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Abstract: 

A major hub of adaptive immunity is the lymph node, which has a highly organized and dynamic 

structure. Most techniques currently used to study the lymph node ex vivo begin by reducing the tissue to 

a cell suspension, thus losing the spatial organization, or fixing the tissue, thus losing the ability to make 

measurements over time or after stimulation. Live tissue slices offer the potential to retain spatial 

complexity and provide the dynamic accessibility of traditional in vitro measurements, but this approach 

has not been rigorously validated for murine lymph node tissue. Here we describe a systematic 

characterization of live murine lymph node slices as a platform to study immunity. Live lymph node slices 

maintained the expected spatial organization and were comprised of the expected cell populations. Slices 

collected under optimized conditions were comparable to cell suspensions both in terms of 24-hr viability 

and inflammation. Slices processed protein antigens and responded to T cell receptor cross-linking with 

expected surface marker expression and cytokine secretion. Interestingly, IFN-γ but not IL-2 secretion 

from slices was higher than from cell suspensions after both CD3 and R848 stimulation. Furthermore, 

slices from vaccinated animals responded to ex vivo antigen challenge with antigen-specific cytokine 

secretion. In summary, lymph node slices provide an experimental platform that maintains spatial 

organization and temporal dynamics, while allowing for controlled stimulus-response experiments with 

multiple parallel read-outs. We anticipate that tissue slices may serve as a versatile tool to investigate 

immune functions within the lymph node. 
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Introduction: 

Events in the LN determine how well we fight infections and respond to vaccines, whether a nascent 

tumor is recognized and destroyed, and whether our own tissues remain safe from autoimmunity. These 

immune responses arise in large part from exquisite spatial organization of cells and proteins in the lymph 

node.1–3 The structure of a lymph node can be roughly divided into an outer cortex containing B cell follicles, 

a T cell zone, or paracortex, and an inner medulla.1,4 During an immune response, cells in these regions 

communicate through both physical contact and secreted signals. Diffusion and the formation of gradients 

of secreted cytokines through the extracellular matrix generate orchestrated cell migration,5–7 and the local 

concentration of cytokines and other signals can drive strong positive feedback and divergent outcomes.8 

All of these features suggest that the organization of the node may be essential to its function,2,9,10 and 

indeed, many similarly complex non-linear biological systems are exquisitely sensitive to spatial 

organization.11  

Investigating the function of the lymph node with high spatial, temporal, and chemical resolution 

within a realistic microenvironment is challenging with existing experimental systems. Recent technological 

advances in immunological analysis have focused significantly on high-content single cell data using flow 

cytometry or mass cytometry,12,13 analysis of single-cell secretion and gene expression using 

microfluidics,14–20 and on bulk measurements such as metabolomics21 and live cell metabolic analysis.22 

However, these cannot provide information on LN organization. Complementing this work, live in vivo 

imaging was developed over 15 years ago and continues to provide impressive insight into the dynamics 

of cell and tissue-level behavior in the native environment.23–27 Yet, it is challenging to experimentally 

manipulate tissues in vivo without prior genetic modification (e.g. optogenetics) or invasive injection. 

Approaches that retain the tissue’s spatial organization via fixation have been of increased interest towards 

understanding the biological relevance of distinct cellular subpopulations.28–30 These methods are very 

powerful, yet a single approach that maintains the biological complexity of the organ while providing 

dynamic experimental access close to that of traditional cell cultures is still largely missing from the 

immunologist’s toolbox.31  
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Live ex vivo slices of lymph node tissue may provide a necessary middle-out approach, in a manner 

complementary to in vitro and in vivo work. Unlike in vitro cell culture, slices preserve the extracellular 

microenvironment and any stromal and matrix-bound signals, which are essential to proper cellular 

positioning and motility.2,6,32–34 Furthermore, all cell types are retained in their correct ratios, whereas 

standard tissue dissociation (crushing and filtering) selectively depletes matrix-bound populations such as 

dendritic cells.35 Decades of work with brain slices36–39 set a precedent for both acute38,40 and long-term 

experimentation,41 which informed protocols for other tissues such as the pancreas,42 liver,43 lung44 and 

heart.45 In the field of immunology, slices of the thymus have been used extensively to study T cell 

development.46,47 Live spleen48,49 and tonsillar50–52 slices were demonstrated 20 years ago, and continue to 

be a valuable tool to study immune functions. Many of the reported uses of live lymph node tissue slices 

have been to study T cell motility.53–57 Using tissue slices allows for multiple time points to be measured 

within the same tissue and so the response to a stimulus can be tracked easily over time.51,58–62 These 

slices also allow for precise probing of the organ interior and the effects of inter-organ communication; once 

removed from the organism, precise quantities of stimulants or other organ samples can be added ex vivo 

without other confounding factors.63,64  

At this time, unanswered questions regarding the viability, level of inflammation, and retention of 

function appear as potential obstacles to the broad adoption of live lymph node slices.  To address this 

issue, here we describe a systematic evaluation of the procedures surrounding the slicing, handling, and 

analyzing of live murine lymph nodes in short-term cultures, towards establishing lymph node slices as a 

reputable experimental platform. We comprehensively assess 24-hr viability, the extent of inflammation due 

to slicing, and retention of acute function.  Finally, we validate the use of acute murine lymph node slices 

to quantify antigen-specific T cell responses ex vivo.   
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Materials and Methods: 

Generating lymph node tissue slices 

All animal work was approved by the Institutional Animal Care and Use Committee at the University 

of Virginia under protocol #4042, and was conducted in compliance with guidelines the Office of Laboratory 

Animal Welfare at the National Institutes of Health (United States). Male and female C57BL/6 mice ages 6-

12 weeks (Jackson Laboratory, USA) were housed in a vivarium and given water and food ad libitum. On 

the day of the experiment, animals were anesthetized with isoflurane followed by cervical dislocation. The 

axial, inguinal, and brachial lymph nodes were removed quickly but carefully and cleaned of any fat.  It was 

critical to harvest the organ without stretching, tearing, or poking it with tweezers. This required a more 

delicate technique than is used for collection of tissues that will be passed through a filter prior to cell culture. 

Lymph nodes were placed in ice-cold DPBS without calcium or magnesium (Lonza, Walkersville MD, USA, 

#17-512F) supplemented with 2 % heat-inactivated fetal bovine serum (FBS, Gibco, Fisher Scientific, 100 

% US Origin, 1500-500 Lot 106B14). Lymph nodes were embedded in 6 % w/v low melting point agarose 

(Lonza, Walkersville MD, USA) in 1X PBS. Agarose was melted in a microwave and allowed to cool until 

the temperature was comfortable in the hand. Further optimization showed that maintaining the melted 

agarose at 50 °C in a water bath after microwaving provided a more reproducible approach. Liquid agarose 

was poured into a 35 mm Petri dish; lymph nodes were embedded in the liquid agarose close to the bottom 

of the dish, oriented to allow for the largest cross-section when slicing. The dish was then rested at room 

temperature for approximately 2 minutes and allowed to harden on ice for the next 3 minutes. Once 

hardened, a 10 mm tissue punch (World Precision Instruments) was used to extract a section of agarose 

containing the lymph node. The block was flipped so the node was at the top of the section and glued onto 

a small mounting stage with Duro® Super Glue (cyanoacrylate) and immediately submerged in a buffer tray 

containing ice-cold 1X PBS unless otherwise noted. Up to 6 lymph nodes were mounted on a single stage 

and sliced simultaneously. 

A Leica VT1000S vibratome (Bannockburn, IL, USA) set to a speed of 90 (0.17 mm/s) and 

frequency of 3 (30 Hz) was used to slice 300-µm thick sections. A fan-shaped paint brush was used to 

remove the slices. Slices were immediately placed in a 6-well plate containing 3 mL per well of “complete 
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RPMI”: RPMI (Lonza, 16-167F) supplemented with 10 % FBS (VWR, Seradigm USDA approved, 89510-

186) 1x L-glutamine (Gibco Life Technologies, 25030-081), 50 U/mL Pen/Strep (Gibco), 50 µM beta-

mercaptoethanol (Gibco, 21985-023), 1 mM sodium pyruvate (Hyclone, GE USA), 1x non-essential amino 

acids (Hyclone, SH30598.01), and 20 mM HEPES (VWR, 97064-362). Slices were rested in a sterile 

incubator at 37 °C with 5 % CO2 for at least one hour prior to use. 

Activation of cell suspensions and tissue samples 

 

Primary lymphocyte cell cultures were prepared by passing 6 peripheral nodes (axial, brachial, 

and inguinal) through a single 70-µm nylon mesh filter (Thermo Fisher, USA) with the rubber tip of the 

plunger from either a 1- or 3-mL syringe. Cells were plated in a 96-well cell-culture treated plate (Costar, 

VWR, USA) at a density of 1x106 cells/mL in a 300 µL final volume. To obtain inflamed lymphocytes as 

positive controls, aluminum hydroxide gel adjuvant (Alhydrogel®, 10 mg/mL alum, Invivogen) was added 

to the wells for a final concentration of 1 mg/mL alum. Cells were cultured for 3.5 hours in a cell culture 

incubator (37 °C, 5% CO2) and prepared for flow as described below. 

To compare activation of slices versus cell suspensions, peripheral lymph nodes were randomly 

assigned to be sliced or crushed for lymphocyte culture. For the sliced condition, nodes were sliced 300 

µm thick and each slice was placed into 500 µL complete media. For lymphocyte culture condition, nodes 

were crushed through a filter as described above. Lymphocyte suspensions were cultured in 500 µL 

aliquots at cell densities matched to tissue slice samples, where 1X culture was 1.7 x106 cells/mL, and 2X 

culture was 3.4 x106 cells/mL. Slices and lymphocyte cell culture were incubated for 20 hours at 37 °C, 

5% CO2, with anti-mouse/human CD3Ɛ (BioLegend, clone: 145-2C11, Purified grade) at 1, 0.5, or 0 

µg/mL, with R848 (Resiquimod, InvivoGen, San Diego, CA) at 10 1, 0.1, or 0 µg/mL, or F(ab’)2 goat anti-

mouse IgM (μ chain specific, Jackson ImmunoResearch) at 10 μg/mL. 

Flow cytometry 

To prepare samples for flow cytometry, tissue slices were separated from the surrounding 

agarose through careful mechanical manipulation with a paint brush; individual tissue slices or groups of 

slices were then crushed through a 70-µm nylon mesh filter (Thermo Fisher, USA) using the rubber tip of 
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a 1 or 3 mL syringe plunger to generate cell suspensions. Unsliced lymph nodes were similarly crushed 

through 70-µm filters, according to standard methods, for comparison. Cell suspensions were stained with 

Pacific Blue-B220, Brilliant Violet 421-CD3, Alexa Fluor 488-CD80, PE-CD11c, PE-Cy7-CD69, APC-Cy7-

CD4 (all from Biolegend, USA, details provided in Table S1) and DilC1 (Thermo Fisher, USA). After 

staining, 2 µM propidium iodide (PI, Sigma Aldrich, USA) was added. Stained samples were washed and 

resuspended in 500 µL of 1x PBS with 2% FBS (flow buffer). Antibody compensation controls were run 

with OneComp eBeadsTM (eBiosciences, USA) according to manufacturer protocol. Viability 

compensation controls, including PI and DilC1, were run on primary lymphocyte populations. PI controls 

were run with mixed live and killed cells; cells were killed with 35% ethanol for 10 minutes at room 

temperature. Live cells were stained with DilC1 for 30 minutes at 4 °C, washed and mixed with unstained 

live cells in a 1:1 ratio to act as a single stain compensation control. Stained suspensions were analyzed 

on a CyAn APD LX cytometer (Beckman Coulter, USA) unless otherwise noted. Analysis was completed 

using FlowJo 7 or FCS Express as noted. 

To estimate the number of cells obtained from either individual or pooled slices by flow cytometry, 

samples were run on a BD FACSCalibur instrument with a flow rate of 1 µL/sec. Data was collected for 

10,000 events within a lymphocyte scatter gate. The time of running the sample was recorded, from 

which the run volume was calculated. Using this volume and the number of lymphocytes in the analyzed 

sample, we calculated the number of lymphocytes per volume in each sample. 

ELISA 

Culture supernatant was collected and analyzed by sandwich ELISA for the cytokines IFNγ, IL-2, 

IL-4, and TNFα. A high-binding plate (Corning Costar 96 well ½ area, #3690; Fisher Scientific) was 

coated with 1 µg/mL anti-IFNγ XMG1.2, 1 µg/mL anti-IL-2 JES6-1A12, ELISA MAX capture anti-IL-4 

(previous antibodies from BioLegend) or capture TNFα (R&D systems, cat: DY410-05) in PBS overnight 

at 4°C, then washed. All washing steps were performed in triplicate with 0.05% Tween-20 in PBS. Wells 

were blocked for 2 hours with 1% BSA and 0.05% Tween-20 (Fisher Scientific) in PBS (block solution). 

Serial dilutions of recombinant murine IFNγ, IL-2 (Peprotech, Rocky Hill, NJ), IL-4 (ELISA MAX standard, 

BioLegend) and TNFα (R&D Systems) were prepared in a 1:1 v/v mixture of block solution and complete 
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media, and supernatant samples were diluted 1:1 v/v with block solution. Samples were added to the 

plate in duplicate and incubated for 2 hours, then washed. Biotinylated anti-IFNγ R46A2 (0.5 μg/mL), anti-

IL-2 JES6-5H4 (1 μg/mL), ELISA MAX detection anti-IL-4 (BioLegend), or detection TNFα (R&D Systems) 

were prepared in blocking solution and added to the plate. Avidin-HRP (1X) (Fisher Scientific) in blocking 

solution was added to the plate and incubated for 30 minutes, then washed. Plates were developed using 

TMB substrate (Fisher Scientific), stopped with 1M sulfuric acid (Fisher Scientific), and absorbance values 

were read at 450 nm on a plate reader (CLARIOstar; BMG LabTech, Cary, NC). To determine 

concentration of sample solutions, calibration curves were fit in GraphPad Prism 6 with a sigmoidal 4 

parameter curve (Eq. (1)), where X is concentration, Y is absorbance, min and max are the plateaus of 

the sigmoidal curve on the Y axis, and HillSlope describes the steepness of the slope. 

 Y = min + (XHillSlope) ×
(max−min)

(XHillSlope+EC50HillSlope)
                   (1) 

Limit of Detection (LOD) was calculated from the average of the blank + 3x standard deviation of 

the blank. 

Inflammatory Gene Expression Array 

Axial, brachial, and inguinal lymph nodes from four mice were mixed and randomly distributed 

into two groups: 12 nodes for slicing and 12 nodes for cell suspensions. Approximately 24 slices were 

collected as described above and cultured individually at 37 °C with 5% CO2 overnight. Cell suspensions 

were generated by passing the lymph nodes through a 70-µm filter. Cells were pooled and resuspended 

at 0.86 x106 cells/mL (mean cellular density matched to the lymph node slices) then cultured overnight. 

Samples were flash frozen and stored at -80 °C until RNA could be isolated. 

RNA was isolated using a RNeasy Mini Kit according to manufacturer instructions (Qiagen, USA). 

Briefly, pooled tissue samples were homogenized in lysate buffer; cells were vortexed in lysate buffer and 

passed through a 20-gauge needle to generate a homogenized sample. Lysates were mixed with 70% 

ethanol and passed through the supplied filter kit to obtain genetic material. To remove genomic DNA 

from the sample, 1 μg RNA was added to 1 U/µL DNase (Invitrogen, USA) in DNase reaction buffer. The 

digestion was run for 15 min at room temperature and stopped with 25 mM EDTA and heated to 65 
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degrees C for 10 min. An Accuris qMax cDNA synthesis kit was used to generate the cDNA. Reaction 

buffer, qMax reverse transcriptase, RNA and water were incubated at 42 degrees for 30 minutes. The 

reaction was stopped by heating to 85 degrees for 10 minutes.  

A RT2 profiler array for mouse inflammatory cytokines and receptors (Qiagen, USA) was used 

according to manufacturer recommendations to measure the expression of 84 inflammatory genes (Table 

S2). SYBR Green was used as the reporter and the reaction was run for 40 cycles on a QuantStudio 6 

PCR instrument (Thermo Fisher, USA). Genes that were detected on or after cycle 35 were considered 

not expressed. Of the expressed genes, the average relative expression was determined based on the 

average expression of 5 housekeeping genes (Table S2) Because all samples in each group were pooled 

for analysis, two thresholds were defined for significant differential expression, two and three standard 

deviations from the mean differential expression. 

DQ-OVA culture of lymph node slices 

 Slices were collected as above and randomly assigned to live culture or fixation. Live slices were 

cultured with OVA protein solution (1 μg/mL DQ-Ovalbumin (OVA, Thermo Fisher, USA) and 9 μg/mL 

purified OVA (InvivoGen, USA)) or vehicle control, in 500 μL supplemented RPMI. Killed control slices 

were fixed in formalin (4% formaldehyde, Protocol, USA) for 1 hour at 37 °C with 5% CO2, then incubated 

with OVA protein solution.  Slices were incubated for 24 hours at 37 °C, 5% CO2, and images were 

collected at 1,2,4,8 and 24 hours.   

Antigen-specific interactions in lymph node slices 

 Spleens were collected from Rag2/OT-II female mice (Taconic Biosciences) aged 6-10 weeks 

following isoflurane anesthesia and cervical dislocation. Splenocytes were isolated using a 70-µm pore 

size nylon filter (Fisher Scientific, USA), and the filter was washed with sterile 1x phosphate buffer saline 

(PBS) supplemented with 2% v/v fetal bovine serum (FBS, VWR, USA). Cell density was determined 

through trypan blue exclusion. Using a CD4+ T cell enrichment kit (StemCell Technologies, USA), CD4+ 

T cells were isolated from bulk splenocytes by negative selection. OTII CD4+ T cells (0.5x106 cells: 200 

μL at 2.5x106 cells/mL) were intravenously injected into 8 female C57Bl/6 mice. The following day, the 
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C57Bl/6 mice were vaccinated with 50 µg of OVA protein in either 200 µL of Alum 50:50 v/v PBS or PBS 

alone. Vaccinated mice were humanely euthanized on days 1,4 and 7 after vaccination, and lymph nodes 

were harvested and sliced. Slices were cultured overnight in complete media supplemented with 10 

µg/mL OVA protein (Invivogen) or PBS. After overnight culture, the supernatant was collected for cytokine 

analysis using ELISA and the slices immunostained and imaged. 

Immunofluorescent staining and imaging of lymph node slices 

Slices were stained according to previously published procedures.61 Briefly, slices were placed on 

a Parafilm® covered surface and a washer was placed on top. Samples were treated with blocking 

solution (anti-CD16/32) for 20 minutes in a cell culture incubator. Antibody cocktail was added to the 

blocking solution and samples were incubated for an additional 1 hour. Slices were then washed in sterile 

1x PBS for at least 30 minutes in a cell culture incubator. 

Unless otherwise noted, imaging was performed on a Zeiss AxioZoom upright macroscope with a 

PlanNeoFluor Z 1x/0.25 FWD 56mm objective, Axiocam 506 mono camera and HXP 200 C metal halide 

lamp (Zeiss Microscopy, Germany). Images were collected with Zeiss Filter Sets 38 HE (Ex: 470/40, Em: 

525/50), 43 HE (Ex: 550/25, Em: 605/70); 64 HE (Ex: 587/25, Em: 647/70); and 50 (Ex: 640/30, Em: 

690/50). Image analysis was completed using ImageJ software 1.48v.65 
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Results: 

Lymph node slices preserve spatial organization  

We developed a protocol for slicing lymph node tissue that was informed by well-established 

procedures for slicing brain, another delicate tissue, and by prior work with lymphoid tissues.46,59,66  In 

brief, LNs were gently isolated from the animal, embedded in agarose for physical support, and sliced on 

a vibratome. LN slices were immediately immersed in to culture media to rest until further processing or 

experimentation. A detailed experimental protocol is provided in the Methods. In this first section, we 

highlight some of the key aspects of working with lymph node slices prior to describing the optimization 

and validation of the method. 

One of the primary reasons to work with intact tissue rather than cell culture is the preservation of 

spatial organization. Indeed, the structure of the lymph node was retained in these live, thick slices in the 

absence of fixation. Live tissue slices from naïve mice contained distinct B cell regions and lymphatic 

vasculature/vessels with a distribution that was consistent with those reported from in vivo and immuno-

histochemical studies (Figure 1 a).46,30,67–69 These geographical landmarks were readily visualized using 

widefield microscopy after live immunofluorescence staining.61  As these are thick slices of tissue (300 

μm), cellular composition and distribution varies between consecutive slices and even within a single slice 

(Figure S1). Ex vivo slices could also be used to visualize the distribution of draining antigen after in vivo 

vaccination, e.g. with rhodamine-conjugated ovalbumin (OVA) protein (Figure 1 b-d). Both localization in 

individual cells (Figure 1b) and draining of soluble antigen via the lymphatic and sinus structure (Figure 1 

c-d) were visible without fixing the tissue.  

While the images described above were collected at low magnification, live tissue slices are also 

compatible with high resolution microscopy techniques. By using confocal microscopy, we were able to 

visualize individual cells within the branching lymphatic network (Figure 1e). Second harmonic imaging of 

the collagen network within the LN slice (Figure 1f) highlighted the dense collagen network that persists 

throughout the lymph node, consistent with other examples of live two-photon imaging of the lymph 

node.70–72 
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Figure 1: Key structural features remain intact in thick lymph node slices, allowing for analysis at both the 

tissue and cellular levels.  (a) Slice labeled with anti-B220 (FITC, green) and anti-lyve-1 (eFluor660, 

purple) revealed key structural features of the lymph node. (b-d) Slices from an OVA (rhodamine labelled, 

red)-immunized mouse, labeled as in (a). (b) Rhodamine-OVA was visible inside of cells within the T cell 

rich (B220-dim) region of the lymph node. (c) Rhodamine-OVA entering the lymph node through the 

lymphatics. (d) Inset of (c) showing colocalization of draining lymphatics and OVA protein. (e) High-

definition image collected by confocal microscopy. Slice labelled with anti-CD45 (AlexaFluor488, green) 

and anti-lyve-1 (eFluor660, purple). (f) Image of lymph node slice collected by two-photon microscopy, 

showing CD4 positive T cells within the collagen matrix (second harmonic imaging). A detailed procedural 

description for each panel is provided in the SI Methods. 

Cellular phenotyping in single LN slices 

To enable quantitative cellular phenotyping and analysis of viability, we first determined the 

minimum number of lymph node slices required for flow cytometry. Flow cytometric analysis of single 

murine tissue slices has been reported for thymus but not for lymph node.63 Varying numbers of slices 

were crushed, pooled, and counted by flow cytometry. We found that a single slice provided sufficient cell 

counts to collect flow cytometric data (Figure 2 a, i), and all subsequent analyses were performed on 

single slices unless otherwise noted. In separate experiments, manual counting showed that naïve lymph 

nodes contained 1.7 ± 0.8 x106 lymphocytes per node (mean ± std dev, n = 30 nodes from 5 female mice 
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aged 6-12 weeks). We typically obtain two or three 300-μm-thick slices per node; yielding an estimated ~ 

0.5–1 x106 lymphocytes per slice.  

 We examined the viability and early activation state of specific cell populations within lymph node 

slices. Live cells were identified using PI exclusion, and the remaining cells were separated into dead 

(PIhigh, DilC1low) and apoptotic (PIhigh, DilC1high) populations according to signal from the mitochondrial 

membrane potential dye DilC1 (Figure 2 b). Live cells were phenotyped by surface markers for cell type 

(Figure 2 c,e,g)73 and early-stage activation: CD69 for CD4+ T cells and CD80 for B cells and CD11c-

expressing cells, which include dendritic cells (DCs)  (Figure 2 d,f,h).74–76 On average, the cell suspension 

obtained from a single C57Bl/6 lymph node slice was comprised of 48% CD3+ T cells, 47% B cells, and ~ 

1% CD11c+ (Figure 2 j). The low percentage of CD11c+ cells is expected because these cells are most 

likely lost to the membrane during crushing.67 The CD3+ population consisted of an average of 45% 

CD4+ and 50% CD4-. There was large heterogeneity in cellular composition between individual slices, 

consistent with the complex 3-dimensional structure of this organ.  

 

Figure 2: Flow cytometric analysis of single lymph node slices. Representative flow plots from a single 

naïve slice showing scatter (a), viability (b), T cell, B cell, and CD11c+ cell phenotyping (c,e,g, 

respectively) and activation markers on T cells, B cells and CD11c cells (d,f,h, respectively). (i) 

Determination of minimum number of slices required for analysis. The indicated number of slices was 

combined and crushed into a single sample, analyzed, and the total cell number was estimated. Each dot 

indicates one sample. (j) Average phenotypic break-down of individual lymph node slices. The average 

slice was equally distributed between B cells (48±21%) and CD3+ T cells (47±17%), with very few 
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CD11c+ cells collected (1±0.4%); exact composition varied between slices. Bars show mean ± standard 

deviation from N=7 slices for phenotypic data. 

Single 300-µm LN slices had similar viability overnight as lymphocyte suspensions  

 Next, we optimized the conditions for slicing in terms of its impact on viability and inflammatory 

state of the tissue. For reference, we compared cells collected from tissue slices to cells collected directly 

from intact lymph nodes by the conventional method of crushing through a filter (Figure 3 a). First, we 

determined the appropriate thickness for murine lymph node slices (Figure 3 b); the minimal slice 

thickness for a given tissue depends on its mechanical strength, while an upper bound is set by its rate of 

oxygen consumption.77 Lymph node slices collected at 100 μm were usually torn, and this thickness was 

not considered further. 200-μm-thick slices were intact but sometimes mechanically distended (stretched); 

consistent with this, these slices were diminished in initial viability compared to 400-μm slices. There was 

no significant difference in initial or 24-hr viability between 300-μm and 400-μm slices, so 300 μm was 

selected to provide more slices per node. Overall, the percentage of live cells in slices was similar to that 

of cell culture suspensions over this time period. These results demonstrate that the act of slicing did not 

significantly decrease the viability of the samples compared to crushing. 
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Figure 3: Optimizing parameters for LN slicing. (a) Schematic showing experimental work flow: Intact LNs 

were either passed through a 70-µm filter or embedded in agarose, sliced, cultured, and then passed 

through a filter. (b) Tissue thickness had a slight effect on initial viability, as 200-μm thick slices were less 

viable than 400-μm thick slices. No significant differences were seen between thicknesses after 24 hours 

of culture. The viability of tissue slices was comparable to that of cell culture. (c) Slicing LNs in O2-

saturated media caused damage to the cells as indicated by a decrease in the live and increased spread 

in the apoptotic populations. (d) Viability was unchanged over short recovery times. (e) The intensity of 

inflammation markers remained low over short recovery times and was much lower than (f) alum-treated 

in vitro lymphocyte cultures used as a positive control. 2-way ANOVA with multiple comparisons *p<0.05, 

n.s. p>0.05. 
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Selection of slicing conditions to minimize activation markers  

Next, we considered the content and oxygenation of the media used during slicing. Inclusion of 

proteins in the chilled slicing media (2% fetal bovine serum (FBS) in PBS) did not improve viability (Figure 

S2), so PBS was used for simplicity. Oxygenation of slicing media is essential for brain slices, and this 

convention has been propagated through many other tissue slicing protocols.46,66,59,78,79 However, lymph 

nodes, and many other tissues, are thought to be mildly hypoxic in vivo.80 We hypothesized that 

hyperoxia may not be needed during slicing of LN tissue. To test this hypothesis, we sliced tissue in 

atmospheric and oxygen-saturated environments. Slices collected in oxygen-saturated media showed a 

small but significant decrease in the live population compared to those sliced under atmospheric 

conditions and trended towards a greater apoptotic population (Figure 3 c). CD80 expression was also 

increased on CD11c positive cells from these slices (Figure S3). From these data we concluded that a 

hyperoxic environment during slicing was not beneficial to the health of the lymph node tissue, and going 

forward, all slices were collected in 1x PBS without oxygen bubbling. We note that these results were 

collected on skin-draining lymph nodes, and we cannot exclude the possibility that lymph nodes from 

other areas of the body may require different handling. 

We considered the concern that the act of slicing has the potential to induce rapid, non-specific 

inflammation due to mechanical damage. Slices of many organs are “rested” for one or more hours after 

collection to allow any effects of cutting to dissipate,45,81,82 and we tested slices in this window for viability 

and upregulation of inflammatory markers. We found no significant difference in viability over a period of 1 

– 3 hr after slicing (Figure 3 d), nor any increase in the fluorescence intensities of the activation markers 

CD69 on CD4+ T cells and CD80 on B cells and CD11c+ cells (Figure 3 e). Furthermore, the CD69 and 

CD80 intensities from slices were much lower than from lymphocytes were treated in vitro with alum as a 

positive control (Figure 3 f). Based on these data, we determined that a 1-hour rest is sufficient post-

slicing; shorter times may also be acceptable but were not tested.  We speculate that the lack of 

measurable inflammation in response to the mechanical damage of slicing may be due to the rapid 

dilution of “danger signals” from the cut faces of the slice into the large volume of slicing media. In 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted December 5, 2019. ; https://doi.org/10.1101/865543doi: bioRxiv preprint 

https://doi.org/10.1101/865543


17 
 

summary, lymph node slices collected in normoxic saline and rested for one hour displayed high viability 

and minimal markers of nonspecific activation.  

Inflammatory gene expression was low and similar between sliced and crushed lymph node. 

To further investigate the possibility of inflammation due to slicing, the expression of 84 key 

inflammatory genes (Table S2) was analyzed by RT-PCR array for lymph node tissue slices versus 

conventional lymphocyte cultures. Samples were cultured overnight prior to analysis, to allow time for any 

delayed response or slow-acting inflammatory signals from the process of slicing. Consistent with the fact 

that these were samples from naïve animals, many genes in the inflammatory gene array were not 

expressed in either sample (27 genes) (Figure 4 a). For the 57 genes that were detectably expressed in 

one or both sample types, differential expression was determined by calculating the mean relative 

expression and setting thresholds at one and two standard deviations from the mean. Using the least 

stringent threshold (1 standard deviation) for differential expression, there were 39 genes that were not 

differentially expressed between slices and cell culture (Figure 4 b, blue points). Of the 18 differentially 

expressed genes, 9 were related to chemokines and their receptors (Figure 4 c). We hypothesize that this 

difference may be related to the maintenance of the stromal cells or extracellular matrix in the sliced 

tissue. When we increased the threshold from one standard deviation to two, 7 genes were reclassified 

as not differentially expressed (Figure 4, light orange); these were included in the preceding discussion to 

provide a more comprehensive analysis of any potential inflammatory effects.  Based on the overall low 

levels of inflammatory gene expression and the similarity between tissue slices and cell suspensions, 

together with the low levels of activation markers (Figure 3), we conclude that the process of slicing does 

not cause appreciable inflammation of the tissue. These data are consistent with results from tumor slices 

that found few changes in gene expression caused by the act of slicing.83  
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Figure 4: Similarly low expression of inflammatory genes in slices and cell suspensions from naïve murine 

lymph nodes. (a) Of the 84 genes, investigated 32% were not expressed in either condition, 46% were 

expressed but not differentially expressed, and 13-21% were differentially expressed. Differential 

expression was determined by setting a threshold at 1 or 2 standard deviations from the mean relative 

expression of expressed genes (light and dark orange, respectively). (b) Expressed genes were 

categorized by the two thresholds:  2 stdev (black lines) or 1 stdev (grey lines). Seven genes were 

different between the thresholds. For full gene list refer to SI Table 1. (c) Identification of differentially 

expressed genes. The 7 identified by the more lenient threshold are indicated by the lighter orange bars. 

Data from pooled samples from N=3 mice, 9 crushed nodes, 30 slices. 

Lymph node slices processed whole-protein antigen and responded to cellular stimulation 

An exciting application of lymph node slice culture is to measure the response of the intact tissue 

to ex vivo stimulation, with all cell types and structures present and correctly localized. We were 

particularly interested in the function of antigen-presenting cells because appropriate antigen recognition 

is required to initiate adaptive immune responses. We tested the ability of antigen-presenting cells to 

process whole-protein antigen by incubating live slices with DQ-Ovalbumin, a modified form of OVA that 

becomes fluorescent upon proteolytic cleavage. Repeated fluorescent imaging revealed time-dependent 

uptake and processing of the whole-protein antigen by cells in lymph node slices.  Mean DQ-OVA 

intensity was significantly greater in live slices than in fixed slices after just two hours (Figure 5 a). DQ-
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OVA signal followed a spatial distribution that was consistent with the sinuses and lymphatics (Figure 5 

b), similar to the pattern observed for in vivo antigen drainage (Figure 1 d). 

 

Figure 5: Slices processed protein antigen and responded to cellular stimulation (a) Mean fluorescent 

intensity of DQ-OVA in lymph slices, showing processing of this protein antigen. Statistically significant 

increases in intensity compared to controls were seen in live slices cultured with DQ-OVA after only 2 

hours of culture. Live slices incubated with 1x PBS and fixed slices incubated with DQ-OVA were used as 

negative controls. 2-way ANOVA with multiple comparisons. N = 9 slices *p<0.05. (b) Representative 

images of slices from (a) after 4 hours of culture. Slices outlined with dashed white line. (c) Mean surface 

expression of CD69 was increased after 24-hour stimulation with α-CD3 or R848. One-way ANOVA with 

multiple comparisons. Each dot represents one slice; ***p=0.0005, *p=0.0110. (d) Representative images 

of slices from (c), showing localization of CD69 staining. (e,f) IFNγ secretion from slices and mixed 

lymphocyte culture after 20-hour direct (CD3ε, e) or indirect (R848, f) T cell stimulation. Lymphocyte 

concentration was matched to LN slice, 1X: 1.7 x106 cells/mL, 2X: 3.4 x106 cells/mL. (e) IFNγ secretion 

after 20-hr stimulation with CD3Ɛ. Dark grey points represent data that was set to the limit of detection for 

the plate. (f) IFNγ secretion after 20-hr stimulation with R848. Each dot represents one slice/cell culture. N 

= 6-12 slices and 3-4 cell cultures. Error bars denote standard deviation. 2-way ANOVA with Sidaks 

multiple comparisons. *p=0.0102, **p=0.0029, ***p=.00001, ****p<0.0001, n.s. denotes p>0.05. 

 

We next tested the extent to which lymph node slices are able to respond to the activation of T 

cells (anti-CD3, TCR engagement), B cells (anti-IgM, BCR engagement) and APCs (R848, a TLR7 

agonist)84–86. Statistically significant increases in CD69 surface staining were induced by anti-CD3 and 
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R848 but not anti-IgM (Figure 5 c). Notably, anti-CD3 elicited these responses without inclusion of anti-

CD28, suggesting that the co-stimulatory signal was adequately provided by the CD80/86 on APCs 

present within the tissue slice.  CD69 expression was higher after anti-CD3 stimulation than after R848 

stimulation; we hypothesize this is due to the different mechanisms of action. Anti-CD3 cross-links the 

TCR directly activating the T cells, while R848 acts on T cells indirectly by activating APCs to produce IL-

12 that then stimulates nearby T cells.87,88 The staining pattern also reflected these differences (Figure 5 

d, Figure S4). All slices, including unstimulated controls, showed CD69 signal around the perimeter of the 

tissue. Slices stimulated with anti-CD3 or R848 both had elevated expression within cortical regions of the 

lymph node, which are rich in both B cells and T cells, but R848-stimulated slices consistently lacked 

CD69 signal in the T cell-rich center.89,90 Anti-IgM stimulation resulted in an uniform staining pattern but 

with much lower average intensity over the entire slice. 

We further tested the response to anti-CD3 and R848 in terms of cytokine secretion after 

overnight culture, and directly compared the response of lymph node slices to lymphocyte suspensions at 

matched cell densities. As expected, both tissue slices and cell cultures responded to anti-CD3 with IFN-γ 

and IL-2 secretion, and unstimulated samples did not secrete measurable IFN-γ or IL-2 (Figure 5 e,  

Figure S5). Interestingly, we observed up to an 18-fold increase in IFN-γ but not IL-2 secretion in tissue 

slices compared to cell culture. We speculate that the integrity of lymphocyte contacts with stromal cells 

and antigen-presenting cells (e.g. providing CD28 ligation), as well as the intact profile of secreted 

factors, may play a role in differences between slices and cells. These data are consistent with prior 

reports that sliced human tonsil and spleen respond to stimulation with a different cytokine profile than 

matched tonsil cell or splenocyte cultures.52,91 Similarly, stimulation with R848 also resulted in an 

statistically significant increased IFN-γ production compared to lymphocyte culture (Figure 5 f). In fact, the 

lymphocyte response to these concentrations of R848 was very weak, possibly due to the relative scarcity 

of matrix-bound APCs in lymphocyte cell cultures.92,93 Splenocyte culture has a higher population of APCs 

compared to lymphocytes, and splenocytes did have a detectable response to R848 (Figure S6).94,95 

From these data, we conclude that tissue slices can respond to ex vivo stimulation with both surface 

marker upregulation and cytokine secretion. By keeping the cells in the same organization that they are in 

vivo, slices maintain cellular interactions that are not seen in vitro.  
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Live lymph node slices responded to antigen-specific challenge. 

Finally, we tested the ability of lymph node slices to recall an antigen-specific response ex vivo.  

In vivo vaccination elicits a complex series of responses, including antigen trafficking and processing, 

cellular activation, and cytokine secretion, at specific times that reflect the ongoing development of the 

adaptive immune response. Here we tested a subset of these readouts to assess the ability of ex vivo 

lymph node slices to report on this in vivo activity. Taking advantage of the OVA/OTII model antigen 

system, mice received OVA-transgenic CD4+ T cells (OTII) intravenously, then were primed 

subcutaneously with either a model vaccine (alum and OVA protein) or a vehicle control (PBS) (Figure 6 

a). In this system we expected to measure adjuvant-mediated and initial T cell responses between days 1 

and 4, with a full T cell response by day 7.96 Alum vaccines are known to produce a Th2-skewed 

response, and we expected to see this polarization in our slice culture system in the form of IL-4 

secretion.97,98   

Because activated APCs may decrease their phagocytic properties,99 we first tested whether cells 

in lymph node slices from vaccinated mice were able to process DQ-OVA on this time scale. 

Unexpectedly, DQ-OVA processing in these slices was unchanged compared to slices from control 

animals (Figure 6 b).  We speculate that the unaltered processing of DQ-OVA in the lymph node may due 

to the presence of lymph-node resident DCs that were not activated by the s.c. alum injection.  This result 

indicated that ex vivo incubation with antigen would still be effective in lymph node slices from vaccinated 

animals. 

To quantify early and late responses to vaccination, lymph nodes were collected on days 1, 4, 

and 7 after vaccination, sliced, and cultured for 24-hr in the presence or absence of OVA protein in the 

media.  TNFα secretion was not detectable at any time point (Figure 6 c), consistent with other reports for 

alum adjuvants.100,97 By day 4, a strong antigen-specific IFNγ response was detected in slices from 

vaccinated animals (Figure 6 d). Slices from control animals did not secrete IFNγ upon ex vivo culture 

with OVA, confirming that the response arose from vaccination. Consistent with the timing of the IFNγ 

response, on day 4 we also observed a significant increase in CD69 surface marker immunofluorescence 

in vaccinated/restimulated slices compared to vaccinated/unstimulated and vehicle controls (Figure 6 f).  
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CD69 upregulation was located throughout the slice (Figure 6 g, Figure S7). No CD69 upregulation was 

detected on days 1 or 7 (not shown). As expected for an alum-adjuvanted vaccine,96,98 we observed a 

statistically significant increase in antigen-specific IL-4 production in lymph node slices from vaccinated 

animals (Figure 6 e). Interestingly, the peak days for IFN-γ and IL-4 differed (days 4 and 7, respectively), 

suggesting an evolution of the in vivo immune response. In summary, these data provide compelling 

evidence that murine lymph node slices can mount antigen-specific responses ex vivo, including to intact 

protein antigens. Slice cultures simultaneously yielded data on the timing of cytokine secretion and the 

distribution of immunofluorescence staining, and could match trends across the results. Overall these 

data show the versatility of live lymph node tissue slices to provide multiple readouts and potentially serve 

as an ex vivo model of immunity.

 

Figure 6: Lymph node slices showed antigen-specific stimulation after vaccination. (a) Schematic of 
experimental procedure. Black/6 mice were given CD4+ OTII cells IV and rested one day before 
vaccination with either alum and OVA protein or PBS. Tissues were collected on 1, 4, and 7 days after 
vaccination and sliced. Slices were then cultured with or without OVA protein challenge for 24 hours. 
Cytokine analysis was completed by ELISA from surrounding media and slices were immunostained for 
activation markers. (b) Slices from mice vaccinated with alum+OVA four days prior processed OVA 
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antigen at the same rate as those from unvaccinated mice. N=12 slices. (c-d) Quantification of cytokine 
secretion into the culture media after 24-hr culture with or without OVA. Antigen-specific IFN-γ response 
was detected on day 4; antigen-specific IL-2 response was detected on day 7. Dark grey points represent 
data that was set at the limit of detection for the plate. (f) Antigen-specific CD69 upregulation was seen on 
day 4. (g) Representative images from (f). Slices were stained with FITC-B220 and AF647-CD69. 
Scalebars all 500 μm. Each dot represents a single slice with bars indicating mean ± standard deviation. 
Two-way ANOVA with multiple comparisons. *p<0.05, **p<0.01 

Discussion: 

 The data in this paper lay out a set of best practices for slicing murine lymph nodes and 

maintaining them in 24-hr culture, and demonstrate that slices have the potential to be used for studying 

T cell activation and antigen-specific responses. Slices retained viability for 24 hours in culture and did 

not show signs of inflammation. Slices retained the spatial organization seen in vivo while making the 

tissue readily accessible for imaging and immunostaining, offering the potential to easily image cellular 

interactions, motility, and changes in surface marker expression during culture.  Lymph node slices 

offered a cytokine response that differed in some cases from lymphocyte culture, consistent with prior 

reports for other lymphoid tissues.48,52 This may reflect the intact extracellular environment and cell-cell 

interactions that would be found in vivo. Most interestingly, this work provided evidence that lymph node 

slices could be used to report antigen-specific responses to vaccination, while offering the ability for multi-

modal readout that combines imaging and traditional analysis such as ELISA and flow cytometry. Overall, 

this work lays the foundation for lymph node slices to serve as a controlled, ex vivo experimental platform 

in which to study the spatial organization and dynamics of the lymph node. 

Traditionally, antigen presentation studies have been conducted by in vitro cell culture or by in 

vivo imaging, frequently using DCs pulsed with protein or peptide antigen.68,71 By using intact tissue ex 

vivo instead of co-culturing T cells with DCs in vitro, the contributions other cell types are retained, e.g. 

fibroblastic reticular cells (FRCs), with which T cells interact with at a higher frequency than with DCs.101 

We note that pulsed DC cultures could, in principle, be overlaid onto ex vivo lymph node slices for facile 

imaging of T cell-DC interactions similar to the in vivo studies, although overlays would not produce the 

fine segregation of DC phenotypes seen in vivo.68,71,93  Here, the lymph node was primed in vivo, then 

challenged ex vivo with antigen in a manner similar to traditional ELIspot assays.  The finding that cells in 

LN slices were able to process protein antigen for antigen-specific T cell activation opens the possibility 
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for ex vivo analysis of intercellular interactions as well as antigenicity analysis. In contrast, peptides may 

load onto any available MHC, potentially introducing cellular interactions that would not traditionally occur. 

Furthermore, antigen-presenting cells were presumably present in same numbers and locations as they 

were in vivo.  

Like any model system, ex vivo platforms have inherent limitations that impact experimental 

design. Once the tissue has been removed from the body, no additional cells can be recruited from other 

areas such as memory B cells from the bone marrow or circulating T cells from the blood stream.102,103 

However, cells can be overlaid onto the slice ex vivo at known concentrations and times.46,54 Removal 

from the body also eliminates blood, lymphatic, and interstitial fluid flow, so shear stress is altered 

compared to what the organ feels in vivo.  This limitation is also present in standard lymphocyte cultures, 

and may have an impact on stromal cells in particular.104 Flow can be introduced into the system either 

through the tissue by gravity, or across the tissue with pumps.64 These flow rates can be altered to mimic 

different disease states in vivo and offer greater control of the experimental system. Microfluidics can offer 

a controlled approach for both the perfusion of tissue and potentially long-term culture.105–107 Finally, 

drugs, cells, and other stimuli added to the culture media over a lymph node slice can enter the entire cut 

surface of the tissue, rather than being restricted to enter through the lymphatic or blood vasculature.  

This means that ex vivo slice treatment should not be used to report in vivo biodistribution, although 

uptake may still be somewhat selective based on regional cell activity (e.g. DQ-OVA uptake in Figure 5 b, 

and regional T cell homing reported previously54). Looking ahead, it will be useful to increase the 

longevity of the cultures to several days or weeks, to monitor an immune response from onset to 

completion ex vivo. Long term culture poses several challenges, including nutrient supplementation and 

oxygenation of the tissue, as well as retention of motile lymphocytes within the slices. As they currently 

stand, lymph node slices are able to provide valuable insight into short-term immune functions.  

We are optimistic that live lymph node slices will provide a novel platform that will add to the 

immunologist’s tool box as a supplement to traditional experimental models, providing a new angle of 

investigation based on spatially organized and dynamic cell-cell and cell-matrix interactions, coupled with 

the responses to well defined ex vivo stimulation. The enduring success of brain, lung, and tumor slices to 
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study cellular and tissue-level events, pharmacological responses, and even response to damage and 

infection, indicates the wide array of potential utility for lymph node slices. Indeed, human tonsil slices are 

already in use in this manner.51,108 Lymph node slices may also prove useful for monitoring the effect the 

immune system can have on similar culture systems, e.g. by co-culturing lymph node tissue with tissues 

from other organs.64  In summary, the methods for collecting and working with acute murine lymph node 

slices presented here provide a basis for the use of this model system to study dynamics and cellular 

interactions; applications may span the range of vaccine development, infectious disease, cancer 

immunity, and autoimmunity. 
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