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Abstract

The inflammatory response after traumatic brain injury (TBI) can lead to significant secondary 

brain injury and chronic inflammation within the central nervous system (CNS). Cell therapies, 

including mesenchymal stromal cells (MSC), have led to improvements in animal models of 

TBI and are under investigation in human trials. One potential mechanism for the therapeutic 

potential of MSC is their ability to augment the endogenous response of immune suppressive 

regulatory T cells (Treg). We have recently shown that infusion of human cord blood Treg 

decreased chronic microgliosis after TBI and altered the systemic immune response in a rodent 

model. These cells likely use both overlapping and distinct mechanisms to modulate the immune 

system; therefore, combining Treg and MSC as a combination therapy may confer therapeutic 

benefit over either monotherapy. However, investigation of Treg+MSC combination therapy in 

TBI is lacking. In this study, we compared the ability MSC+Treg combination therapy, as well as 

MSC and Treg monotherapies, to inhibit the neuroinflammatory response to TBI in vivo and in 

vitro. Treg+MSC combination therapy demonstrated increased potency to reduce the neuro- and 

peripheral inflammatory response compared to monotherapy; furthermore, the timing of infusion 

proved to be a significant variable in the efficacy of both MSC monotherapy and Treg+MSC 

combination therapy in vivo and in vitro.
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Introduction

Traumatic brain injury (TBI) is a leading cause of morbidity and mortality in the United 

States and worldwide.1,2 After the primary mechanical injury, the subsequent inflammatory 

response within the brain and systemic immune system contributes to secondary brain injury 

and further pathology.3 This neuroinflammatory response can persist for years, and TBI 

survivors often suffer substantial, long-term disabilities.4,5 However, to date, no therapy has 

been shown to attenuate secondary brain injury and improve long-term outcomes in TBI.6,7

Microglia are the resident myeloid cells within the central nervous system (CNS) 

parenchyma and are key mediators of the neuroinflammatory response after TBI.3,8,9 

Our lab has investigated the use of cell therapies to attenuate the microglia-mediated 

inflammatory response and have found that human mesenchymal stromal cells (MSC) 

and, recently, human cord blood-derived regulatory T cell (Treg) therapy both decrease 

the neuroinflammatory response after TBI.6,10,11 We believe that a primary mechanism by 

which cell therapies mitigate the inflammatory response is via interaction with the host 

immune system, specifically endogenous Treg.10,12 Furthermore, several others have shown 

that the interaction between MSC and Treg likely plays an important role in efficacy of 

therapy and that Treg+MSC combination therapy can have synergistic effects in vitro and 

in vivo.13–19 However, the effects of combination therapy on the microglia response after 

TBI have not been investigated. Therefore, in this study, we examined the ability of human 

MSC+Treg combination therapy, as well as Treg and MSC monotherapies, to attenuate the 

neuroinflammatory response after TBI in vivo and in vitro, as well as innate and adaptive 

peripheral immune responses in vitro. We hypothesized that combination therapy would 

confer increased potency and efficacy compared to both Treg and MSC monotherapies. We 

found that Treg+MSC therapy significantly decreases the systemic inflammatory response 

compared to monotherapy. In addition, we demonstrate that timing of therapy may have a 

significant impact on efficacy, and that staggered Treg+MSC therapy was more effective in 

vivo and in vitro.

Materials and methods

All procedures involving the use of research animals were conducted according to the 

National Institutes of Health Guide for the Care and Use of Laboratory Animals and were 

reviewed approved by the University of Texas Health Science Center Institutional Animal 

Care and Use Committee (AWC-18–0121). Peripheral blood was from healthy human adult 

donors was acquired after informed consent using a protocol approved by the institutional 

review board (IRB) (HSC-MS-10–0190). Human umbilical cord blood was provided by the 

MD Anderson Cord Blood Bank (Houston, TX) via a Material Transfer Agreement (MTA).

Animals

Male Sprague Dawley Rats (225–250 g, Envigo Labs) were the primary source of tissue, 

including CNS and spleen. Animal usage was reviewed and approved by the Animal Welfare 

Committee at University of Texas Health Science Center at Houston, Texas, protocol: 

AWC-18–0121. All animal procedures were performed in accordance with the standards of 

the American Association for the Accreditation of Laboratory Animal Care (AAALAC). For 
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these experiments, five-week old rats were housed in pairs under 12 hour light/dark cycles in 

temperature-controlled conditions with water and food accessible ad libitum.

1. Treg production and immunophenotpying

Mononuclear cell isolation: Umbilical cord blood (UCB) was acquired from 3 individual 

donors. Each donor was maintained separate throughout processing and subsequent 

experiments. UCB mononuclear cells (MNC) were isolated as previously described using 

SepMate PBMC isolation tubes (SepMate-50, STEMCELL Technologies, Inc., Vancouver, 

Canada).10 Briefly, 15 mL of Ficoll-Paque was added to the bottom chamber the SepMate 

tube (GE Healthcare, Chicago, IL). UCB and phosphate buffered saline (PBS) were mixed 

in a 1:1 ratio (Lonza, Basel, Switzerland), and, within each tube, 30 mL of the mixture was 

layered on to the Ficoll-Paque. With the brake on, we centrifuged the tubes at 1200g for 

20 minutes. The top layer containing the MNC was transferred into a new 50mL centrifuge 

tube, washed with PBS, and spun down again at 400g for 8 minutes. Cell counts and 

viability were obtained with a NucleoCounter NC-200 and Via1-Cassettes (ChemoMetec, 

Allerod, Denmark). The cells were washed a final time with PBS and then resuspended 

in cryopreservation media [CryoStor CS10 (STEMCELL Technologies, Inc, Vancouver, 

Canada)] at a cell density of 10×106 cells/mL. The cryovials were placed in a Mr. Frosty 

Freezing Container (Nalgene Nunc, Rochester, NY) and stored at −80°C overnight. The next 

day, the cryovials were placed in liquid nitrogen vapor phase and stored until further use.

MNC thaw: Prior to use, MNC were thawed and with washed with HyClone RPMI 1640 

(GE Healthcare, Chicago, IL) + 5% human AB serum (Thermo Fisher Scientific, Waltham, 

MA). We have found that viability and yield are increased when MNC are thawed with 

media versus PBS. Cell counts and viability were obtained using a NucleoCounter. For Treg 

expansion, the cells were centrifuged at 300g for 5 minutes, resuspended in Treg expansion 

media (below).

Treg expansion: Thawed UCB MNC were resuspended in our previously described Treg 

expansion media [HyClone RPMI 1640 (GE Healthcare, Chicago, IL), 5% human AB 

serum (Thermo Fisher Scientific, Waltham, MA), 1% GlutaMAX (Gibco, Thermo Fisher 

Scientific, Waltham, MA), 10 μg/mL of gentamicin (Gibco), 100nM Rapamycin (Thermo 

Fisher Scientific, Waltham, MA), and 500 IU/mL IL-2 (CellGenix, Freiburg, Germany)] 

at an initial seeding density of 1×106 cells/mL without any isolation step (Supp Figure 

1).10 The MACS GMP ExpAct Treg kit was used for expansion at a ratio of 4:1 bead:cell. 

On day 0, we plated 2×106 MNC at 1×106 cell/mL in a 12- well culture plate (Costar, 

Corning Inc., Corning, NY). On day 2, the cells and media were collected. The cells were 

centrifuged at 300g for 5 minutes, and the supernatant was removed. The cells were counted 

and resuspended in Treg expansion media at a density of 5×105 cells/mL. Cells were then 

split every 48–72 hours to keep cell density between 5–7.5×105 cells/mL and transferred to 

appropriate sized culture flasks.

On day 10, positive selection of CD4+ cells was performed using Miltenyi CD4+ 

microbeads (Miltenyi Biotec, Auburn, CA 130-045-101). First, the expansion beads were 

removed. The collected cells were centrifuged at 300g for 5 minutes, resuspended in 
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separation buffer [PBS + 2 mM ethylenediaminetetraacetic acid (EDTA) + 0.5% human 

serum albumin (HSA; Baxter, Deerfield, Illinois)], and transferred to a 15mL conical tube. 

The tube was placed in a MACSiMAG Separator to remove the expansion beads (Miltenyi 

Biotec). The beads were allowed to adhere to the wall of the tube, and the supernatant, 

containing the cells, was removed and placed into a new tube.

The collected cells were centrifuged at 300g for 5 minutes, resuspended in buffer, and 

incubated with the CD4 MicroBeads. The cell suspension was added to an MS column; the 

CD4+ cells were captured in the column and then subsequently flushed out with buffer. This 

process was repeated to improve purity. Cell count and viability were obtained. The cells 

were then washed and centrifuged at 300g for 5 minutes. The supernatant was taken off, and 

the cells were resuspended in Treg expansion media at 5×105 cells/mL. The Treg expansion 

beads then added to the cell culture at a ratio of 4:1 bead:cell.

The cells were then split every 48–72 hours to keep cell density between 5–7.5×105 

cells/mL and transferred to appropriate sized culture flasks. On day 20 of expansion, 

cells were collected for flow cytometry and cryopreservation. The cells were transferred 

to 50mL conical tubes, spun down for 5 minutes at 300g and then resuspended in buffer. 

Expansion beads were removed with the MACSiMAG magnet Separator (Miltenyi Biotec) 

as previously described.10 A sample was taken for flow cytometric analyses. The remaining 

cells were stored in cryopreservation media [CryoStor CS10 (STEMCELL Technologies, 

Inc, Vancouver, Canada)] at a cell density of 10×106 cells/mL. The cryovials were stored in 

a Mr. Frosty at −80°C overnight and then transferred to liquid nitrogen vapor phase storage 

until further use.

Treg thaw: Treg were quickly thawed and washed in RPMI + 5% AB serum. Cell counts 

and viability were obtained with the NucleoCounter NC-200 (Chemometec). For in vitro 

experiments, cells were resuspended in assay-specific media. For in vivo experiments, cells 

were resuspended in sterile PBS.

Treg flow cytometry immunophenotyping: To evaluate cell populations and identify 

Treg, we performed flow cytometry on the thawed Treg using a multi-parameter panel 

as previously described.10 This panel contained CD3-FITC, CD4-PE, CD8-APC, CD25­

PE Cy7, CD127-BV421, CD19-BV510, and 7-AAD cell viability solution. Data were 

acquired with a Gallios Flow Cytometer (Beckman Coulter, Brea, CA) and analyzed with 

FlowJo vr10.6.1 (FlowJo, LLC). Single cells were isolated using forward and side scatter 

parameters, and live versus dead cells were gated on 7-AAD. Treg were identified as live 

CD3+CD4+CD25+CD127dim cells (Supp Figure 2).10

2. MSC isolation and expansion—MSC were isolated and expanded from human 

adipose tissue donors (n=3), as previously described (Supp Figure 1).20 Briefly, MSC were 

isolated, as via enzymatic digestion with collagenase (Worthington Biochemical, Lakewood, 

NJ) and expanded in αMEM (Gibco) supplemented with 5% human platelet lysate (Cook), 

1X Glutamax (Gibco) and 10 μg/mL gentamicin (Gibco). P0 cells were plated at an initial 

density of 100×103 cell/cm2 in an appropriately sized flask. At 70–90% confluency, cells 

were washed with PBS (without Ca++ and Mg++) and detached with TrypLE Express 
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(Gibco). Cells were transferred to increasing flask sizes until reaching 70–90% confluence 

in a T3180 CellStack (Corning) at P3, at which time they were lifted, washed, and 

cryopreserved in a 1:1 dilution of CryoStor CS10 in expansion medium at a density of 

4–5 × 106 cells/cryovial. The cryovials were stored in a Mr. Frosty at −80°C overnight. 

The next day, the cryovials were transferred to liquid nitrogen vapor phase and stored until 

further use. Prior to use, MSC were thawed and washed with PBS and then centrifuged for 

5 minutes at 300g. Cell counts and viability were acquired using the NucleoCounter. MSC 

were resuspended in the assay-specific media for in vitro experiments and in sterile PBS for 

in vivo experiments.

3. In vitro experiments

Rat splenocyte inflammation assay: Splenocytes (Sp) were isolated as previously 

described.10,21 Briefly, a naïve rat was placed under anesthesia, and then spleen was 

removed and placed in PBS. The spleen was processed with a gentleMACS Dissociator 

(Miltenyi Biotech), passed through a 70 μm filter and spun down at 400g for 5 minutes. 

After a repeat wash with PBS, the cells were resuspended in RPMI + 5% human AB 

serum. In 96-well plates, 2×105 Sp were added to each well and, to induce an inflammatory 

response, activated with lipopolysaccharide (LPS) or concanavalin A (ConA). To evaluate 

the suppressive ability of Treg, MSC, and Treg+MSC, three different MSC donors and three 

different Treg donors were utilized and added as treatment to the wells.

In the LPS activated plate, Treg (1:2 Treg:Sp), MSC (1:10 MSC:Sp) or combination of 

Treg (1:2) + MSC (1:10) were added to the wells, and the cell culture supernatant was 

collected after 24 hours. In the ConA activated plate, Treg (1:2 Treg:Sp), MSC (1:10 

MSC:Sp) or combination of Treg (1:2) + MSC (1:10) were added to the wells, and the 

culture supernatant was collected after 72 hours. The samples were analyzed utilizing rat 

specific TNFα and IFNγ ELISA kit (BD Biosciences, San Jose, CA) per manufacturer’s 

protocol. Based on the ELISA results, the most potent Treg+MSC donor combination, 

in addition to their corresponding monotherapy samples, were analyzed using a 13-plex 

rat-specific cytokine/chemokine LEGENDplex bead array according to the manufacturer’s 

protocol (Biolegend, San Diego, CA #740401). The samples were analyzed using a BD 

LSRII, and analysis was performed using LEGENDplex analysis software (Biolegend).

Rat microglia isolation and activation assay: Microglia were isolated from the brain from 

a naïve male rat (n=1) as previously described using the Neural Tissue Dissociation Kit 

and GentleMACS Dissociator (Miltenyi Biotec).10 Using Percoll centrifugation, myelin was 

removed from the cells. The brain cells were then cultured as previously described.10 First, 

we coated a 48-well plated with cell matrix basement membrane gel (ATCC, Manassas, 

VA). We then plated 2.5 ×105 cells/well in microglia-specific media (DMEM + 10% FBS), 

and media was changed every 48 hours. After 6 days, the cells were activated with LPS (1 

μg/mL). 2 hours after activated, Treg (1:2 Treg:microglia), MSC (1:10 MSC:microglia) or 

combination of Treg (1:2) +MSC (1:10) were added to the wells; MSC were added either 1) 

concurrently with Treg or 2) 18 hours after activation.
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The culture supernatant was collected at 72 hours. All samples were analyzed using 

a 13-plex rat-specific cytokine/chemokine LEGENDplex bead array according to the 

manufacturer’s protocol (Biolegend, San Diego, CA #740401). The samples were analyzed 

using a BD LSRII, and analysis was performed using LEGENDplex analysis software 

(Biolegend).

Microglia immunophenotyping: In addition, at 72 hours, the rat microglia cells were 

collected and analyzed using flow cytometry. After cell culture supernatant was removed, 

the cells were washed with PBS and then detached from the culture plate with TrypLE 

Express (Thermo Fisher). The cells were washed, centrifuged at 400g, and resuspended 

in cell staining buffer. The isolated brain cells were immunophenotyped using the 

multiparametric flow cytometry panel (Figure 2) as we have previously described.10 The 

cells were then stained with the antibody mixture in Table 1 and incubated in the dark for 20 

minutes, at which time 7-AAD was added. After 10 minutes, data were acquired with LSR-2 

flow cytometer with Diva acquisition software (BD Biosciences, San Jose, CA). VersaComp 

Antibody Capture Beads (Beckman Coulter, Inc.) were used to create fluorescence spillover 

compensation values.

Microglia gating strategy: Conventional flow cytometry analyses were performed with 

FlowJo vr10.6.1. Fluorescence-Minus-One (FMO) controls were used to set gate boundaries. 

Live cells were gated by CD11bc expression and then gated on P2Y12 and CD45 expression 

in order to identify P2Y12+ microglia (Figure 2). Triple positive cells were identified as 

microglia.

4. In vivo experiments

Experimental groups: Experiments were conducted in two cohorts, in which two distinct 

treatment strategies were employed (Figure 1). In each cohort, the were n=6 animals per 

group.

Controlled cortical impact model: Controlled cortical impact (CCI) procedures were 

conducted as previously described10,22–27. In brief, animals were anesthetized for surgery 

with 4% isoflurane and oxygen in a vented chamber, then maintained with 2–3% isoflurane 

during the procedure. A stereotactic frame is used to secure the animal while the surgical site 

was cleaned and disinfected with alcohol and iodine solution. Local analgesia is provided by 

subcutaneous 0.25% bupivacaine administered prior to incision. A midline cranial incision 

exposed the right sided musculature and soft tissue, which were bluntly dissected away 

for exposure of the calvarium. A 7-mm diameter craniectomy was performed between 

the right coronal and lambdoid sutures to expose the dura. A CCI device (Impact One 

Stereotaxic Impactor, Leica Microsystems, Buffalo Grove, IL) was positioned to administer 

a standardized, unilateral severe brain injury. The 6mm impactor tip traveled to a depth 

of 3.1 mm with an impact velocity of 5.6 m/s, and a dwell time of 150ms in the parietal 

association cortex. The incision was closed immediately after impact using sterile wound 

clips and animals recovered in clean cages. Sham injured animals were anesthetized and 

then received the midline incision, followed by separating the skin, connective tissue and 

aponeurosis from the cranium. As before, the incision was closed using sterile wound clips.

Caplan et al. Page 6

Stem Cells. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Treg and MSC infusion: After injury, animals were randomized to receive either 1) Treg 

alone, 2) MSC alone or 3) Treg+MSC. Treg and MSC were thawed and washed as described 

above. Treg and MSC were resuspended in 1mL of sterile PBS at a dose of 10×106 cells/kg 

for each cell type. All treatment animals underwent CCI and then received Treg, MSC or 

combination infusion, via tail vein (Figure 1). In Cohort 1, treatment animals received either 

Treg at 24 hours, MSC at 24 hours, or combination of Treg+MSC at 24 hours. In Cohort 2, 

treatment animals received either Treg at 24 hours, MSC at 72 hours, or combination of Treg 

(at 24 hours) + MSC (at 72 hours).

Microglia immunophenotyping: At 14 days after injury, animals were euthanized, and 

brains were harvested. The ipsilateral hemispheres were processed as previously described 

above using the Neural Tissue Dissociation Kit and GentleMACS dissociator (Miltenyi 

Biotec).28

The isolated brain cells were immunophenotyped using the multiparametric flow cytometry 

panel (Figure 2) as we have previously described.10 The cells were then stained with the 

antibody mixture in Table 1 and incubated in the dark for 20 minutes, at which time 7-AAD 

was added. After staining, the red blood cells were lysed in a TQ-Prep (Beckman Coulter, 

Inc.). Finally, 25μL of counting control beads (Cyto-Cal™) was added to each sample while 

vortexing. Data were acquired with LSR-2 flow cytometer with Diva acquisition software 

(BD Biosciences, San Jose, CA). VersaComp Antibody Capture Beads (Beckman Coulter, 

Inc.) were used to create fluorescence spillover compensation values.

Microglia gating strategy: Conventional flow cytometry analyses were performed with 

FlowJo vr10.6.1. Fluorescence-Minus-One (FMO) controls were used to set gate boundaries. 

Live cells were gated by CD11bc expression and then gated on P2Y12 and CD45 expression 

in order to identify P2Y12+ microglia (Figure 2). Triple positive cells were identified 

as microglia. Microglia cells were then gated on phenotypic markers CD32 and RT1B. 

Using the provided reference formula, we calculated absolute microglia cell counts per 

hemisphere, adjusted for brain hemisphere weight:

Absolutecell/mg = cell count/beadcount   ×   25, 000/brainweight

t-SNE interpretation of microglia and splenocyte flow cytometry data: t-SNE analyses 

were performed using FlowJo vr10.6 using the same Flow Cytometry Standard (FCS) 

files used in the analyses above (FlowJo, LLC). Total live cell events were randomly 

down-sampled to 3000 events within each sample. Then, the down-sampled events were 

concatenated to link each individual sample file into a single standard file. The t-SNE 

analysis and plot were created with the FlowJo plugin. All data points are derived from 

the same concatenated file in each t-SNE figure. We first analyzed the density plots of 

the individual groups and then generated antibody heat maps to visualize the fluorescent 

intensity of each marker in each group.

5. Statistical analysis—Date were analyzed with GraphPad Prism (GraphPad Software, 

Inc., La Jolla, CA). With respect to microglia flow cytometry data, ROUT analyses 
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identified outliers in the data, based on brain hemisphere weight, which were excluded 

in the final analysis. 1 sample was removed from the Treg+MSC-72 group based on its 

brain weight. In order to normalize data from both experimental cohorts, absolute cell count 

means were scaled to CCI.

Comparisons between means of sham/naïve and injured/activated controls within each group 

were analyzed using an unpaired T-test to demonstrate the effectiveness of our injury model 

or effect of in vitro activation. Then, comparisons between means of the injury/activated 

control and treatment groups were analyzed using ordinary one-way ANOVA with Dunnett’s 

multiple comparisons test. Values of p ≤ 0.05 were considered significant and indicated with 

(#) for p ≤ 0.05, (##) for p ≤ 0.01, (###) for p ≤ 0.001. Further post-hoc analysis to compare 

the means of monotherapy and combination therapy were analyzed using one-way ANOVA 

with Sidak’s multiple comparisons test. All group data are presented as mean ± standard 

error. Values of p ≤ 0.05 were considered significant and indicated with (*) for p ≤ 0.05, (**) 

for p ≤ 0.01, (***) for p ≤ 0.001.

Results

Immunomodulatory effects on rat splenocytes in vitro

The systemic immune response to TBI has significant effects on secondary injury 

and progression of subacute and chronic neuroinflammation, and we have previously 

demonstrated the both Treg and MSC can modulate the innate and adaptive immune 

responses of activated rat splenocytes in vitro.10,24 However, the effect of combination 

therapy on rat immune responses was unknown; therefore, we tested three different Treg 

and three different MSC donors, both alone (Treg:Sp 1:2; MSC:Sp 1:10) and in combination 

therapy (Treg:Sp 1:2 + MSC:Sp 1:10).

After LPS stimulation, Treg and MSC monotherapies and Treg+MSC significantly reduced 

TNFα production (Figure 3a). Furthermore, Treg+MSC significantly reduced TNFα 
production compared to both Treg and MSC monotherapies. Out of 9 possible Treg+MSC 

combinations, only two combinations failed to reach a significant difference in comparison 

its respective MSC monotherapy, and only one Treg+MSC combination failed to reach 

a significant difference one in comparison its respective Treg monotherapy. The effects 

of combination therapy on the adaptive immune response were more striking (Figure 

3b). Treg+MSC significantly reduced IFNγ production in comparison to the activated 

control and both Treg and MSC monotherapies. Furthermore, each combination of 

Treg+MSC significantly reduced IFNγ production compared to their respective Treg or 

MSC monotherapy, with the exception of one Treg+MSC compared to its respective Treg 

monotherapy. Furthermore, two of the individual Treg donors did not significantly reduce 

IFNγ production; however, when used in combination with MSC, all three Treg+MSC 

combinations from each donor significantly reduced IFNγ production.

We then tested the one of the most potent Treg+MSC combinations (Treg donor 3 and 

MSC donor 3) using a rat-specific Legendplex bead assay to further investigate the 

effects of combination therapy on 13 different cytokines and chemokines (Figure 3c). 

We found that ConA stimulation increased the production of IL-10, GM-CSF, IL-8, 
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IL-1b, IL-17a, IL-1a, and IL-6. MSC monotherapy did not significantly decrease any of 

these 5 cytokines/chemokines; in fact, there was an increase in CXCL1, MCP-1, and 

IL-17A compared to activated control. Treg monotherapy significantly decreased MCP-1, 

IL-17A and IL-6. Treg+MSC combination therapy significantly decreased MCP-1, GM­

CSF, IL-17A, and IL-6 production. Furthermore, there were several significant decreases in 

cytokine production by both Treg and Treg+MSC compared to MSC monotherapy, including 

CXCL1, MCP-1, IL-17A, and IL-6. Finally, there was a significant decrease in GM-CSF in 

the Treg+MSC combination therapy compared to Treg monotherapy.

Altogether, these data indicate that Treg+MSC combination therapy may be a more potent 

modulator of systemic inflammatory responses and inhibitor of pro-inflammatory cytokines 

than either Treg or MSC monotherapies.

Immunomodulatory effects of Treg+MSC combination therapy on rat microglia in vitro

We also investigated the effects of Treg+MSC combination on primary culture rat microglia 

in vitro. Given the results of our in vivo data, we studied the effects of Treg and MSC 

monotherapies and two different combination treatment regimens: Treg were added at 2 

hours after activation, and MSC were added either 1) concurrently with Treg (MSC) or 2) 18 

hours after activation (MSC-18).

At 72 hours, there were significant differences between naïve and activated microglia 

in the levels of IL-10, CXCL1, TNFα, GM-CSF, IL-8, IL-1a, and IL-6 (Figure 4a). In 

comparison to activated microglia, all treatments significantly decreased IL-10 production. 

Only Treg+MSC-18 decreased CXCL1. MCP-1 was reduced by both MSC monotherapies 

and both Treg+MSC combination therapies. With respect to GM-CSF, IL-8, and IL-1a, only 

MSC-18 and Treg+MSC-18 reduced production of these cytokines, while Treg monotherapy 

increased production of GM-CSF and IL-1a. There were no significant differences between 

activated control and any treatment with respect to IL-6, although these values were all at 

upper limit of the assay.

We also performed flow cytometry on the cultured rat microglia in order to evaluate 

the effects of therapy on the microglial phenotype (Figure 4b). In comparison to naïve 

microglia, the activated microglia had elevated CD45 expression and higher SSC. All 

treatments reduced CD11b/c and CD45 MFI; however, there was also a significant decrease 

in both CD11b/c and CD45 MFI in the Treg+MSC-18 compared to MSC-18 monotherapy. 

Both MSC monotherapies and combination therapies reduced FSC, a marker of cell size 

and microglia activation, compared to the activated control. Finally, while treatment did not 

significant affect SSC compare to the activated control, Treg+MSC-18 did reduce SSC in 

comparison to Treg monotherapy.

Both the cytokine and flow cytometry data reveal that Treg and MSC monotherapy have 

differing effects on activated microglia with respect to cytokine production and surface 

phenotypes. Treg+MSC combination therapy more consistently inhibited the microglia 

inflammatory response compared to either monotherapy.
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Effects of treatment on the microglia response to TBI at 14 days after injury

Given the significant improvement in potency of Treg+MSC combination therapy compared 

to monotherapy, we then examined the effects of treatment on microgliosis and microglia 

immunophenotypes, using conventional flow cytometry and t-SNE visualization, at 14 days 

after injury. In Cohort 1, treatment animals received either Treg at 24 hours, MSC at 24 

hours, or combination of Treg+MSC at 24 hours (Figure 2a). In Cohort 2, treatment animals 

received either Treg at 24 hours, MSC at 72 hours, or combination of Treg (at 24 hours) + 

MSC (at 72 hours) (Figure 2b).

We have previously demonstrated the Treg monotherapy decreased microgliosis at 30 

days, but not at 7 days, after CCI.10 Furthermore, we and others have shown that MSC 

monotherapy can also decrease microglia activation after CCI.11,25 However, Treg+MSC 

combination therapy has yet to be tested in a CCI model. Using conventional flow cytometry 

logic gating analysis, the Treg+MSC-72 group, but no other treatment group, significantly 

reduced microglia cell counts compared to CCI in the ipsilateral hemisphere (Figure 5a; 

Supp Figure 3). Interestingly, while there were several significant differences between sham 

and CCI with respect to phenotypic markers (Figure 5b and Supp Figure 3), the only 

significant differences after any treatment were a reduction in CD45 and CD11bc expression 

in the MSC-72 monotherapy group (Figure 5b).

In addition, we observed significant increases in the number of peripheral myeloid 

cells (PM; CD11bc+CD45+P2Y12-) in the ipsilateral hemisphere at 14 days after injury 

(Figure 5a); however, treatment did not significantly effect PM cells counts (Figure 5a). 

Furthermore, after injury, there was a significant increase in the percentage and MFI of 

RT1B+ PM and a decrease in CD32+ PM, indicating an increase in antigen presenting 

cells (RT1B) and decrease in phagocytic cells (CD32) after injury (Supp Figure 3). The 

Treg+MSC72 group was the only treatment group that demonstrated a trend towards 

normalization of these phenotypes (i.e. decreased RT1B+ and increased CD32+ PM) (Supp 

Figure 4).

Using the same FCS files used in the analyses above, we also performed t-SNE analyses 

to visualize changes in microglia marker expression after CCI and treatment (Figure 5c). 

At 14 days after injury, there are clear visual differences between the sham and CCI (blue 

boxes), with activated microglia (P2Y12+CD11highCD45high) and peripheral myeloid cell 

(P2Y12-CD11highCD45high) populations in the injured group that are not present in the 

sham controls. This confirms our conventional flow cytometry findings that microgliosis, 

microglia activation, and invasion of peripheral myeloid cells is present in the injured 

hemisphere at 14 days. However, we did not observe any significant visual changes between 

the injured controls and any of the treatment groups. Of note, when performing t-SNE 

analysis, equal numbers of cells are used and randomly selected from each sample, so any 

changes in absolute cell counts between groups may not be appreciable.

Discussion

In this study, we have demonstrated that Treg+MSC combination therapy mitigates the 

neuroinflammatory response to TBI in vivo and in vitro and that combination therapy 
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may confer increased potency and ability to modulate neuro- and systemic inflammatory 

responses compared to both Treg and MSC monotherapies. Furthermore, we have shown 

that timing of infusion(s) may have a significant effect on the efficacy of both combination 

therapy and MSC monotherapy. To our knowledge, this is the first study to examine the 

effects of human-derived and expanded Treg and MSC combination therapy on microglia 

activation in vivo or in vitro.

We first examined the effects of Treg+MSC combination therapy, using three different 

Treg and MSC donors, to attenuate inflammatory responses by activated rat splenocytes. 

As we have previously demonstrated, this assay provides a reproducible platform to 

evaluate potency and the interaction between cell therapy and endogenous splenocytes 

is critical for therapeutic efficacy.12,21 We found that Treg+MSC combination therapy 

significantly improved potency compared to either monotherapy. As demonstrated in 

Figure 3, nearly all of the Treg+MSC combinations decreased TNFα or IFNγ production 

compared to the respective Treg or MSC monotherapy. We then examined the effects one 

of the most potent combinations of Treg+MSC and the individual monotherapies (Treg 

donor 3 and MSC donor 3) on a broader range of cytokines and chemokines, using a 

LEGENDplex multi-analyte kit, after ConA stimulation. In this in vitro model, ConA 

stimulation induced changes in splenocyte production of several cytokines/chemokines, 

representing an aggregate increase in the inflammatory response. We found that MSC 

and Treg monotherapies had differing effects on production of individual cytokines and 

chemokines, indicating that these cells may act through differing pathways. Furthermore, 

Treg+MSC combination therapy demonstrated greater ability to attenuate the inflammatory 

response compared to MSC and Treg monotherapies.

We then examined the ability of cell therapy to modulate the microglia response after 

TBI in vivo using flow cytometric immunophenotyping. Infusion of combination therapy, 

with Treg at 24 hours and MSC at 72 hours, was the only treatment, out of the 5 unique 

treatments examined, to decrease microgliosis in the brain at 14 days. Furthermore, MSC 

monotherapy given at 72 hours was the only treatment to reduce any cell surface markers 

of microglia activation. We have previously shown that Treg monotherapy given at 24 hours 

decreased microgliosis in the ipsilateral hemisphere at 30, but not 7, days after injury and 

that MSC monotherapy given at 72 hours reduces microgliosis at 7 days after injury.10,24,25 

Although we have not previously examined the effects of CCI or cell therapy at 14 days 

after CCI, our conventional flow cytometry data and t-SNE analyses effectively demonstrate 

that at 14 days post-CCI there is a significant neuroinflammatory response present in the 

ipsilateral hemisphere, including persistent microgliosis and presence of peripheral myeloid 

cells. Furthermore, previous rodent studies have demonstrated that CCI results in a bimodal 

increase in microgliosis and activation and that 14 days is the potential beginning of 

the chronic, harmful neuroinflammatory response.29–31 As chronic neuroinflammation can 

persist for years after a single TBI in humans, treatments that prevent the initiation of this 

response may lead to improvements in long term outcomes.4

Interestingly, combination therapy of Treg+MSC at 24 hours did not affect microgliosis 

or cell surface marker expression, indicating that timing of therapy is likely a critical 

variable for cell therapy efficacy in this model. It is possible that the beneficial effects 
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of the combination therapy were due to the fact that these animals received multiple 

infusions of cells at different time points. The initial dose may have attenuated the early, 

pro-inflammatory, toxic milieu, rendering the subsequent the subsequent cell therapy dose 

more effective.6,32,33 Further investigation is required to distinguish whether the specific 

combination of Treg at 24 hours and MSC at 72 hours or the multiple doses of anti­

inflammatory cell infusions conferred therapeutic efficacy.

Finally, we examined the effects of the cell therapies on cultured rat microglia in vitro 

using both the LEGENDplex multi-analyte kit and flow cytometry immunophenotyping. 

Given our in vivo microglia data above, we examined the effects of two different in vitro 

treatment regimens by adding MSC either at the same timepoint as Treg or at 18 hours 

after the initial stimulation. After LPS stimulation, there were increases in production of 

several cytokines/chemokines, indicating an overall increase in the microglia inflammatory 

response. In addition, we performed flow cytometry analyses on these same cultured 

microglia to examine the effects of therapy on their immunophenotype. We found that 

all therapies reduced CD11b/c and CD45 expression, marker of microglia activation.34–36 

Interestingly, only Treg+MSC-18 reduced surface markers expression compared to either 

MSC or Treg monotherapies, further demonstrating that timing of therapy may play in 

important role in efficacy.

Previous studies have demonstrated that TBI causes a significant alteration in gene 

expression and upregulation of multiple immune response pathways.3 Recently, in a mouse 

model, Izzy et al demonstrated that at 2 and 14 days post-TBI there were, respectively, 152 

and 127, genes with statistically significant altered expression; however, we do not know 

the relevance or translatable nature of such findings to the effects of TBI in humans.37 

Therefore, while we take caution to make conclusions about the efficacy and translatable 

potential of these, or any, cell therapies based on in vitro changes in an array of cytokines/

chemokines and flow cytometry surface markers, these data do demonstrate a significant 

increase in overall inflammatory signaling in our model, which these cell therapies were 

able to attenuate. Furthermore, this in vitro data demonstrates that combination therapy and 

timing of MSC therapy had significant effects on the microglia inflammatory response.

Our study has several limitations. We utilized two different treatment regimens in our in 

vivo experiments. This was not intended; however, the timing of our in vivo microglia 

experiments coincided with the progression of COVID-19 in our region. We intended to 

examine the effects of Treg+MSC combination therapy given together at 24 hours (i.e. the 

Treg+MSC-24 group) at 7 and 30 days in order to compare our results to our own previous 

data. However, we made the decision to change our planned experiment and, instead, 

utilized the two different treatment regimens and experimental protocol presented here in 

order to minimize time spent in the lab and best comply with CLAMC and University 

protocols. Future experiments will examine that effects of Treg+MSC combination therapy 

on long-term outcomes, including microglia analysis and behavioral testing, to improve 

translatability of these data. Furthermore, we only utilized male animals in our in vitro 

and in vivo experiments; future studies should incorporate both sexes, as there are likely 

important sex differences in TBI and the microglia response.38
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Additionally, there are many questions uncovered and left unanswered by this study that 

should drive future investigations. Does combination therapy change the fate of these 

infused Treg or MSC? We and others have previously shown that the majority of infused 

MSC do not actually reach the brain or other target organs, but become trapped in the 

pulmonary microvasculature.39 However, human studies of adoptive Treg transfer have 

demonstrated that donor Treg cells can survive and persistent in receipts for extended 

periods of time.40,41 The effects of combination therapy on the fate of both Treg and 

MSC deserves further study. Furthermore, does combination therapy affect the xenogeneic 

immune response by the recipient animal? We believe that the interaction between host 

immune system and cell therapy products is critical for therapeutic efficacy; furthermore, 

it has been increasingly recognized that xenogeneic/allogeneic MSC might be a barrier to 

clinical translation.42 It is possible that the increased efficacy of the staggered Treg+MSC 

combination therapy was due, in part, to the dampening of the host immune system by the 

initial Treg infusion, allowing for improved efficacy of the MSC infused 48 hours later. 

Future studies investigating the potential for repeated dosing, combination therapy, and 

staggered dosing of Treg and MSC are certainly warranted.

Conclusion

In comparison to both Treg and MSC monotherapies, we have demonstrated that Treg+MSC 

combination therapy attenuated microgliosis in the injured hemisphere at 14 days after 

TBI in vivo and the inflammatory responses of activated microglia and splenocytes in 

vitro. Furthermore, our in vivo and in vitro data demonstrate that the timing of therapy 

has significant effects on efficacy and, specifically, that combination therapy may be more 

effective if MSC are infused at a second and later time point after Treg infusion. Taken 

together, we believe that Treg+MSC combination therapy may confer therapeutic benefits 

over Treg or MSC monotherapy in the treatment of the inflammatory response after TBI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance statement:

This study demonstrates the human regulatory T cell (Treg) and mesenchymal stromal 

cell (MSC) combination therapy improves potency and attenuation of inflammatory 

responses by activated rat immune cells in comparison to monotherapy. Furthermore, 

in vivo, only staggered Treg+MSC therapy significantly reduced microgliosis after TBI, 

indicating that both the combination and timing of cell therapy has significant effects.
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Figure 1. 
Experimental design and timing of the performed in vivo experiment.
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Figure 2. Microglia gating strategy and multicolor flow cytometry panel.
(A): Representative samples from both sham and CCI groups are shown. The single cell 

population was identified based on SSC and FSC. Live cells were identified as negative 

for the 7-AAD. Microglia were identified using a two-step method. First, CD11b/c+ cells 

(PE-Cy7) were selected to identify all myeloid cells. The CD11b/c+ cells were then gated 

on P2Y12 (FITC) and CD45 (APC-Cy7). Microglia were identified as triple positive cells. 

SSC, side scatter; FSC, forward scatter. (B): The multiple color flow cytometry panel used 

to identify and immunophenotype microglia and peripheral myeloid cells.
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Figure 3. Characterization of Treg, MSC and Treg+MSC combination therapy potency using 
activated rat splenocytes in vitro.
(A): TNFα production (ELISA) by rat splenocytes after LPS stimulation (Treg Donors 

1–3, MSC Donors 1–3). (B): IFNγ production (ELISA) by rat splenocytes after ConA 

stimulation (Treg Donors 1–3, MSC Donors 1–3). (C): Assessment of multiple chemokines/

cytokine production (LEGENDplex) by activated rat splenocytes (Treg Donor 3, MSC 

Donor 3). All samples run in triplicate. Statistical significance between naive/treatment and 

activated control is indicated with (#) for p ≤ 0.05, (##) for p ≤ 0.01, (###) for p ≤ 0.001. 

Statistical significance between treatment groups is indicated with (*) for p ≤ 0.05, (**) 

for p ≤ 0.01, (***) for p ≤ 0.001. Treg, regulatory T cell; MSC, mesenchymal stromal 

cell; TNFα, tumor necrosis factor alpha; IFNγ, interferon gamma; ELISA, enzyme-linked 

immunosorbent assay.
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Figure 4. Characterization of Treg, MSC and Treg+MSC combination therapy potency using 
activated rat microglia in vitro.
(A): Assessment of multiple chemokines/cytokine production (LEGENDplex) by activated 

rat microglia. (B-C): Flow cytometry characterization of changes in microglia activation. 

(B): Changes in microglia cell surface marker expression after injury and treatment. 

(C): Representation histogram overlays of antibody expression in the injured control 

and Treg+MSC-18 combination therapy groups. All samples run in triplicate. Statistical 

significance between naive/treatment and activated control is indicated with (#) for p ≤ 0.05, 

(##) for p ≤ 0.01, (###) for p ≤ 0.001. Statistical significance between treatment groups is 

indicated with (*) for p ≤ 0.05, (**) for p ≤ 0.01, (***) for p ≤ 0.001. Treg, regulatory T cell; 

MSC, mesenchymal stromal cell; ELISA, enzyme-linked immunosorbent assay.
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Figure 5: Flow cytometry characterization of changes in microglia and peripheral myeloid cells 
populations after injury and treatment.
(A-B): Assessment of microglia activation using conventional flow cytometry logic gating 

analysis. (A): Combined absolute microglia (left) and PM (right) cell counts from Cohorts 

1 and 2, normalized to CCI. (B): Changes in microglia and PM flow cytometry surface 

marker expression in Cohort 2. (C): t-SNE visualization of changes in microglia and PM 

cell populations after injury and treatment. Density plots (top row) demonstrate changes in 

cell populations between sham and CCI. Analysis of antibody heat maps (middle row), cell 

clusters and antibody histograms (bottom row) demonstrate that there are increases in both 

microglia and PM cell populations and markers of activation in the injured brain at 14 days 

after injury. No substantial differences between the injured control and treatments groups 

are appreciated. Statistical significance between sham/treatment and CCI is indicated with 

(#) for p ≤ 0.05, (##) for p ≤ 0.01, (###) for p ≤ 0.001. Statistical significance between 

treatment groups is indicated with (*) for p ≤ 0.05, (**) for p ≤ 0.01, (***) for p ≤ 0.001. 
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PM, peripheral myeloid cell; CCI, controlled cortical impact; t-SNE, t-distributed stochastic 

neighbor embedding.

Caplan et al. Page 23

Stem Cells. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Caplan et al. Page 24

Table 1.

Multicolor Flow Cytometry Microglia/Myeloid Cell Panel

Fluorochrome Antibody Clone Vendor

APC-Cy7 CD45 OX-1 BD

PE-Cy7 CD11b/c OX-42 BD

FITC P2Y12 n/a Alomone
Labs

PE CD32 D34–485 BD

Alexa Fluor 647 RT1B OX-6 BD

PerCP Cy5.5 7-AAD n/a BD
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