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a b s t r a c t

Ex vivo engineered three-dimensional organotypic cultures have enabled the real-time study and control
of biological functioning of mammalian tissues. Organs of broad interest where its architectural, cellular,
and molecular complexity has prevented progress in ex vivo engineering are the secondary immune
organs. Ex vivo immune organs can enable mechanistic understanding of the immune system and more
importantly, accelerate the translation of immunotherapies as well as a deeper understanding of the
mechanisms that lead to their malignant transformation into a variety of B and T cell malignancies.
However, till date, no modular ex vivo immune organ has been developed with an ability to control the
rate of immune reaction through tunable design parameter. Here we describe a B cell follicle organoid
made of nanocomposite biomaterials, which recapitulates the anatomical microenvironment of a
lymphoid tissue that provides the basis to induce an accelerated germinal center (GC) reaction by
continuously providing extracellular matrix (ECM) and cellecell signals to naïve B cells. Compared to
existing co-cultures, immune organoids provide a control over primary B cell proliferation with ~100-
fold higher and rapid differentiation to the GC phenotype with robust antibody class switching.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Secondary immune organs, such as lymph node, tonsil and
spleen, are highly structured tissues which dynamically change
mechanical and biological functionality in response to antigens
[1e4]. Of particular importance is the activation of naïve B cells in
these lymphoid tissues to form sub-anatomical structures,
germinal center (GC), that program B cell conversion into antibody
producing cells [5,6], which represents a powerful defense mech-
anism against pathogens and is characterized by immunological
memory. To date, we have relied heavily on live animal models to
understand immune cell development, functioning, and screening
of immunotherapies against diseases [7], but such approaches are
costly with long turnaround times. We are yet to fully understand
how the cell microenvironment in lymphoid organs facilitates the
GC reaction that leads to the production of antibodies [2,8,9].
Therefore, ex vivo engineered B cell organoids could offer a new
approach for studying GC B cell physiology and pathology [10e15],
and potentially hematological malignancies of B cell origin
[11,15e24], as well as screening of therapeutics including immu-
notherapeutics [7,15,23e28].

From an anatomical perspective, secondary lymphoid organs are
composed of supporting cellular compartments, including B and T
cells, that work together to orchestrate adaptive immune responses
[8,9,29]. B cell follicles are composed of a dense stromal network of
B cell activating follicular dendritic cells (FDCs) [30,31] and Arg-
Gly-Asp (RGD)-presenting ECM [32]. Activation process requires
interactions between antigen-primed B cells and follicular helper T
(TFH) cells via a CD40L ligand, and secretion of IL-4 [31]. GC B cells
are naturally prone to apoptosis unless rescued by anti-apoptotic
signals [12,33,34]. Although activation of B cells can be achieved
through stimulation with antibodies (anti-Ig or anti-CD40), CD40L,
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lipopolysaccharide and cytokines, such as IL-4, in vitro, the resulting
cell growth is transient with poor cell survival and these works
have not investigated the GC reaction in the context of lymphoid
tissue microenvironment and have not shown the ability to
modulate the extent of GC reaction [35e38]. Previous studies have
demonstrated the combination of 3D scaffold and engineered
stromal cell lines for generating artificial secondary lymphoid or-
gans, however these scaffolds have shown GC formation when
implanted in vivo by exploiting the host microenvironment [39,40].
In addition, recent studies have emphasized that interactions be-
tween B cells and RGD domain from the ECM component of
lymphoid organs could promote long-term cell survival [32] and
the RGD-binding integrin avb3 is up-regulated in GC B cells
enabling GC fitness [41].

To bridge the functional gap between in vivo and in vitro sys-
tems, we have developed a biomaterials-based platform to engi-
neer B cell follicles ex vivo by integrating known structural and
signaling components of lymphoid microenvironment to recapit-
ulate key functional events prior to GC formation. We engineered
an RGD-presenting hydrogel scaffold reinforced with silicate
nanoparticles (SiNP) as an immune organoid consisting of primary
naïve B cells co-cultured with stromal cells that simultaneously
present TFH specific CD40L and B cell activating factor (BAFF) and
supplemented the culture with IL-4. We hypothesized that com-
bination of 3D ECM structural property, adhesive ligand, and stro-
mal network with key signaling molecules would lead to faster
development and differentiation of primary naïve B cells into GC
phenotype and allow us to precisely control themagnitude and rate
of GC reaction.
2. Materials and methods

2.1. Naïve B cell isolation and engineered stromal cells

For examining GC formation in vivo, C57BL6 mice were chal-
lengedwith the Tcell dependent antigen sheep red blood cells at 2%
(Cocalico Biologicals, Inc). After 10 days, spleens were harvested to
examine B cell follicles for the evidence of GC formation using
immunohistochemistry (IHC), flow cytometry and immunofluo-
rescence. IHC of paraffin-embedded serial spleen sections from
micewere stained with CD45R/B220 (BD Pharmigen) for B cells and
biotinylated peanut agglutinin (PNA, Vector Laboratories) for GC B
cells as previously reported by us [42]. For flow cytometry, sple-
nocytes were isolated by a combination of mechanical and gradient
separation methods (Fico/Lite-LM, Atlanta Biologicals) and stained
with CD45R/B220 for B cells and GL7 and Fas (BD Pharmigen) for GC
B cells. In these studies, CD45R/B220was used for visualizing B cells
throughout the lymphoid tissue. This B220 population may contain
CD19- population that induces follicular dendritic cell network
formation as well as GC forming CD19þ cells [43,44]. For germinal
center phenotype, CD19þ B cell population was further analyzed
for two conventional GC markers: GL7 and Fas. For organoid ex-
periments, spleens were freshly obtained from C57BL6 mice as per
institutional guidelines. B cells were obtained from splenocytes
through negative selection using EasySep™ Mouse B cell Isolation
Kit (Stem Cell Technologies) in accordance with manufacturer's
protocol (yield ~ 90% CD19þ). The 40LB cells, that express CD40L
and produce BAFF, were generated as reported earlier by us [45]
and cultured in DMEM media (Life Technologies) with 10% FBS
and 1% P/S. The 40LB cells were mitotically inhibited through in-
cubation in cell culture medium containing 0.01 mg/mL Mitomycin
C at 37 �C for 45 min in complete media conditions prior to the
encapsulation. The cells were rinsed twice with 10 mL of 1� PBS
before usage in the experiments.
2.2. Immune organoid fabrication

Gelatin stock solution was freshly prepared by mixing gelatin
powder (Sigma Aldrich) in RPMI 1640 medium followed by steril-
ization using syringe filter. Cells were mixed with warmed gelatin
stock solution and diluted accordingly using cell culture medium.
SiNP with 25e30 nm in diameter and 1 nm in thickness were ob-
tained from Southern Clay Products Inc., USA. SiNP suspension was
freshly prepared prior to the encapsulation procedure by mixing
SiNP powder with deionized water and vortexing the resulting
solution, followed by filtration through 0.22 mm syringe filters
immediately before use. Organoids were fabricated in 96-well
plates by first adding 5 mL of SiNP followed by injecting 5 mL cell-
containing gelatin solution into the initial SiNP droplet, and then
mixing the entire hydrogel through repeated pipetting. Each
organoid was cured for approximately 10 min prior to the addition
of RPMI 1640 medium. Following the completion of fabrication
steps, the entire plate was placed in cell culture incubator for 1 h
before replacing cell culture medium in each well with that con-
taining 100 ng/mL murine recombinant IL-4 (Peprotech). IL-4 stock
solution was reconstituted in deionized water at 0.1 mg/mL con-
centration and kept as aliquots in �20 �C. The medium was
replaced every 3 days.

2.3. Material characterizations

Gelatin solutions of 2 and 4% (weight %) were prepared in PBS,
mixed and vortexed with aqueous suspensions of SiNPs to obtain
homogeneously cross-linked gels. All the modulus measurements
were carried out for strain sweep (1e10% strain) at a fixed fre-
quency of 0.1 Hz, at 37 �C using a rheometer (Anton Paar) equipped
with 50 mm flat-plate geometry and a gap of 50 mm. For scanning
electron microscopy (SEM), samples were freeze dried and sliced
into transverse sections by razor slitting. The sections were then
sputter coated with Pt/Pd to provide conductivity. All the images
were captured using Quanta 600 (FEI) at 20 kV equipped with
energy-dispersive X-ray spectroscopy (EDS) detector (Oxford In-
struments). The recorded EDS spectra were further analyzed by
INCA software (Oxford Instruments) to confirm the presence of
elements. For transmission electron microscopy (TEM) imaging of
the SiNPs, approximately 5 mL volume of SiNPs in water was drop-
casted onto a carbon-coated copper grid and air-dried. The images
were captured under 200 keV voltage using JEOL JEM-2010 in-
strument (Japan). Bacterial endotoxin studies were performed us-
ing the US Food and Drug Administration (FDA) guidelines using
limulus amebocyte lysate (LAL) assay [46].

2.4. Cell extraction from organoids

Cell culture media was aspirated from each well. The organoid
was washed once using 1� PBS and then incubated overnight in
10 U/mL collagenase solution (Worthington Biosciences) in cell
culture conditions. The collagenase solution was prepared by
reconstituting collagenase powder in serum-free RPMI 1640 me-
dium. Following incubation, the organoid was disintegrated
through pipetting and diluted in FACS buffer (1� PBS þ/þwith 10%
FBS) for collagenase inactivation. The resulting cell suspension was
passed through a 70 mm cell strainer to remove gel debris prior to
flow cytometry analysis.

2.5. Immunofluorescence microscopy and flow cytometry analysis

Immune organoids were rinsed and incubated in FACS buffer
containing fluorescence-conjugated antibodies and/or live cell
stains for 12 h in cell culture conditions. The samples were washed
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three times with each wash involving the aspiration of old medium
and incubation in fresh FACS buffer for 1 h. Each organoid was
covered with 1� PBS during imaging with Zeiss 710 confocal mi-
croscope (Zeiss). In all flow cytometry experiments, we startedwith
same number of naïve B cells, i.e. 20,000 B cells. At each time point,
samples were degraded using collagenase and the entire cell sus-
pension (regardless of the final cell numbers) was re-suspended in
equal volume for all samples and equally divided into 3 separate
staining groups for flow cytometry analysis (to stain for CD19, GL7,
Fas, IgM, IgG1, and IgE). The entire volume was analyzed for total
number of cells. Extracted cells were stained by incubation in FACS
buffer containing various combinations of antibodies with 1:1000
dilution for 45 min in the dark at 4 �C. The antibodies consisted of:
FITC-, APC, or PE-Cy7-conjugated anti-mouse CD19, GL7, Fas,
Fig. 1. Ex vivo engineered B cell follicle organoid. (A) Immunohistochemical analysis of a sp
immunofluorecnece images of splenic tissue stained with GC marker GL7; scale bar 50 mm. (B
the gate indicating GL7þFasþ GC B cell population. (C) Schematic of the in vivo interaction b
cells (FDCs) within the lymphoid tissue follicle. FDCs produce B cell activation factor (BAFF)
Overview on the use of silicate nanoparticles (SiNP) for ionic crosslinking of gelatin to for
Hydrogels composed of gelatin only and those ionically cross-linked with SiNP were com
distribution 24 h following the encapsulation procedure (Bottom; green: Calcein; scale bar 5
referred to the web version of this article.)
CD40L, IgG, and IgM (eBioscience). FACS buffer was prepared using
1� PBS þþ with 10% FBS. The cell suspension was rinsed twice
using the same buffer prior to low cytometer using BD Accuri™ C6
flow cytometer. Data analysis was performed using FlowJo (Tree
Star).
2.6. RGD blocking

B cells were incubated in FACS buffer containing integrin in-
hibitor at specific concentrations for 30 min at 4 �C. The buffer was
prepared from 1� PBS and 10% FBS. In this experiment, cyclic RGD
peptide (Cilengitide) was usedwith a final concentration of 10 or 50
mM in the blocking solution.
leen stained for H&E and GC marker peanut agglutinin (PNA). Right panel represents
) Flow cytometry analysis of B220þ primary B cells from immunized C57BL6 mice with
etween mature naïve B cells with follicular T helper (TFH) cells and follicular dendritic
that support naïve B cell activation and conversion to germinal center phenotype. (D)
m stable hydrogel at 37 �C. (E) TEM of silicate nanoparticles (Left, scale bar 20 nm).
pared for gelation at 37 �C (Right, scale bar 10 mm). (F) Primary B cell viability and
00 mm). (For interpretation of the references to colour in this figure legend, the reader is
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2.7. Statistical analysis

Analysis of variance (ANOVA) statistical analyses were per-
formed using GraphPad Prism software with Tukey's test (1-way
ANOVA) or Bonferroni correction (2-way ANOVA). A p-value of
less than 0.05 was considered significant. Two tail t-test was per-
formed for RGD inhibition analysis. All studies were performed in
triplicates unless otherwise noted. All values are reported as
Mean ± S.E.M.

3. Results

3.1. Ex vivo engineered B cell follicle organoid

We first examined the structural organization of a secondary
lymphoid organ by challenging C57BL6 mice with the T cell
dependent antigen sheep red blood cell and examined the B cell
follicle and GC formation. Activated B cells in primary follicles
proliferated rapidly to form GCs expressing Fas (tumor necrosis
factor receptor superfamily member 6) and GL7 surface markers
(Fig. 1A, B). Reconstructing from this model and the existing
knowledge of dependency of lymphoid B cells on T cell-mediated
CD40L and FDC-mediated BAFF signaling [5,31], BALB/c 3T3 fibro-
blasts were stably transfected with both CD40L and BAFF (called
hereafter 40LB), as reported earlier by Nojima et al. [45] (Fig. 1C).
Primary B cells with 40LB stromal cells were co-encapsulated into
an RGD-presenting nanocomposite hydrogel of gelatin ionically
cross-linked with SiNP that were 20e30 nm in diameter and ~1 nm
Fig. 2. Material characterization of immune organoids. (A) SEM analysis of hydrogel comp
spectroscopy analysis in gelatin hydrogel with and without SiNP. (C) Rheological analysis
Mean ± S.E.M, n ¼ 5, *P < 0.05, ANOVA with post-hoc Tukey's test.
in thickness (Fig. 1D, E). While gelatin-based 3D hydrogels have
existed for decades, mostly as chemically modified system that
require UV exposure (methacrylate functionalities [47]), we have
engineered hydrogels of polyampholytic gelatin that ionically in-
teracts with the anisotropically distributed opposite charges on the
synthetic SiNP resulting in hydrogels [48e50] that remain stable
and do not liquefy at 37 �C (Fig. 1E). Primary B cells were success-
fully encapsulated in these hydrogels and stained positive for Cal-
cein after 24 h of encapsulation (Fig. 1F).

3.2. Organoid material properties regulate the spreading and
functional behavior of engineered stromal 40LB cells

An important criterion for material selection was the structural
resemblance to the microarchitecture of compartments in the
lymphoid tissue [51], which provides structural stability and
yet allow for cell proliferation and dense stromal network forma-
tion (Fig. 1A). Using SEM, we evaluated the effect of SiNP concen-
tration on hydrogel microarchitecture (Fig. 2A). Hydrogels with 2%
gelatin and 1.5% SiNP resulted inmore uniformly distributed porous
structure in comparison to gelatin-only mixture, which could be
attributed to the presence of charged surface in SiNP that would
prevent the ionic aggregation of gelatin fibers with each other (zeta
potentiale 28 ± 3mV vs. 4± 0.4mV, respectively). This observation
is further supported by the marked decrease in pore size as gelatin
concentration was raised from 2% to 4% while keeping SiNP con-
centration constant at 1.5%. The presence of SiNP in hydrogels was
confirmed with EDS analysis [50] that indicated the presence of Mg
ositions with 2% and 4% gelatin with and without SiNP. (B) Energy-dispersive X-ray
on storage and loss moduli for 2% gelatin hydrogel with or without SiNP weight %.
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and Si peak only in SiNP cross-linked hydrogels but not in plain
gelatin gels (Fig. 2B).

We hypothesized that for an immune organoid to be functional,
the material stiffness should be in close proximity to the reported
stiffness of secondary lymphoid organs (2300 ± 1000 Pa) [52]. We
determined the storage and loss modulus of hydrogels under
physiological conditions (pH 7.4 and 37 �C) where gelatin remained
liquid with no detectable storage and loss moduli, but the addition
of SiNP resulted in a cross-linked gelatin network increasing the
organoid stiffness. As indicated in Fig. 2C, the storage modulus of
the cross-linked network increased marginally to 130 ± 40 Pa with
the incorporation of 1% SiNP (p > 0.05), however increased signif-
icantly to 1900 ± 50 Pa with 1.5% SiNP incorporation (p < 0.001),
which is closer to the stiffness (storage modulus) of lymphoid tis-
sues. Further increase in SiNP concentration to 2.0% resulted in
substantial increase in hydrogel stiffness to 3100 ± 410 Pa
(p < 0.001). Importantly, the 2% gelatin hydrogel with 1% SiNP was
fragile, which can be explained by a non-significant difference in
storage and loss moduli (p > 0.05). Using the sameweight ratio (i.e.
2:1), 4% gelatin with 2% SiNP resulted in significant differences
between G0 and G00 making the hydrogel stable (p < 0.05). Inter-
estingly, with the same SiNP weight percent, increase in gelatin
weight percent from 2 to 4 % resulted in an instable hydrogel
network, which could be attributed to the excess uncross-linked
gelatin. This observation is further supported by the low storage
modulus at 4% gelatin with 1.5% SiNP, with no significant differ-
ences between G0 and G00 (p > 0.05).

To assess the influence of material composition toward
network formation of 40LB cells, we encapsulated CellTracker™
Green CMFDA stained 40LBs at 40,000 cells per hydrogel with
increasing amount of gelatin or SiNP (Fig. 3A). By keeping the
Fig. 3. Organoid stiffness affects 40LB stromal network and CD40L expression. (A) Fluoresce
and SiNP at 40,000 cells. Scale bar 200 mm (B) Fluorescence images of the 40LB stromal cell n
bar 200 mm (C) Histogram representing the overlay of CD40L expression for 2D culture of
organoids (Left). Bar graph representing mean fluorescence intensity of CD40L ligand express
with post-hoc Bonferroni correction.
adhesive ligand density same (i.e. 2% gelatin), 40LBs demonstrated
markedly more spreading with 1.5% SiNP than with 2% SiNP. In-
crease in adhesive ligand density to 4% gelatin resulted in marked
clustering (Fig. 3A). We next examined the effect of seeding den-
sity of 40LB stromal cells within 2% gelatin hydrogels with 1.5%
SiNP. As indicated in Fig. 3B, 20,000 seeding density formed small
clusters over 48 h whereas 40,000 cell seeding density resulted in
tightly connected cellular network, and 60,000 cells formed a
dense tubular-like network. These results clearly indicate that 2%
gelatin with 1.5% SiNP present a stable hydrogel network that
permits uniform cell spreading as a function of stromal cell den-
sity. Importantly, 3D encapsulation of 40LBs in these hydrogels
resulted in a significantly higher (p < 0.001) expression of CD40L
surface marker compared to 2D cultures by day 6 of culture (mean
fluorescent intensity 9500 ± 430 AU for 3D cultured 40LB
versus 4600 ± 620 AU for 2D cultured 40LBs on tissue culture
plastic surface), emphasizing the importance of 3D follicular
niche (Fig. 3C). CD40L expression for 40LBs cultured in 3D
was comparable to that observed with cells on day 0 (9500 ± 150
AU). These observations clearly indicate that 2% gelatin with 1.5%
SiNP had the most favorable 40LB response and supports our
hypothesis that optimal stromal cell functioning is observed at
hydrogel stiffness mimicking that of the native secondary
lymphoid tissue.

3.3. Ex vivo proliferation of primary B cells within the immune
organoid and role of integrins

Based on our observation of the dependency of 40LB cells on the
biophysical characteristics and cellular compositions of the
hydrogels, we expected the interaction between cells and the 40LB
nce images of the 40LB stromal cell network formation with concentrations of gelatin
etwork formation with 2% gelatin and 1.5% SiNP and varying 40LB seeding density. Scale
40LBs on tissue culture plates versus 3D encapsulation in 2% gelatin with 1.5% SiNP
ion in 2D and 3D cultures of 40LB (Right, Mean ± S.E.M, n ¼ 4). *P < 0.05, 2-way ANOVA



A. Purwada et al. / Biomaterials 63 (2015) 24e34 29
network to depend on stromal cell density. We next performed co-
cultures of naïve B cells with 40LBs as a function of 40LB density in
presence of 100 ng/mL IL-4. As indicated in Fig. 4A, we observed
distinct regions of closely packed cells in hydrogels that morpho-
logically resembled the proliferating GC inside the B cell follicles
(Fig. 1A). Importantly, this morphological appearance was a func-
tion of 40LB density and qualitatively indicated B cell follicle for-
mation and high proliferation of B cells in the organoids, as
observed in GC reactions in vivo. We next evaluated the total
number of live cells using flow cytometry (Calceinþ, Fig. 4B) and
observed a significant increase in the number of viable cells over 4
days in our 3D organoids in comparison to 2D systems when B cells
were co-cultured with 40LB in media supplemented with 100 ng/
mL IL-4 (p < 0.05).

We next performed 2D co-culture analysis for CD19þ B cells at
20,000, 40,000, and 60,000 40LB cells. Each condition consisted of
20,000 naïve B cells and at the completion of study, the harvested
cells were equally divided into 3 groups for further analysis. As
indicated in Fig. 4C, the total number of CD19þ cells was signifi-
cantly reduced in 2D cultures and there was no significant differ-
ence between any of the 40LB seeding densities. Therefore, 20,000
40LB cell seeding density was considered for further comparison.
We determined the role of cell seeding density in 3D organoids and
noted that the presence of 40,000 40LB cells in hydrogels resulted
in maximum proliferation of CD19þ B cells over 4 days compared
Fig. 4. Ex vivo proliferation of primary B cells within the immune organoid and role of integri
number of stromal cells as a function of time. Scale bar: 500 mm. (B) Total number of viable c
w.r.t day 0, 1-way ANOVA with post-hoc Tukey's correction. (C, D) Fold expansion plot of CD
(20,000, 40,000, and 60,000) after 6 days in culture (Box-whisker plot, n ¼ 5). Each hydrogel
from each hydrogel were equally divided into 3 groups for analysis. *P < 0.05 w.r.t 2D grou
correction. (E) Number of CD19þ cells in 2D co-cultures with 40LB (n ¼ 5) and 3D organoids
2 days in the presence or absence of 10 or 50 mM Cilengitide (Mean ± S.E.M, n ¼ 5). *P < 0
with other seeding densities within the 3D groups (Day 0: Naïve B
cells 6500 cells; Day 4: 3D Bþ40LB with 40,000 40LBs resulted in
5477 ± 477 cells versus 3D Bþ40LB with 20,000 40LBs resulted in
3390 ± 295 cells and 2D Bþ40LBwith 20,000 40LBs resulted inwith
1261 ± 72 cells; Fig. 4D and Supplementary Fig. S1). These findings
indicate that the efficient stromal spreading and CD40L ligand in-
teractions triggered the proliferation of CD19þ B cells. We evalu-
ated the survival of CD19þ B cells after 2 days of culture in the
organoids without any stromal support and observed a significant
decrease in CD19þ B cell numbers in 2D co-culture compared to 3D
B cell only cultures (Fig. 4E). Since gelatin has abundant RGDmotifs,
which are the cell attachment sites recognized by many integrins
[53] and lymphoid B cells bind to RGD domains [32,41], we blocked
the RGD-mediated signaling using Cilengitide, a cyclic RGD
pentapeptide that selectively inhibits avb3 and avb5 integrin
binding to RGD [54,55]. As indicated in Fig. 4F, we observed a partial
but significant decrease in CD19þ B cells when blocked with Cil-
engitide, which at least confirmed the partial role of avb3 and avb5
integrins in supporting B cell survival in the organoids.

3.4. Ex vivo induction into GC reaction within the immune organoid

Importantly, of these CD19þ cells, the organoid culture with
Bþ40LB at 40,000 and 60,000 40LBs induced ~100-fold increase in
GC-specific marker GL7 within 4 days compared to a 10e20-fold
ns. (A) Phase images representing B cell proliferationwithin the organoids with varying
ells on day 0 and 4. Box-whisker plot, *P < 0.05 w.r.t 2D groups on day 4 and JP< 0.05
19þ cells in different matrix architectures (2D vs. 3D) and various 40LB cell amounts
(10 mL) consisted of 20,000 naïve B cells and at the completion of study, harvested cells
ps and JP< 0.05 w.r.t 3D with 20,000 40LBs, 2-way ANOVA with post-hoc Bonferroni
with no 40LB *P < 0.05, t-test. (F) Number of CD19þ cells in 2D versus 3D systems after
.05 w.r.t 2D groups and JP< 0.05 w.r.t 3D without Cilengitide, t-test.
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increase in 2D Bþ40LB co-culture (Fig. 5A, Supplementary Fig. S2A).
Within the 3D organoid cultures, the CD19þGL7þ response
was dependent on 40LB seeding density where organoids with
40,000 40LB induced 96 ± 8 fold increase in CD19þGL7þ cell
numbers that was significantly higher than 20,000 40LB group
that induced 57 ± 5 fold increase (p < 0.001). There was no sig-
nificant difference between 40,000 and 60,000 40LBs seeded
organoids. These results were further confirmed by confocal
studies that clearly demonstrate co-localization of GL7þ B cells on
40LB stromal network (Fig. 5B). We next examined whether SiNPs
alone and gelatin organoids without nanoparticles using meth-
acrylated gelatin (GelMA) could induce GC phenotype. GelMA is
widely used in tissue engineering applications [56e58]. As indi-
cated in Fig. 5C, SiNP alone or GelMA failed to induce activation of
GL7þ cells. In contrast, Gelatin-SiNP organoids induced significant
generation of GC phenotype. These results emphasize the impor-
tance of 3D organoid and presence of SiNP in the organoids for
efficient GC reaction. Since expression of Fas ligand (CD95) is a
hallmark of GC B cells and critical for their clonal selection, we
examined the expression profile of Fas within the CD19þGL7þ cell
Fig. 5. Ex vivo induction into GC reactionwithin the immune organoid. (A) Fold increase in G
CD19þGL7þ cells were detected in naïve B cell population on day 0. Left panel represents sca
ANOVA with post-hoc Bonferroni correction. (B) Immunofluorescence analysis of GC B cells
CD19þ GL7þ GC B cells on day 4 after encapsulation in organoids of gelatin-SiNP or GelMA o
post-hoc Tukey's test. (D) Gating strategy for GC phenotype analysis where CD19þ B cells w
GL7þ Fasþ GC B cells on day 4 after encapsulation in organoids or cultured in 2D (Right P
population in the organoids and compared to the 2D co-cultures of
Bþ40LB. As indicated in Fig. 5D and Supplementary Fig. S2B, im-
mune organoids with 40,000 and 60,000 40LB cells demonstrated a
significant 55-fold increase in CD19þGL7þFasþ GC B cells
compared to 2D Bþ40LB (7 ± 1 fold) and 3D Bþ40LB co-cultures at
20,000 40LB cell density (16 ± 2 fold). Despite the B cell prolifer-
ation, organoids with no stromal cells failed to induce GC B cell
phenotype.

3.5. Antibody isotype class switching in the immune organoid

Another hallmark of GC reaction is the antibody class switching
that occurs in GC B cells to produce antibodies with distinct effector
functions [59e61]. Activated B cells are known to undergo antibody
class switching from IgM to IgG or other Igs. Recognizing that the
3D immune organotypic cultures induced a phenotypic GC reac-
tion, we then tested its functionality by analyzing antibody class-
switching from IgM to IgG1 and IgE compared. Using flow cytom-
etry on cells extracted from the organoids, we observed a robust
class switching where the number of IgG1þ B cells increased
C B cells (CD19þGL7þ) after 4 days in culture (Mean ± S.E.M, n ¼ 5). Approximately fifty
tter plot from flow cytometry with numbers indicating the GL7þ cells. *P < 0.05, 2-way
(CD19þGL7þ) in the presence of 40LB stromal cells inside the organoid. (C) Number of
r cultured in 2D with SiNP (Bottom Panel, Mean ± S.E.M, n ¼ 5). *P < 0.05, ANOVAwith
ere double stained with GL7 and Fas (Left Panel). Fold increase in the number CD19þ
anel, Box-whisker plot, n ¼ 5). *P < 0.05, ANOVA with post-hoc Tukey's test.



Fig. 6. Antibody isotype class switching in the immune organoid. (A) Gating strategy for GC phenotype analysis where CD19þ B cells were double stained with IgM and IgG1. Naïve
B cells on day 0 predominantly express IgM and no IgG1. (B) Increase in the number of CD19þIgG1þ B cells over 6 days in 3D immune organoids or 2D co-cultures. *P < 0.05, 2-way
ANOVAwith post-hoc Bonferroni correction. (C) Number of CD19þ IgG1þ GC B cells on day 4 after encapsulation in organoids of gelatin-SiNP or GelMA or cultured in 2D with SiNP
(Bottom Panel, Mean ± S.E.M, n ¼ 5). *P < 0.05, ANOVAwith post-hoc Tukey's test. (D, E) Fold increase in the number CD19þIgG1þ B cells over 6 days in 2D culture. (D) Fold change
for 2D Bþ40LB with 20,000 40LBs at 0, 10, and 100 ng/mL IL4. (C) fold change for 2D Bþ40LB with 20,000e60,000 40LBs at 100 ng/mL IL4; (Mean ± S.E.M, n ¼ 5). (Mean ± S.E.M,
n ¼ 5, *P < 0.05, 2-way ANOVA with post-hoc Bonferroni correction) (E) Bar graph represents a decrease in the number of CD19þIgMþ B cells on day 4 after encapsulation in
organoids or cultured in 2D (Box-whisker plot, n ¼ 5). *P < 0.05, ANOVA with post-hoc Tukey's test.
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significantly from 185 ± 14 cells on day 0 to 7120 ± 612 cells on day
6 in 3D Bþ40LB organoids with 40,000 40LB cells (Fig. 6A,B). The
cell numbers observed in 3D Bþ40LB organoids with 40,000 40LB
cells were comparable to 3D organoids with 60,000 40LB cells. No
such increase in CD19þIgG1þ B cells was observed in 2D Bþ40LB
cultures with 40,000 and 60,000 40LB cells (Fig. 6C) or with GelMA
(Fig. 6C) or with increasing concentration of IL-4 (Fig. 6D). The
number of CD19þIgMþ B cells decreased significantly across all
groups compared to day 0 (Fig. 6E). We next examined the levels of
membrane-bound IgE expression and as indicated in Fig. 7,
observed a marked shift in the mean fluorescence intensity of
CD19þIgEþ cells in 3D groups with higher 40LB seeding density on
day 6 compared to 2D Bþ40LB on day 6 and naïve B cells on day 0.
Comparative analysis demonstrated a significant increase in the
CD19þIgEþ level with 3D Bþ40LB organoids containing 40,000
40LBs (5446 ± 536 cells) and 60,000 40LBs (4441 ± 510 cells) as
compared to 1687 ± 116 cells observed with 2D Bþ40LB co-cultures
(Fig. 7).

4. Discussion

Engineered ex vivo tissues for culturing primary immune cells
and allowing them to interact with their microenvironment could
be a powerful strategy to understand and manipulate immune cell
behavior. However, very few studies have been done in this area.
Current design rationale behind tissue engineered secondary
lymphoid organ is inspired from themechanically soft nature of the
lymphoid microenvironment and the presence of key cell signaling
molecules, as well as the organogenesis and plasticity of which has
been discussed by Irvine et al. [39]. However, till date, no modular
ex vivo B cell follicle has been developed with an ability to accel-
erate immune reactions through tunable design parameters. In this
paper we describe the development of a highly effective 3D B cell
organoids that phenotypically and functionally resemble the GC
reaction in a secondary lymphoid tissue. The design of the immune
organoid was based on structural, mechanical, and cellular
composition of the secondary lymphoid organs. In our studies,
stromal 40LB cells demonstrated enhanced spreading and network
formation when cultured in matrices with ~2000 Pa storage
modulus and as a function of stromal cell density. This stiffness is
closer to previously reported lymphoid tissue stiffness [52]. These
findings explain a mechanism by which organoids support
Fig. 7. IgE antibody expression in the immune organoid. Histogram representing the ov
CD19þIgEþ B cells over 6 days in 3D immune organoids or 2D co-cultures (total 30e40 CD1
Bonferroni correction).
spreading of 40LBs which enables better cellecell contact between
stromal and B cells leading to superior B cell proliferation and
activation.

An important finding of this study is that compared to 2D co-
cultures, 3D immune organoids resulted in ~100-fold higher and
rapid differentiation of naïve primary B cells to the GC phenotype
with robust antibody class switching. Although prior studies have
shown the critical role of CD40 signaling in 2D cultures, our find-
ings indicate that avb3 integrin helps with GC B cell survival in the
organoids and yet CD40L is critical for induction of GC phenotype.
The avb3 integrin findings are consistent with the known role of
avb3 in GC B cell fitness, in vivo [41]. In addition, SiNP appear to be
critical for GC reaction because GelMAwith Bþ40LB failed to induce
GC phenotype. To further confirm the role of 3D ECM, stromal cell
signaling and IL-4 in our observations, 2D Bþ40LB cultures were
examined at 0, 10, and 100 ng/mL IL-4 and across 20,000e60,000
40LB seeding density. As expected, 2D cultures failed to efficiently
induce the activation markers CD19þGL7þFasþ across 0e100 ng/
mL IL-4 (Supplementary Fig. S3). At 100 ng/mL, increasing 40LB
density to 40,000 and 60,000 cells resulted in a maximum of 20-
fold appearance of GL7þFasþ B cells, which was significantly
lower than those observed with 3D cultures (55 ± 6 fold, p < 0.001,
Supplementary Fig. S3). These findings indicate that ECM, SiNP, and
stromal signaling are critical for induction of the GC phenotype in
naïve B cells cultured in 3D organoids. While the current study
demonstrates the role of avb3 integrins as a pro-survival signal to B
cells, we cannot rule out the role of other integrin types presented
gelatin matrix. Future investigations will focus on possible role of
integrins a5b1, a4b1, and whether presence of nanoparticles leads
to additive effect in induction of GC-response. The silicate nano-
particles used in this study to complex with gelatin are ultrathin
nanomaterials, with a high degree of anisotropy and functionality
[62]. These two dimensional nanoparticles exhibit great potential
in the field of regenerative medicine and drug delivery as they
interact with biological entities in a substantially different manner
than their respective 3D nano-counter parts because of their high
surface to volume ratio [63,64]. Synthetic silicates (such as
Naþ0.7[(Mg5.5Li0.3)Si8O20(OH)4]�0.7 used in this study) dissociate
into nontoxic products (Naþ, Mg2þ, Si(OH)4, Liþ) in aqueous con-
ditions. Mg2þ plays a significant role in cellular adhesion via
integrins [65,66]. Lithium activates Wnt-responsive genes by
inhibiting the glycogen synthase kinase-3[beta] activity via
erlay of IgE expression for 2D and 3D co-cultures (Left). Increase in the number of
9þIgEþ B cells on day 0). (Mean ± S.E.M, n ¼ 5, *P < 0.05, 2-way ANOVA with post-hoc
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regulating Runt-related transcription factor-2 (RUNX2) activity.
Role of Wnt signaling has been implicated in survival of GC B cells
[67]. We further confirmed that the observed effect was specific to
the organoids and not any bacterial endotoxins. Observations from
LAL assay indicate 0.01 ± 0.001 endotoxin units (EU)/mL for SiNP
alone and 0.04 ± 0.01 EU/mL for gelatin-SiNP organoids, which are
below the US FDA threshold of 0.5 EU/mL.

In conclusion, our secondary follicle organoid provides a simple
strategy for recapitulating the functional aspects of a lymphoid
tissue to induce accelerated GC reaction ex vivo with maintained
long-term cell survival by simply adjusting the extracellular signal.
This approach can be distinguished from conventional GC induc-
tion protocols that rely on either culturing B cells as a 2Dmonolayer
on tissue culture dishes in the presence of key molecules or
transplantation of cell-seeded scaffold into live animal models for
organoid formation in vivo. We anticipate that the ability to drive
GC reaction ex vivo at controllable rates grants us the ability to
reproduce immunological events with tunable parameters for
better screening and translation of immunotherapeutics and other
biotechnology avenues. Our natural gene rearrangement processes
(somatic hypermutation and antibody class switching) are hall-
mark of antibody response to infections however could simulta-
neously lead to changes in a few genes involved in apoptosis and
stress protection mechanism eventually leading to lymphoma in
germinal centers. Therefore, biomaterials-based ex vivo immune
organoids could further represent a new approach to study GC
pathogenesis as in case of B cell malignancies [15] and for rational
screening of biotherapeutics against such malignancies.
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