published reports (37), with slight modifica-
tions. Briefly, PBMCs were sequentially depleted of CD25hi-expressing 
cells and CD3-expressing cells by magnetic column separation (Miltenyi 
Biotec). Resultant CD25lo/−, CD3− PBMCs were plated at 4 × 106 cells/ml 
in complete RPMI medium with human IL-6 and GM-CSF (both at 
20 ng/ml) onto 24-well culture plates (Sigma Corning) at 1 ml per 
well. Plates were incubated for 7 days with medium, and cytokines 
were replenished on days 3 and 5. Resultant cells were harvested by 
gentle scraping, and MDSCs were purified by magnetic selection 
using CD33 magnetic microbeads (Miltenyi Biotec). Cells were an-
alyzed by multicolor flow cytometry for CD33, CD14, CD15, HLA-DR, 
CD11b, CD83, and CD163 (BD Biosciences). MDSCs were defined 
as either monocytic (M-MDSCs; CD14+, HLA-DRlow/−), polymor-
phonuclear (PMN)–MDSCs (CD14−, CD15+, CD11b+), or early- 
stage MDSCs (lineage−, HLA-DRlow/−, CD33+), as per published 
guidelines (38).

TME xenograft model and treatments
We recently described the development of a preclinical xenograft 
model that simulates the treatment-resistant clinical phenotype of 
immunosuppressive solid tumors to study efficacy of cellular immuno-
therapies (12). On day 1, 12- to 16-week-old female NSG mice were 
randomized to three treatment groups (n = 5 per group, performed 
in replicates, total n = 10 per group). Animals in the non- MDSC 
tumor-only control group (T group) were subcutaneously implanted 
with 1 × 106 LAN-1 NB tumor cells in the dorsal right flank. Ani-
mals in the tumor + MDSC untreated group (T + M group) and the 
tumor + MDSC + NK cell immunotherapy group (T + M + Tx 
group) were implanted with 1 × 106 LAN-1 NB tumor cells admixed 
with varying doses of MDSCs (none, 25, or 50% of the tumor cell dose). 
Cells were suspended in 100 l of basement membrane Matrigel 
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(Corning) to keep tumor cells and MDSCs confined so as to establish 
a localized solid TME. Tumor growth was measured twice weekly 
by caliper measurements. For model characterization experiments, 
on day 28, percentage of intratumoral MDSCs was quantified by 
flow cytometry, MDSC colocalization to microvasculature by IHC, 
and serum human cytokines levels by enzyme-linked immunosor-
bent assay, as described below. For CAR-T cell immunosuppression 
experiments, 5 ×106 human GD2.CAR-T cells were injected intra-
venously on day 10 following tumor xenograft implantation. For TME- 
directed NK cell experiments, on day 10 when tumors reached 
approximately 100 mm3, animals in the T + M + Tx group received a 
single intravenous injection of 1 × 107 MDSC- targeting NKG2D. 
 NK cells followed by 500 IU per mouse IL-2 given intraperitoneally 
every other day for six total doses to promote NK cell survival (39). 
On day 24, animals in all groups received an intravenous injection 
of Lip-I nanoparticle CT contrast agent (1.1 g I/kg). On day 28, 4 days 
after administration of the Lip-I contrast agent, delayed CT imaging 
was performed to assess tumor leakiness. Immediately thereafter on 
the same day, a second dose of Lip-I contrast agent (1.1 g I/kg) was 
administered for acquiring a CTA. Subsequently, the animals under-
went noncontrast MRI. The animals were euthanized after the final 
imaging session on day 28, and tumors were harvested for postmortem 
analysis. If necessary, mice were euthanized for excessive tumor bur-
den, as per protocol guidelines. The animal study protocol was ap-
proved by Baylor College of Medicine Institutional Animal Care and 
Use Committee, and mice were treated in accordance with the insti-
tutional guidelines for animal care.

Nanoparticle contrast agent
A Lip-I nanoparticle contrast agent was used for nanoparticle contrast– 
enhanced CT imaging (13). The contrast agent was fabricated by 
dissolving 1,2-dipalmitoyl-sn-glycero-3-phospho-choline, cholesterol, 
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy 
(polyethylene glycol)-2000] in ethanol at a molar ratio of 56:40:4. 
An aqueous solution of iodixanol (550 mg I/ml) was added to the 
lipid solution and hydrated for 30 min followed by sequential extru-
sion at ~65°C. The extruded liposomal nanoparticle solution was di-
afiltered against 150 mM saline solution/10 mM histidine to remove 
unencapsulated iodixanol. The average liposome size in the final for-
mulation, determined by dynamic light scattering, was 138 ± 23 nm. 
The iodine concentration, determined by ultraviolet spectrophometry 
(245 nm), was 110 ± 8 mg I/ml.

Nanoparticle contrast–enhanced CT
CT imaging was performed on a small animal micro-CT scanner 
(Inveon, Siemens Inc., Knoxville, TN, USA). Animals were anesthetized 
using 3 to 4% isoflurane, positioned on the CT cradle, and then main-
tained at 1 to 1.5% isoflurane delivered via a nose cone. Respiratory 
rate was monitored by a pneumatic pressure pad placed underneath 
the animal. Animals underwent two types of CT scans. A delayed CT 
was performed 4 days after injection of Lip-I contrast agent (1.1 g I/kg) 
to capture 3D maps of tumor vascular leakiness (13). Immediately 
thereafter, a second dose of Lip-I contrast agent (1.1 g I/kg) was ad-
ministered to capture 3D maps of tumor angiogram. Lip-I contrast 
agent was fabricated in-house as per methods described previously 
(13). CT images were acquired using the following scan parameters: 
70 kVp, 0.5 mA, 850-ms x-ray exposure, 540 projections, ~20-min scan 
time (13). Images were reconstructed by filtered back-projection at an 
isotropic resolution of 35 m and calibrated for Hounsfield units (HU).

Magnetic resonance imaging
Imaging was performed on a 1-T permanent MRI scanner (M2 sys-
tem, Aspect Imaging, Shoham, Israel). A 60-mm volume coil was 
used for transmission and reception of RF signal. Animals were se-
dated using 3 to 4% isoflurane, set up on the MRI animal bed, and 
then maintained at 1 to 1.5% isoflurane delivered using a nose cone 
setup. Respiratory rate was monitored by a pneumatically controlled 
pressure pad placed underneath the abdominal region of the ani-
mals. Noncontrast T2w images were acquired using a fast spin echo 
(FSE) sequence. Scan parameters for the T2w-FSE sequence were as 
follows: echo time (TE) = 80 ms, repetition time (TR) = 6816 ms, 
slice thickness = 0.8 mm, field of view = 80 mm, number of slices = 
38, matrix = 256 × 250, acquisition plane = coronal, in-plane reso-
lution = 320 × 320 m2, number of excitations = 2, and scan time = 
~6 min.

Image and radiomic analysis
Regions of interest (ROIs) were manually drawn in CT and MR im-
ages to delineate tumor margins for 3D segmentation of tumor vol-
ume. Global image-derived CT metrics were computed for segmented 
tumors. These included tumor volume and tumor CT attenuation 
in delayed CT (CTD) and CTA scans. Tumor fractional blood vol-
ume was determined as [Tumor CT attenuationCTA − Tumor CT 
attenuationCTD]/[Blood CT attenuationCTA − Blood CT attenuationCTD], 
wherein CTA and CTD refers to CT angiogram and delayed CT scans 
(40). ROIs drawn in the inferior vena cava was used for CT attenu-
ation in blood. Group values were reported as means ± SD. Radiomic 
analysis was performed using an open-source software (PyRadiomics) 
containing a total of 107 RFs to analyze shape, size, intensity, mor-
phology, and texture (11). These RFs were categorized into the fol-
lowing five classes: first-order statistics, shape descriptors, and texture 
classes that include gray level co-occurrence matrix (GLCM), GLRLM, 
GLSZM, gray level dependence matrix (GLDM), and neighboring gray 
tone difference matrix (NGTDM). Radiomic features were computed 
for segmented tumors generated from noncontrast T2w-MR, nano-
particle contrast–enhanced delayed CT, and CT angiographic images.

Flow cytometry
At the end of the experiments, tumors were harvested en bloc, di-
gested ex vivo, and intratumoral human MDSCs (CD33+, HLA-DRlow 
cells) were enumerated by flow cytometry using commercially avail-
able antibodies from BD Biosciences, as previously reported (12). In 
some experiments, the absolute number of human MDSCs within a 
tumor digest was enumerated per mouse (n = 5 mice per group), 
compared with pretreatment MDSC numbers, and presented as 
mean % MDSCs remaining per treatment group.

Immunohistochemistry and microscopic analysis
On day 28, tumors were harvested, sectioned, and n = 5 samples per 
section were analyzed for presence of microvasculature by hema-
toxylin and eosin and human CD31 immunostaining (Abcam, San 
Francisco, CA, USA) and human MDSCs by S100A9 immunostaining 
(Abcam, San Francisco, CA, USA). Tissue processing and immuno-
histochemical staining were performed by the Human Tissue Acqui-
sition and Pathology Core of Baylor College of Medicine. The number 
of S100A9+ MDSCs within areas of each tumor section containing 
CD31+ vessels were enumerated and compared to MDSC numbers in 
areas devoid of CD31+ vessels by counting 10 different representa-
tive high-powered fields at ×40 magnification per section per tumor.
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Statistical analysis
Nonimaging data are presented as means ± SEM of either experi-
mental replicates or number of donors, as indicated. Paired two-
tailed t test was used to determine significance of differences between 
means, with P  <  0.05 indicating a significant difference. Multiple 
group comparisons for in vivo studies were conducted by analysis of 
variance (ANOVA) via GraphPad Prism v7 software. Global nano-
particle contrast–enhanced CT-derived metrics and selection of RFs 
were performed using a Kruskal-Wallis test with Bonferroni correc-
tion for multiple intergroup comparisons. A P value <0.05 was con-
sidered statistically significant. 2D maps were generated to present 
pairwise linear correlation coefficient between RFs.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/28/eaba6156/DC1

View/request a protocol for this paper from Bio-protocol.
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