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Summary: Immunotherapy is increasingly used to treat various cancers, offering better tumor control
and survival for some patients. However, it poses challenges like high costs and side effects. To
address this, new targeted delivery strategies are being explored to improve precision, potentially
allowing for lower doses and fewer side effects. Novel injectable biomaterials and biocompatible
scaffolds are being developed to improve tumor targeting and enable controlled, localized drug
release. Modifying their physicochemical properties can further enhance these effects. This study
presents a tissue-engineered 3D hydrogel that encapsulates biologics and stromal lymphoid cells to
replicate lymph node-like functions, tested in two cancer models.

Abstract: Background: This study explored the use of a 3D hydrogel, a tissue-engineering method
designed to enhance stromal lymphoid cell therapy and boost the immune response of antibodies.
Mouse models of two tumor types —B16F10 melanoma and MC-38 colorectal carcinoma—were used
in two separate studies to assess the in vivo immune response to this approach. Methods: In the
B16F10 melanoma study, 42 mice were randomized into six groups: Group 1, saline; Groups 2 &3,
escalating doses of anti-cytotoxic T-lymphocyte-associated protein 4(anti-CTLA4 and anti-
programmed death 1( anti-PD-1) antibodies; Group 4, combination of hydrogel, inhibitors, and
fibroblastic reticular cells (FRCs); Group 5, 3D hydrogel, FRCs, and cytokines; Group 6, hydrogel,
checkpoint inhibitors, FRCs, and cytokines. In the MC-38 colorectal carcinoma study, 100 mice were
randomized into ten groups: Group 1, saline; Groups 2 to 4, escalating doses of anti-CTLA4 and anti-
PD-1 antibodies; Groups 5 to 7, the same escalating doses combined with a 3D hydrogel; Groups 8 to
10, higher doses combined with a 3D hydrogel, along with the addition of FRCs. Results: Hydrogel
capsules harvested five days post-injection revealed lymph node-like structures. Mice treated with
FRCs and biologics in 3D hydrogel showed a remarkable increase in survival rate and complete
response. Conclusion: The study highlights the potential of 3D hydrogels to improve
immunotherapy. While promising survival outcomes were observed in animal models, further
research is needed to confirm these findings in humans. The results support the approach’s clinical
potential and lay the groundwork for future advancements in cancer treatment.

Keywords: artificial lymph node; tissue engineering; biomaterials; immune checkpoint inhibitors;
tumor oncology; 3D human hydrogel

1. Introduction

Immunotherapy has gained popularity for treating a wide range of malignancies. While it has
improved tumor control and survival in some patients, it presents challenges such as high costs and
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side effects. [1] To mitigate off-target effects, new delivery strategies are being investigated to enhance
the precision of treatment on target lesions [2]. Improvements in site-targeted drug delivery could
reduce the required dose and minimize immunotherapy-associated side effects.

Lymph nodes (LNs) play a central role in the immune system, especially in the context of
immunotherapy for cancer treatment. While T cells, B cells, and other immune cells are generated in
primary lymphoid organs like the thymus and bone marrow, secondary and tertiary lymphoid
organs, including LNs, support their survival, facilitate interactions with other immune cells, and
mediate adaptive immune responses, including cell activation and maintenance. [4] Thus, developing
functional LN models could enhance the intensity and sustainability of the immune response, thereby
improving the efficacy and safety of immunotherapies, especially biologics and cell therapies.[9] The
3D hydrogel would promote the immune response by facilitating the migration of dendritic cells
from peripheral tissues, activating T and B cells, and guiding mature dendritic cells to regional LNs
and lymphoid stromal networks.[10]

Novel injectable biomaterials and biocompatible scaffolds are being explored as drug delivery
strategies to enhance tumor targeting and enable controlled, localized release of therapeutics at the
tumor site. These effects can be further enhanced by modifying the physicochemical properties of the
materials used.[3]

The development of biomaterials that mimic LNs has the potential to improve cancer vaccine
potency, enhance immune checkpoint blockade or adoptive cell transfer, and serve as immune niches
for cell programming and drug delivery. [5] cytotoxic T-lymphocyte-associated protein 4 and B7
receptor (CTLA-4/B7) and programmed cell death protein 1 and ligand 1 (PD-1/PD-L1) axes are the
most prominent targeted checkpoint inhibitors. These inhibitors block negative regulatory signals,
allowing T cells to become activated and attack tumor cells.[6] Many studies have emphasized the
importance of tumor-draining LNs in the context of immune checkpoint blockade response.[7]
Therefore, developing strategies to enhance the delivery of checkpoint antibodies while expanding
LN like activity is a promising approach for cancer immune response treatment.

In this study, we report the development of a tissue-engineered 3D hydrogel that encapsulates
biologics and stromal lymphoid cells to mimic LN-like functions. We test this approach in two cancer
models: B16F10 melanoma and MC-38 colorectal carcinoma in mouse model. We further evaluate the
effect of checkpoint blockade by encapsulating two widely studied checkpoint inhibitors —CTLA-
4/B7 and PD-1/PD-L1 axes—within the 3D hydrogel artificial LNs. We compare the immunotherapy
outcomes from encapsulated and unencapsulated treatments to assess efficacy.[6] The study
examines the impact of drug dose, the 3D hydrogel, and stromal cells on the immune response.

2. Materials and Methods

Antibodies, chemokines, and other biologic were used from the following sources: Anti-CTLA
(Bioxcell, Cat#BE0131), Anti PD1 (Bioxcell, Cat# BE0146), Human collagen (Humabiologics, Inc.,
HumaDerm-Human Skin Collagen Type I, Lyophilized 0.1 Kg), Lymphotoxin a182 (LTa1p2) (R&D
systems, Cat# 9968-LYICF) reconstituted with 2.5 x 10 Phosphate-buffered saline (PBS) to obtain 1
mg/ml, Chemokine igand 20 (CCL20) (Peprotech, Cat# 250-27, 250 ug) reconstituted with 250 ul water
to obtain 1mg/ml, and Chemokine ligand 13(CXCL13) (Peprotech, Cat# 250-24-250 pg) reconstituted
with 250 ul water to obtain 1mg/mL. Additional materials included distilled Water (Gibco, Cat#
15230162), NaOH 0.1 and 1IN (Fisher, Cat# 1310-73-2),10X PBS (Sigma, Cat# D1408), and 1X PBS
(Gibco, Cat# 10010049). Fibroblastic reticular cells (FRC) were extracted from mice LNs and expanded
to provide 800 million cells.

2.1. Culture of Primary FRCs for Both Studies

FRCs were isolated and purified as described previously. Harvested LNs from mice were
digested in a solution containing DNase I (0.1 mg/mL), collagenase P (0.2 mg/mL, Roche Diagnostics),
and dispase II (0.8 mg/mL, MilliporeSigma) in a water bath at 37°C for 15 minutes. This digestion
process was repeated until the tissue was fully broken down into a single-cell suspension. The
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digested cells were then resuspended in complete Dulbecco’s Modified Eagle Medium (DMEM) with
10% Fetal bovine serum (FBS) (Lonza) and cultured in flasks following isolation by centrifugation.
Only cells from passages 4 to 6 were used in the experiments. [34]

2.2. Animals

2.2.1. Implantation of C57BL/6 Mouse with B16F10 Melanoma Cells

Frozen B16F10 melanoma cells were thawed according to standard protocols and expanded in
complete DMEM (high glucose) culture medium, supplemented with 10% fetal bovine serum
(inactivated at 56°C), 2 mM glutamine, and 0.5% Penicillin/Streptomycin. The cells were cultured at
37°C in a 5% CO2 atmosphere. Additionally, B16F10 cells were also cultured in complete Roswell
Park Memorial Institute (RPMI) 1640 medium (Lonza) as an alternative growth medium

Prior to inoculation, the B16F10 cells were harvested, washed with sterile Dulbecco’s phosphate-
buffered saline (DPBS), and counted. The cells were then resuspended at a concentration of 20x10¢
cells/mL, with the volume adjusted to ensure the desired injection parameters were met.

This study used 55 female C57BL/6 inbred mice, aged 8-10 weeks. On the day of inoculation,
200,000 B16F10 cells were suspended in 0.1 mL PBS and subcutaneously injected into the right flank
of each mouse, ensuring consistent cell dose per injection. By Day 6, tumors had reached the target
size of ~50 mm?, in 42 of the 55 inoculated mice. These 42 mice were subsequently assigned to
treatment groups as outlined in Table 1. Blinding was not considered necessary due to objective
endpoints. The treatments included:

e  Control Group (G1): Subcutaneous saline injections for baseline comparison.

e  Checkpoint Inhibitor Groups (G2 & G3): Mice received immune checkpoint inhibitors
targeting PD-1 and CTLA-4, with Group 2 receiving a standard dose of 100 ug of each
antibody, and Group 3 receiving an escalated dose of 300 pg of each antibody.

¢  Hydrogel-Based Therapies (G4, G5, G6): 3D hydrogels containing various therapeutic
components were administered subcutaneously to evaluate synergistic effects:

o  G4: Combination of checkpoint inhibitors (300 pg each) and 2 million FRCs.

o  Gb5:2 million FRCs and 90 ng of cytokines/chemokines, without checkpoint inhibitors.

o  G6: All components—checkpoint inhibitors (300 ug each), 2 million FRCs, and 90 ng
cytokines (anti-mouse CTLA-4, LTa1p2, CXCL13, and CCL20)—to test maximal immune

response.

Table 1. Treatment Regimen of Different Groups in B16F10 Melanoma Study.

Group No. of Treatment DOSE, Route % MAX MST*
mice (mg/kg) TGI on (Day)
(Day)
G1 7 Vehicle ----,SC — 16.0
G2 7 Anti-mouse PD-LAD * 100ug +100ug, IP | 56.7% (14) | 20.2
Anti-mouse CTLA4 Ab
8 3D hydrogel + PD-1Ab
G3 + Anti-mouse CTLA4 300ug +300ug, IP 58.8% (16) 234
Ab
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3D hydrogel + PD-1Ab 19.6
G4 + Anti-mouse CTLA4 200uL+ 300ug + 300ug | 40.5% (16)
Ab +FRC +2m FRC, SC
2m FRC, 90ng 16.8
G5 3D hydrogel + FRC | Chemokine/cytokine, 47.1% (9)
+chemokines/cytokine SC
3D hydrogel + PD-1Ab | 200uL+ 300ug +300ug 17
+ Anti-mouse CTLA4 +2m FRC,
G6 55.7% (14)
Ab +FRC Chemokine/cytokine,
+chemokines/cytokine SC

Note: %MAX TGI = 100 x [(TVc-TVx)/TVc] TVc: Tumor Volume of Control Group; TVx: Tumor Volume of
Treatment Group. MST: median survival time; SC: Subcutaneous; IP: Intraperitoneal.

2.2.2. Implantation of C57BL/6 Mouse with M C-38 Colorectal Carcinoma Cancer in Mice

This study was conducted by Science in Action (SIA) in Israel and approved by the Israel Board
for Animal Experiments in accordance with the Israel Animal Welfare Act and the Ethics Committee.
Mice were inoculated with MC-38 colorectal carcinoma cells to establish the animal model for
evaluating the efficacy of various treatments. Tumors with initial volumes between 50 and 80 mm?
were selected for inclusion at the start of the study. Animal handling followed the guidelines set by
the National Institutes of Health (NIH) and the Accreditation of Laboratory Animal Care (AAALAC).
Mice were housed in IVC cages within HVAC-monitored animal facilities with controlled
temperature and humidity, and were provided an ad libitum diet.

On Day 0, female C57BL/6 mice aged 8 weeks were inoculated with 200,000 MC-38 cells via
subcutaneous injection into the right flank. Following inoculation, the mice were randomly assigned
to one of ten treatment groups, with initial tumor volumes ranging from 50 to 80 mm?3. Treatments
commenced seven days after randomization, and all treatments were administered via subcutaneous
(SC) injection at three sites per mouse, as outlined in Table 2. The treatment groups were:
¢  Control Group (G1): Subcutaneous saline injections as a baseline comparison.

e  Checkpoint Inhibitor Groups (G2, G3 & G4): Inmune checkpoint inhibitors targeting PD-1

and CTLA-4, with varying doses:
o  G2:50 ug of each antibody (anti-CTLA4 and anti-PD-1) per site, totaling 150 ug per
mouse.
o  GB3:100 ug of each antibody per site, totaling 300 ug per mouse.
o  G4:150 ug of each antibody per site, totaling 450 ug per mouse.
e Hydrogel and Checkpoint Inhibitor-Based Therapy Groups (G5, G6 & G7): Mice received 3D
hydrogels combined with checkpoint inhibitors to evaluate synergistic effects:
o  Gb5: Hydrogel plus 50 pg of each antibody (anti-CTLA4 and anti-PD-1) per site, totaling
150 ug per mouse.
o  Gé6: Hydrogel plus 100 ug of each antibody per site, totaling 300 pg per mouse.
o  G7:Hydrogel plus 150 ug of each antibody per site, totaling 450 pg per mouse.
e  Hydrogel, Checkpoint Inhibitor, and FRC-Based Therapy Groups (G8, G9 & G10): These
groups were treated with 3D hydrogels, immune checkpoint inhibitors, and 5 million FRCs per

mouse:

o  G8:Hydrogel + 100 pg of each antibody per site (300 g per mouse) + 5 million FRCs.
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(e]

G9: Hydrogel + 150 pg of each antibody per site (450 ug per mouse) + 5 million FRCs.

G10: Hydrogel + 200 pg of each antibody per site (600 pig per mouse) + 5 million FRCs.

Table 2. Treatment Regimen of Different Groups in MC-38 Colorectal Carcinoma Study.

Group | No.of | Treatment Dose Treatment Schedule
mice (Est)**
Q3D, Days 7, 10, 13, 16, and 19**
Gl 10 Saline — (injection in three sites every 3 days
from day 7 until day 20)
G2 10 anti- CTLA4 50ug per mAB Q3D, Days 7, 10, 13, 16, and
+anti-PD-1 Per site (3 sites 19**(Injection in three sites every 3 days
total 150ug per from day 7 until day 19)
mouse)
G3 10 anti- CTLA4 + | 100ug per mAB Q3D, Days 7, 10, 13, 16, and 20**
anti-PD-1 Per site (3 sites (Injection in three sites every three days
total 300ug from day 7 until day 20)
mouse)
G4 10 anti- CTLA4 + | 150ug per mAB Q3D, Days 7, 10, 13, 16, and 20**
anti-PD-1 Per site (3 sites (Injection in three sites every 3 days
total 450ug from day 7 until day 19)
mouse)
G5 10 3D hydrogel 50ug per mAB Q3D, Days 7, 10, 13, 16, and 20**
+ anti- Per site (3 sites (Injection in three sites every 3 days
CTLA4 + total 150ug from day 7 until day 20)
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anti-PD-1 mouse))

G6 10 3D hydrogel 100ug per mAB Q3D, Days 7, 10, 13, 16, and 20**
+ anti- Per site (3 sites (Injection in three sites every 3 days
CTLA4 + total 300ug from day 7 until day 20)
anti-PD-1 mouse)

G7 3D hydrogel 150ug per mAB Q3D, Days 7, 10, 13, 16, and 20**

10 + anti- Per site (3 sites (Injection in three sites every 3 days

CTLA4 + total 450ug from day 7 until day 20)
anti-PD-1 mouse)

G8 10 3D hydrogel 100ug per mAB QD, Days 7 **and 13
+ anti- Per site (3 sites
CTLA4 + total 300ug
anti-PD-1+5M | mouse)
FRC/mouse

G9 10 3D hydrogel 150ug per mAB

QD, Days 7 **and 13

+ anti- Per site (3 sites
CTLA4 + total 450ug
anti-PD-1+5M | mouse)
FRC/mouse

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202506.0513.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 June 2025

GI10 10 3D hydrogel 200ug per mAB QD, Days 7 **and 13

+ anti- Per site (3 sites

CTLA4 + total 600ug per

anti-PD-1+ 5M | mouse)

FRC/mouse

Route: SC (subcutaneous in all Groups).

2.3. Immunofluorescence Staining

The harvested injected gel samples from two mice were embedded in the optimum cutting
temperature (OCT) compound (Thermo Scientific) and frozen at -80°C. Serial cryostat sections (8-pm-
thick) were prepared from frozen samples. The sections were fixed for 5 min in cold acetone, followed
by blocking with 3% bovine serum albumin (BSA, 160069) solution. Sections were then incubated
with primary antibodies overnight at 4°C. The primary antibodies included goat anti-mouse PDPN
(R&D Systems, AF3244) and rat anti-mouse MECA79 (Novus Biologicals, NB100-77673; 1:200). The
next day, samples were washed and fluoro-labeled with secondary antibodies- donkey anti-goat 594
IgG (Jackson ImmunoResearch, no. 705-587) and goat anti-rat 488 IgM (Jackson Immuno Research,
no. 112-547-020, 1:200). Nuclei were stained with 4'6-diamidino-2-phenylindole (DAPI)
(VECTASHIELD, Vector Laboratories). Stained slides were imaged using a fluorescent microscope
(EVOS M7000, Thermo Fisher Scientific).

2.4. Statistical Analysis

Parameters to assess the efficacy included average reduction in tumor weight, survival length,
and percentage of cured mice. Average tumor volume was calculated as the mean tumor volume of
all the surviving mice in a particular group on a specific study day. Percent survival was calculated
as the proportion of surviving mice compared to the baseline for each group on a specific day. Percent
cured was calculated as the percentage of mice with a tumor volume of 0 mm? in each group on a
specific study day. As this was an exploratory study, data analysis was done to find in any pattern
or trend in the data. Data analysis was performed in MATLAB, and results are presented in tables

and graphs, with each parameter plotted against the study day.

3. Results Summary

3.1. B16F10 Melanoma Cancer in Mice

Tumor growth in the control group progressed more rapidly than in any of the treatment groups
in melanoma cancer model study (Figure 1). By day 16, all untreated mice were sacrificed due to
tumor sizes reaching 2000 mg or more.
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Figure 1. Tumor weight progression (Figure 1a) and survival (Figure 1b) in five treatment groups compared to
the PBS control group, in melanoma cancer model (N=42).

Up to day 14, the most effective treatments were antibodies alone (Groups 2 and 3) and a
combination of antibodies and stromal cells in a 3D hydrogel (Group 6). However, Group 6 showed
reduced inhibition compared to Groups 2 and 3, likely due to lower antibody release from the 3D
hydrogel in contrast to the repeated dosing of antibodies alone. In a subsequent experiment the MC-
38 colorectal cancer, adding a second dose of the 3D hydrogel containing antibodies and FRCs on day
14 corrected this decline in inhibition.

Groups treated with antibodies in the 3D hydrogel (Group 4) and those receiving chemokines
and cytokines in the 3D hydrogel (Group 5) also demonstrated significant tumor growth inhibition
compared to the control, though their inhibition levels were lower than those of the other groups
(Figure 1a). A similar trend was seen in survival data (Figure 1b), with treated mice surviving up to
day 28, while the control mice survived only until day 16.

3.2. MC-38 Colorectal Cancer in Mice

The tumor volume comparison across different groups is described below in section 3.2.1, and
percent survival in section 3.2.2.

3.2.1. Tumor Volume

Tumor volumes and standard errors for each group are summarized in Table 3.

Table 3. Day-wise tumor volume for each group (Standard error of the mean in Table 3a). Table 3a: Standard
error calculated in MATLAB.

Day 0 3 5 7 10 14 17 19 21 24 26 28 31 33 35 38 40 42 45

Group 1 729 116 177 302 538 936 1050 1054 1412
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Group 2 706 142 188 336 470 731 888 961 633
Group 3 686 136 155 213 315 547 563 672 690 790 923 992 1124
Group 4 687 131 138 217 393 634 614 677 853 198 304 446 0 0 0 0 0 0 0
Group 5 692 108 107 142 124 224 124 319 419 311 335 404 218 257 0 0 0 0 0
Group 6 679 126 127 164 173 239 391 292 455 474 330 373 283 353 0 0 0 0 0
Group 7 69.6 978 913 121 117 227 376 164 221 417 451 193 305 385 377 508 364 338 364
Group 8 697 950 682 883 529 139 984 186 253 425 245 249 0 0 0 0 0 0 0
Group 9 69.6 938 729 636 455 301 459 670 960 186 204 167 946 223 274 222 283 282 282
Group 10 781 111 981 895 610 493 718 108 174 264 241 182 827 108 118 188 0 0 0

(a)
Day 0 3 5 7 10 14 17 19 21 24 26 28 31 33 35 38 40 42 45
Group 47 103 218 425 637 986 852 0 0
1
Group 46 217 297 624 775 614 903 835 0
2
Group 41 167 195 236 420 777 932 116 109 130 106 51 27
3
Group 47 121 215 349 774 105 1039 119 157 645 988 144 0 0 0 0 0 0 0
4
Group 46 130 231 279 296 617 349 91 118 933 127 146 111 132 0 0 0 0 0
5
Group 43 156 219 312 333 661 1097 875 127 153 103 118 129 162 0 0 0 0 0
6

Group 46 5.6 147 235 264  71.0 113 47.7  68.2 130 129 78.9 110 134 132 159 167 155 167

Group 40 67 10.8 21.0 133 49.0 40.3 84.2 105 137 99.5 100 0 0 0 0 0 0 0

Group 45 72 79 10.3 10.0 10.0 19.6 30.9 41.1 84.5 75.8 66.8 30.6 76.3 96.3 91 127 127 127

Group 5.4 43 6.3 10.7 83 134 254 43.6 62.7 95 99.8 90.8 50.2 65.9 717 114 0 0 0
10

The tumor volume graphs (Figure 2) demonstrate that tumor weight was reduced across
different doses, both individually and in combination with 3D hydrogel and FRCs. Graph 1 of Figure
2A highlights an anomaly in Group 4 between days 24 and 31, where a sharp decline in tumor volume
on day 24 occurred due to only two surviving mice, with tumor volumes of 0 mm? and 397 mm?. The
remaining mice were euthanized as their tumors surpassed 1500 mm?, causing the tumor volume to
rise to 1563 mm? by day 31. One mouse that survived beyond this point was completely cured,
maintaining a stable tumor volume of 0 mm?3. Notably, only Group 4 had surviving and cured mice,
but the varying number of mice in each group complicates the interpretation of tumor weight
differences, indicating a dose-dependent response to the treatment.
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Figure 2. Tumor Weights across different groups in colorectal cancer study. Figure 2A: Effect of varying doses

of anti-CTLA-4 and anti-PD-1 on tumor weights in colorectal cancer. Graph 1: Effect of different doses of anti-
CTLA-4 + anti-PD-1 without hydrogel and FRC (Groups 1, 2, 3, and 4). Graph 2: Effect of different doses of anti-
CTLA-4 + anti-PD-1 with hydrogel, but without FRC (Groups 1, 5, 6, and 7). Graph 3: Effect of different doses of
anti-CTLA-4 + anti-PD-1 with hydrogel and FRC (Groups 1, 8, 9, and 10). Figure 2B: Effect of addition of 3D
hydrogel and FRC to anti-CTLA-4 and anti-PD-1 on tumor weights in colorectal cancer. Graph 1: Effect of
addition of addition of 3D hydrogel and FRC to low doses of anti-CTLA-4 + anti-PD-1 (Groups 1, 2, 5, and 8).
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Graph 2: Effect of addition of addition of 3D hydrogel and FRC to medium doses of anti-CTLA-4 + anti-PD-1
(Groups 1, 3, 6, and 9). Graph 3: Effect of addition of addition of 3D hydrogel and FRC to high doses of anti-
CTLA-4 + anti-PD-1 (Groups 1, 4, 7, and 10).

Similarly, Figure 2B shows that for the same dose, the addition of the 3D hydrogel significantly
enhanced tumor weight reduction, further improved by co-administering FRCs with the 3D
hydrogel. Since the number of surviving mice changed over time, average tumor weight might be
misleading, as it reflects only the surviving mice. Therefore, trends from the initial period, when all
mice were alive, are more reliable. During the first 10 days, all groups had 10 surviving mice, making
the trends observed during this period more representative of the treatment’s impact on average
tumor weight. Figure 2A shows a reduction in tumor volume with increasing doses of biologics, a
trend also observed in the 3D hydrogel groups (Graph 2 of Figure 2A) and the 3D hydrogel with
FRCs groups (Graph 3 of Figure 2A). The addition of the 3D hydrogel and FRCs significantly
improved outcomes, with higher doses leading to increased survival rates, as depicted in Figures 3A

and 3B.
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Figure 3. Survival Rate across different groups in colorectal cancer study. Figure 3A: Effect of varying doses of
anti-CTLA-4 and anti-PD-1 on survival rates in colorectal cancer. Graph 1: Effect of different doses of anti-CTLA-
4 + anti-PD-1 without hydrogel and FRC (Groups 1, 2, 3, and 4). Graph 2: Effect of different doses of anti-CTLA-
4 + anti-PD-1 with hydrogel, but without FRC (Groups 1, 5, 6, and 7). Graph 3: Effect of different doses of anti-
CTLA-4 + anti-PD-1 with hydrogel and FRC (Groups 1, 8, 9, and 10). Figure 3B: Effect of addition of 3D hydrogel
and FRC to anti-CTLA-4 and anti-PD-1 on survival rates in colorectal cancer. Graph 1: Effect of addition of
addition of 3D hydrogel and FRC to low doses of anti-CTLA-4 + anti-PD-1 (Groups 1, 2, 5, and 8). Graph 2: Effect
of addition of addition of 3D hydrogel and FRC to medium doses of anti-CTLA-4 + anti-PD-1 (Groups 1, 3, 6,
and 9). Graph 3: Effect of addition of addition of 3D hydrogel and FRC to high doses of anti-CTLA-4 + anti-PD-
1 (Groups 1, 4, 7, and 10).

3.2.2. Percent Survival

Percent survival data for each group was used to create individual graphs for each treatment to
evaluate the effects of different doses. Figures 3A and 3B show group survival relative to the PBS
control, with Figure 3A detailing survival across various treatments involving anti-CTLA-4, 3D
hydrogel, and anti-PD-1, while Figure 3B compares survival among specific groups. Both figures
demonstrate increased survival from antibodies alone to combinations of antibodies with 3D
hydrogel and FRCs, with outcomes influenced by dose escalation.

Figure 3B depicts the percentage of mice that survived over time after initial treatment, with
some groups showing mice achieving a tumor weight of 0 mm?, indicating a complete treatment
response. This led to estimating the percentage of tumor cures in treated groups, with Figure 4A
showing that Groups 1, 2, and 3 (antibodies alone) increased survival, while Group 4 (higher dose)
achieved approximately 10% cure (Figure 4B). Cures increased to about 35% for Groups 5, 6, and 7
(antibodies + 3D hydrogel) (Figure 4B), and the best survival and 50% tumor cure were observed for
Groups 8, 9, and 10 (antibodies + 3D hydrogel + FRC) (Figure 3B).
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Figure 4. Graphs A and B showing the percentage of mice cured after 45 days in each group. Graph A: Percentage
cured in each group. Graph B: Average percentage cured for each treatment.

In summary, the anti-tumor activity of the anti-CTLA-4 and anti-PD-1 groups significantly
improved with higher dosages, supporting the notion that the optimal biologic dose maximizes the
benefit-risk ratio. The addition of 3D hydrogel to anti-CTLA-4 and anti-PD-1 significantly enhanced
all endpoints compared to increased dosing alone, suggesting that 3D hydrogel aids in controlled
biologic release, resulting in a more sustainable immune response. The combination of 3D hydrogel,
anti-CTLA-4, and FRCs exhibited the highest efficacy, surpassing higher doses alone, indicating that
the 3D hydrogel with FRCs mimics LN functions, enhancing antitumor activity. Figure 4 illustrates
cure percentages for each group, with the most effective treatment being Group 10, combining 600
ug of anti-CTLA-4 and anti-PD-1 antibodies with 3D hydrogel and 5 million FRCs.
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3.3. Staining Study

Gel capsules harvested from treated mice were stained with various agents to examine the
substructure associated with the 3D hydrogel capsules containing antibodies and stromal lymphoid
cells. On days five and seven, the mice were sacrificed, and the developed gel capsules were collected
and prepared for 8 to 10 microtome slices for H&E and immunofluorescence staining by Hooki Labs,
MA.

Figures 5A, 5B, 5C, and 5D present detailed staining results, including Hematoxylin and Eosin
(H&E) (5A), PDPN & DAPI (5B), CD3 (5C), and MECA79 (5D). The staining revealed the architecture,
highlighting T cells, high endothelial venules (HEVs), and angiogenic vessels. HEVs play a crucial
role in cancer treatment by serving as centers for activating antitumor B and T cells. In the HEV,
dendritic cells present antigens to B and T cells, stimulating them for tumor elimination and initiating
inflammatory responses. Further studies and quantification are necessary to understand these
findings fully.

Figure 5
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Figure 5. Staining Analysis of Gel Capsules from Treated Mice. Figure 5A: H&E staining of gel capsules,
highlighting lymph node structure. Figure 5B: PDPN and DAPI staining, showing stromal lymphoid cell
distribution. Figure 5C: CD3 staining, indicating T cell presence within the gel capsules. Figure 5D: MECA79
staining, illustrating high endothelial venules and angiogenic vessels.

4. Discussion

In these studies using B16F10 melanoma and MC-38 colorectal carcinoma models, we aimed to
enhance antitumor activity by incorporating FRCs and immune biologics into a 3D hydrogel scaffold.
This biomimetic setup was designed to simulate LN functionality, supporting the recruitment,
organization, and activation of immune cells directly at the tumor site. Prior research has
demonstrated the capacity of hydrogels to localize and control the release of drugs, such as immune
checkpoint inhibitors and other biologics, thereby amplifying antitumor effects [22] Expanding on
this concept, we incorporated FRCs and immune checkpoint inhibitors into the 3D hydrogel to create
an environment that effectively recruits and organizes immune cells, closely mimicking LN
functionality.

FRCs play a central role in supporting immune responses within the 3D hydrogel by facilitating
several key functions that enhance immune cell recruitment and activation. First, FRCs contribute to
the formation of high endothelial venules (HEVs), which are essential for trafficking lymphocytes to
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the tumor site. FRCs also provide structural support, maintaining a lymphoid-like environment
within the 3D hydrogel scaffold, thereby mimicking the organization of a natural LN. They secrete
key signaling molecules, such as Vascular Endothelial Growth Factor (VEGF), that guide endothelial
cells to form HEVs and promote immune cell activation. Through the expression of adhesion
molecules and structural support, FRCs ensure that immune cells are optimally organized and
localized, significantly amplifying the antitumor response. [23]

These specialized structures (HEVs), which are supported by FRCs, play a crucial role in the
trafficking of lymphocytes into the tumor microenvironment, facilitating an efficient immune
response. HEVs are lined with sialomucin-expressing endothelial cells, and interact with
lymphocytes via L-selectin, aiding in their recruitment and activation at the tumor site. [25]
Surrounded by FRCs, HEVs establish an immune cell organization that bolsters the antitumor
response. VEGF release by FRCs also supports HEV expansion, enhancing immune cell engagement
within the 3D hydrogel scaffold. [25]

While the establishment of HEVs and lymphocyte organization within the 3D hydrogel scaffold
demonstrates a substantial step forward, creating a complete LN like microenvironment remains
challenging, particularly due to the difficulty in sustaining lymphoid stromal cell function outside
the physiological context. However, stimulating stem cells with LTalb2 and TNF alpha can mimic
this environment, promoting the expression of adhesion molecules typical of LN stromal cells.[26] In
one study, transplanting stromal cells in a biocompatible scaffold to the renal subcapsular space in
mice successfully generated lymphoid organ-like structures, suggesting a potential strategy for
developing functional immune environments in therapeutic scaffolds. [27-29]

In this enhanced immune environment, we administered a combination of anti-CTLA4 and anti-
PD1 checkpoint inhibitors, known for increasing T-cell activation in advanced metastatic cancers[6].
In our studies, the combination showed synergistic, dose-dependent response and better outcomes with the
higher dose. So, there is a need to find the optimum dose to balance the antitumor activity and the adverse
effects. as underscored by previous studies, including the landmark CheckMate 067 trial.[15] The
controlled, sustained release of these biologics through the 3D hydrogel’s nanoscale pore structure
maintained therapeutic concentrations at the tumor site, amplifying the antitumor response.
Ultimately, this structured approach not only optimized immune checkpoint therapy but also
supported immune cell recruitment and antitumor activity with the help of FRCs.

The study demonstrates a significant enhancement in antitumor activity through the use of a 3D
hydrogel loaded with biologics and stromal lymphoid cells, effectively acting as an artificial LN. This
setup facilitated antigen presentation, lymphocyte homing, and immune cell activation, resulting in
reduced tumor weight and improved survival. In the MC-38 colorectal model, we observed high cure
rates in mice treated with both drug and FRCs, emphasizing the 3D hydrogel’s capacity for
encapsulating drugs and cells and delivering biologics with augmented response and improved
outcomes. Both melanoma and colorectal cancer models validated the pivotal role of FRCs in
antitumor responses.

Our findings underscore the potential of drug delivery strategies that incorporate artificial LN
like structures, with applications beyond direct cancer therapy. This approach also holds promise in
cancer vaccines, which mimic immune activation seen in pathogen-associated responses. By
coordinating tumor antigen presentation within a macro-scale hydrogel, we can engineer immune
outcomes to support anticancer therapies. The 3D hydrogel encapsulates stromal cells derived from
LNs, fostering the formation of a lymphoid stromal network that mimics LN interactions. This
structured network promotes the accumulation and priming of dendritic cells, as well as T and B cell
responses, contributing to the enhanced antitumor effects observed.

5. Conclusion

In these studies using animal models of melanoma (B16F10) and colorectal carcinoma (MC-38),
we assessed the impact of a tissue-engineered 3D hydrogel formulation containing checkpoint
inhibitors and stromal lymphoid cells (FRCs). The results demonstrated a significant improvement
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in survival and tumor cure rates, highlighting the enhanced immune activation facilitated by the
hydrogel. This strategy supports the recruitment of T and B cells, mimicking lymph node (LN)-like
functionality at the tumor site, and enhancing the overall antitumor immune response.

The biologics used in this study, including T cell-activating checkpoint inhibitors and FRCs,
effectively promoted immune cell recruitment and organization, which is crucial for improving
antitumor immunity. The 3D hydrogel acted as a controlled delivery system, sustaining the release
of biologics at the tumor site and amplifying their therapeutic effects. The incorporation of FRCs
further enhanced this immune environment by promoting the formation of structures similar to LNs,
which are essential for immune cell activation and tumor response.

These findings demonstrate the potential of tissue-engineered 3D hydrogels to enhance
immunotherapy outcomes, particularly in cancer treatments that rely on immune checkpoint
inhibition. Though the study reveals significantly positive trend in the survival outcome, more
studies are needed to validate the results. There are some limitations in extrapolating the results of
these animal models to humans due to species differences still the success observed in these animal
models supports the potential translation of this approach into clinical applications, with broader
implications for improving cancer therapies and optimizing immune responses. The results provide
a foundation for future research aimed at refining this strategy for better efficacy in treating advanced
and metastatic cancers.
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