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ABSTRACT 

Antibody production is central to protection against new pathogens and cancers, as well 

as to certain forms of autoimmunity. Antibodies often originate in the lymph node (LN), specifically 

at the extrafollicular border of B cell follicles, where T and B lymphocytes physically interact to 

drive B cell maturation into antibody-secreting plasmablasts. In vitro models of this process are 

sorely needed to predict aspects of the human immune response. Microphysiological systems 

(MPSs) offer the opportunity to approximate the lymphoid environment, but so far have focused 

primarily on memory recall responses to antigens previously encountered by donor cells. To date, 

no 3D culture system has replicated the engagement between T cells and B cells (T—B 

interaction) that leads to antibody production when starting with naïve cells. Here, we developed 

a LN-MPS to model early T—B interactions at the extrafollicular border built from primary, naïve 

human lymphocytes encapsulated within a collagen-based 3D matrix. Within the MPS, naïve T 

cells exhibited CCL21-dependent chemotaxis and chemokinesis as predicted. Naïve T and B cells 

were successfully skewed on chip to an early T follicular helper (pre-Tfh) and activated state, 

respectively, and co-culture of the latter cells led to CD38+ plasmablast cells and T cell dependent 

production of IgM. These responses required differentiation of the T cells into pre-Tfhs, physical 

cell-cell contact, and were sensitive to the ratio at which pre-Tfh and activated B cells were seeded 

on-chip. Dependence on T cell engagement was greatest at a 1:5 T:B ratio, while cell proliferation 

and CD38+ signal was greatest at a 1:1 T:B ratio. Furthermore, plasmablast formation was 

established starting from naïve T and B cells on-chip. We envision that this MPS model of primary 

lymphocyte physiology will enable new mechanistic analyses of human humoral immunity in vitro. 
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INTRODUCTION    

The lymph node (LN) is a small organ composed of intricately organized regions of T and 

B lymphocytes (Figure 1a), whose interactions orchestrate a cascade of events critical for 

initiation of humoral immunity. In particular, T and B lymphocytes occupy adjacent and abutting 

zones known as the interfollicular zone and B cell follicle, respectively, which evolved to facilitate 

rapid responses to incoming antigens. After infection or vaccination, T cell receptor (TCR)-ligation 

of naïve T cells induces their differentiation into effector cells, including early T follicular helper 

(pre-Tfh) cells, that provide help for B cell activation (Figure 1b).1 Pre-Tfh cells upregulate the 

chemokine receptor CXCR5, which enables them to migrate from the central T cell zone towards 

the extrafollicular region of B cell follicles.2 Meanwhile, naïve B cells activated by inflammatory 

molecules upregulate expression of major histocompatibility complex class II (MHC-II),3 and move 

to the B cell follicle border. Here, interactions with cognate pre-Tfh cells drive differentiation of 

activated B cells into plasmablasts that secrete IgM, the first class of antibody secreted in a 

humoral response.4,5. This dance of contact-dependent, multistep interactions is thought to be 

critical for naïve lymphocytes to generate an effective humoral response to novel antigens. 

 

Figure 1. Modeling approach for the human LN-MPS. (a) Immunofluorescence image of a 
human tonsil slice (i) with magnified view of a T/B border zone (ii). FITC-anti-Podoplanin, white; 
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AF647-anti-CD3, magenta; PE-anti-CD19, cyan. (b) Illustration of events involved in T cell—B cell 
interactions in humoral immunity.  Naïve T and B cells receive stimulatory signals that result in 
cell differentiation towards a pre-Tfh and activated B state, respectively. Pre-Tfh cells provide help 
to activated B cells in a TCR-MHCII-dependent manner upon exposure to cognate antigen or 
superantigen such as staphylococcal enterotoxin B (SEB). Activated B cells eventually mature 
into antibody-secreting plasmablasts.  (c) Schematic of T/B border chip (not to scale) illustrating 
chip capabilities. (ii) Zoomed schematic and (iii) image of the 3D culture lanes, where microposts 
enable filling of adjacent lanes with cell-laden hydrogels via surface tension. 

 

Unfortunately, much of the knowledge of basic LN immunology described above was 

derived from animal models, and it is unknown to what extent the details hold true in human tissue. 

Mouse and human immune signaling, though broadly conserved, differ in numerous ways that 

directly impact vaccine responses, including the response to TLR7/9/11 ligation,6,7 expression of 

lymphocyte-attractive chemokines,8,9 and different mechanistic roles of some cytokines, such as 

IL-12.10,11 Furthermore, most clinical analysis of human immune function necessarily relies on 

blood draws, making it difficult to study tissue-specific cell-cell interactions. To understand the 

mechanisms of responses to infection, autoimmune antigens, cancer antigens, and inform the 

design of novel vaccines and immunotherapies, biomimetic models of human tissue immunology 

are critical for progress.12,13   

Engineered in vitro models offer the potential to study these events in a tissue-like setting. 

As traditional 2D cultures do not easily replicate tissue-level events such as lymphocyte 

chemotaxis and cell-matrix interactions,14,15 a number of 3D culture models have been developed. 

These cultures have replicated cell-intrinsic behaviors such as the effect of the extracellular 

matrix, chemokine induced cell motility and organization,16–20 and pair-wise interactions such as 

dendritic cell-T cell engagement,21–23 but models of multi-step tissue level events are rare.24,25  For 

higher-order processes, organoid models based on human tonsil cells, peripheral blood 

mononuclear cells (PBMCs), or murine memory B cells have elegantly replicated B cell 
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differentiation and antibody production, sometimes in response to engagement with T cells.26–28 

However, organoid development relies on spontaneous cell clustering and thus precise control 

over the microenvironment is challenging; integration of immune organoids with microfluidic 

gradients is promising but in early stages.28,29  

To provide additional environmental control, microphysiological systems (MPSs) offer a 

promising alternative. MPSs can exhibit some of the organizational and functional features of in 

vivo tissue, making them suitable for predicting mechanistic events, responses to drugs, and 

probing structure-function relationships.30–33 While development of immunocompetent MPSs 

started over 10 years ago and has increased in the last few years, models specifically focused on 

the LN are more rare.25,34,35 Exciting progress has been made in modeling T cell-dendritic cell 

interactions,36 T cell-stromal cell interactions,37,38 vaccine responses and immunosenescence,39,40 

and inflammatory and vaccine induced B cell clustering, memory B cell maturation, and antibody 

production.41–43  

However, engineered lymphoid models thus far have primarily focused on antibody 

development from PBMCs in response to recall challenges, wherein memory cells respond to an 

antigen previously experienced by the donor, such as influenza or SARS-CoV-2. The focus on 

memory in microscale cultures is necessitated by low cell precursor frequencies, i.e. the low 

numbers of naïve T cells capable of recognizing a given antigen. However, while recall responses 

are an essential benchmark for validating T and B cell memory, they do not enable mechanistic 

testing of early activation or MHCII-TCR-dependent interactions between naïve T and B cells that 

result in antibody production. Furthermore, while mixed PBMC cultures are an excellent starting 

point, no lymphoid model is available to test the role of spatial organization of T and B cells on 

antibody production. While methods for patterning lymphocytes have been developed,44–46 

patterned immune function has not yet been demonstrated. 
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To address these gaps, here we describe a multi-lane microfluidic chip to model early T—

B cell interactions at the extrafollicular border, starting with naïve cells and leading to antibody 

production (Figure 1c). The selected MPS format enabled either mixed co-cultures or patterned 

spatial organization, although here we primarily used it for the former.  We tested the ability of the 

lymph node MPS (LN-MPS) to support T and B cell activation within the chamber, and to monitor 

chemotaxis and cytokine secretion in response to stimuli. We tested the extent to which naïve T 

cells were skewed to a pre-Tfh state on-chip, and tested conditions to support engagement with 

B cells. To overcome the low frequency of antigen specific precursors amongst naïve T and B 

cells, we used staphylococcal enterotoxin B (SEB), which enables polyclonal interactions by 

binding the TCR of T cells and MHCII receptor of B cells. We optimized the LN-MPS to mimic T 

cell help for B cells, which led to cluster formation, plasmablast differentiation, and antibody 

production. This LN-MPS advances our human experimental toolkit by enabling greater control 

over immune cell-cell interactions.  

RESULTS 

Design of the LN-MPS to provide options for mimicking lymphoid tissue spatial 
organization and function 

When designing a LN-MPS to reproduce the activation, differentiation, and engagement 

of naïve T cells and B cells at the follicle border, we identified the following major design goals in 

terms of biological functions and analytical capabilities. Key biological functions included (a) naïve 

T cell activation and differentiation into cytokine-secreting pre-Tfh cells, (b) naïve B cell activation, 

(c) activated B cell differentiation into antibody-secreting plasmablasts, and (d) antibody 

production requiring T cell—B cell interactions. Required analytical capabilities included (a) 

control of lymphocyte organization in a 3D microenvironment, to mimic the overlap of T cell and 

B cell regions at the edge of the B cell follicle (Figure 1a); (b) spatial control over 

microenvironmental stimulation, such as to apply chemokine gradients; (c) spatially resolved 
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analysis of cell motility and cell-cell interactions by imaging; (d) compatibility with 

immunofluorescence microscopy, sampling of cell secretions, and cell recovery for downstream 

analysis; and (e) ease of use by biomedical scientists. 

To best model the naïve, human lymphocyte population in the MPS, primary lymphocytes 

were isolated from human blood TRIMA collars following platelet donation. The use of TRIMA 

collars provided easy access to large quantities of autologous lymphocytes, and circumvented 

any phenotypic variation associated with iPSCs or cell lines. To ensure that the chip did not 

contain effector and memory cells, we isolated naïve CD4+ T and naïve B lymphocytes for use 

on the chip. Although it is common to culture lymphocytes in media supplemented with fetal calf 

serum, here we chose to use serum free media to provide greater control over early activation 

states.47  

We designed the LN-MPS to mimic the 3D tissue environment by resuspending the 

lymphocytes in a thermally-setting collagen-fibrinogen (Coll/Fib) hydrogel.48,49 Three parallel gel 

lanes were implemented to provide flexibility for experimental design. The well-established 

microfluidic format consists of parallel arrays of posts that provide surface-tension barriers for 

compartmentalized lane filling by simple pipetting (Figure 1c).50,51 This planar design has been 

implemented routinely  in organ-on-chip applications, is robust to use by non-experts, and is 

compatible with high-throughput manufacturing if needed in the future.38,52,53 Cells could be 

patterned in one, two, or all three lanes, either mixed or in separate populations. Cells in the 

center lane could be analyzed for chemotactic responsiveness, or alternatively, cells could be 

patterned to mimic the organization of the B cell follicle border zone. For simplicity and improved 

throughput, cells were cultured in static conditions. As the three-gel-lane design is not yet 

available in an off-the-shelf format, we fabricated the device in PDMS with a glass bottom, which 

allowed for microscopic imaging as well as gas exchange.54  
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The LN-MPS supported culture and activation of naïve T cells and control over cell 
motility  

As a first step, we tested the ability of the LN-MPS to support naïve T cell viability, 

activation, and chemotactic responsiveness. Purified naïve CD4+ T cells were suspended in 

Coll/Fib and loaded into the center lane of the chip, with the surrounding lanes filled with empty 

Coll/Fib (Figure 2a-b). In preliminary experiments, we found that larger gel dimensions and longer 

channels (3 x 800-μm-wide x 104-mm-long) caused limited gas exchange and poor viability of T 

cells (data not shown). Miniaturizing the chip configuration to 3 x 300-µm-wide channels (Figure 

1c) and having all four reservoirs open for gas exchange resulted in on-chip viability of naïve 

CD4+ T cells within 80% of that of 2D plated controls after four days across multiple donors 

(Figure 2c). We also observed T cells had migrated into the adjacent lanes, indicating T cells were 

mobile (Figure 2b). Chemotactic behavior was confirmed by adding CCL21 to the left media lane; 

within an hour, T cells migrated out of their initial lane toward the gradient (Figure 2d-f). 

Furthermore, mean cell velocity was significantly higher in the presence of CCL21 (Figure 2g), 

consistent with prior reports of chemokinesis in response to this chemokine.55 Finally, to assess 

the responsiveness of naïve CD4+ T cells to ligation of the T cell receptor (TCR) complex within 

the MPS, we mimicked receptor engagement by injecting a polymeric α-CD3/CD28 solution into 

both media lanes (Figure 2h-k). As expected, T cells were visibly larger and the early lymphocyte 

activation marker, CD69, was upregulated at 48 hr (Figure 2j), and IFN‐γ was detected in the 

conditioned media from days 1 – 5 (Figure 2k). Thus, the LN-MPS supported analysis of critical 

functions of primary human CD4+ T cells, including culture, motility, and stimulation.  
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Figure 2. Naïve, CD4+ T cells were viable, responded to stimuli, and responded to 
chemokine CCL21 on chip. (a-c) Naïve T cells were cultured on chip with IL-7. Representative 
image (b) and quantification (c) of T cell viability after 4 days, labeled with (Calcein AM, green, 
and Dapi, blue) for 3 donors. (d-g) A CCL21 gradient was established on chip, with CCL21 added 
to the left-hand media lane. Representative images (e) and quantification (f) of naive CD4+ T cells 
after migrating toward CCL21 for 1 hr and staining with Calcein AM (green). (g) Quantification of 
cell velocity 30 min after gradient set up (cells were unlabeled). (h-k) Naïve T cells were cultured 
without (i) and with (ii) a-CD3/CD28 (StemCell). Images of CD69+ signal (FITC-anti-CD69, green) 
for (i) naïve and (ii) activated T cells on-chip, and quantification (j) of CD69 signal after 48 hours 
(unpaired T test, **:p<0.005). (k) Quantification of IFN-γ secretion by activated or naïve CD4+T 
cells on-chip measured by ELISA of supernatants collected at day 5. Panels f, g, k analyzed with 
ordinary two-way ANOVA with Sidak’s multiple comparisons test w/single pooled variance, ns: 
p>0.05, *:p<0.05, ****:p<0.00005. 
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Naïve T cells differentiated into early T follicular helper cells on chip  

Pre-Tfh cells are critical for support of B cell maturation and T cell-dependent antibody 

production. These cells are characterized by upregulation of the chemokine receptor CXCR5, 

regulatory protein PD-1, and the master transcription factor BCL-6 compared to naïve T cells, as 

well as secretion of IL-21.2 For human cells, TCR engagement in the presence of cytokines 

interleukin-12 (IL-12) and activin A are capable of driving naïve T cells to Pre-Tfhs,56 which we 

confirmed in 2D cultures (data not shown). Here we sought to implement pre-Tfh differentiation 

from naïve T cells in an MPS for the first time.   

To assess skewing to a pre-Tfh phenotype, naïve CD4+ T cells were loaded into the chip 

and cultured for 5 days with a “skewing cocktail” composed of α-CD3/CD28, IL-12, and activin-A, 

added to the media lanes (Figure 3a). Cells in the skewed condition formed small clusters in the 

hydrogel, which were CXCR5+ by immunofluorescence staining; little CXCR5 signal was 

observed outside of the clusters or in the unstimulated controls (Figure 3b). T cells treated with 

the skewing cocktail secreted significantly more IL-21 than naive controls (Figure 3c). To further 

characterize the T cell state, cells were recovered from the chip after gel digestion by collagenase, 

and analyzed by flow cytometry (Figure 3d), which showed cells were CXCR5+, PD-1+, and 

BCL6+ across three donors. Thus, naïve CD4+ T cells were successfully skewed to a pre-Tfh 

state on chip.  
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Figure 3. The LN MPS replicates human pre-Tfh development (a) Naïve T cells were cultured 
on-chip with anti-CD3/CD28 and a cytokine cocktail (IL-7, IL-12, and Activin A) to induce 
differentiation into a pre-Tfh state. (b) Overlays of immunofluorescence (AF647-anti-CXCR5, 
magenta) and brightfield images after 3 days culture for one representative donor, 71M, with or 
without Tfh-skewing cocktail (i, ii). (iii) Quantification of percent CXCR5 area across each image. 
Each dot shows the mean from one chip. Unpaired t test, p<0.005. (c) IL-21 concentration from 
the chip supernatants, quantified by ELISA. Unpaired t test, p<0.001. (d) Flow cytometry 
characterization of pre-Tfh markers from cells recovered from chips. (i) Flow plots with (ii) 
quantification of the percent of CD4+ T cells expressing CXCR5 and PD-1. (iii) Flow plots with (iv) 
quantification of percent of CD4+ T cells expressing CXCR5 and BCL-6. Each dot is pooled 20 
chips/donor. Ratio paired T test, ns:p>0.05, *:p<0.02. Bar graphs show mean ± stdev. 
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Naïve B cells responded to activation stimuli on chip. 

Having established the conditions for T cell culture and differentiation on the LN chip, we 

tested how well purified, naïve B cells could be similarly cultured and activated on chip. Activated 

B cells in the lymph node upregulate the activation marker CD69 and the chemokine receptor 

CXCR5; the latter helps them co-localize with other CXCR5+ cells, such as pre-Tfh cells.2 To 

determine how well B cell activation was preserved on chip, we added a cocktail of CD40L, R848, 

and α-IgG/IgM (Fig 4aii). This cocktail mimics BCR ligation (α-IgG/IgM) and co-stimulation by T 

cells (CD40L) in an inflammatory context (R848, a TLR 7/8 agonist), as occurs after vaccination 

or infection. As naïve B cells exhibit a rapid decline in viability in the absence of stimulation (Figure 

S1), we tested culture and activation here for 48 hrs.57 Both naïve and activated B cells remained 

viable for at least 48 hours on chip (Fig. 4b-d). As expected, B cells cultured with the activation 

cocktail appeared more blast-like (larger), and stained positivity for CD69 and CXCR5 (Fig. 4e-f). 

Thus, the chip supported naïve human B cells to take on an activated phenotype.  

 

Figure 4.  B cell activation on chip. (a) Schematic of naïve (i) and activated (ii) culture conditions 
on-chip for purified naïve CD19+ B cells. (b) Composite (fluorescence overlayed over brightfield) 
microscopy images of naïve (i) and activated (ii) B cells on chip with viability stain (Calcein, green, 
Dapi, blue) after 48 hour culture. (c) Quantification of percent viability. (d) Quantification of Calcein 
AM brightness across whole image. **:p<0.005, Ordinary one-way ANOVA, Tukey’s multiple 
comparisons. (e) Images of naïve (i) and activated (ii) B cells on chip stained with AF647-anti-
CXCR5 (magenta), with quantification (iii) of percent CXCR5 area across whole image, unpaired 
T test, **:p<0.005. (f) Images of naïve (i) and activated (ii) B cells on chip stained with FITC-anti-
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CD69 (green), (iii) quantification of percent CD69 area across whole image, unpaired T test, 
****:p<0.00005. Each dot is a chip. Donor information: D76M (a-e), D24F (f). 

 

Engagement of activated B cells with pre-Tfh cells yielded antibody production in the LN-

MPS 

 Next, we tested the extent to which the LN-MPS could predict B cell antibody secretion. 

We hypothesized that in the presence of SEB, pre-Tfh cells, but not naïve T cells, would provide 

support to activated B cells, resulting in antibody secretion. Naïve T and B cells were combined 

at a 1:10 ratio in 2D culture and co-cultured for three days in a B cell activating skewing cocktail 

(anti-IgG/IgM and R848) or B cell activating and pre-Tfh skewing cocktail (anti-IgG/IgM, R848, 

Activin A, IL-12, anti-CD3/CD28). To test the ability of T cells to engage the activated B cells on 

chip, these co-cultures were suspended in Coll/Fib and loaded onto the MPS, with or without SEB 

in the media, and cultured for 6 days (Figure 5a). Results from two separate donors showed that 

IgM was produced in large quantities (ng/mL) in the pre-Tfh—B cell co-culture conditions. 

Furthermore, IgM secretion was greater with pre-Tfh than with naïve T cells and was enhanced 

by the addition of SEB (Figure 5b), as predicted. Thus, help from pre-Tfh cells and TCR-MHCII-

dependent interactions contributed to IgM secretion on the chip. 

 We next exploited the patterning capabilities of the LN-MPS to test the hypothesis that, in 

the absence of any chemokine gradients or stromal cues, pre-Tfh and activated B cells require 

close physical proximity to produce antibodies in vitro. Here, naïve T and B cells were skewed 

individually in 2D into their pre-Tfh and activated B states. Following skewing, cells were loaded 

onto the LN-MPS in individual outer lanes or combined in the central lane at a 1:1 ratio (Figure 

5c). Once again, in the mixed population, SEB dramatically enhanced IgM secretion. Furthermore, 

IgM production was greater in mixed co-cultures of pre-Tfh and activated B cells than in separately 

patterned cell populations (Figure 5d). The combined data strongly supports the requirement of 

pre-Tfh help for IgM production by B cells in a TCR-MHCII-dependent manner.  
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Figure 5. IgM secretion was influenced by the presence and proximity of pre-Tfh cells when 
co-cultured with activated B cells. (a) Schematic of experimental setup for comparing naïve T 
versus pre-Tfh cells and presence/absence of SEB on IgM secretion. (b) ELISA data showing IgM 
secretion, dots represent pooled supernatant from four chips per donor. (c) Schematic of 
experimental setup for analyzing IgM secretion dependency on proximity between pre-Tfh and 
activated B cells. (d) Brightfield images showing patterned lymphocytes on chip, day 1. (e) ELISA 
data showing IgM secretion. Results from four pooled chips from one donor, D68F. Red dotted 
lines are ELISA limit of detection: 0.140 ng/mL IgM. 
 

CD38+ plasmablast formation and IgM production were sensitive to on-chip Tfh:B cell 

seeding ratios.  

In classic 2D co-culture, the ratio of pre-Tfh cells to B cells significantly impacts measured 

outcomes.58 As 3D culture cells have more degrees of freedom for migration and altered behavior 

due to matrix adhesion,59 the optimal ratio for 3D culture was unknown. Therefore, we investigated 

the effect of the pre-Tfh:B cell ratio on plasmablast maturation and IgM secretion. To precisely 

control the ratios of these cells in the LN-MPS, we pre-skewed naïve T to pre-Tfh and naïve B to 

activated B cells in separate 2D cultures (off-chip), then, keeping total density constant, mixed 

pre-Tfh and activated B cells at ratios of 1:1, 1:5, and 1:10, respectively, in gel precursor solution. 
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The mixture was loaded in all three lanes of the LN-MPS (Figure 6a). Chips were cultured with or 

without SEB in the media, and an insulin/transferrin/selenium (ITS) supplement was added in all 

conditions, which we found supported T-B co-culture in 2D after inspiration from Wagar et. al.26 

(Figure S2). Interestingly, the optimal T:B ratio differed for CD38 expression and IgM secretion 

(Figure 6b-d). Greatest CD38+ immunofluorescent signal was measured at a 1:1 T:B ratio, 

whereas greatest SEB-dependent IgM production was measured at a 1:5 T:B ratio.  These data 

are consistent with a catalytic function of pre-Tfh cells for B cells. We theorize that at 1:10 T:B cell 

ratios in a 3D microenvironment, B cells rarely encounter a pre-Tfh cell, and thus fail to mature 

into antibody-secreting plasmablasts. Meanwhile, 1:1 T-B cell ratios provide maximal support for 

B cell maturation towards a CD38+ plasmablast state, but the resulting high proliferation causes 

overcrowding and consistent cell-cell contact, resulting in loss of SEB dependence. 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 15, 2025. ; https://doi.org/10.1101/2025.01.12.632545doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.12.632545
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 
 

Figure 6. Cell expansion, B cell maturation, and IgM production was dependent on the T:B 
ratio. (a) Schematic of experimental setup. (b) Representative composite images  (fluorescence 
overlayed over brightfield) from D69M, cells stained with AF546-anti-CD38 (cyan) on day 7. (c) 
Change in %CD38 positive area (3 donors). (d) IgM secretion from co-culture, quantified by ELISA 
on day 6. N=2-3 chips/donor (5 donors). Analyzed using two-way ANOVA with Tukey’s multiple 
comparisons test. 
 
 

CD20lo CD38hi plasmablast formation was feasible within the LN-MPS when starting with 
naïve T and B cells. 

In all of the prior co-culture experiments, pre-Tfh and activated B cells were generated off-

chip before being loaded into the LN-MPS to test their interactions in response to SEB. Here, to 

model the entire multi-step process that results in plasmablast production from naïve cells, we 

tested direct on-chip differentiation and T—B engagement in the LN-MPS. Purified naïve CD4+ T 

cells and naïve B cells were suspended in Coll/Fib at a 1:1 or 1:5 ratio, keeping total cell count 

constant, and loaded onto the chip. Cells were skewed to an activated B and pre-Tfh state for 

three days in 3D co-culture using a combined skewing cocktail (α-IgG/IgM, R848, IL-12, α-

CD3/CD28, and Activin A). On day three, the skewing cocktail was washed out, and T—B 

engagement was induced by adding SEB to fresh ITS-supplemented media. Cultures without 

SEB were included as negative controls (Figure 7a). Cultures were visually monitored over time 

to allow them to reach a high density for analysis by flow cytometry, and cells were finally collected 

on day 16 post-skew (Figure 7b-c). 

Preliminary results showed that addition of SEB increased the number of viable cells 

recovered for both 1:5 and 1:1 T-B ratios, with the latter having greater improvement (Figure 7d). 

These results demonstrate that active stimulation played a critical role in maintaining cell viability 

within the LN-MPS. Furthermore, in the presence of skewing media and SEB, ~35% and 38% of 

CD19+ B cells were CD20lo CD38hi plasmablasts at the 1:5 and 1:1 seeding ratios respectively. 

Plasmablast numbers were reduced by the absence of SEB (~22% at 1:5 ratio and 6% at 1:1 

ratio), as expected, with higher percentages of plasmablasts generated in the 1:5 T-B ratio likely 
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due to the higher seeding density of B cells. Thus, it was possible to start with purified naïve T 

cells and B cells and progress to plasmablast differentiation on-chip in a fraction of the B cells. 

 

Figure 7. B cells were skewable to a plasmablast state (CD20lo CD38hi) when seeded in the 
LN-MPS from a naïve state. (a) Schematic showing experimental setup. (b) Brightfield images 
showing on-chip cell density after 16 days of co-culture, post skewing. (c) Flow cytometry data for 
the plasmablast markers CD20 and CD38 from cells recovered from chips. Plots were gated on 
CD19+ B cells. (d) Total live cell count as determined by flow cytometry. (e) Percent CD20lo 
CD38hi plasmablast cells recovered from on-chip cultures. One donor, D39M, 5-6 pooled 
chips/condition. 
 

CONCLUSION 

Here we present a primary human LN-MPS to model T cell—B cell interactions at the B 

cell extrafollicular border, designed to be easy-to-use without pumps and compatible with 

brightfield and fluorescence imaging. Using naïve CD4+ T cells and B cells isolated from blood, 

the model reproduced expected functions of T cells and B cells, including chemokinesis and 

chemotaxis of naïve T cells towards a CCL21 chemokine gradient, skewing of naïve T cells 

towards a pre-Tfh state, and activation of naïve B cells. This system successfully replicated IgM 

production by B cells in a TCR-MHCII-dependent manner, and IgM production required both the 

presence of pre-Tfh cells and their close spatial proximity to activated B cells. We showed that a 
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traditional 1:10 T:B co-culture ratio from 2D cultures was insufficient for significant plasmablast 

generation or antibody production in a 3D culture system that enables greater degrees of freedom 

for cell movement. Rather, for a week-long co-culture, a 1:5 T:B ratio was required for TCR-

MHCII-dependent IgM production, and 1:1 T:B ratio was required for maximal cell proliferation 

and CD38+ plasmablast generation. Finally, the LN-MPS successfully modeled cell-cell 

interactions, starting with naïve T and B cells, leading towards CD20lo CD38hi plasmablast 

formation; a multi-step process fundamental for generating effective humoral responses. 

The current system has several limitations that present opportunities for further 

advancement. The LN-MPS successfully modeled T cell chemotaxis towards CCL21, but due to 

the small length scale and typical rates of protein diffusion, gradients are intact for <3 hour prior 

to equilibration. Long-term gradient maintenance in microfluidic systems is traditionally 

accomplished by maintaining constant fluid flow. Alternatively, biochemical sources and sinks 

could be introduced, which could also provide greater control over spatial distribution.  

Furthermore, the lack of fluid flow, although it enables easy scaling of the system to dozens or 

hundreds of chips simultaneously, prevents the study of shear-mediated effects of interstitial fluid 

flow in this system.  Future integration with scalable pumping would address these areas when 

needed. Finally, while the current system showed TCR-MHCII-dependent IgM production, we 

failed to detect IgG levels in the cell supernatants above the baseline levels of IgG in AIM-V media 

(Figure S3). We believe that this suggests additional biological cues may be required for skewed 

pre-Tfh cells to induce activated B cells to class switch and produce IgG. Stromal cells and antigen 

presenting cells were omitted here for simplicity, but future studies including these cells are 

warranted to determine the cellular and molecular requirements for human class-switching in this 

system. 

With its current focus on predicting IgM responses from naïve lymphocytes as well as with 

future expansions of the system, we envision that the current LN-MPS will enable many future 
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investigations into human immunity. Differences in immune function and regulation between cells 

drawn from varying donor age groups, sexes, body masses, and other biological factors that are 

currently poorly studied can easily be evaluated in future studies using this system. In addition, 

the system is well suited to test the impact of immunostimulatory and suppressant drugs on T 

cell—B cell interactions and IgM production, both for drug testing and toxicology. Furthermore, 

mechanistic experiments to probe the role of organization at a tissue-level scale are feasible due 

to control over cell placement in various lanes, seeding ratios, densities, and gradients of soluble 

factors within the LN-MPS, coupled with the ability to image on chip or collect samples for down-

stream analysis. The system may also be coupled with other organ-on-chip systems to study the 

impact of upstream organs on T—B interactions, thus ultimately serving as a tool for modeling 

antibody production, mechanisms of immunological dysfunction, or toxicology in diverse human 

populations. 

METHODS  

Immunostaining and imaging of tonsil slices 

Male and female human tonsils were provided by the UVA Biorepository and Tissue 

Research Facility as de-identified surgical discard tissue. The tonsil tissue was cleaned to remove 

portions damaged by surgery, and a 3 mm biopsy punch was used to obtain smaller pieces 

(Sigma Aldrich), 300-µm-thick tissue slices were collected and labelled for live 

immunofluorescence imaging according to procedures previously developed for murine lymph 

node tissues, with minor modifications as follows.60,61  Briefly, the small tonsil pieces were 

embedded in 6% w/v low melting point NuSieve GTG agarose (Lonza) in 1× PBS without calcium 

or magnesium (Gibco) and punched out with a 10-mm biopsy punch. The agarose was sterilized 

by autoclaving prior to embedding tissue for sterile slicing. The embedded tissue was sliced to 

300 µm thickness using a Leica VT1000S vibratome (Leica) set to a frequency of 6 (60 Hz), 

amplitude of 5 (1 mm), and speed of 3.9 (~0.153 mm/s). Immediately after slicing, the tissue slices 
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were placed in sterile “RMPI complete media”  composed of RPMI (Lonza, Maryland, USA) 

supplemented with 10% FBS (Corning, New York, USA), 1X L-glutamine (Gibco Life 

Technologies, Maryland, USA), 50 U/mL Pen/Strep (Gibco Life Technologies, Maryland, USA), 

50 μM beta-mercaptoethanol (Gibco Life Technologies, Maryland, USA), 1 mM sodium pyruvate 

(Hyclone, Utah, USA), 1X non-essential amino acids (Hyclone, Utah, USA), and 20 mM HEPES 

(VWR, Pennsylvania, USA) 1X Normocin  (InvivoGen, California, USA) and incubated in a cell 

culture incubator for at least 1 hour before staining. Figure a(i) tonsil came from unknown donor, 

and a(ii) tonsil came from a 3 year old male African American/Non-Hispanic donor. 

Following incubation, the tonsil slices were transferred to a Parafilm-covered surface, and 

a stainless-steel washer was placed on top. The tonsil tissue slices were treated with 25 µg/mL 

of anti-mouse CD16/32 in media for 30 minutes in a cell culture incubator. After blocking, 40 

µg/mL fluorescently labeled antibody cocktail prepared in media was added to the slices, and they 

were incubated for an additional hour in the cell culture incubator. Finally, the stained tonsil slices 

were washed by immersion in sterile media for at least 30 min in a cell culture incubator before 

imaging. Tonsil slice imaging was performed on an upright Nikon A1Rsi confocal microscope, 

using 400, 487, 561 and 638 nm lasers with 450/50, 525/50, 600/50 and 685/70 nm GaAsP 

detectors, respectively. Images were collected with 4x and 40x/0.45NA Plan Apo NIR WD 

objectives. Image analysis was completed using ImageJ software 1.48v. 

Cell sourcing and culture media 

Naïve, human CD4+ T cells and naïve B cells were purified from TRIMA collars, a 

derivative product of platelet apheresis. Donors were healthy and de-identified, with age and 

gender information reported (StemCell Technologies, Crimson Core, Brigham and Women's 

Hospital, Boston, MA and INOVA Laboratories, Sterling, VA). Donor codes shown throughout the 

paper are “D” (for donor), “Age,” “Sex” (M/F, when reported). For example a 77-year-old, female 
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donor would be assigned the code “D77F.”  Cells were purified using negative isolation. Briefly, 

whole blood from TRIMA collars was collected and diluted to a total volume of 30 mL using a 1X 

PBS 2% heat inactivated FBS solution. Diluted whole blood was evenly split and total T and B 

cell populations were enriched according to manufacturer protocol using RosetteSep Human T 

Cell Enrichment Cocktail (StemCell Technologies, Cat#15061) and RosetteSep Human B cell 

Enrichment Cocktail (StemCell Technologies, Cat#15024), respectively. Following incubation, 

blood was further diluted to 35 mL total volume as previously described, overlayed over 15 mL of 

Ficoll-Paque Premium density gradient media, density 1.078 g/mL, (Cytiva, USA, Cat#17544202) 

and centrifuged at 1200G for 20 minutes with break off. Following centrifugation, the top 25 mL 

of the plasma layer was discarded. The remaining plasma layer, interphase layer, and density 

gradient media layer was collected, leaving coagulated pellet undisturbed. Collected solutions 

were washed twice and resuspended in 1X PBS, 2% heat inactivated FBS, and 1 mM EDTA in 

preparation for naïve cell isolation. Naïve CD4+ T and CD19+ B cell populations were isolated 

using EasySep Human Naïve CD4+ T cell Isolation Kit (StemCell, Cat#19555) and EasySep 

Human Naïve B Cell Isolation Kit (StemCell, Cat#17254) following manufacturer protocols. 

Analysis of isolation efficiency by flow cytometry confirmed on average >90% pure naïve CD4+ T 

cells and >90% pure naïve CD19+ B cells were isolated. 

Cells were cultured in serum-free AIM-V media containing phenol red pH indicator, L-

glutamine, 50 μg/mL streptomycin sulfate and 10 μg/mL gentamicin sulfate (Gibco, P/N 

12055083). In 2D culture, T and B lymphocytes were cultured at 1-3 x 106 cells/mL. For 

maintaining viable naïve CD4+ T cells, IL-7 was added at a concentration of 4 ng/mL. To activate 

naïve CD4+ T cells in 2D and 3D culture, ImmunoCult™ Human CD3/CD28 T Cell Activator 

(StemCell Technologies) was added to the media at a concentration of 25 μL/mL media. For Tfh 

skewing, naïve CD4+T cells were activated with ImmunoCult™ and cultured with IL-12 (5 ng/mL) 

and activin A (100 ng/mL) (R&D Systems). To activate naïve B cells in monoculture, a cocktail of 
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human α-IgG/IgM (10 µg/mL) (Affinipure Goat Antihuman IgG+IgM (H+L), Jackson 

ImmunoResearch), R848 (500 µg/mL) (Invivogen), and CD40 ligand (100 µg/mL) was added to 

the culture media. When B cells were activated in co-culture with T cells, CD40 ligand was not 

added to the cocktail. Staphylococcus enterotoxin B (SEB) (Toxin Technology) was added at a 

concentration of 1 µg/mL.  

Hydrogel preparation  

Collagen/fibrinogen hydrogel was prepared by diluting 5 mg/mL rat tail I collagen (Ibidi) 

and 2 mg/mL fibrinogen (Sigma Aldrich) in 1x PBS. The pH was adjusted to 7.4 while on ice, 

according to the Ibidi protocol for preparation of collagen gels, to a final concentration of 1.5 

mg/mL collagen and 1 mg/mL fibrinogen. For experiments involving T or B lymphocytes in 

isolation on chip, cells were resuspended in hydrogel at 1.0x107 cells/mL. For experiments with 

T/B co-cultures, cells were resuspended in hydrogel at a density of 2.5x107 cells/mL. 

Microfluidic chip design and fabrication 

The microfluidic housing used for the LN MPS was fabricated from a thin layer of 

polydimethylsiloxane (PDMS) patterned by standard soft lithography and irreversibly bonded to a 

50 x 75 mm glass slide.44 The PDMS microchamber was comprised of five parallel channels 

separated by arrays of hexagonal micropillars (100 µm in vertex-to-vertex diameter, with 50 µm 

spacing between pillars). The outer channels each had 8-mm diameter inlets and outlets that 

served as media reservoirs, while the inner gel channels had 0.75-mm inlets and outlets. 

Excluding the converging, angled channel regions, the media lanes were 2.05 x 0.13 x 3.5 mm3, 

and the gel lanes were 0.3 x 0.13 x 3.5 mm3. A schematic is included in the supplemental 

information (Figure S4). 

Viability staining on chip 
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Viability staining was performed by first removing bulk media from the media reservoirs 

and rinsing each side of the chip with 150 μL of 1X PBS. Bulk rinsate was removed from the wells 

and 150 μL of 10 μM Calcein AM and 1 μM DAPI solution in 1X PBS was added to each side of 

the chip (Fisher Scientific). Chips were placed in a cell culture incubator for 1 hr. The media 

reservoirs were then rinsed twice with excess (500 μL) PBS, once every thirty minutes, for 1 hr., 

and then imaged immediately.  

Chemotaxis measurement on chip  

For assessing chemotactic activity of naïve CD4+ T cells on chip, a solution of 0.1 μM 

CCL21 (recombinant human, Peprotech, NJ, USA, Cat# 300-35A) in AIMV media was added to 

the left media reservoir. The chip was incubated in a cell culture incubator for 30 min for assessing 

live-cell motility or 1 hr for assessing total cell displacement. Cells were imaged using brightfield 

microscopy (no labeling) for live-cell imaging, and cells were labeled with 10 uM Calcein AM prior 

to imaging for total cell displacement. To perform live-cell motility imaging, chips were imaged on 

a stage-top incubator set to 37 C at 30 sec intervals for 5 min. For calculating mean cell velocity, 

individual cells were tracked using CellTracker ver.1.1 with semi-automated tracking; matching 

modality was set to histogram matching, maximal cell displacement was set to 20, and cell 

diameter was set to 40.62 

Immunofluorescence staining on chip 

For immunofluorescence staining on chip, the bulk culture media was removed from the 

media reservoirs and the chip was rinsed with 150 μL of 1X PBS. Bulk rinsate was removed from 

the wells and 100 μL of the appropriate antibody cocktail prepared in Hanks Buffered Saline 

Solution (ThermoFisher, Cat# 14025092) was placed in the top media reservoirs. Antibody 

information is available in Table S1. Antibody cocktail was allowed to flow to the bottom media 

reservoirs via gravity-driven flow. Cells were stained for 1 hr. while incubating at 37 °C, and then 
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the media reservoirs were rinsed first with HBSS for 20 min. and then twice with AIM-V media for 

20 min. prior to imaging.  

Microscopy of the LN MPS 

All microscopy performed within the LN MPS was done using either a ZEISS 

AxioZoom.V16 or ZEISS AxioObserver Inverted. The AxioZoom.V16 was fitted with a HXP 200C 

metal halide illumination source, PlanNewFluor Z 1X objective (0.25 NA, FWD 56 mm), and an 

Axiocam 506 mono camera. Fluorescence imaging used Zeiss Filter Sets 38 HE (Ex: 470/40, Em: 

525/50); 43 (Ex: 550/25, Em: 605/70); 49 HE (Ex: 365, Em: 445/50); 64 HE (Ex: 587/25, Em: 

647/70); and brightfield images collected using transmitted light. The AxioObserver Inverted was 

fitted with a Colibri.7 LED light source, LD PN 20X objective (0.4 NA, FWD 7.9 mm), and ORCA-

Flash4.0 LT + sCMOS camera (Hamamatsu). Transmitted light was used for collecting brightfield 

images and a ZEISS 112 HE LED penta-band filter was used for acquiring fluorescent images. 

Zen 3 Blue software was used for image collection. Image analysis was completed using ImageJ 

software 1.48v.  

Cytokine and antibody secretion detection  

 All cytokines and antibodies were detected by sandwich ELISA in a high binding 96-well 

plate (Fisher Healthcare, Cat# 07-200-37). IgM was detected using a Human IgM ELISA Antibody 

Pair Kit (StemCell technologies, Cat#01995), and IL-21 was detected using an ELISA Flex: 

Human IL-21 (HRP) kit (Mabtech, Ohio, USA, Cat#3540-1H-6) following manufacturer protocols. 

IFN-γ was detected using an in-house optimized ELISA assay. Briefly, unconjugated mouse 

monoclonal anti-human IFN-γ (clone NIB42) was used as the capture antibody,  recombinant 

human IFN-γ (peprotech, Cat# 300-02) was used as the standard, and biotinylated mouse 

monoclonal anti-human IFN-γ (clone 4S.B3) was used as the detection antibody. 150 μL/well 

ELISA wash buffer (1% BSA, 0.05% TWEEN-20, 1X PBS) was used to rinse plates in-between 

all steps. 150 μL/well blocking buffer (1% BSA, 1X PBS) was used to block plates, and all other 
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reagents were added at 50 μL/well. Well plates were incubated overnight at 4 °C using 1 μg/mL 

capture antibody in 1X PBS. Following rinsing (3X), plates were blocked with ELISA block buffer 

for 1 hour at room temperature. Plates were rinsed again (3X) and samples and standards were 

added to the plate for a 1.5 hr. room-temp incubation. Detection antibody was prepared at 0.5 

μg/mL in ELISA block buffer, added after rinsing (3X), and incubated for 1.5 hrs. at room temp. 

Avidin-HRP (biolegend, Cat# 405103) was diluted in ELISA block buffer at a 1:500 ratio, added 

to the plate following rinsing (3X), and incubated for 30 min. at room temperature, in the dark. The 

plate was then rinsed again (5X) and TMB substrate (Fisher Healthcare, Cat# BDB555214) was 

added to the plate, and incubated in the dark until a color gradient across the standard wells was 

observed, no more than 10 min. The TMB-HRP reaction was stopped using 1M H2SO4 and 

absorbance readings taken at 450 nm on a plate reader (BMG Labtech Clariostar).  

Cell recovery for flow cytometric analysis  

To recover cells, collagenase D (1 mg/mL in PBS) (Sigma Aldrich) was added to the media 

lanes and incubated at 37 °C for fifteen minutes. Following digestion, the elastic PDMS housing 

was massaged with a pipette tip to break up the internal 3D cell culture. Finally, an ice-cold 

solution 2% FBS in 1X PBS was used to rinse across the media lanes. To recover enough cells 

for analysis, cells were pooled from up to twenty chips from a single donor, as indicated in the 

figure captions. 

Flow cytometry  

 Cells were incubated with the fixable viability dye efluor 780 (eBioscience, ThermoFisher 

Scientific) according to manufacturer’s instructions to determine the overall viability of 

lymphocytes in culture. To assess the differentiation state of T and B lymphocytes, cells were 

suspended in FACS staining buffer (PBS + 2% FBS—Heat Inactivated + 0.1% Sodium Azide) 

and first stained with biotin-conjugated rat anti-human CXCR5 antibody (Clone: RF8B2, BD 

Biosciences). After staining with anti-CXCR5 antibody, the cells were stained with the following 
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fluorescently conjugated reagents: Brilliant Violet 421 conjugated streptavidin, anti-human CD69 

(FITC), anti-human CD4 (PE-Cy7), anti-human CD38 (PE), anti-human CD19 (Alexa Fluor 647), 

anti-human PD-1 (Brilliant Violet 711), and anti-human CD20 (Brilliant Violet 510). All the 

previously listed antibodies were purchased from Biolegend. 

For intracellular staining, cells were fixed and permeabilized after staining for surface 

antigens using the Foxp3 intracellular staining kit (eBioscience, ThermoFisher Scientific) 

according to manufacturer’s instructions. Permeabilized cells were then stained with either Alexa 

Fluor 647 conjugated mouse anti-human BCL6 (clone: K112-91, BD Biosciences) or mouse 

IgG1,κ isotype control (Biolegend).   

Stained cells were acquired using the Attune NXT flow cytometer (ThermoFisher 

Scientific) and flow cytometry data were analyzed using FlowJo software (BD Biosciences) and 

GraphPad Prism.  

Pre-Tfh cells were defined as CD4+CXCR5hiPD-1hi (surface expression) or 

CD4+CXCR5hiBCL6hi cells (intracellular staining), and plasmablasts were defined as having a 

surface expression phenotype of CD19+CD38hiCD20lo cells.  

Statistical analysis  

Graphs, line-fitting, and statistical analysis was prepared using GraphPad Prism 8.4.2.  
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