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Abstract 
Appropriately modulating inflammation after traumatic brain injury (TBI) may 

prevent disabilities in the millions that suffer TBI every year. Important mediators of 

inflammation include macrophages and microglia and these cell types can possess a 

range of phenotypes. An anti-inflammatory, “M2-like” macrophage phenotype after TBI 

is associated with neurogenesis, axonal regeneration, and improved white matter 

integrity. To boost these subpopulations, a promising approach is the enrichment of two 

cytokines: Fractalkine (FKN, CX3CL1) or Interleukin-4 (IL-4). FKN is a chemokine and 

thus recruits non-classical monocytes which are precursors to M2-like macrophages. IL-4 

polarizes and proliferates M2-like macrophages. However, delivering recombinant or 

purified cytokines is not ideal due to their short half-lives, suboptimal efficacy, 

immunogenic potential, batch variabilities, and cost. Here we explore two strategies to 

enrich endogenous FKN or IL-4, obviating the need for delivery of exogenous proteins.  

In the first study, we synthesize a biomaterial to elevate endogenous FKN at an 

injury site. Modified FKN-binding-aptamers are integrated with poly(ethylene glycol) 

diacrylate to form aptamer-functionalized hydrogels (“aptagels”) that dramatically 

enrich and passively release FKN in vitro for at least one week. Implantation in a mouse 

model of excisional skin injury demonstrates that aptagels enrich endogenous FKN and 

stimulate local increases in non-classical monocytes and M2-like macrophages.  
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In our second approach, we augment mesenchymal stem/stromal cells (MSCs), to 

transiently express IL-4. As MSCs do not endogenously synthesize IL-4, we transfect 

them with synthetic IL-4 mRNA. We suggest that mRNA transfection is a better strategy 

than DNA transfection, viral transduction, and recombinant IL-4 delivery for TBI. Our 

studies first characterize the IL-4 expression. Then, in a TBI model of closed head injury, 

we observe that IL-4 expressing MSCs successfully induce a robust M2-like macrophage 

phenotype and promote anti-inflammatory gene expression. Curiously, this does not 

translate to improvements in function, histology, or white matter integrity.  

The results demonstrate that orchestrators of inflammation can be manipulated 

without delivery of foreign proteins. Both FKN-aptamer functionalized biomaterials and 

IL-4 expressing MSCs may be promising approaches to boost anti-inflammatory 

subpopulations at sites of injury. However, our studies also begin to question whether 

M2-like macrophages alone orchestrate the neurogenesis, axonal regeneration, and 

improved white matter integrity that has previously been observed.  

Finally, both strategies could have important immunomodulatory roles outside of 

TBI. Aptagels are readily synthesized, highly customizable and could combine different 

aptamers to treat complex diseases in which regulation or enrichment of multiple 

proteins may be therapeutic. IL-4 expressing MSCs could assist tissue regeneration in 

cavitary diseases or improve biomaterial integration into tissues. 
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Chapter 1. Introduction  
Tempering neuroinflammation after traumatic brain injury (TBI) could improve 

outcomes for 2.5 million Americans annually. TBI triggers an onslaught of biochemical 

sequelae leading to a persistently inflammatory environment (1). Monocytes are among 

the first responders to injury and typically differentiate into pro-inflammatory (M1-like) 

instead of pro-regenerative (M2-like) macrophages. While initial inflammation is crucial 

to clear neurotoxic debris, an inadequate M2-like response results in incomplete healing 

and persistent inflammation in the CNS (2,3). Enriching the M2 phenotype over M1 

enhances healing in various neural injuries (3–9). Previous studies have shown that after 

peripheral nerve injury, the cytokines Fractalkine (FKN) and Interleukin-4 (IL-4) can 

elevate M2-like pro-regenerative macrophage numbers to enhance repair (4,5). FKN also 

correlates with improved healing after brain injury in both rodents and humans (10–12). 

IL-4 is well known to induce M2 polarization in vitro and has improved healing in vivo 

after stroke (13,14) and spinal cord injury (15–17), but remains to be tested after TBI. 

Additionally, endogenous levels of IL-4 do not rise after TBI in mice or humans (18,19), 

and modest elevations of FKN subside quickly (20).  Thus, there may be a need to 

elevate endogenous FKN and IL-4 levels to promote M2 phenotypes. 

One way to elevate these cytokines would be delivering recombinant versions of 

the proteins. Recombinant proteins are synthesized by introducing genes encoding the 

protein-of-interest into prokaryotic cells. However, when these recombinant cytokines 
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are administered as a treatment, they have issues of short half-lives (21–24), suboptimal 

efficacy (25,26), risk of immune reactions (27–30), and batch variabilities. All these 

limitations are discussed in more detail in subsequent chapters. To circumvent these 

problems, this thesis studies two strategies to elevate FKN and IL-4 and subsequently 

M2-like macrophages. The first is by deploying an FKN specific aptamer-functionalized 

biomaterial to enrich endogenous FKN. The FKN preferentially recruits anti-

inflammatory monocytes which are precursors to M2-like macrophages. The second 

method augments Mesenchymal Stem/Stromal Cells (MSCs) with synthetic IL-4 mRNA 

to transiently produce IL-4. The expressed IL-4 then induces polarization and 

proliferation of M2-like macrophages. 

1.1 An aptamer-functionalized biomaterial to enrich endogenous 
FKN.  

This strategy and its effects are discussed in Chapters 2 and 3. It begins with 

obtaining single-stranded DNA aptamers that strongly bind (strong association, slow 

dissociation kinetics) to human-variant FKN (hFKN). Through Surface Plasmon 

Resonance (SPR), we demonstrate that these aptamers have desirable kinetics (strong 

association, fast dissociation) with mouse-variant FKN (mFKN). Next, we polymerize 

these FKN-aptamers to polyethylene glycol diacrylate (PEGDA) to form FKN-specific 

hydrogels, ‘aptagels’. When placed in a bath of mFKN, the FKN-aptagels soak up the 

FKN and then passively release the protein over one week. Control aptagels, with a 

randomized sequence aptamer, fail to bind FKN. Next, we test the FKN-aptagels against 
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RND-aptagels in vivo. Here, our central hypothesis is that FKN-specific aptagels, with 

the right FKN binding kinetics, will locally enrich FKN and recruit M2-like 

macrophages. The aptagels are deployed in a mouse dorsal skinfold window model of 

wound injury. The aptagels are placed on exposed dermis of the skinfold and kept 

secure within a titanium frame and coverslip. One week later, the FKN-aptagels 

demonstrate elevated FKN and a biopsy of the dermis shows a greater proportion of 

M2-like macrophages. As discussed later, such a biomaterial-based therapy may be very 

useful for skin wounds. However, as the data in Chapter 3 will demonstrate that the 

effects are localized to the tissue under the gel, this approach may not be ideal for a 

diffuse TBI. To be clinically relevant to a diffuse injury like TBI, we instead work on 

improving a therapy already in clinical trials. 

1.2 An mRNA-enhanced stem cell-based approach to enrich IL-4.  

Phase I clinical trials testing stem cell therapies for TBI have determined stem cell 

harvesting and delivery to be logistically feasible and safe. Phase II trials using these 

bone-marrow derived cells, including mesenchymal stem/stromal cells (MSCs), are 

underway. Numerous pre-clinical studies have explored the healing ability of MSCs and 

determined they are paracrine effects of their ‘secretome’ – all the cytokines and growth 

factors they secrete. However, while MSCs do induce mild anti-inflammatory effects, 

other studies have questioned whether they are secreting all the desired proteins. One 

key protein they do not express is the cytokine Interleukin-4 (IL-4). In the studies 
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described in Chapter 4, we will transfect MSCs with synthetic IL-4 mRNA to promote 

the M2-like macrophage phenotype. We hypothesized that MSCs transiently expressing 

IL-4 will elevate the proportion of M2-like macrophages and improve an array of 

outcomes in a mouse model of TBI. This model consists of a clinically relevant closed 

head injury (CHI). After delivering the augmented MSCs in the CHI model, we study: 

the macrophages via flow cytometry, cytokines through a multi-plex ELISA, gene 

expression with Taqman probes, histology with immunohistochemistry, and functional 

changes through behavioral tests. By improving a therapy already in clinical trials, we 

suggest that the work can be rapidly translatable.  

1.3 Conclusion 

This thesis studies two strategies to engineer a more desirable immune response 

to complex injuries.  By leveraging endogenous cytokines, either through a biomaterial 

or via synthesis, it may circumvent the translational limitations of recombinant proteins.  

This document will start by discussing the literature behind TBI, M2-like macrophages, 

and the cytokines FKN and IL-4. Next, it will present and discuss the results of the FKN-

enriching aptamer-functionalized hydrogel. Following this, data on augmented MSCs 

that transiently express IL-4 will be displayed and discussed. Finally, the thesis will end 

with a discussion of the next studies to add to the knowledge-base: those that can be 

conducted immediately, and those that require more time and investment.
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Chapter 2. Background 
2.1 TBI is a devastating clinical challenge 

TBI, a prime agent of permanent disability and demise, is associated with 138 

deaths daily and 2.5 million emergency department visits, hospitalizations or deaths 

annually (31). It accounts for one-third of all “Unintentional Injuries”, which are the 

leading cause of mortality between the ages 1 and 44. TBI afflictions to this young 

demographic have far-reaching economic ramifications with an estimated medical 

burden of $60-80 billion (32,33). However, it is also frequent among infants and the 

elderly. TBI is divided into mild, moderate and severe categories. While mild TBI 

typically results in a temporary loss of function, studies are bringing to light enduring 

complications (34). Severe TBI results in permanent morbidity or mortality in all patients 

(35). Cognitive, emotional and behavioral changes, and motor and sensory impairment 

are the prevailing disabilities and put patients at risk for further unintentional injuries. 

The calamitous toll TBI places on individuals and the health system makes it a critical 

problem to study deeper and solve.  

2.2 Neuroinflammation is maladaptive and needs to be 
moderated with M2-like cells 

Permanent disability and death are seldom due to the primary insult and instead 

result from affiliated reactions. These include inflammation, excitotoxicity, accumulation 

of reactive oxygen species (ROS), apoptosis, ischemia, edema, and BBB disruption (35). 
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Soon after TBI, damaged cells release distress signals, called alarmins, consisting of 

intracellular components and various cytokines (36). Some alarmins reach the 

bloodstream to recruit neutrophils and monocytes. These monocytes morph into 

macrophages in the parenchyma. Other alarmins activate microglia to clear debris and 

support astrocytes to reestablish barriers. At first these mechanisms are neuroprotective 

(depleting them results in greater damage), but they soon become maladaptive. In 

mammals, the microglia and macrophages stay persistently skewed towards pro-

inflammatory, M1-like phenotypes (3,37). They self-amplify by releasing more 

inflammatory cytokines and continuing long after a week (38). This cohort of M1 

macrophages, and a cohort of pro-regenerative M2 macrophages was identified first in 

other injury conditions (39). While studies have described a phenotypic spectrum and 

others claim the absence of unique phenotypes (40), M2-like macrophages are well-

documented to be beneficial in the peripheral and central nervous system after injury 

(3,4,6–9). These M2-like macrophages and microglia are involved in angiogenesis, 

neurogenesis, axonal regeneration, and white matter integrity (41). In mammalian spinal 

cord injury and stroke studies, they reduce inflammatory cytokines and strengthen 

motor recovery. However, the endogenous M2-like response feebly peaks 5 days after 

TBI and ceases within 7 (42,43), while the M1 response leads to chronic inflammation. 

Lower-order animals, such as zebrafish, attenuate their M1 response in one week and 

can regenerate their spinal cord (44,45). This is likely the ideal goal for macrophage 
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immunotherapy in TBI: allow an early M1 response, follow with a robust M2 response, 

and then return all responses to homeostasis. 

2.3 Fractalkine can preferentially recruit monocyte progenitors 
of M2-like macrophages 

To recruit the monocytes that will morph into M2-like macrophages, Fractalkine 

(FKN) is a promising candidate. FKN is a cytokine with a small, 8.6 kDa chemotactic 

domain that dissociates and signals cells expressing the cognate receptor, CX3CR1 (46). 

These receptors are highly expressed on non-classical monocytes (47,48), which are 

biased progenitors of M2-like macrophages (49). The FKN-CX3CR1 axis promotes both 

migration (50,51) and survival (52–58) of these monocytes and macrophages. Elevated 

FKN is also directly correlated with better outcomes after brain injury and stroke in 

patients (11,12). Similarly, exogenous administration of FKN after stroke in rodents 

yields favorable outcomes (59,60). Absence of CX3CR1 (via mouse knockout models) 

demonstrates improved acute phase recovery but poor chronic outcomes (61). 

Endogenous FKN levels in the cerebrospinal fluid of TBI patients double one day after 

injury and return to baseline in 4-5 days while CX3CR1 mRNA (indicative of cells) 

increases within 5-7 days after TBI in mice (20). By extending the endogenous FKN 

elevation, it may be possible to increase numbers of M2-like macrophages. 
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2.4 Interleukin-4 stimulates endogenous repair through M2-like 
macrophages and microglia 

To robustly shift microglia and macrophages in the environment towards an M2-

like phenotype, one candidate is Interleukin-4 (IL-4). IL-4 is also a small, 16 kDa cytokine 

that is classically secreted by and activates Th2 helper cells. It promotes M2-like 

macrophage mediated healing in stroke (13,14), spinal cord injury (15–17), and 

peripheral nerve injury (4,5). This cytokine also elicits increased brain-derived 

neurotrophic factor (BDNF) and nerve growth factor (NGF) secretion by astrocytes, and 

promotes an M2-like phenotype in endogenous microglia as well (62). To the best of our 

knowledge, delivery of IL-4 after TBI has not been published, although a grant exists 

exploring intranasal administration of IL-4 loaded nanoparticles (ref). Additionally, IL-4 

levels do not increase in humans or mice after injury (18,19). While there is a modest IL-4 

increase after TBI in rats in the first 24 hours, this increase subsides within 3 days (63) 

(before the 5th day peak of macrophage enrichment). IL-4 activates one of two different 

receptors (type I and II), each containing an IL-4Rα chain (64). The α-chain initiates 

STAT6-based transcription and expression of M2 phenotypic proteins. A γ-chain in type 

I receptors bolsters this expression through the phosphatidylinositol-3-kinase (PI3K) 

pathway. An alternate to IL-4, IL-13, only functions through type II receptors which lack 

the γ-chain, and hence is not as effective in switching macrophage phenotype. IL-10 is 

another candidate as it promotes some recovery after TBI in rats (65) and can even 

increase the efficacy of IL-4 (66). However, endogenous levels already rise after brain 
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injury in humans (67–70). Additionally, chemotactic cytokines such as FKN and SDF-1α 

can have synergistic roles as well (5,10,71). From this repertoire of cytokines to enrich 

reparative cell phenotypes, an untested and the most promising one, in our opinion, is 

IL-4. 

2.5 Endogenous enrichment can overcome barriers to 
exogenous protein delivery 

We suggest that temporally elevating FKN and IL-4 in a diffusely spread brain 

injury is best achieved via endogenous enrichment. Theoretically, exogenous 

recombinant FKN and IL-4 delivery is viable and has been attempted for various 

pathologies (but not after TBI) (10,59,60,72,73). However, challenges with recombinant 

proteins include short half-lives (23,24), suboptimal efficacy (25), and immunogenicity 

(27,28). The short half-life of cytokines is due to high flow and clearance in vivo and 

necessitates repeated dosage or sustained release strategies. Recombinant cytokines also 

lack post-translational modifications such as glycosylation which further hampers half-

lives, and reduces efficacy in vitro and in vivo, and makes them more susceptible to 

damage – especially during the manufacturing process (21–26). Immunogenicity arises 

due to variations in peptide sequence or the presence of non-native glycosylation 

patterns (27,28). Enrichment of endogenous cytokines may circumvent these hurdles to 

translation by 1) concentrating cytokines at the injury site; 2) exploiting the efficacy of 

post-translational modifications (26) and endogenous signaling pathways; and 3) 
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avoiding the introduction of anomalous structures. Two strategies we propose to enrich 

cytokines are:  

2.5.1 Aptamer-functionalized materials may enrich endogenous 
levels of FKN 

We first develop and test an aptamer-based platform to enrich endogenous FKN 

to recruit non-classical monocytes which are progenitors of M2-like macrophages (49). 

Aptamers are single-stranded DNA or RNA oligomers that specifically bind 

biomolecular targets via non-covalent interactions (74). Aptamers can be modified to 

tune binding kinetics, enable immobilization onto a surface, and mitigate enzyme-

mediated degradation(75–79). They are used in the diagnosis and treatment of diseases 

and are employed in the identification and purification of targets (80–86). Multiple 

clinical trials of aptamer-based therapeutics are underway and demonstrate promising 

safety profiles (87–89). Aptamers that strongly bind human FKN (hFKN) have been 

previously identified (90). To achieve functional enrichment, we hypothesize that the 

binding between aptamers and FKN need to have strong-association and fast-

dissociation kinetics. Our data (Chapter 3) indicate that, compared to their binding 

against hFKN, these aptamers possess a more desirable kinetic against mouse FKN 

(mFKN). These aptamers will be immobilized on a hydrogel backbone to form ‘aptagels’ 

and implanted in a dorsal skin-window mouse model to test their ability in enriching 

FKN and increasing M2-like macrophages. 
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2.5.2 Synthetic mRNA in MSCs may be the optimal choice to elevate 
IL-4 levels 

We next explore transfecting mesenchymal stem/stromal cells (MSCs) with 

synthetic IL-4 mRNA to enhance a cell therapy strategy for TBI by polarizing 

macrophages towards an M2 phenotype. Inducing harvested cells to express IL-4 via 

nucleic acids addresses the above issues as IL-4 is actively synthesized with intact 

glycosylation. By using a patient’s own stem cells (as is being done in the clinical trials), 

both the cells and the IL-4 they produce would be endogenous. 

As described earlier, stem cell therapies aim to reduce neuroinflammation after 

TBI and Phase I clinical trials have determined them to be feasible and safe (91). Phase II 

trials are testing MSCs but pre-clinical data possesses controversy: MSCs do not produce 

many of the desirable growth factors and cytokines that are implicated in healing 

(92,93). One key cytokine that rapidly switches macrophages towards an M2-like 

phenotype is Interleukin-4 (IL-4). In the studies, we augment the MSC secretome by 

transfecting with synthetic IL-4 mRNA and then deliver these in a clinically relevant, 

diffuse TBI model in mice (CHI). Our central hypothesis is that delivering I-MSCs after 

TBI will enrich M2-like macrophages, promote an anti-inflammatory milieu, and 

improve functional outcomes. 

2.5.2.1 mRNA transfection vs alternate approaches 

 Endogenous expression in harvested MSCs can be achieved via DNA and viral 

approaches or transient mRNA transfections. The former needs to reach the nucleus and 
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typically induces prolonged or permanent expression of IL-4. This comes with the added 

risks of genomic integration and the activation of oncogenes. Persistent IL-4 or M2-like 

macrophage presence results in fibrosis mediated by TGF1β, CCL18, and fibroblasts (94). 

Instead, mRNA only needs to reach the cytosol to induce IL-4 expression for 1-4 days 

(see preliminary data and (92)), countering the pro-inflammatory environment, and 

enabling the site to return to homeostasis. Lower-order animals that regenerate their 

CNS show a similar dynamic: pro-inflammatory followed by anti-inflammatory peaks 

which then all subside to homeostasis within a couple weeks (44,45).  

2.6 Novelty of the approaches 

The work in this thesis has at least five novel attributes: First, previous studies 

modulating cytokines in TBI influence them through genetic deletion (61,95), inhibition 

(96), or exogenous delivery (10,71). Genetic deletion assists in understanding mechanism 

but has not resulted in a therapeutic yet. Inhibition or delivery can be useful, but 

depletion or excess can be counterproductive. Exogenous delivery of recombinant 

proteins possesses limitations described earlier. Our proposed method of endogenous 

cytokine enrichment circumvents limitations in efficacy, immunogenicity, and total 

depletion or excess. Second, aptamer-functionalized hydrogels have only been tested in 

vitro(80–86). The development of FKN-aptamer-functionalized materials and any such in 

vivo implantation has not been studied previously. Third, the use of IL-4 as a therapy 

after TBI remains unexplored even though it has been useful after stroke (13,14), spinal 
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cord injury (15–17), and peripheral nerve injury (4). Additionally, while viral 

transduction of MSCs with IL-4 has been attempted (97), synthetic IL-4 mRNA 

transfection of MSCs is untested. Finally, brain injuries are typically diffuse (98) and our 

model of CHI is repeatable and results in functional deficits (99,100).  
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Chapter 3. Enriching endogenous Fractalkine 
Early recruitment of non-classical monocytes and their macrophage derivatives 

is associated with augmented tissue repair and improved integration of biomaterial 

constructs. A promising therapeutic approach to recruit these subpopulations is by 

elevating local concentrations of chemoattractants such as fractalkine (FKN, CX3CL1). 

However, delivering recombinant or purified proteins is not ideal due to their short half-

lives, suboptimal efficacy, immunogenic potential, batch variabilities, and cost. In this 

chapter, we discuss an approach to enrich endogenous FKN, obviating the need for 

delivery of exogenous proteins. In the studies, modified FKN-binding-aptamers are 

integrated with poly(ethylene glycol) diacrylate to form aptamer-functionalized 

hydrogels (“aptagels”) that localize, dramatically enrich and passively release FKN in 

vitro for at least one week. Implantation in a mouse model of excisional skin injury 

demonstrates that aptagels enrich endogenous FKN and stimulate significant local 

increases in Ly6CloCX3CR1hi non-classical monocytes and CD206+ M2-like macrophages. 

The results demonstrate that orchestrators of inflammation can be manipulated without 

delivery of foreign proteins or cells and FKN-aptamer functionalized biomaterials may 

be a promising approach to recruit anti-inflammatory subpopulations to sites of injury. 

Aptagels are readily synthesized, highly customizable and could combine different 

aptamers to treat complex diseases in which regulation or enrichment of multiple 

proteins may be therapeutic. 



 

15 

3.1 Introduction 

Modulating inflammation is a useful strategy to augment tissue healing or 

enhance implant integration (9,101). Cells of the mononuclear phagocyte system, 

particularly monocytes and macrophages, orchestrate host responses to injury and 

implanted materials and exhibit a spectrum of phenotypes. Classical monocytes 

(Ly6ChiCX3CR1lo) and M1-like macrophages predominate early phases of inflammation, 

whereas non-classical monocytes (Ly6CloCX3CR1hi) and M2-like macrophages (CD206+) 

can populate later stages. Anti-inflammatory and regenerative effects of non-classical 

monocytes and M2-like macrophages have been described in numerous and diverse 

contexts including myocardial infarction (102), vascular network expansion (103), 

musculoskeletal injury (104), dermal wounds (105,106), central and peripheral nervous 

system injury (3–9), and integration of cell, tissue, and biomaterial constructs (107–109).  

Approaches to promote regenerative responses via mononuclear phagocytes can 

include polarizing macrophages towards an M2-like phenotype with cytokines (e.g. 

interleukin-4, IL-4) (4,16,17), recruiting circulating non-classical monocytes which 

differentiate preferentially into M2-like macrophages (5,6,49,110). It has been 

demonstrated that IL-4 induced polarization of macrophages promotes peripheral nerve 

regeneration (4) and selective monocyte recruitment has demonstrated therapeutic 

effects on vascular remodeling (103) and volumetric muscle regeneration (104). The 

present study evaluates a strategy to selectively recruit non-classical monocytes by 
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leveraging their CX3CR1hi surface expression (47,48). Fractalkine (FKN; CX3CL1) is a 373 

amino-acid cytokine with a small (8.6 kD) soluble chemotactic domain that can 

dissociate and signal to cells expressing the cognate receptor, CX3CR1 (46). Elevated 

FKN and CX3CR1+ cell recruitment are associated with improved healing after dermal 

wound injuries (105,106,111,112). Thus, targeting the FKN-CX3CR1 axis via engineering 

enrichment of FKN within injured tissue represents a promising therapeutic approach. 

Delivery of exogenous FKN has been attempted previously to modulate 

inflammation (5,10,59,60,72,73). However, delivery of small proteins, such as 

chemokines, poses problems of short half-life (21–24), suboptimal efficacy (25,26), risk of 

immune reactions (27–30), and batch-to-batch variabilities. Enrichment of endogenous 

FKN may circumvent these critical hurdles to clinical translation by 1) concentrating 

therapeutic proteins at the injury site; 2) exploiting the efficacy of post-translational 

modifications (26) and endogenous signaling pathways; 3) avoiding the introduction of 

anomalous structures; and 4) mitigating cost, manufacturing and regulatory hurdles. 

To achieve enrichment of endogenous FKN and evaluate the effect on 

inflammation, aptamer-functionalized hydrogels (“aptagels”) specific to the chemokine 

domain of FKN were synthesized (Figure 1). Aptamers are single-stranded DNA or 

RNA oligomers that specifically bind biomolecular targets via non-covalent interactions 

(74). Aptamers can be easily modified to tune binding kinetics, enable immobilization 

onto a surface, and mitigate enzyme-mediated degradation (75–79). Aptamers are 
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versatile tools used in the diagnosis and treatment of diseases and are employed in the 

identification and purification of targets (80–86). Multiple clinical trials of aptamer-based 

therapeutics are underway and demonstrate promising safety profiles (87–89). In this 

study, FKN-aptamer binding kinetics with FKN variants are assessed and aptagels are 

fabricated by immobilizing modified aptamers to poly(ethylene glycol) diacrylate 

(PEGDA). Aptagels are tested for their ability to bind and release the chemokine domain 

of FKN in vitro and recruit non-classical monocytes and M2-like macrophages to injured 

tissue in vivo, representing the first such in vivo evaluation of an aptamer-based bind-

and-release platform. 

 

 

Figure 1: Conceptual diagram of an FKN-aptagel in vivo. Highlighting the 
enrichment of endogenous fractalkine and CX3CR1+ cells via an aptamer-functionalized 
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hydrogel, “aptagel”. The aptagel is implanted at the site of injury and enriches 
fractalkine through desirable binding kinetics (fast on, fast off). As fractalkine is 

enriched, blood-derived non-classical monocytes and M2-like macrophages follow the 
chemokine signal. 

 

3.2 Materials and Methods 

3.2.1 Materials 

Sequences of the FKN-binding oligonucleotide (FKN-aptamer, 5’-

GGGGTGGGTGGGGGGCACGTGTGGGGGCGGCCAGGGTGCT-3’) and random 

oligonucleotide (RND-aptamer, 5’-

CTATCGGCGACATGAACTTTGGCAAGGGCATCTGGTCCAT-3’) were obtained from 

Waybrant et al (90). The oligonucleotides (5’-Acrydite-, amino-modified, or unmodified) 

and their complementary sequences (CS) were synthesized and purchased from 

Integrated DNA Technologies.  The chemokine domain of recombinant human (h), 

mouse (m) or rat (r) fractalkine protein (with or without BSA carrier), and DuoSet ELISA 

preparation kits were purchased from R&D Systems. Ammonium persulfate (APS) and 

N,N,N’,N’-trimethylene diamine (TEMED) were purchased from BioRad. Poly(ethylene 

glycol) diacrylate (PEGDA, Mn = 700) for aptagel synthesis was purchased from Sigma-

Aldrich. NHS-activated agarose resin for aptabead synthesis was purchased from 

ThermoFisher.  
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3.2.2 Surface Plasmon Resonance 

The binding kinetics of the protein-aptamer interactions were assessed by surface 

plasmon resonance (SPR) on a Biacore T200 instrument at 25 °C in PBS running buffer 

(Gibco; 2.966 mM Na2HPO4⋅7H2O, 1.059 mM KH2PO4, 155.172 mM NaCl, pH 7.4). 

Immobilization of FKN protein to a CM5 sensor surface was performed via amine 

coupling chemistry at a flow-rate of 5 µL/min, following standard procedures 

recommended by the manufacturer. Briefly, CM5 sensor surfaces were activated with a 

7-min injection of N-Hydroxysuccinimide/1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (NHS/EDC), followed by injection of FKN, and deactivation 

of the surfaces with a 12-min injection of ethanolamine-HCl. For initial screening 

studies, fractalkine variants (50 µg/mL, 10 mM NaCH3COO pH 5.0) were injected on 

separate flow cells for 3-4 minutes to give final immobilization levels of ~2000 RU. For 

kinetic experiments, FKN variants (10 µg/mL in 10 mM NaCH3COO, pH 5.0) were 

injected on separate flow cells for 120-180 seconds to give final immobilization levels of 

~800 RU for hFKN and ~1200 RU for mFKN. Mouse serum albumin (MSA) was 

employed as a negative surface control. Kinetic evaluation was performed by sequential 

3-min injections of varying concentrations (2.5-1000 nM) of FKN- and RND-aptamers, 

followed by a 15-min dissociation phase at a flow rate of 30 µL/min. Surfaces were 

regenerated between analyte injections with a 30-second injection of 5 mM NaOH, 1 M 

NaCl. Experimental titrations were performed in triplicate, and data analysis and curve 



 

20 

fitting of MSA subtracted curves was performed with the Biacore T200 Evaluation 

Software (v2.0) using the 1:1 binding model.  

3.2.3 Chemistry and Synthesis of Aptagels and Aptabeads 

3.2.3.1 Aptagels 

Synthesis of aptamer-functionalized hydrogels was modified from Battig et al 

(113) and Krieger et al (103). Aptagel molds were created by separating two glass slides 

with 0.5 mm of scotch-tape layered and sealed on the periphery. Acrydite-modified or 

unmodified aptamers (1 mM stock, 318.5 µM final) were mixed with PEGDA-700 (5% 

w/v final) and APS (0.3 M stock, 18 µM final) and the solution was vortexed. TEMED 

(0.3 M stock, 18 µM final) was added and the solution was quickly injected into the 

mold. After five minutes, the mold was taken apart, extra liquid was blotted dry, and 2-

mm disks were punched out and transferred to PBS in a low-binding 96-well plate for 

washing. The disks were washed with fresh PBS at least 4 times over 4 hours. Each disk 

contained ~500 pmol of aptamer. Thus, for 12 to 15 disks (100 µL), the recipe consisted 

of: 51.70 µL PBS, 4.45 µL PEGDA, 31.85 µL aptamers (1 mM), 6 µL APS (0.3 M) and 6 µL 

TEMED (0.3 M). For in vivo experiments, the glass aptagel molds and PEGDA solution 

were first sterilized in a UV oven for 30 minutes; APS and TEMED solutions were 

passed through a 0.22 µm cellulose filter; aptamers were reconstituted in sterile, 

nuclease-free H2O. Aptagel synthesis took place under a laminar-flow cell culture hood. 
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3.2.3.2 Aptabeads 

Aptabeads were prepared based on instructions provided by the NHS-activated 

agarose bead manufacturer. Briefly, 5’-amino-modified aptamers were mixed at 

concentrations of either 0.25 nmol/mg or 1 nmol/mg to batches of 50 mg of dry agarose 

beads (diameter: average 90 µm, range 45-160 µm) and allowed to conjugate on a 

rotisserie shaker. Unreacted NHS groups were neutralized with Tris buffer.  

3.2.4 Fluorescence Staining and Imaging of Aptagels 

Hydrogels either functionalized with acrydite-modified FKN-aptamers, mixed 

with unmodified aptamers or without aptamers, were stained with fluorescein-tagged 

(6-FAM) complementary sequence (fCS) to the aptamer, similar to Battig et al (113). fCS 

was diluted in 1% BSA 500-fold and the aptagels were incubated on a shaker overnight 

at room temperature. The aptagels required washing at length to remove background 

fluorescence; studies to replicate our findings should begin with a more diluted fCS 

stain. The aptagels were imaged on a Leica SP5 Confocal Microscope with a 10X 

objective lens and a 488-nm argon laser. Slices were taken at 6 µm for a total depth of 

100 µm. The imaging dimensions were 1920X1920 µm. 

3.2.5 In vitro experiments 

3.2.5.1 Experiment paradigm:  

mFKN was diluted in 1% or 5% BSA to the desired concentration and reverse 

pipetted into a low-binding 96-well-plate either with or without FKN- or RND-aptagels. 
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The plate was sealed and placed on a shaker at 300 rpm for 24 hrs. at room temperature. 

The total solution was then pipetted out and stored as Day 0 (unbound mFKN) samples. 

The gels were washed in their wells thrice with wash media (1% BSA in phosphate 

buffered solution) to remove non-specifically bound mFKN. To initiate passive release 

experiments, fresh solutions of 1% BSA were added and left for 24 hrs. For CS-mediated 

release experiments, 1 nmol CS was added (2:1 CS:aptamer) instead and left for 2-3 

hours followed by a wash which was sampled. The total solution was removed, stored 

and replaced with fresh solution each day. Samples were either kept at 4°C if being 

assayed with ELISA the following day or at -20°C until the assay. One group of aptagels 

was pre-treated with 25 units of DNAse (ThermoFisher) at 37°C for 1 hour, before 

beginning the paradigm. All aptagels were studied in at least triplicate or quadruplicate 

per experiment and the experiments were repeated multiple times. 

3.2.5.2 Protein quantification 

Samples were analyzed with ELISA, following the manufacturer’s instructions, 

after diluting them to the detectable range. We reliably observed high sensitivity 

towards recombinant mFKN and thus primarily report relative differences between 

aptagels and controls instead of raw amounts. ELISA plates were read on a SpectraMax 

i3X Multi-mode plate reader at 450 nm with background subtraction at 570 nm. 

Duplicate technical replicates were averaged, and the blank optical density was 

subtracted.  
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3.2.6 Dorsal Skin Window Chamber Surgery and Aptagel Implantation 

All animal procedures were conducted per protocols approved by the Georgia 

Tech Institutional Animal Care and Use Committee. Male C57Bl/6 mice aged 11-15 

weeks were anesthetized with vaporized isoflurane at 5% concentration and maintained 

under anesthesia at 1-3%. Sustained release buprenorphine (1.2 mg/kg, i.p.) was 

delivered pre-operatively as an analgesic. Dorsal skin was shaved, depilated, and 

sterilized using ethanol and chlorhexidine. A double-layered skinfold was elevated off 

the back of the mouse, and the back side of the titanium window chamber frame was 

surgically fixed to the underside of the skinfold. A circular area (diameter 12 mm) of 

epidermis and dermis on the top side of the skinfold was removed using surgical micro-

scissors to reveal the vasculature underlying the reticular dermis. Exposed tissue was 

kept hydrated with sterile saline. The front side of the titanium frame was then mounted 

on the top of the dissected tissue and attached to its underlying counterpart, and then 

the dorsal skin was sutured to the two titanium frames. An aptagel was placed near the 

edge of the window closest to the body, and the chamber was sealed with a sterile glass 

coverslip. Mice recovered in clean heated cages and received a laboratory diet and water 

ad libitum throughout the course of the experiment. 

3.2.7 Flow Cytometry 

Mice were euthanized by CO2 asphyxiation and the hydrogel was explanted to 

measure sequestered mFKN via ELISA as described above. 4-mm diameter biopsy 
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punches were used to harvest the dorsal tissue under the gel (“near” region) and tissue 

on the opposite side of the window (“far” region), similar to a previously published 

study design (103). Single cell suspensions were generated by mincing the tissue, 

digesting in collagenase IA (Sigma; C9891) for 45 min at 37˚C, and straining through 40 

µm pore filters. Cell suspensions were immunostained using standard flow cytometry 

techniques. The following antibody panel was used: PerCP/Cy5.5-CD45 (BioLegend; 

clone 30-F11), APC/Cy7-Ly6G (BioLegend; clone 1A8), PE-MerTK (R&D Systems; clone 

108928), BV711-CD64 (BioLegend; clone X54-517.1), BV510-CD11b (BioLegend; clone 

M1/70), APC-Ly6C (BioLegend; clone HK1.4), BV421-CD11c (BioLegend; clone N418), 

and BV605-CD206 (BioLegend; clone C068C2). Samples were analyzed using a BD FACS 

Aria IIIu Cell Sorter. Positive versus negative expression of each marker was determined 

using fluorescence-minus-one controls derived from excess dorsal tissue. 

Immunophenotypes were identified as follows: macrophage, CD45+ CD11b+ CD64+ 

MerTK+; M2-like macrophage, CD45+ CD11b+ CD64+ MerTK+ CD206+; monocyte, 

CD45+ CD11b+ NOT(CD64+ MerTK+) CD11c- SSClo; non-classical monocyte, CD45+ 

CD11b+ NOT(CD64+ MerTK+) CD11c- SSClo Ly6Clo; neutrophil, CD45+ CD11b+ 

NOT(CD64+ MerTK+) CD11c- Ly6G+ (Figure 2). 
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Figure 2: Flow cytometry gating for leukocytes in dermal tissue. 

 

3.2.7.1 High-dimensional analysis of flow cytometry data 

t-Distributed Stochastic Neighbor Embedding (t-SNE) high-dimensional analysis 

on 9-parameter flow cytometry data was performed. Prior to tSNE dimensional 

reduction, each sample was pre-gated on CD45+CD11b+ single cells, and then 

downsampled to 1000 events in FlowJo Version 10.2. For samples with fewer than 1000 

events, no downsampling was performed (the smallest number of CD45+CD11b+ single 

cells in a sample was 978). After downsampling, each sample was assigned an electronic 

barcode and all samples were concatenated to enable generation of a single composite 

tSNE map that utilized data points from all samples (16 total samples: 4 RND near, 4 

RND far, 4 FKN near, 4 FKN far). tSNE analysis was performed in FlowJo software 
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using all surface markers and the following parameters: 1000 iterations, 30 perplexity, 

200 eta (learning rate), and 0.5 theta.  

3.2.8 4D analysis of cell migration dynamics 

Male heterozygous B6.129P-Cx3cr1tm1Litt/J (CX3CR1-EGFP) mice were utilized 

to visualize monocytes and macrophages in vivo based on their selective surface 

expression of CX3CR1. Aptagels were labelled fluorescently via incorporation of Alexa 

Fluor 647 conjugated, acrydite-modified RND-aptamer (1% of total aptamer). Time lapse 

videos of CX3CR1+ cell migration were generated by confocal intra-vital microscopy 7 

days after dorsal skin window surgery and aptagel implantation. Briefly, mice were 

anesthetized using vaporized isoflurane and secured in a heated custom stage, the glass 

window was removed, and dorsal tissue was irrigated with sterile saline. Aptagels and 

CX3CR1+ cells were visualized via 633nm and 488nm excitation, respectively, using a 

20X water-immersion lens (NA = 1.0) and a Zeiss LSM 710 NLO confocal microscope. 

Time lapse z-stacked videos (period = 30s) were acquired near the edges of FKN- and 

RND-aptagels. For 4D analysis in Imaris (Bitplane), cells expressing CX3CR1-EGFP 

were identified using the surface tool. CX3CR1+ surfaces were identified by 

smoothing with a 2 µm grain size and an automatic threshold on absolute intensity. 

Touching objects were split using a seed points diameter of 10 µm. CX3CR1hi cells 

were discriminated from all other CX3CR1+ cells by applying a filter to select surfaces 

with a high fluorescence intensity in the CX3CR1-EGFP channel. To quantify 



 

27 

migration dynamics, the automatic cell tracking feature was selected, and track 

displacement, track length, track straightness, and speed were analyzed. 

3.2.9 Statistical Analysis 

Statistical analysis was performed in GraphPad Prism. Single outliers were 

identified and removed using Grubbs’ test (α = 0.05) and multiple outliers were 

removed via the ROUT method (Q = 1%). Sample sizes and statistical tests are stated in 

each figure legend. 

3.3 Results 

3.3.1 FKN-aptamers exhibit desirable binding kinetics with mouse 
FKN 

The present study utilizes the FKN-aptamer sequence (FKN-S2) discovered by 

Waybrant et al (90) that was selected against human FKN (hFKN) through Selective 

Enrichment of Ligands via EXponential enrichment (SELEX). The RND-aptamer 

sequence is a random DNA sequence (equivalent length to the FKN-aptamers) and 

taken from Waybrant et al.  As mouse FKN (mFKN) possesses 78% homology to hFKN, 

we hypothesized that there would be different binding kinetics between each variant 

against the FKN-aptamers. In initial screening studies, FKN-aptamers bound to the 

mFKN surface with a ten-fold weaker binding response compared to the hFKN surface, 

as expected (Figure 3). No interaction was observed between the RND-aptamers and 

either FKN variant. 
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Figure 3: Initial studies with surface plasmon resonance. (A) Sensor chip 
immobilized with a high density of mFKN demonstrated rapid binding and release of 

FKN-aptamers (1 µM) and negligible binding of RND-aptamers. (B) Sensor chip 
immobilized with a high density of hFKN demonstrated slightly less rapid binding but 

much slower release of FKN-aptamers (100 nM) and negligible binding of RND-
aptamers.  

 

FKN-aptamers also exhibited no interaction against mouse serum albumin 

(MSA) (Figure 4). 

 

 

Figure 4: FKN-aptamer and mouse serum albumin SPR. Sensor chip 
immobilized with mouse serum albumin demonstrated negligible binding with FKN-

aptamers. 
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Binding activity and kinetics of FKN- and RND-aptamers to hFKN and mFKN 

were measured via surface plasmon resonance (SPR) (Figure 5 A & B). Kinetic 

measurement revealed that the FKN-aptamers bound mFKN with an affinity (Kd = 1023 

± 555 nM) that is approximately 31-fold weaker than that observed for the hFKN (Kd = 

32.7 ± 7.0 nM) (Figure 5C). Interestingly, the observed difference in affinity is almost 

entirely accounted for in the dissociation kinetics as the mFKN interaction demonstrates 

nearly equivalent association kinetics but 28-fold faster dissociation kinetics (kon = 2.19 ± 

1.18 x 105 M-1s-1, koff = 0.223 ± 0.009 s-1) when compared to the hFKN complex (kon = 2.45 ± 

0.43 x 105 M-1s-1, koff = 0.008 ± 0.001 s-1) (Figure 5C). These results indicate that the FKN-

aptamer sequence is an appropriate candidate for attempting endogenous enrichment of 

mFKN.  
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Figure 5: Surface plasmon resonance to study the kinetics of aptamer-FKN 
interactions. (A) Response curve of decreasing concentrations of FKN-aptamer flowed 
across immobilized human FKN (hFKN). (B) Response curve of FKN-aptamer flowed 

across immobilized mouse FKN (mFKN). (C) Binding kinetics demonstrated equivalent 
kon rates but mFKN displayed faster koff rates – desirable kinetic regimes for 

endogenous enrichment. The above kinetic values are the average results of three 
experimental titrations. 

3.2 Acrydite-modified aptamers can be integrated with PEGDA to 
form aptagels 

To conjugate the FKN- or RND-aptamers with a PEGDA hydrogel backbone, a 

phosphoramidite group, Acrydite, was added to the 5’ end of the aptamers and was 

expected to minimally affect kinetics (114). As aptagel formulation precluded SPR 

assessment of any binding kinetic perturbation, functional testing was performed after 

synthesis. The Acrydite-modified aptamers were conjugated to PEGDA via free-radical 

polymerization initiated by APS and catalyzed by TEMED (Figure 6).  
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Figure 6: Aptagel Chemistry. FKN- and RND-aptamer sequences were modified 
at their 5’ ends with Acrydite for conjugation during PEGDA polymerization. Depicted 

is the chemistry that is initiated with APS and catalyzed by TEMED.  

Soft and translucent hydrogels (aptagels) formed at a concentration of 5% 

PEGDA in a 0.5-mm thick glass mold and were punched out with a 2-mm biopsy 

(Figure 7A). Successful covalent integration of Acrydite-modified aptamers with 

PEGDA was confirmed by incubating the aptagels with fluorescently tagged 

complementary sequence (fCS) and comparing fluorescence to aptagels fabricated using 

unmodified aptamers or no aptamers (Figure 7B). A stark difference in fluorescence was 

appreciated in the Acrydite-modified aptagel group compared to either controls. 
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Figure 7: Aptagel synthesis. (A) 5% PEGDA was mixed with either no aptamers, 
unmodified, or Acrydite-modified aptamers to create translucent hydrogels and 2-mm 

disks were punched out. (B) The hydrogels were stained with 6-carboxyfluorescein-
labelled complementary sequence and demonstrate successful integration of modified 

aptamers via intense fluorescence versus unmodified aptamers or no aptamers, 
demonstrating background fluorescence. Images represent the confocal plane with the 

greatest fluorescence intensity in each hydrogel. 

Alternative chemistries were tested for potential application of endogenous 

enrichment to various scenarios in vivo. Amino-modified aptamers also successfully 

conjugated to N-hydroxysuccinimide (NHS) activated agarose beads, as determined by 

fCS. Fluorescence intensity correlated with the amount of aptamer conjugated (Figure 8). 

 

 

Figure 8: Aptabead synthesis. An alternate chemistry (NH2 modified aptamers 
with NHS-activated agarose beads) successfully created “aptabeads”. The amount of 

aptamer conjugated correlated with the level of fluorescence staining. 
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3.3 Aptagels can enrich and passively release FKN for at least 1 week 
in vitro 

Aptagel functionality was assessed in vitro by measuring sequestration 

(indirectly, Day 0) and release (directly, Day 1 and onwards) of FKN after 24 h of 

incubation with either FKN- or RND-aptagels (Figure 9). 

 

 

Figure 9: In vitro experimental paradigm. An initial amount of FKN [a] was 
added to the bath and after 24 hours, Day 0, the bath was fully collected and the amount 

of FKN [b] quantified. ‘Bound’ FKN was indirectly quantified via [a] – [b]. All 
collections were analyzed via FKN ELISA assays. 

Preliminary studies with rat FKN (rFKN) demonstrated that FKN-aptagels 

attract at least 40% of rFKN from high concentration incubations (1 µg/mL) (Figure 10A). 

Studies with aptabeads demonstrated immediate release of rFKN with the addition of 

complementary sequence and equivalent passive release in the presence of non-

homologous CS when subsequently washed, corroborating the fast koff rates observed 

with SPR (Figure 10B). At least two washes were necessary to exclude non-specifically 

bound FKN from passive release data (Figure 10C).  

 



 

34 

 

Figure 10: Aptagel and aptabead binding and release with rFKN. (A) FKN-
aptagels demonstrated significant binding and release of rFKN at Day 1. Values are a 

percentage of rFKN added to the bath. (n = 3, ****P < 0.0001) (B) Complementary 
sequence (CS) mediated release from aptabeads on Day 0. CS was added after the 

unbound sample was collected. Incubation of homologous CS (FKN-CS) with FKN-
aptabeads resulted in release of rFKN while non-homologous CS (RND-CS) failed to 

evoke the response. A subsequent wash with wash media (1% BSA and PBS) resulted in 
the release of rFKN that previously failed to release, indicating fast off-kinetics. (n = 3) 

(C) After obtaining the “Unbound” sample on Day 0 from aptabeads, three washes were 
enough to remove non-specifically bound FKN. (n = 3) 

Based on the preliminary rFKN results and because endogenous FKN 

concentrations range from hundreds of picograms to nanograms per milliliter (20), 

formal studies with mFKN were then performed using a lower concentration (50 

ng/mL). Day 0 samples demonstrated reduced mFKN levels in the bath surrounding 

FKN-aptagels, indicating sequestration of mFKN onto the aptagels (Figure 11A). No 

change was observed around RND-aptagels (Figure 11A). Pre-treatment of the aptagels 

with 25 units of DNAse dampened FKN binding, indicating aptamer-protein 

interactions (Figure 11 A-C). The FKN- and RND-aptagels sequestered ~30% (40.8 ng ± 

4.2 ng) and <0.1% (2.2 ± 2.2 ng) respectively from the initial amount of mFKN in the 

baths (138.1 ± 3.7 ng) (Figure 11 A and C). Relative to the unbound FKN, the FKN-
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aptagels were 67X concentrated while the RND-aptagels 2.6X concentrated (Figure 11B). 

After washes and transferring the aptagels to fresh baths, FKN-aptagels passively 

released 30% (12.4 ± 4.8 ng) of the sequestered amount over 24 h (Figure 11C). These 

results were replicated over multiple trials.  

 

 

Figure 11: In vitro aptagel characterization with mFKN. (A) This depicts the 
amount of mFKN remaining in each bath at Day 0. FKN-aptagels reduced mFKN levels 
in the surrounding bath while RND-aptagels and DNAse-treated aptagels left the bath 

unchanged (n = 3; P < 0.01). (B) Concentration of mFKN in the aptagel groups is 
compared to the concentration of the remaining mFKN in the bath of each group at Day 

0. (C) Calculated ‘bound’ mFKN and Day 1 release are depicted for each aptagel as 
mean and SD. FKN-aptagels sequestered ~30% of mFKN from the bath and released 30% 
in the first 24 hours. RND-aptagels demonstrated negligible sequestration and release. (n 

= 3; ***P < 0.001) 

FKN-aptagels passively released 72.5% of mFKN over seven days (Figure 12 A 

and B). After this period, FKN-aptagels were still able to sequester 28% of FKN from a 

fresh incubation, indicating near-full functionality (Figure 12C). 
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Figure 12: Passive release of bound FKN. (A) Amount of mFKN release from 
aptagels per day is depicted. FKN-aptagels demonstrated a burst release followed by 

sustained release over at least 6 days. RND-aptagels demonstrated minimal release, due 
to minimal non-specific sequestration within the matrix. (n = 4; ****P < 0.0001 compared 
to Day 6 FKN-aptagel release) (B) Graph depicts cumulative mFKN release from FKN-
aptagel. ~70% of bound mFKN was released by day 6. (n = 4; P at least < 0.001 for each 

comparison) (C) Functionality was assessed after 7 days of testing and demonstrated no 
significant reduction in the ability to bind mFKN. All graphs depict mean and standard 

deviation. One-way and repeated measures ANOVAs were used. 

Increasing BSA concentration five-fold reduced mFKN binding to FKN-aptagels 

(Figure 13 A and B), however, it remained greater than RND-aptagels, and 

demonstrated sustained release for at least 2 days (Figure 13C).  

 

 

Figure 13: Effect of high BSA on mFKN binding. (A) FKN-aptagels captured 
mFKN from media with elevated (5%) BSA, Day 0. (n = 3, **P < 0.01) (B) FKN-aptagels 
incubated in 5% BSA bound less mFKN than those incubated in 1% BSA. (n = 3, **P < 
0.01) (C) FKN-aptagels incubated in 5% BSA released mFKN for at least 2 days. (n = 3) 
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These results demonstrate that FKN-aptagels can bind mFKN from the 

environment and passively release it while RND-aptagels have little effect on mFKN.  

3.4 Aptagels enrich endogenous FKN and recruit M2-like 
macrophages in vivo  

To assess the ability of aptagels to enrich anti-inflammatory subpopulations of 

monocytes and macrophages, aptagels were implanted in the mouse dorsal skin 

window, a model of excisional skin injury. One week after injury and gel implantation, 

enrichment of endogenous FKN within the hydrogel was quantified by ELISA, and 

immune cell infiltration was analyzed via flow cytometry, t-Distributed Stochastic 

Neighbor Embedding (t-SNE) high-dimensional analysis, and intra-vital imaging (Figure 

14A). FKN-aptagels contained 3.7-fold more endogenous FKN than RND-aptagels 

(Figure 14B), indicating that FKN-aptagels successfully enrich FKN in vivo. 

 

 

Figure 14: In vivo experimental paradigm and aptagel ELISA. (A) Aptagels 
were implanted for 1 week in the mouse dorsal skin window, a model of excisional skin 

injury. Explanted aptagels and tissue biopsies “near” and “far” from aptagels were 
analyzed by ELISA and flow cytometry with t-SNE analysis respectively. (B) Amount of 

mFKN present in explanted aptagels after 24 hours passive release. ELISA analysis 
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indicates that FKN-aptagels attract endogenous FKN significantly more than RND-
aptagels. (n = 3, **P < 0.01, t-test) 

To assess spatial localization of effects on immune cell infiltration, biopsies were 

collected from tissue underneath the gel (“near” region) and from tissue at the opposite 

side of the window (“far” region) (Figure 14A). While the mean total monocytes 

increased in the near tissue under FKN-aptagels this did not reach statistical significance 

(Figure 15A). The same trend was seen for classical (Ly6Chi) monocytes (Figure 15B). 

However, FKN-aptagels significantly increased the number of non-classical (Ly6Clo) 

monocytes in near tissue 3.0-fold compared to far tissue and 6.4-fold compared to tissue 

near the RND-aptagels (Figure 15C). The total number of Ly6Clo monocytes was greater 

than Ly6Chi monocytes under FKN-aptagels while the reverse was true in all other 

combinations (Figure 15 B and C). 

 

 

Figure 15: Monocyte polarization through flow cytometry. (A) Significant 
changes were not observed in total monocyte counts in any of the groups compared. (n = 
4) (B) There were no significant changes in the number of classical monocytes in any of 

the groups. (n = 4) (C) Flow cytometry also demonstrates an increased Ly6Clo non-
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classical monocyte count in tissue near FKN-aptagels compared to both tissues far from 
FKN-aptagels or near RND-aptagels. (n = 3, *P<0.05, **P < 0.01) 

While the mean number of total macrophages increased under FKN-aptagels 

compared to RND-aptagels, this was not statistically significant (Figure 16A). However, 

FKN-aptagels increased the number of CD206+ macrophages in the near tissue 3.8-fold 

compared to far tissue and 13.2-fold compared to tissue near the RND-aptagels (Figure 

16B). FKN-aptagels increased and RND-aptagels decreased the proportion of 

macrophages expressing the CD206+ alternatively-activated, M2-like phenotype in near 

tissue compared to far tissue (Figure 16C). 

 

 

Figure 16: Macrophage polarization through flow cytometry. (A) Significant 
changes were not observed in total macrophage counts in any of the groups. (n = 4) (B) 

Tissue near FKN-aptagels exhibits increased CD206+ M2-like macrophage count 
compared to other groups. (n = 4, *P < 0.05) (C) FKN-aptagels increased polarization of 

macrophages towards expression of CD206. (n = 4, *P < 0.05) 

Although the mean number of neutrophils in the near tissue under FKN-aptagels 

was less than all other groups, no significant differences were (Figure 17). 
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Figure 17: Neutrophils. There were no significant changes in the percentage of 
neutrophils normalized to the total number of cells in each group. (n = 4) 

These results indicate that FKN-aptagels dramatically enhance accumulation of 

non-classical monocytes and M2-like macrophages in injured tissue near the implant.  

As mononuclear phagocytes are highly plastic and heterogeneous, t-SNE high-

dimensional analysis was performed to study the aptagel-enriched cell populations. 

Monocytes, macrophages, and dendritic cells formed a continuous shape with high 

phenotypic diversity, as indicated by a large surface area in t-SNE space (Figure 18A and 

B). Conversely, neutrophils were spatially distinct and less heterogenous (Figure 18A). 

FKN-aptagels increased cell density in macrophage-associated regions, compared to 

RND-aptagels and ‘far’ regions (Figure 18 C and D). Similarly, higher CD206 expression 

was observed around FKN-aptagels compared to RND-aptagels (Figure 18E). These 

results support the observation of increased M2-like macrophages around FKN-aptagels 

and provide insight into myeloid cell heterogeneity. 
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Figure 18: t-SNE high dimensional analysis. (A) CD45+CD11b+ cells collected 
from dorsal tissue surrounding RND or FKN aptagels (both far and near regions). (B) 

Monocyte (Ly6Chi and Ly6Clo) and macrophage (CD206+ and CD206-) subsets cluster 
into spatially distinct areas of the t-SNE map. (C) Overlay of RND- and FKN-aptagel 

samples collected from dorsal tissue harvested near the gel. (D) Contour tSNE plots of 
far (orange) or near (blue) region of FKN-aptagel tissue. (E) t-SNE map color coded per 
CD206 expression for RND-aptagel (left) or FKN-aptagel (right). Both maps represent 

regions near the gel.   

3.5 CX3CR1+ cells demonstrate decreased motility by day 7 around 
FKN-aptagels 

To assess whether chemotaxis of monocytes and macrophages towards aptagels 

persisted to day 7, time-lapse videos of CX3CR1+ cell migration were acquired by 

confocal intra-vital microscopy in CX3CR1gfp/+ transgenic mice (Fig. 6 A and B, Movie S1 

and S2), in which monocytes and macrophages are visualized by GFP expression 

(47,115,116). Migration paths (Fig. 6 C and D) and displacement vectors (Fig. 6 E and F) 

of CX3CR1+ cells surrounding FKN-aptagels exhibited increased mean speed (45.3 vs. 
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41.2 nm/s, D = 0.1288, p < 0.05) and increased displacement length (6.19 vs. 4.83 µm, D = 

0.1166, approximate p = 0.0512) (Fig. 6 G and H) compared to RND-aptagels. No 

significant difference in path length or path straightness was observed (Fig. 6 I and J). 

These data demonstrate that at day 7, there is a mildly increased motility of CX3CR1+ 

cells around FKN-aptagels compared to RND-aptagels. 

 

 

Figure 19: Time-lapse imaging of CX3CR1+ cell migration near aptagel edges 
via confocal intra-vital microscopy in CX3CR1gfp/+ mice. (A) Image of CX3CR1+ cell 

population around an RND-aptagel. (B) Image of CX3CR1+ cell population around an 
FKN-aptagel. (C) Mean speed of CX3CR1+ cells was significantly higher around FKN- 
compared to RND-aptagels. (D) Increased displacement length was observed around 

FKN-aptagels. (E) No significant difference in path length between aptagels was 
observed. (F) No significant difference in path straightness was observed between the 

aptagels. Cells are depicted by shaded circles and the mean is represented by a red line. 
Cell migration dynamics were quantified and graphed (n = 300 cells across 3 animals per 

group, *P < 0.05, Kolmogrov-Smirnov test). 
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3.4 Discussion 

 The challenges associated with exogenous protein delivery in vivo are 

increasingly well recognized and include short half-lives, suboptimal efficacies, 

immunogenicity, and manufacturing costs and variability (30-39). Half-lives of small 

proteins, like cytokines, are short due to rapid circulation and clearance in vivo (23,24). 

Achieving therapeutic pharmacodynamics can require multiple doses or sustained-

release of otherwise fragile exogenous proteins. Further hampering half-lives (21–24) 

and reducing efficacies (25) are a lack of post-translational modifications (PTMs) and 

molecular instabilities. PTMs significantly influence chemokine activity in vitro and in 

vivo  (26). Molecular instabilities are inherent due to the absence of glycosylation 

patterns and destabilizing insults during manufacturing, purification, storage, and 

delivery of exogenous proteins (21–25). While engineering glycosylation patterns to 

mimic endogenous proteins may ameliorate instability, glycosylation biology is 

intrinsically complex and the glycoengineering process is technically challenging (25). 

Furthermore, exogenous proteins can be immunogenic due to variations in peptide 

sequence or the presence of non-native glycosylation patterns (27,28). Antibodies detect 

small structural variations from endogenous proteins, hamper efficacy, and risk the 

development of autoimmunity and systemic immune effects such as anaphylaxis (29). 

Clinical translation of therapeutic proteins is further delayed because pre-clinical models 

poorly predict clinically relevant immunogenicity (29,30). Synthesizing or purifying 
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exogenous proteins is also expensive and managing batch-to-batch variability requires 

solutions in the manufacturing and quality control process that increase cost of 

production. 

The present study is the first evaluation of an aptamer-based bind-and-release 

system in vivo  (85,117).  Enriching endogenous proteins circumvents the challenges that 

plague delivery of exogenous proteins and cells by 1) concentrating target proteins in 

the injury site; 2) preserving the role of PTMs and endogenous signaling pathways; 3) 

avoiding the introduction of anomalous structures or glycosylation patterns; 4) 

mitigating cost, manufacturing, and regulatory hurdles to clinical translation. We 

specifically developed an aptamer-functionalized biomaterial platform that enriches 

endogenous fractalkine protein to recruit anti-inflammatory subpopulations of 

mononuclear phagocytes. Engineered recruitment of distinct subpopulations of 

mononuclear phagocytes is a therapeutic strategy to augment tissue repair and enhance 

implant integration in diverse contexts. Accumulation of non-classical monocytes and 

M2-like macrophages within injured tissue is associated with augmented repair and 

enhanced implant integration (4,6,17,102–106,115,118–124). A novel strategy to stimulate 

pro-regenerative inflammation is to enhance the recruitment of circulating non-classical 

monocytes, which are biased progenitors of M2-like macrophages (49). Elevation of FKN 

and CX3CR1 is associated with better healing in dermal wound injuries 

(105,106,111,112). Toward this end, the present study leverages non-classical monocytes’ 



 

45 

relatively high surface expression of CX3CR1, the cognate receptor of the chemokine 

FKN.  

To target the FKN-CX3CR1 axis, we synthesized implantable aptamer-

functionalized hydrogels (i.e. aptagels) that bind and release FKN protein. Aptagel-

mediated recruitment of CX3CR1+ cells requires that FKN be enriched locally but not 

sequestered permanently. Achieving this dynamic theoretically requires fast association 

(kon) and fast dissociation (koff) kinetics for aptamer-protein interactions. A fast kon with 

slow koff would likely sequester FKN, while the converse would fail to attract FKN. 

Waybrant et al., discovered FKN-aptamers against hFKN through SELEX; a process that 

selects strong-binding aptamers (fast kon, slow koff, small Kd). As mFKN shares 78% 

homology with hFKN, we found FKN-aptamer kon kinetics with mFKN were akin to 

hFKN while koff kinetics were approximately 28-fold faster. Thus, mFKN and hFKN 

associated equally well with FKN-aptamer, but mFKN dissociated faster; a desirable 

kinetic regime for endogenous enrichment of mFKN. Additionally, both FKN variants 

had significantly lower affinity to FKN-aptamer (mFKN Kd = 1.0 µM, hFKN Kd = 33 nM) 

than FKN does with its cellular receptor CX3CR1 (30-740 pM) (125), allowing attracted 

FKN to signal to CX3CR1+ cells. Although we report a slightly weaker hFKN interaction 

with FKN-aptamer than Waybrant et al. (Kd = 3.7 nM) possibly due to methodological 

differences, it is the relative difference in kinetics between the FKN variants that is 

critical.  
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Results in vitro show that mFKN not only binds to FKN-aptamers and rapidly 

dissociates, aptamers immobilized within the hydrogel matrix (aptagels) maintained 

bind-and-release activity for at least one week in vitro. This activity was also 

demonstrated in a bead-based formulation (aptabeads) indicating generalizability of 

endogenous enrichment across matrix-based biomaterial platforms (Fig. 3D and S2B). 

DNAse dampened functionality, suggesting that incorporation of DNAse resistant bases 

may further amplify FKN enrichment and consequent recruitment of CX3CR1+ cells. 

Alternatively, maintaining susceptibility might be desirable to release any sequestered 

protein. Controlled inactivation of the material or bulk release of any sequestered 

protein could also be achieved via introduction of CS (Fig. S2B). 

Aptagel implantation in a murine excisional skin wound enriched endogenous 

FKN within the gel matrix and increased accumulation of non-classical monocytes and 

M2-like macrophages in the injured tissue surrounding the implant. FKN-aptagels 

significantly enriched mFKN (Fig. 5B) but at levels observed in in vitro testing with 5% 

BSA (Fig. S2E). The reduced binding may be due to steric hindrance from larger proteins 

or the presence of DNAses in the environment. Increased numbers of non-classical 

monocytes and CD206+ macrophages near FKN-aptagels (Fig. 5 C-E) may be explained 

by multiple mechanisms of action. FKN-aptagels bind endogenous fractalkine in vivo 

(Fig. 5B) and exhibit rapid dissociation rate in vitro (Fig. 2, Fig. 4 and Fig. S2B), 

suggesting that FKN-aptagels may generate local FKN gradients that affect CX3CR1+ 
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accumulation. Numerous studies indicate that the fractalkine-CX3CR1 axis promotes 

migration (50,51) and survival (52–58) of monocytes and macrophages. Non-classical 

monocytes, which express high levels of CX3CR1 compared to classical monocytes  

(126), may be more responsive to FKN-induced survival and migration, thereby 

enriching this subpopulation. Given that non-classical monocytes are biased progenitors 

of M2-like macrophages (49), the observed increase in CD206+ macrophages may be 

caused by differentiation of the increased non-classical monocyte population. 

Additionally, FKN-induced survival may limit monocytic cell death preventing feed 

forward pro-inflammatory responses. Recruitment of tissue-resident CD206+ 

macrophages to peri-implant tissue is also a plausible mechanism (6,50,51). Intra-vital 

microscopy elucidated mildly elevated motility of CX3CR1+ cells around FKN-aptagels 

persisting to day 7, corroborating the hypothesis of chemokine-induced cell recruitment. 

As the FKN-CX3CR1 signaling axis is also known to promote adhesion (46,127–129), 

CX3CR1+ cells may interact with transmembrane FKN, forming adhesions by this 

timepoint, and hence mitigating motility around the aptagel. Future studies could 

attempt to robustly enhance motility out to day 7 by increasing aptamer concentrations 

in aptagels, or study the heterogeneity in signaling dynamics from chemotactic to 

adhesive at earlier and later timepoints. No significant changes in neutrophil counts 

were observed, corroborating an earlier study (105). 
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Toward the goal of clinical translation, future studies could employ 

computational modelling or experimentation with mutated or modified aptamers 

(77,114) to identify if better enrichment kinetics exist and to enable enrichment of hFKN. 

The ability to alter formulations may enable application to diverse clinical contexts. For 

example, aptabeads (Fig. 3D and S2B) or aptamer-functionalized nanoparticles (130) 

may be advantageous when injury occurs deep within tissue and bulk hydrogel 

implantation is not feasible, such as after brain injury (e.g. trauma or stroke). Elevated 

FKN is associated with improved healing after brain injury (11,12,60) but while FKN 

levels initially rise, driving CX3CR1+ cell recruitment, they soon rapidly fall (20). FKN-

aptabeads could prolong CX3CR1+ cell recruitment by storing FKN during the early 

surplus and releasing it during later days as FKN levels decline. Other critical molecules 

can be targeted by identifying binding aptamers via SELEX and tuning aptamer kinetics 

via selection pressures, mutations, truncations, and additions (77). Through this, 

combinations of aptamers could be immobilized on biomaterials to treat complex 

pathological conditions in which regulation or enrichment of multiple proteins is 

required. 
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Chapter 4. MSCs expressing IL-4 
In the previous chapter, we investigated the ability of FKN-aptagels to enrich 

M2-like macrophages. We observed that, while they were successful in doing so, the 

effects were dramatically localized to the tissue in contact with the aptagel. This is 

exemplified by Figure 16B wherein the tissue in contact with the aptagel had on average 

200 M2-like macrophages/mm2, while the adjacent tissue region (and tissue from control 

groups) had only 50/mm2.  

Traumatic brain injury, in contrast, is clinically a diffuse pathology and hence 

requires a therapy that can is not very local. Additionally, deploying aptagels in rodent 

models of TBI is practically infeasible due to space constraints in the cranium. This space 

can be worsened by edema after TBI. Implanting a space-occupying hydrogel could 

increase intracranial pressure significantly and result in morbidity or mortality. 

Therefore, in this next study, we explore a clinically viable strategy for enriching 

anti-inflammatory cytokines and M2-like macrophages – augmented stem cell therapy in 

a diffuse, closed head injury model of TBI.  

4.1 Introduction 

Traumatic brain injury (TBI) places a calamitous toll on individuals and the 

health system. It accounts for 138 deaths every day and 2.5 million emergency room 

visits, hospitalizations, or deaths annually (31). It makes up one-third of all 

“Unintentional Injuries” - the leading cause of mortality between the ages 1 and 44. This 
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has economic ramifications of at least $60-80 billion (32,33). TBI is divided into mild, 

moderate and severe categories. While mild TBI is typically thought to result in a 

transient loss of function, studies are elucidating persisting complications (34). Severe 

TBI results in permanent morbidity or mortality in all patients (35). 

However, the permanent morbidity and mortality are seldom due to the primary 

insult and instead result from numerous affiliated reactions. These include: 

inflammation, excitotoxicity, accumulation of reactive oxygen species (ROS), apoptosis 

of injured cells, ischemia, edema, and blood-brain-barrier (BBB) disruption (35). Soon 

after TBI, damaged cells release distress signals, “alarmins”, consisting of intracellular 

components and various cytokines (36). Some alarmins reach the bloodstream to recruit 

neutrophils and monocytes. These monocytes morph into macrophages in the 

parenchyma. Other alarmins activate microglia to clear debris and support astrocytes to 

reestablish barriers. In the acute phase, these mechanisms are neuroprotective (and 

depleting them results in greater damage), but over weeks or months they become 

maladaptive. In mammals, the microglia and macrophages stay persistently skewed 

towards pro-inflammatory, M1-like phenotypes (3,37). They self-amplify by releasing 

more inflammatory cytokines and can remain for weeks and months (38) leading to 

chronic inflammation. The M1-like response in lower-order animals, like zebrafish, is 

abrogated by a robust ‘anti-inflammatory’ M2-like response within a week, enabling 

them to regenerate a transected spinal cord (44,45). These cohorts of M1 and M2 
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macrophages were first identified in other injury conditions (39). Among microglia, M1 

and M2 phenotypes can exist concurrently after TBI (40). However, M2-like 

macrophages are, at least indirectly, associated with improved biological and functional 

recovery in the mammalian peripheral and central nervous system after injury (3,4,6–9). 

These M2-like macrophages and microglia are involved in angiogenesis, neurogenesis, 

axonal regeneration, and improved white matter integrity (41,131). Therapies that 

enhance an M2-like phenotype after TBI, often improve molecular markers, edema, 

white matter, and functional outcomes (132–141) (142–147). However, the peak M2-like 

response 5 days after injury is still outnumbered by M1-like macrophages and the 

desirable response secedes by day 7 (42,43). Shifting the balance towards endogenous, 

‘anti-inflammatory’, M2-like macrophages is thus a viable approach for TBI but requires 

a clinically relevant strategy. 

Stem cells are a promising therapy to promote an anti-inflammatory response 

after TBI and possibly modulate macrophage phenotypes (91,148–152). With the 

confidence from numerous pre-clinical studies, a handful of different bone-marrow 

derived stem cells (BMSCs) are in at least 8 clinical trials (91,148). These cells include 

multi-potent adult progenitor cells and mesenchymal stem/stromal cells (MSCs). Phase I 

trials have determined that harvesting BMSCs from a patient and delivering them is 

both logistically feasible and safe (91). At least one Phase I study has also reported on 

decreased neural tissue loss and an improvement in a few clinical outcomes at 6 months. 



 

52 

Phase II trials, comparing doses of BMSCs to reduce neuroinflammation after TBI in 

adults and children, are underway. In TBI, one of the more frequently studied stem cells 

is the MSC (148). MSCs can be derived from bone marrow, adipose tissue, or umbilical 

cord. Like many other stem cells, they exert their effect not through differentiation but 

via the cytokines and growth factors that they secrete: their ‘secretome’. However, while 

many pre-clinical studies demonstrate their ability to temper inflammation, skepticism 

towards MSCs persists as well (91).  

Part of the skepticism towards MSC therapy is in the absence of some growth 

factors and cytokines in the MSC secretome (91–93,153–155). One absent cytokine that 

also promotes an M2 macrophage phenotype is Interleukin-4 (IL-4)(154,156,157). IL-4 is 

a small, 16 kDa protein that is classically secreted by and activates Th2 helper cells. 

However, when it binds to its cognate receptor IL-4Rα, it initiates STAT6-based 

transcription and expression of M2 phenotypic proteins on macrophages. In vivo, IL-4 

promotes M2-like macrophage phenotypes after stroke (13,14), spinal cord injury (SCI) 

(15–17), and peripheral nerve injury (PNI) (4,5) at doses ranging from 250-500 ng. It 

stimulates astrocytes to secrete growth factors such as BDNF and NGF, and promotes 

microglia to express M2 phenotypic markers as well (62). Unfortunately, IL-4 levels do 

not increase in humans or mice after TBI (18,19). Contrarily in rats, there is a modest IL-4 

elevation in the first 24 hours, but this subsides within 3 days (63). Delivery of IL-4 after 

TBI remains unpublished although it is actively being explored (1I01BX003377-01) (158). 
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To increase reparative macrophages after TBI, the MSC secretome could be augmented 

with many proteins from a vast repertoire of options, but a promising one is IL-4.  

MSCs have previously been genetically augmented to induce expression of 

proteins. The modified MSCs that have been delivered in rodent models of CNS injury 

overexpress bone-derived neurotrophic factor (BDNF) (159), superoxide dismutase 2 

(SOD2) (160), interleukin-13 (IL-13) (161–163), or interleukin-10 (IL-10) (92,155). While 

many of these modifications have promoted anti-inflammatory cytokine or regenerative 

growth factor expression, improved functional outcomes are only occasionally observed. 

BDNF overexpression mildly improved outcomes in one functional SCI assessment. 

SOD2 overexpression demonstrated improved motor coordination at one timepoint 

tested after focal TBI. IL-13 overexpression promotes an M2-like phenotype, but it has 

only been observed to improve some functional assessments in an SCI model and failed 

to rescue function in stroke and epilepsy models. IL-10 overexpression from MSCs did 

not reduce TBI lesion volume or improve most functional assessments. The one 

functional test that improved (foot faults) and a decreased histological presence of 

reactive astrocytes was not significantly different from wild-type MSCs. 

Genetic modification of MSCs to express IL-4 can be achieved via DNA and viral 

transduction or through synthetic mRNA. MSCs have previously been virally 

transduced to express IL-4 and promote a Th2 response in a model of autoimmune 

encephalitis, but did not significantly improve outcomes compared to wild-type MSCs 
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(157). Modification of the MSC in this manner requires DNA encoding IL-4 to enter the 

nucleus and induces prolonged or permanent expression of IL-4. Persistent IL-4 

expression can then also prolong an M2-like macrophage presence resulting in fibrosis 

mediated by TGF1β, CCL18, and fibroblasts (94,134). This persistent overexpression can 

be advantageous outside the nervous system; implanted MSCs over-expressing IL-4 

increase bone mineral density(156). However, fibrosis can be undesirable in the CNS. 

Viral transduction also comes with the risk of undesired genomic integration and 

activation of oncogenes. In contrast, synthetic mRNA only needs to reach ribosomes in 

the cytosol, enabling rapid expression and lasting only 1-4 days (92). This could counter 

an M1-like response quicker and allow the site to return to homeostasis. Lower-order 

animals that regenerate their CNS show a similar dynamic: pro-inflammatory followed 

by anti-inflammatory peaks which then all subside to homeostasis within a couple 

weeks (44,45).  

Delivering recombinant IL-4 in conjunction with MSCs is another strategy but 

has its drawbacks. As mentioned, IL-4 alone has been delivered after stroke, SCI, and 

PNI. This method may have rescued functional deficits in IL-4 knockout mice suffering 

stroke (13) and reports in SCI are conflicting (15,164). The ambiguity of response could 

be because recombinant protein delivery may need to address challenges with short 

half-lives (23,24), suboptimal efficacy (25), and immunogenicity (27,28). Cytokines 

possess short half-lives due to rapid circulation and clearance in vivo and this is 
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exacerbated by increased interstitial flow after TBI. In mouse models, the IL-4 half-life 

can be less than 20 minutes (157,165). To counter this, multi-dosing or sustained release 

strategies, such as in one of the SCI studies, need to be employed. Further worsening 

half-life, reducing efficacy, and increasing immunogenicity is the absence of post-

translational modifications (PTMs) and the presence of microstructural abnormalities. 

Inducing harvested MSCs to express IL-4 via nucleic acids addresses these issues by 

synthesizing new IL-4 with endogenous PTMs.  

In the present study, we transfect MSCs with synthetic IL-4 mRNA to transiently 

induce IL-4 expression. We hypothesize that these modified MSCs will promote M2-like 

macrophage mediated healing after TBI. We test this in a modified closed head injury 

(CHI) mouse model of TBI. Through our model, we investigate in vivo macrophage 

polarization, examine behavioral outcomes, scrutinize cytokine and gene expression, 

and probe histological alterations in tissue and white matter tracts.  

4.2 Materials and Methods 

4.2.1 In vitro transcribed mRNA (IL4, Luc, GFP) 

All synthetic mRNA were transcribed in the Santangelo Lab (Georgia Institute of 

Technology, US).  

4.2.2 Cells (MSCs, Macrophages) 

Mesenchymal stem/stromal cells (MSCs) were purchased at passage 6 from 

Cyagen Biosciences (US) (Lot#: 170221|31). These MSCs are primary cells harvested by 
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the vendor from C57BL/6N mice. All in vivo experiments used the same strain of mice. 

According to the vendor, the MSCs express CD29, CD44, and Sca-1 and do not express 

CD31 and CD45. We verified this expression in two late passages (S. Fig. 1). The MSCs 

were grown in Mouse Mesenchymal Growth Media (Cyagen Biosciences, US) with FBS 

(Lot# T161102G002) and frozen at Passage 7 and stored in the vapor phase of liquid 

nitrogen. For every in vivo experiment, the cells were thawed, and grown in media for 3-

4 days before experiments. To passage or plate cells, the cells were washed twice with 

PBS (Corning, US). Then 0.25% Trypsin (Corning, US) was added, with enough volume 

to cover the surface area, and gently rocked for 90s. The Trypsin was suctioned off, and 

the cells were left in a 37°C incubator for 1 minute. Finally, the cells were harvested by 

adding fresh, pre-warmed, and pH-equilibrated media to the cells.   

 For macrophage polarization experiments, J774A.1 macrophages were 

obtained from the Cell Culture Facility at Duke University (thawed from an unknown 

passage number). These were grown in DMEM-High Glucose (Gibco, US) supplemented 

with 10% FBS. Cells were passaged by manual dissociation with a cell scraper. 

4.2.3 Transfection reagents 

Viromer Red (Lipocalyx, US), jetPEI (Polyplus Transfection, US), and 

Lipofectamine Messenger Max (ThermoFisher, US) were used to transfect MSCs with 

GFP mRNA following manufacturer protocol. All subsequent MSC transfections of 

synthetic IL-4 or Luciferase mRNA used Viromer Red, following its protocol. Prior to 
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every transfection, a cell-culture cabinet, pipettes, and other materials were 

decontaminated with 70% ethanol and RNAse Away (ThermoFisher, US) and left to dry.  

4.2.4 In vitro flow cytometry 

For MSC cell-surface characterization, the following antibodies were used: APC-

Vio770 CD29 (Miltenyi Biotec; clone: HMβ1-1), VioBright FITC CD44 (Miltenyi Biotec, 

US; clone: REA665), PerCP Sca-1 (Biolegend, US; clone: D7), PE CD31 (Miltenyi Biotec, 

US; clone: 390), PE CD45 (Biolegend, US; clone: 30-F11), and PE-Vio770 CD105 (Miltenyi 

Biotec, US; clone: MJ7/19). For analysis of in vitro macrophages we first blocked Fc 

receptors with: CD16/32 FcγRIII/FcγRII (BD Bioscience, US; clone: 2.4G2) and CD16.2 

FcγRIV (Biolegend, US; clone: 9E9) and then stained with: PE CD45 (Biolegend, US; 

clone: 30-F11), Alexa-Fluor 647 CD206 (BioLegend, US; clone: C068C2) and PE CD163 

(ThermoFisher, US; clone: TNKUPJ). A Novocyte 2060 (ACEA Biosciences, US) was used 

to measure mean fluorescence intensity of GFP from transfected MSCs, MSC cell-surface 

markers, and macrophage markers. Data was analyzed in FlowJo software (BD 

Biosciences, US). 

4.2.5 In vitro assays: cell viability, ELISA, imaging 

Cell viability was assessed with either a Live/Dead Viability/Cytotoxicity kit 

(ThermoFisher, US) and DMi8 LiveCell Microscope (Leica Biosystems, US) or 0.4% 

Trypan Blue (ThermoFisher, US) exclusion with automated cell counting using a 

calibrated Countess II (ThermoFisher, US). For protein quantification of conditioned 
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media, an IL-4 colorimetric ELISA was performed (R&D DuoSet; R&D Systems, US) 

with appropriate ancillary kits. Optical density was obtained via a 96-well plate reader 

(SpectraMax i3x, Molecular Devices, US). In some experiments, prior to media collection, 

cells were imaged under brightfield in the DMi8 LiveCell Microscope and the images 

were analyzed with a custom ImageJ script to quantify cell coverage of the well in each 

well as an estimator of cell confluency/count. 

4.2.6 Closed head injury 

All in vivo experiments were conducted according to protocols approved by the 

Duke Institute for Animal Care and Use Committee (IACUC). Male C57BL/6N mice 

were purchased from Charles River Laboratories, US and left to acclimate for 1-2 weeks 

in Duke University animal housing. Procedures began when the mice were between 8-9 

weeks of age.  

Closed head injury (CHI) experiments were modified from Webster et. al., to 

develop a model that is easily reproducible but also induces behavioral deficits in motor 

coordination (166). Mice were induced under 5% isoflurane vapor anesthesia and 

maintained between 1-3% anesthesia. Hair was trimmed from the scalp and ointment 

was applied on the eyes (Paralube; Dechra, US). The scalp was sterilized with three 70% 

ethanol and chlorhexidine swabs each. A mid-line cut into the scalp was made with 

micro-scissors, the cranium was exposed, and the bone surface cleaned with a cotton-tip 

swab. The mouse was then transferred onto a custom heated bed in a rat stereotactic 
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apparatus (51600; Stoelting, US) with mouse gas adaptor (10030-386; VWR, US), and 

mouse non-rupture ear bars (922; Kopf Instruments, US) connected to a separate 

anesthesia system maintaining 1-3% anesthesia. A balloon connected through tubing to 

a 20-mL syringe was also placed under the head of the mouse to prevent skull fracture 

(166). A 5-mm impact probe connected to an electromagnetic impact system (Impact 

One; Leica Biosystems, US) was extended and positioned -1.5 mm AP from bregma and 

zeroed to the surface. At this point anesthesia was reduced to 0.5%, oxygen flow 

increased to 2 L/min, and the impactor retracted and then lowered 1.5 mm DV. When 

breathing became faster, a toe-pinch was assessed to ensure no pain sensation, and the 

impact was hit at 6 m/s. If the toe-pinch induced a reflex, anesthesia was increased, and 

the steps were repeated. Controlling anesthesia levels carefully is critical to survival; if 

the anesthesia is too deep prior to impact, the mouse may not return to spontaneous 

breathing after the impact. Immediately after impact, the oxygen flow was increased to 4 

L/min and the mouse was placed on its right side for chest compressions carried out 

with an index finger and thumb. When the mouse began to breathe spontaneously, the 

scalp incision was stapled (Reflex 7-mm wound clips, Roboz Surgical, US), 3 drops of 

0.5% bupivicaine were added to the site, and the mouse placed supine in an empty cage. 

Time for the mouse to right itself into a prone position was recorded. Righting was 

considered when all four paws were on the cage floor. If there was a fracture, brain 

hernia, or excessive bleeding after the impact, the mouse was immediately put back 
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under 5% anesthesia and then euthanized. If righting time was >10 minutes, it was 

considered an injury (167). Neurologic Severity Score was assessed in two experiments 

as per its protocol (168). With two scientists working on mouse preparation and injury 

separately, injuries can be 5-10 minutes apart. Sham procedures consisted of all steps 

except for the impact. 

4.2.7 Preparation and delivery of MSCs 

Based on transfection and expression data (Fig. 3A), an mRNA incubation time 

of 10 hours was chosen. On the day prior to injections, cultured MSCs were plated in the 

afternoon in 6-well plates at 300,000 cells per well. After at least 6 hours, MSCs were 

transfected with 2 µg mRNA complexed with Viromer Red according to manufacturer 

protocol. Ten hours after transfection, the MSCs were harvested with two 1-mL 

collections of media per well. All similar wells were grouped in 15 mL tubes and spun 

down at 300xg for 3 minutes. The media was suctioned, and the cells were resuspended 

in 1 mL of PBS. The cells were counted via a cell counter (Countess II; ThermoFisher, 

US) that was previously calibrated to manual cell counting. The cells were then spun 

again and resuspended to make a 30 million cells/mL mixture in PBS. Aliquots of 10 µL 

were made and kept on ice until injection.  

To deliver MSCs, intrahippocampal injections were conducted two or five days 

after injury. As previously, the mice were induced with 5% isoflurane and maintained 

between 1-3% anesthesia. The eyes were protected with ointment, the surgical site was 
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cleaned with ethanol and chlorhexidine, staples were removed with a staple remover, 

the old incision was opened with micro-scissors, and the skull surface was cleaned with 

a cotton-tip swab. The mouse was moved to the rat stereotactic apparatus with a 

different mouse gas adaptor (923-B; Kopf Instruments, US). A craniotomy was 

performed with a 0.6-mm drill-bit (Roboz Surgical, US) attached to a handheld drill 

(Stoelting, US) at -1.5 mm AP, and -1 mm ML (left) drilling 0.4-0.6 mm deep. Cells were 

then mixed and picked up by a 5 µL syringe (75RN; Hamilton, US) with a 26G needle (1-

inch, point style 4, 30°; Hamilton, US). This needle was chosen as it had the closest inner-

diameter to the syringe. The syringe was attached to the stereotactic apparatus and 

inserted to a depth of 2 mm DV from the outer surface and then retracted 0.5 mm for a 

final injection location of 1.5 mm DV (left hippocampus). For ventricular injections the 

coordinates were -0.5 AP, -1 ML, 2.25 DV. Cells were injected at a rate of 0.5 µL/min in a 

volume of 5 uL. 

4.2.8 Behavioral experiments (Rotarod, Morris Water Maze) 

To assess motor coordination and function, mice were tested on an accelerating 

Rotarod apparatus (Med Associates Inc, US). On the day prior to CHI, the mice first 

underwent a training trial on the rotarod where they were put back on as they fell. The 

rotarod accelerated from 4 to 40 rotations per minute. After that, three recording trials 

were run with at least 15 minutes between each trial. Mice were removed if they stayed 
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on for 400s or if they held onto the rod without running for two spins. The time on the 

rotarod was recorded. 

To assess spatial memory function, a Morris Water Maze was set up with a large 

round pool, four images on the walls, a glass platform hidden under the surface of the 

water, and a camera and computer set up with tracking software (ANY-maze; Stoelting, 

US). Mice were placed into the water starting at the edge of the pool and time to find the 

hidden platform was recorded. Four trials were conducted each day, each starting at one 

pole of the pool (North, South, East, or West). 

4.2.9 Perfusion/euthanasia 

All mice were sacrificed under 5% isoflurane anesthesia and cardiac perfusion. 

Perfusate consisted of Hank’s Balanced Salt Solution (Corning, US) with Heparin (10,000 

units/L; ThermoFisher, US) kept on ice. After testing for a reaction to toe-pinch, the 

sternum was lifted, and the abdomen and ribs cut with scissors. The diaphragm was 

dissected away, and the heart was exposed and freed from connective tissue. The left 

ventricle of the heart was pierced with a 26G 3/8” needle (BD Biosciences, US) and the 

mouse perfused at a rate of 8 mL/min for at least 2.5 minutes with a motorized pump 

(Cole-Parmer, US). For immunohistochemistry, this was followed by cold 4% 

formaldehyde in HBSS. The mouse was then decapitated, and the brain harvested. For 

protein and gene expression studies, the brain was further dissected to isolate the 
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injection region (3-mm width per hemisphere), stored in 5 mL conical tubes, frozen in 

liquid nitrogen, and stored in a -80°C freezer until processed. 

4.2.10 Ex vivo flow cytometry 

To study macrophage polarization, leukocytes were isolated from freshly 

harvested brain tissue following previously published protocol (169). The protocol was 

slightly modified and is included in the supplementary information. As previously, Fc 

receptors were blocked with antibodies against CD16/32 FcγRIII/FcγRII (BD Bioscience, 

US; clone: 2.4G2) and CD16.2 FcγRIV (Biolegend, US; clone: 9E9) and then stained with 

PE-Cy7 CD45 (BioLegend, US; clone: I3/2.3), PE F4/80 (BioLegend, US; clone: BM8), 

Alexa Fluor 488 CD86 (BioLegend, US; clone: GL-1), and Alexa Fluor 647 CD206 

(BioLegend, US; clone: C068C2). Macrophages were defined as CD45high, F4/80+. Cells 

were run in a Novocyte 2060 (ACEA Biosciences, US) at a rate of 14 µL/min. 

4.2.11 Ex vivo protein quantification 

Frozen brain tissue samples were homogenized in their tubes with a 

TissueRuptor II (6 speed, 30s; Qiagen, US) and disposable probes (Qiagen, US) on ice 

with Halt Protease Inhibitor (ThermoFisher, US) in N-PER reagent (ThermoFisher, US). 

Homogenates were spun down thrice. The first spin in the 5 mL tubes was at 1000xg for 

10 minutes at 4°C. The supernatant was transferred into 2 mL tubes. The second and 

third spins were at 12,000xg for 15 min and 15,000xg for 20 min respectively, both at 4°C, 

with a transfer to new tubes after each spin. The protein samples were then processed 
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with an 8-plex bead-based assay (LEGENDplex Mouse Th1/Th2 Panel; BioLegend, US) 

according to manufacturer protocol. Samples were run on a Novocyte 2060 (ACEA 

Biosciences, US). Quantification was normalized against a total protein bicinchoninic 

acid (BCA) assay (ThermoFisher, US) of each protein sample. 

4.2.12 Gene expression 

The workspace was first cleaned and sprayed with RNAse Away (ThermoFisher, 

US). Frozen brain tissue samples were processed with an RNeasy Lipid Tissue Kit 

(Qiagen, US) to extract RNA. The tissue samples were homogenized with a 

TissueRuptor II (6 speed, 30s) and disposable probes. RNA integrity was assessed on an 

Agilent Bioanalyzer (Agilent, US) with the assistance of the Duke Microbiome Shared 

Resource. Complementary DNA (cDNA) was synthesized with SuperScript IV VILO 

(ThermoFisher, US), separated into aliquots and stored at -80°C. Genes were studied 

with 26 Taqman Probes (ThermoFisher, US) in 384-well plates. The samples were run on 

a 7900HT Real-Time PCR system (Applied Biosystems, US). Data was analyzed using 

Applied Biosystems Analysis Software available on the ThermoFisher Cloud Connect 

Utility. Global normalization was used, and Sham groups were kept as the reference for 

each gene. 

4.2.13 Immunohistochemistry 

To study histological changes after intervention, 4% formaldehyde-fixed brains 

were embedded in optimal cutting temperature compound (Tissue-Tek; VWR, US) and 
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frozen in a bath of 4-methylbutane chilled in liquid nitrogen. The brains were sectioned 

in 10-µm slices and collected on Superfrost Plus slides (ThermoFisher, US) with a 

hydrophobic barrier drawn (ImmEdge Hydrophobic Barrier PAP Pen; Vector 

Laboratories, US). Slides were kept at -20°C until ready to be stained. Primary antibodies 

included: Chicken anti-mouse GFAP (abcam, US), rabbit anti-mouse Iba1 (abcam, US), 

and rat anti-mouse CD68 (abcam, US). Secondaries included: DyLight 488 goat anti-

chicken IgY (abcam, US), Alexa Fluor 594 goat anti-rat IgG, and Alexa Fluor 680 goat 

anti-rabbit IgG (abcam, US). Cell nuclei were counterstained with DAPI (Sigma-Aldrich, 

US). Coverslips were applied after drops of Fluoromount-G (SouthernBiotech, US) were 

added. One group of slides was stained with a Fluoro-jade C kit (Biosensis, US). 

Coverslips were applied after drops of DPX Mounting Media (Sigma-Aldrich, US) were 

added. All staining procedures were conducted at the same time for each group. 

Imaging was done in a DMi8 microscope (Leica Biosystems, US). All images were 

acquired in the same time period per stain. Images were analyzed with a custom semi-

automated script on ImageJ with regions of interest drawn for hippocampi, cortices, and 

corpus callosum.  

4.2.14 MRI 

Diffusion-weighted magnetic resonance imaging was conducted with the Duke 

Center for In Vivo Microscopy (CIVM). MR images were acquired on a 7.0T horizonal 

bore magnet with Resonance Research gradients providing ~650 mT/m maximum 



 

66 

gradient. The system is controlled by an Agilent Direct Drive console. Specimens were 

mounted in a 12 mm diameter single sheet solenoid radiofrequency coil. Three-

dimensional (3D) diffusion weighted images were acquired with a Stejskal Tanner rf 

refocused spin echo sequences with TR/TE of 100/21.15 ms and b values of 4000 s/mm2. 

Compressed sensing was used with an acceleration of 8X to reduce the acquisition time 

(1). The result is a 4D image array with isotropic spatial resolution of 45 um (voxel 

volume of 91 pl). 

The 4D array (256x256x420x7) was passed to a post processing pipeline that 

registered each of the diffusion weighted 3D volumes to the baseline to correct for eddy 

current distortion. The registered 4D array was passed to DSI Studio which generated 

scalar images (AD, RD, FA, ClrFA) using the DTI model. 

A 3D label set was registered onto each 4D volume in that volume’s native 

reference frame i.e. the reference frame in which the data were acquired. Waxholm 

Space (WHS) (2) an isotropic label set for the mouse brain was expanded by Calabrese et 

al was extended with an additional 18 regions of interest yielding 166 regions of interest 

on each half of the brain (3). 

 

4.2.15 Statistics and graphing 

All statistics were performed in Prism V8.2 (GraphPad, US). Where appropriate, 

Student’s t-test, one-way ANOVAs, repeated measures ANOVAs, and two-way 
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ANOVAs were carried out. All data are presented as means ± standard deviation. 

Graphs were made in Prism V8.2 and converted into figures in Photoshop and 

Illustrator (Adobe, US). In Results, when an asterisk is present above a group, it 

indicates the group was significantly different from all other groups (with maximum p 

value displayed). When an asterisk is present above a horizontal bar, it indicates 

statistical difference between two specific groups.  

 

4.3 Results 

4.3.1 Transfection with Viromer Red and synthetic IL-4 mRNA 
generates IL-4 expression 

As MSCs do not endogenously produce IL-4, introduction of IL-4 genetic 

information is required. To reliably introduce synthetic IL-4 mRNA into the MSCs, 

vectors exist that enable the mRNA to reach the cytosol without degradation. Here, we 

first obtained MSCs (Cyagen; harvested from C57BL/6N mice – later in vivo studies are 

conducted in this mouse strain) that expressed putative MSC markers (170), although 

there was an absence of CD105. The cells retained this marker expression at passages 9 

and 12 as well (Figure 20) but most experiments were conducted between passages 7 

and 9.  
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Figure 20: MSC cell-surface markers. (A) MSCs (Cyagen) used in this study 
expressed CD29, CD44, and Sca-1 while remaining negative for CD31 and CD45 in at 

least two late passage numbers. 

 

Then, synthetic mRNA encoding Green Fluorescent Protein (GFP) was combined 

with one of three vectors (jetPEI, Lipofectamine Messenger Max, and Viromer Red) and 

incubated for 24 hours with MSCs following manufacturer protocol for each vector at 

0.5X and 1X their recommended dose. The amount of synthetic mRNA (250 or 500 ng) 

was equivalent between the vectors. Of the three, Viromer Red induced the greatest 

mean fluorescence intensity (MFI) in a flow cytometer and was thus chosen for future 

transfections (Figure 21).  
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Figure 21: Transfection of MSCs with synthetic GFP mRNA. GFP fluorescence 
intensity after MSCs are transfected with naked GFP mRNA or complexed with one of three 

vectors. Mean ± SD, one-way ANOVAs with Tukey’s post-hoc test; ****p < 0.0001. 

Next, we tested Viromer Red toxicity by complexing it with synthetic IL-4 

mRNA and incubating four doses with MSCs for 24 hours. Regardless of the dose, less 

than 5% of all MSCs were seen to be dead or dying via a microscopy-based live/dead cell 

assay (Figure 22A). Simultaneously, IL-4 ELISA confirmed that at least 150 ng of IL-4 

was expressed into the media (1 mL) (Figure 22B). Without transfection of synthetic IL-4 

mRNA, MSCs did not endogenously produce IL-4 (Figure 22C). In another study, we 

characterized transfection-induced expression over a 48-hour period and observed that 

IL-4 synthesis begins within the first 2-4 hours and the majority is synthesized within the 

first 24 hours (Figure 22D).  
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Figure 22: Transfection of MSCs with synthetic IL-4 mRNA. (A) Viability of 
MSCs with increasing dosage of synthetic IL-4 mRNA complexed with Viromer Red. (B) 

Concentration of IL-4 synthesized in media with IL-4 mRNA transfected MSCs. (C) MSCs do 
not endogenously synthesize IL-4 and require transfection with IL-4 mRNA. (D) Concentration 
of IL-4 synthesized over 48 hours from IL-4 mRNA transfected MSCs. Mean ± SD, one-way 

ANOVAs with Tukey’s post-hoc test and Student’s t-test; *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001. 

The studies confirm that MSCs do not endogenously produce IL-4, and 

transfection with Viromer Red and synthetic IL-4 mRNA can generate IL-4 expression 

for at least 24 hours with minimal toxicity. 

4.3.2 Expressed IL-4 induces an M2-like phenotype in vitro 

Next, we set out to determine whether IL-4 generated from transfected MSCs into 

their media was functional. IL-4 is a potent stimulator of the M2 cell-surface marker, 

CD206, on macrophages. We set up four groups: plain MSC growth media (Cyagen), 

media conditioned (CM) by naïve MSCs, MSC-CM supplemented with recombinant IL-4 

(rIL-4 CM, 100 ng), and media conditioned with IL-4 mRNA transfected MSCs 

(synthesizing ~80-100 ng expressed IL-4; eIL-4 CM) (Figure 23A). Then, we incubated the 

media with cultures of J774A.1 macrophages for 24 hours after which they were 
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harvested, stained, and analyzed in a flow cytometer. As hypothesized, macrophages 

treated with either rIL-4 CM or eIL-4 CM demonstrated significantly greater expression 

of CD206 (Figure 23B). Expression of CD163, an alternative M2-like marker (typically 

stimulated by IL-10), was not upregulated by IL-4 as expected (Figure 23C).  

 

 

Figure 23: Functionality of IL-4 expressed by IL-4 mRNA transfected MSCs. 
(A) IL-4 concentration in MSC conditioned media (CM) that was either supplemented 

with 100 ng/mL recombinant IL-4 (rIL-4 CM) or transfected with IL-4 mRNA (eIL-4 CM); 
ns = not significant. (B) Mean Fluorescence Intensity (MFI) of CD206 expression on 

macrophages after treatment with differently conditioned media. Analyzed in a flow 
cytometer with a fluorescent CD206 antibody. Both rIL-4 CM and eIL-4 CM were 

significantly different from Media and naïve MSC CM. (C) Mean fluorescence intensity 
of CD163 expression on macrophages after treatment with differently conditioned 

media. Mean ± SD, Student’s t-test and one-way ANOVA with Tukey’s post-hoc test; *p < 
0.05, ****p < 0.0001. 

As MSC growth media does not contain all the components in Dulbecco’s 

Modified Eagle Media (DMEM), we ensured that that macrophage cell morphology and 

division rate were unaffected by the media formulated for MSCs (Figure 24).  
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Figure 24: Effect of growth media for MSCs on macrophage growth.  (A) 
Brightfield images of macrophages grown in recommended media (Dulbecco’s Modified 

Eagle Media, DMEM) or MSC growth media (Cyagen). Each image is 1/16th of total 
image analyzed per well. (B) Masks from automated custom ImageJ quantification script 
to calculate area of plate covered by cells. (C) Growth curves of macrophages in each of 

the media estimated by coverage of the well, calculated from masks. Mean ± SD, two-
way ANOVA. 

To rule out the possibility of expressed IL-4 having an autocrine effect on MSCs, 

the MSCs were also treated with 100 ng of IL-4 for 24 hours, thoroughly washed, and 

then CM was collected another 24 hours later. When this CM was added to 

macrophages, there was no increase in CD206 expression (Figure 25).  
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Figure 25: Pre-stimulation of MSCs with recombinant IL-4.  Mean fluorescence 
intensity of CD206 expression on macrophages after treatment with either 100 ng/mL 

recombinant IL-4 (rIL-4), conditioned media from MSCs pre-stimulated with 100 ng/mL 
rIL-4, or conditioned media from naïve MSCs. Mean ± SD, one-way ANOVA; ****p < 

0.0001. 

 

These studies demonstrated that IL-4 generated from synthetic IL-4 mRNA-

transfected MSCs could induce an M2-like phenotype in macrophages. 

4.3.3 Transfection of MSCs with synthetic mRNA is a viable strategy 
for in vivo studies 

Due to the transience of IL-4 expression after mRNA transfection, it was critical 

to characterize expression considering logistics of in vivo delivery. First, as multiple in 

vivo cell injections were expected to take 4-6 hours, MSC survival on ice was assessed 

through trypan blue exclusion. Here, MSCs demonstrated >95% viability over at least six 

hours on ice (Figure 26A). We also hypothesized that viability in media would be 

superior to that in PBS, however we did not observe a significant difference. All in vivo 

injections were thus conducted in PBS to reduce variability. Curiously, media sampled 

from these transfected MSCs while on ice demonstrated minimal IL-4 expression (Figure 
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26B). Then, regardless of how long the MSCs were on ice (0-6 hours), the amount of IL-4 

produced over the next 24 hours in a 37°C incubator was equivalent (Figure 26B).  

 

 

Figure 26: MSC viability and expression on ice. (A) Viability of MSCs while on 
ice. No significant differences observed. (B) Concentration of IL-4 synthesized while 

transfected and harvested MSCs were kept on ice (0-6 hrs) and then over 24 hours after 
re-plating and kept at 37°C. Mean ± SD, repeated measures or two-way ANOVA 

comparing between groups with Tukey’s post-hoc. 

Next, we set out to determine the ideal incubation time of IL-4 mRNA/Viromer 

Red complexes with MSCs to synthesize maximal IL-4. MSCs were incubated with the 

complexes for varying durations (0-24 hours). After this period, the cells were washed 

twice with PBS and left to express IL-4 in fresh media for 24 hours. Quantification of IL-4 

via ELISA demonstrated that 8-12 hours of transfection elicited the greatest IL-4 

production over the subsequent 24 hours (Figure 27A). Finally, to scale for in vivo 

delivery, 300,000 cells per well were transfected for 10 hours with either 1 or 2 µg of IL-4 

mRNA and a proportional amount of Viromer Red. Media was collected after 10 hours 

(“prior to harvest”), cells were harvested, and then 150,000 cells per well were re-plated. 
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Media was collected again after 24 hours. The 300,000 cells transfected with 2 µg 

induced at least 120 ng of IL-4 prior to harvest. The harvested 150,000 cells then 

produced another ~135 ng of IL-4 over 24 hours (Figure 27B).  

 

 

Figure 27: MSC transfection characterization for in vivo delivery. (A) 
Concentration of IL-4 in media of MSCs transfected with synthetic IL-4 mRNA 

complexed with Viromer Red. The complexes were incubated with the MSCs for varying 
amounts of time (0-24 hours). Then, the media was sampled 24 hours after each 

timepoint for IL-4 quantification via ELISA. (B) Amount of IL-4 expressed by 300,000 
MSCs transfected for 10 hours (‘prior to harvest’) and then a sample of 150,000 MSCs 24 

hours after. Mean ± SD, two-way ANOVA comparing between groups with Tukey’s 
post-hoc; *p < 0.05. 

This transfection protocol was chosen for all in vivo experiments; MSCs 

transfected thusly are henceforth termed IL-4 MSCs.  

4.3.4 IL-4 MSCs induce an M2-like phenotype in vivo after brain injury  

To assess whether IL-4 MSCs can promote an M2-like phenotype of macrophages 

in vivo, they were injected in a TBI model of closed-head-injury (CHI) in mice. This 
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model is like that developed by Webster et. al., but induces a motor deficit (166) (Figure 

28).  

 

Figure 28: Closed head injury. Model representing the direct impact to an intact 
skull in closed head injury, leading to a diffuse cortical injury. 

Five days after injury, we injected either: PBS, MSCs, MSCs expressing Luciferase 

(Luc MSCs), recombinant IL-4 (rIL-4), or IL-4 MSCs into the left hippocampus. For 

groups containing MSCs, 150,000 cells were injected - a number based on prior studies 

(150). Brains were harvested from euthanized mice two days after and isolated 

leukocytes from the ipsilateral hemisphere were analyzed through flow cytometry 

(Figure 29).  

 

 

Figure 29: Flow cytometry gating. Cells were identified as macrophages (macs, 
CD45hi, F4/80+), M1-like macrophages (CD206-, CD86+), and M2-like macrophages 

(CD206+, CD86-). Labeled gates produce the subsequent image. 
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First, we observed increases in total macrophage (CD45high F4/80+) number in 

most groups (Figure 30A). Of these macrophages, IL-4 MSCs induced an M2-like 

phenotype (CD206+, CD86-) in 60-80% (Figure 30B). This was significantly higher than 

PBS (<10%), MSCs alone (20%), or Luc MSCs (<10%). In comparison, an injection of 250 

ng of rIL4 induced CD206 expression in 10-25% of macrophages (Figure 30B). IL-4 is 

known to induce proliferation of M2-like macrophages (171) and we observed that there 

were more CD206+ macrophages in the IL-4 MSC group compared to all other groups 

(Figure 30C). We also calculated an M2:M1 ratio: [CD206+, CD86+/-] / [CD206-, CD86+]. 

This is predictive of neural regeneration in a peripheral nerve injury model (4,5). IL-4 

MSCs dramatically increased the M2:M1 ratio compared to all other groups (Figure 

30D). While MSCs and rIL4 had a higher percentage of M2-like macrophages (Figure 

30B), the M2:M1 ratio showed no difference compared to control (Figure 30D).  

 

 

Figure 30: Macrophage polarization 1 week after closed head injury, 2 days 
after treatment. IL-4 MSCs significantly increased the number of M2-like macrophages 
and the M2:M1 ratio compared to all other gropus. (A) Number of total macrophages in 
the ipsilateral hemisphere for each treatment group. (B) Percentage of total macrophages 

that possess the M2-like phenotype (CD206+, CD86-). (C) Number of M2-like 
macrophages in each treatment group. (D) Ratio of M2-like to M1-like macrophages 
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calculated by [CD206+, CD86+/-] / [CD206-, CD86+]. n = 4, N = 20; mean ± SD, one-way 
ANOVA used for each graph with Tukey’s post-hoc; *p < 0.05, **p < 0.01, ****p < 0.0001. 

 

An increase in the mRNA/Viromer Red transfection dose to MSCs greatly 

increased the number of M2-like macrophages (Figure 31 A and C) while pushing the 

polarization only mildly higher to 80% (Figure 31B). Interestingly, the M2:M1 ratio was 

lower with this higher dose suggesting a low dose is more desirable (Figure 31D).  

 

 

Figure 31: Macrophage analysis 1 week after injury, 2 days after treatment with 
IL-4 MSCs producing greater IL-4. (A) Number of total macrophages in the ipsilateral 
hemisphere for each treatment group. (B) Percentage of all macrophages that possess 

M2-like phenotype. (C) Number of macrophages with M2-like phenotype. (D) Ratio of 
M2 to M2-like macrophages. n = 5, N = 10; mean ± SD, Student’s t-tests; **p < 0.01, ****p < 

0.0001. 

Next, as CHI is diffuse, we required a delivery strategy that would affect the 

macrophages in both the ipsilateral (left) and contralateral (right) hemispheres. We 

hypothesized that delivering IL-4 MSCs into a lateral ventricle, instead of the 

hippocampus, would induce greater CD206+ macrophage expression in the contralateral 

hemisphere. Contrary to the hypothesis, the number of macrophages, mean percentage 
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M2-like polarization, and number of M2-like macrophages in both ipsi- and contralateral 

hemispheres was in fact lower with an intraventricular injection (Figure 32A-C). Thus, 

all subsequent injections were made into the left hippocampus.  

 

 

Figure 32: Macrophage analysis 1 week after injury, 2 days after treatment 
delivered into the left hippocampus or left lateral ventricle. Hippocampal delivery 

resulted in more M2-like macrophages in both hemispheres. (A) Total number of 
macrophages in the ipsilateral and contralateral hemispheres after either delivery 
modality. (B) Percent of total macrophages that possess an M2-like phenotype. (C) 

Number of M2-like macrophages in either hemisphere. n = 5, N = 10; mean ± SD, two-
way ANOVAs with post-hoc Tukey’s; *p < 0.05, ***p < 0.001. 

One week after injection, the number of macrophages had fallen in all groups 

analyzed (Figure 33A). The M2-like phenotype (CD206+, CD86- ) dropped to ~37% of 

macrophages one week after IL-4 MSC injection (Figure 33B). Intriguingly, ~30% of 

macrophages in the PBS group retained an M2-like phenotype while ~20% of 

macrophages in the MSC only group. However, the number of CD206+ macrophages 

was still significantly greater in the IL-4 MSC group compared to the others (Figure 

33C). A modified M2:M1 ratio was calculated as some groups did not possess any 
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CD206-, CD86+ cells. This ratio was again significantly higher in the IL-4 MSC group 

compared to PBS and MSCs alone (Figure 33D). 

 

 

Figure 33: Macrophage analysis 12 days after injury, 1 week after treatment. 
M2-like macrophage counts and the M2:M1 ratio were elevated 1 week after treatment 

in the IL-4 MSC group. (A) Number of total macrophages. (B) Percentage of total 
macrophages that possess the M2-like phenotype (CD206+, CD86-). (C) Number of M2-
like macrophages. (D) Modified M2:M1 ratio. In samples where there were ‘0’ CD86+ 

cells, this was changed to ‘1’ to enable calculation of ratio.  n = 5, N = 15; mean ± SD, one-
way ANOVA used for each graph with Tukey’s post-hoc; *p < 0.05, **p < 0.01, ****p < 

0.0001. 

These data demonstrate that IL-4 MSCs can increase the number of M2-like 

macrophages for at least up to 1 week after delivery and comprise 60-80% of all 

macrophages 2 days after injection. Although one week out similar percentages of the 

M2-like phenotype exist regardless of the treatment, the number of M2-like 

macrophages and the M2:M1 ratio were persistently elevated. An elevated M2:M1 ratio 

has been associated with improved histological and functional outcomes in PNI and 

CNS injury (5,172,173). 
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4.3.5 IL-4 MSCs do not rescue acute injury-induced motor 
dysfunction 

To next assess whether the dramatic polarization and robust increase of CD206+ 

macrophages improved functional outcomes after CHI, injured mice with and without 

IL-4 MSC treatment underwent two behavioral tests. Motor coordination/performance 

was evaluated via persistence on an accelerating Rotarod for at least 1 week. Spatial 

memory was assessed through time spent solving the Morris Water Maze (MWM), 3-4 

weeks after injury. Our modified CHI model (with no injections) was first compared to 

mice receiving a sham procedure. Mice who received the sham procedure received no 

injury or injection. Injured mice demonstrated poorer Rotarod performance in the first 

two weeks (Figure 34A) and poor spatial memory one month out, compared to the sham 

group (Figure 34B).  

 

 

Figure 34: Rotarod and Morris Water Maze tasks in sham and injured mice. (A) 
Time spent running on an accelerating rotarod (4 - 40 RPM). Time was recorded when 
the mouse fell off or if it grabbed on to the rod for ≥ 2 consecutive spins. (B) Time taken 

to find the hidden glass platform in a Morris Water Maze (MWM) task. Sham = open 
blue circle, Injury = open red square, BL = baseline, D = Day; n = 10, N = 20; Graphs show 
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mean ± SD; Repeated Measures ANOVAs with post-hoc Tukey’s in each study; *p < 0.05, 
***p < 0.001. 

Severity of CHI was assessed via time for the mouse to right itself from a supine 

position, and previous reports indicate a Righting Time (RT) >10 min to indicate a severe 

injury (167). However, logistic regression of RT against Day 1 Rotarod performance did 

not produce a strong correlation (Figure 35A). Neurologic severity score, a more 

laborious severity assessment, was also unsuccessful in predicting Day 1 Rotarod 

performance (Figure 35B) (168).  

 

 

Figure 35: Correlation measures for injury severity. (A) Correlation of time for 
mouse to right itself after injury with day 1 performance on an accelerating Rotarod 

task. (B) Correlation of 10-point Neurological Severity Score with day 1 performance on 
an accelerating Rotarod task. Analyzed via linear regression; dashed line indicates 

rotarod performance of 150 s; R2 values are reported; correlation was considered to be 
present if R2 > 0.65 and p < 0.05. 

Next, injured mice received either PBS or IL-4 MSCs five days after injury into 

the left hippocampus. Rotarod assessment demonstrated no significant differences in 
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performance between the two groups (Figure 36A). A repeat of this experiment 

demonstrated similar results. MWM assessment demonstrated significant differences 

between the injured groups and sham, but no difference between IL-4 MSCs and PBS 

(Figure 36B). At baseline, injured mice who received an intrahippocampal injection took 

longer to find the hidden platform than sham and those who only received an injury 

(Figures 34B and 36B).  

 

 

Figure 36: Functional analyses in injured mice with day 5 treatment. (A) Time 
spent running on an accelerating rotarod. Blunt end indicates point of injury, arrow 

indicates day of injection. (B) Time taken to find the hidden glass platform in a MWM 
task. Sham = open blue circle (n = 5), Injury + PBS = closed red square (n = 10), Injury + 
IL-4 MSC = closed green circle (n = 10), BL = baseline, D = Day; N = 25, Graphs show 
mean ± SD; Repeated Measures ANOVAs with post-hoc Tukey’s in each; **p < 0.01 

comparing PBS to Sham on Days 31-33. 

Finally, to test the hypothesis that an earlier change in macrophage phenotype 

could improve outcomes, we performed intrahippocampal injections 2 days after injury. 

However, this did not rescue acute changes in motor coordination either (Figure 37). 

MWM was not repeated as Figure 36B suggested the intrahippocampal injection itself 

affects performance.  
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Figure 37: Rotarod performance of injured mice with day 2 treatment. Time 
spent on an accelerating rotarod with markers for day of injury and injection. Injury + 

PBS = closed red square (n = 10), Injury + MSC = closed yellow diamond (n = 10), Injury + 
IL-4 MSC = closed green circle (n = 10), BL = baseline, D = Day; N = 30, Graphs show 

mean ± SD; Repeated Measures ANOVA with post-hoc Tukey’s.  

These behavioral studies suggested that regardless of when IL-4 MSCs were 

delivered, poor Rotarod performance could not be rescued. 

4.3.6 IL-4 MSCs increase IL-4 in both cerebral hemispheres and anti-
inflammatory genes  

In light of the conflicting M2-polarization and behavioral data, we next explored 

how IL-4 MSCs affected inflammatory and anti-inflammatory cytokines and relevant 

genes. Injured mice received PBS, MSCs only, or IL-4 MSCs, and were compared to 

sham mice (no injury or injection). Multi-plex ELISA demonstrated that cerebral IL-4 

levels were higher in the IL-4 MSC group two days after the intervention compared to 

all other groups (Sham, PBS, MSC) (Figure 38A). This held true in both ipsi- and 

contralateral hemispheres across the groups. Within the IL-4 MSC group, IL-4 levels 

were also significantly higher in the ipsilateral hemisphere (0.45 ± 0.34 pg/mg) compared 

to the contralateral (0.03 ± 0.01 pg/mg) (Figure 38A). IL-6, a cytokine with both 

inflammatory and protective roles in TBI, was also significantly higher in the ipsilateral 
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hemispheres of IL-4 MSCs compared to sham and PBS (Figure 38B). There was no 

difference in IL-6 among the contralateral hemispheres (Figure 38B). Mean IL-2 was also 

reduced in the IL-4 MSC group in both ipsi- and contralateral hemispheres but this did 

not reach statistical significance (Figure 38C).  

 

Figure 38: Cytokine analysis at 7 days after injury with treatment on day 5. (A) 
Amount of Interleukin-4 (IL-4), (B) Interleukin-6 (IL-6), and (C) Interleukin-2 (IL-2) in 
ipsilateral and contralateral cortical samples, normalized to total protein present in the 

cortical sample, for each mouse group; n = 5, N = 20, graphs present mean ± SD; one-way 
ANOVA carried out for each with a post-hoc Tukey’s comparison; *p < 0.05, **p < 0.01. 

There were also no significant differences in the other five cytokines studied 

among the four groups (Figure 39) indicating that cytokines have normalized to sham 

levels within a week after injury.  
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Figure 39: Cytokine analysis of ex vivo injured and treated brain tissue at 1 
week after injury. (A) Amounts of each cytokine (Interleukin 10, IL-10; Interleukin-13, 
IL-13; Interleukin-5, IL-5; Interferon-γ, IFNγ; and Tumor Necrosis Factor α, TNFα) per 

hemisphere normalized to total protein in that hemisphere. Black bars represent the 
ipsilateral hemisphere while gray bars represent the contralateral hemisphere. n = 5, N = 

20; Graphs display mean ± SD; two-way ANOVA carried out for each cytokine. 

A set of 26 genes were investigated 1 and 3 weeks after injury (2 and 16 days 

after treatment) through Taqman probes. PCR data was analyzed on Applied 

Biosystems software with global normalization. ΔΔCT was calculated for each gene 

against all sham mice and are presented as a heatmap (Figure 40).  
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Figure 40: Gene expression analysis at 1 week or 3 weeks after injury and day 5 
treatment. Heatmap of 26 genes demonstrating up- (red) or down- (blue) regulation of 
genes based on ΔΔCT values. Normalized to sham mice as biological controls (n = 10); 

Injury + treatment groups: PBS, MSC, IL-4 MSC (n = 5), N = 40. 

One week after injury, genes of two inflammatory cytokines (il1β, ccl2) and one 

anti-inflammatory cytokine (il1rn) were significantly upregulated at least >2-fold in all 

groups (PBS, MSC, IL-4 MSC) compared to sham mice (Figure 40 and Table 1). 

However, il1rn (encoding the IL-1 receptor antagonist) was upregulated 20-25X in PBS 

and MSC groups while it was upregulated 85X in the IL-4 MSC group (Table 1). M2-like 

genes mrc1 (encoding CD206) and cd163 were elevated only in the IL-4 MSC group. 

Numerous genes assayed were also downregulated in all groups at this 2-day timepoint 
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including growth factors and genes related to axonal regeneration. Three weeks after 

injury, il1rn upregulation had persisted in MSC and IL-4 MSC groups. Genes encoding 

growth factors and markers of neurogenesis tended to increase in expression at the 3-

week timepoint, however most of these did not reach statistical significance. The IL-4 

MSC group also had statistically elevated sox2 (associated with neurogenesis or stem 

cells) and casp7 (associated with apoptosis).  

 

Table 1: Significantly altered gene expression. The table lists the genes that had 
a significant (adjusted p < 0.05) up- (red) or down- (blue) regulation (log2[fold change] > 

2) compared to sham mice at 1 and 3 weeks for each treatment after injury. 

PBS MSC IL4 MSC PBS MSC IL4 MSC
bdnf 0.30 0.25 0.28

bmp2 0.25 0.21
artn 0.25

erbb2 0.26 0.16
s100b 0.26 0.27 0.12
il10ra 0.34
cd163 13.33

il1rn 26.24 24.26 84.69 6.30 4.55
mrc1 3.33
ccl2 7.81 6.22 13.33
il1b 5.89 6.52 6.36

sox2 2.10
casp7 2.12

1 week 3 week

 

These data suggest that while IL-4 MSCs acutely increase intracranial IL-4 levels 

and alters genes associated with inflammation, there is little to no long-term effect on 

genes associated with neurogenesis or growth factors. 

4.3.7 IL-4 MSCs increase macrophages but do not reduce 
astrogliosis or neuronal degeneration 

We next scrutinized histological changes due to the absence of behavioral 

differences in the presence of increased M2-like macrophages. Markers for macrophages, 
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astrogliosis, microglia, and neuronal degeneration were evaluated through 

immunohistochemistry (IHC) at 1 and 3 weeks after injury (2 and 16 days after 

intervention). Mice were injured and treated with either PBS, MSCs, or IL-4 MSCs and 

compared to sham mice. Brain regions analyzed included: ipsilateral and contralateral 

hippocampi, cortices, and the corpus callosum. Mean fluorescence was quantified 

through a semi-automated custom ImageJ script (S. Materials). GFAP (a marker for 

reactive astrocytes) was elevated in all injured groups compared to sham (Figure 41A) at 

both time points in both cortices (Figure 41 B and C). Expression tended to be greater in 

the injected hemisphere (ipsilateral, left) at 1 week and was also elevated in the 

ipsilateral hippocampus (Figure 41B). However, there was no difference among the 

treatment groups.  
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Figure 41: Immunohistochemical glial fibrillary acidic protein (GFAP) analysis 
of injured and treated brains at 1 and 3 weeks after injury. (A) Representative image of 

mouse brain section from sham group stained for GFAP (green) and DAPI (blue). (B) 
Representative image of mouse brain section from an injured group 1 week after injury. 

Image demonstrates diffuse reactive astrocytosis in both hemispheres. Graphs show 
mean fluorescence intensity (MFI) of GFAP in the ipsilateral and contralateral cortices, 
and the ipsilateral hippocampus for each group. (C) Representative image of a mouse 

brain section from an injured group 3 weeks after injury and stained for GFAP and 
DAPI. Graphs show GFAP MFI in the cortices for each group at this timepoint. n = 5, N = 

20; Graphs shows mean ± SD; one-way ANOVAs with Dunnett’s multiple comparison 
against the PBS group. *p < 0.05, **p < 0.01. 

CD68 (a marker for macrophages and microglia) and Iba-1 (microglia) was 

absent in the sham group (Figure 42A) but significantly elevated in all injury groups in 

both cortices (Figure 42B-D). CD68 expression was greater in the IL-4 MSC group 

compared to PBS in both the ipsilateral cortex and corpus callosum (Figure 42 C and D). 

CD68+ cells were also seen migrating across the corpus callosum into the contralateral 
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hemisphere (Figure 42D). We also observed dramatic structural alterations in the 

ipsilateral hippocampus caused by the injection needle (Figure 42 B and D). At the 3-

week timepoint, a cluster of cells, likely IL-4 MSCs, was visibly surrounded by 

macrophages and microglia (Figure 42E, left). The cells were absent in the PBS group, 

but staining for macrophages and microglia persisted (Figure 42E, right).  

 

 

Figure 42: Immunohistochemical CD68 and Iba-1 analysis of injured and 
treated brains at 1 and 3 weeks after injury. (A) Representative image of brain section 
from the sham mouse group stained for DAPI (blue), CD68 (red), and Iba-1 (white). (B) 



 

92 

Representative sections from an injured mouse brain 1 week after injury who received 
PBS treatment on Day 5. Left image shows macrophage infiltration in the contralateral 
cortex. Right image shows the extent of needle damaging the cortex and macrophage 
infiltration. (C) Graphs depict CD68 MFI across the treatment groups in both cortices 
and the corpus callosum. (D) Representative images from an injured mouse brain 1 

week after injury who received IL-4 MSCs on Day 5. Left image shows extensive 
macrophage infiltration in the left cortex. Middle image shows macrophage migration in 

the corpus callosum. Right image shows needle-induced damage and macrophage 
infiltration of the hippocampus. (E) Representative images from brains 3 weeks after 

injury. Left image is a section from a mouse treated with IL-4 MSCs. It shows a cluster of 
cells surrounded by macrophages and microglia. Right image is a section from a mouse 

treated with PBS. n = 5, N = 20; Graphs shows mean ± SD; one-way ANOVAs with 
Dunnett’s multiple comparison against the PBS group. *p < 0.05, **p < 0.01. 

Fluorojade-C staining demonstrated no neuronal degeneration in sham mice 

(Figure 43A) but was detectable in all injury groups at both timepoints (Figure 43 B and 

C). Greater staining was visible in the cortices and hippocampus at the 1-week time 

point (Figure 43B) than later.  

 

 

Figure 43: Fluoro-jade C analysis of injured and treated brains at 1 and 3 weeks 
after injury. (A) Representative image of brain section from sham mouse group stained 
with DAPI and Fluoro-jade C. (B) Representative images 1 week after brain injury. Left 
images demonstrates neuronal degeneration in the cortex. Right image shows neuronal 
degeneration in the hippocampus. (C) Representative image 3 weeks after brain injury 

with less neuronal degeneration than after the first week. 



 

93 

These images demonstrate that our CHI model induces a diffuse astrocytosis 

which is not reduced by IL-4 MSCS. CHI also recruits macrophages which is further 

enhanced by IL-4 MSCs. 

4.3.8 IL-4 MSCs do not improve white matter integrity after injury 

Lastly, M2-like macrophages are associated with improved white matter 

integrity (WMI) (41,131). To assess whether the M2-like phenotype induced by IL-4 

MSCs improved WMI, a subset of injured mice treated with PBS or IL-4 MSCs and a 

subset of sham mice were scanned 35 days after injury with diffusion-weighted 

magnetic resonance imaging (Figure 44 A and B). The images were mapped to a dataset 

to automatically orient and identify white matter regions of interest (Figure 44 A and B). 

Values of fractional anisotropy (FA) and diffusivity (axial, radial, and mean) were 

obtained for each region. White matter tracts are anisotropic and when trauma damages 

these, the anisotropy is reduced (174,175). Thus, we hypothesized that our injury would 

also disrupt white matter tracts and thus reduce the FA while increasing diffusivity. 

Compared to sham, FA values were lower in the PBS and IL-4 MSC groups in all white 

matter tracts however no difference was observed between the two treatments (Figure 

44C). FA was particularly reduced in the brachium of the superior colliculus, corpus 

callosum, and optic tracts (Figure 44C) of both injured and treated groups.  
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Figure 44: Diffusion-weighted magnetic resonance imaging to assess white 
matter integrity one month after injury. (A), (B) Left images are representative coronal 

brain slices of fractional anisotropy. Right images are corresponding map of cortical 
regions. Arrow indicates injection artefact. b = brachium of the superior colliculus; c = 
corpus callosum; h = hippocampus; o = optic tract. (C) Fractional anistropy values of 

each region per treatment group. Sham n = 2, PBS n = 3, IL-4 MSCs n = 3, N = 8; graphs 
present mean ± SD; one-way ANOVAs with post-hoc Dunnett’s multiple comparison 

against the PBS group; ns = not significant, *p < 0.05, **p < 0.01. 

While there were trends in diffusivity measures, differences between groups 

were not statistically significant. This MRI study demonstrated that while injury 

reduced WMI, IL-4 MSCs did not improve WMI one month after delivery. 
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4.4 Discussion 

One important reason a patient suffers disability after TBI is because the 

immunological response becomes maladaptive. To shift the immunology towards a 

regenerative phenotype, clinical trials are investigating promising stem cells. However, 

these stem cells do not secrete some potent regulators of inflammation. One absentee, IL-

4, is a strong inducer of the anti-inflammatory, M2-like phenotype in macrophages and 

microglia.  A great deal of literature supports the hypothesis that M2-like macrophages 

are associated with improved biological and functional outcomes in pre-clinical TBI 

models. In this study, we augmented MSCs to transiently express IL-4 and observed a 

robust increase in M2-like macrophages and some anti-inflammatory genes after TBI. 

Curiously, this biological change did not improve functional or histological outcomes. 

This could be due to at least one of four reasons: 1. The amount of IL-4 or M2-like 

macrophages was inappropriate; 2. Our assessments were too early or not sensitive 

enough; 3. Our delivery method confounded results; or 4. macrophages cannot 

orchestrate all other components of injury alone. 

4.4.1 IL-4 levels and M2-like macrophage counts 

First, we transiently expressed IL-4 from MSCs and studied in vivo IL-4 levels 

and M2-like macrophage polarization. IL-4 is well-documented to induce this phenotype 

in macrophages and microglia in vivo in CNS and PNS injury models. Transfection of 

macrophages with IL-4 mRNA directly also promotes an M2 phenotype in vitro and in 
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vivo (176). Our results corroborated that finding as we saw a dramatic rise in the 

polarization and numbers of M2-like macrophages at both 2 and 7 days after our 

intervention (about 1 and 2 weeks after injury). These, in turn, increased the expression 

of the anti-inflammatory gene il1rn. However, while this polarization is desirable, IL-4 

can induce macrophage proliferation as well. Thus, it might be important to understand 

how much IL-4 is required in vivo and how many M2-like macrophages are protective. 

Our data begins to answer some of these questions. We saw that a bolus of recombinant 

IL-4 is less effective at polarizing macrophages than sustained expression over 24-48 

hours from IL-4 MSCs (Fig. 4). Separately, we observed that a small proportion of IL-4 

from IL-4 MSCs reaches the contralateral hemisphere (Fig. 6A). Surprisingly, this 

induced equivalent polarization to the ipsilateral hemisphere (S. Fig. 3F). Critically 

however, the total number of macrophages and M2-like macrophages was significantly 

lower in the contralateral hemisphere (S. Fig. 3 E and G).  Finally, 1 week after the 

intervention, IL-4 MSCs still had a greater number of M2-like macrophages compared to 

other groups, but the polarization percentage had dropped. Most of the macrophages 

did not express CD206 or CD86, suggesting they may possess a phenotype we did not 

explore. Thus, hypothetically, an ideal scenario may have fewer macrophages, but the 

majority would express M2 phenotypic markers. These data suggest that a sustained 

and smaller but transient dose of endogenous IL-4 could foster that. 
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4.4.2 Sensitivity and timing of behavioral analyses 

Second, we tested our IL-4 MSCs in a TBI model of CHI but did not see an acute 

improvement in motor coordination or memory. Numerous CHI models exist, and these 

have been extensively reviewed (177). We believe that since CHI induces a diffuse 

injury, it is more clinically relevant than focal TBI models. Studying behavioral 

outcomes, however, can be tricky. The central understanding is, if function is improved, 

the therapy had long-reaching effects – it not only influenced biology directly, but 

ultimately promoted neuroprotection, regeneration, or plasticity. However, TBI models 

have high intrinsic biological and technical variability. Additionally, behavioral 

experiments can be plagued with invisible biases. Thus, for all TBI studies assessing 

behavior, it becomes critical to 1. Demonstrate that injury induced equivalent 

dysfunction in all groups, and 2. Use statistics that correct for repeated measures. Our 

injury induced a significant behavioral deficit (Fig. 5 B and C), but IL-4 MSCs did not 

rescue Rotarod performance or memory (Fig. 5D-F). Unfortunately, this corroborates 

many other attempts with genetically modified MSCs (155,159,161,163). Those studies 

that saw an improvement, typically saw a change in only one out of multiple 

assessments, or only looked at a single time point (159,160,162). In one study delivering 

recombinant IL-4 after stroke in IL-4 knockout mice, repeated measures were not 

accounted for and wild-type mice were not tested; this might have led them to different 

results (13). A variety of other approaches to TBI that promote an M2-like response have 
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also observed improved behavioral outcomes (132–141) (142–147). However, in many of 

these studies, behavior is not (or could not be) assessed prior to treatment to ensure the 

absence of accidental bias. Assessments of righting time and NSS may be of use, but our 

data suggested that they are not predictive of behavioral performance (S. Fig. 4). 

Although an improvement in function is always promising, whether it is predictive of 

translating to humans is also questionable. In this study we also only looked at acute 

and sub-acute timepoints. The loss of function may be due to unsalvageable tissue loss 

but M2-like macrophages might have limited the spread of damage. Benefits of this 

might only be seen over months as neural rewiring slowly takes. Our data suggests 

either IL-4 MSCs alone cannot alter function, or our tests were not sensitive enough. 

4.4.3 Effects of delivery modality 

Third, while the injury alone induced histological changes, we observed damage 

caused by intrahippocampal injections as well.  IHC demonstrated significant increase in 

GFAP across all injured groups. This is a marker for reactive astrocytosis – an 

endogenous response to limit deleterious effects of TBI. However, astrocytosis also 

prevents neural regeneration. IL-4 MSCs did not reduce this. Corroborating flow 

cytometry data, IL-4 MSCs did increase the number of CD68+ cells – a marker for 

macrophages and microglia. However, the needle used to inject the treatments, and 

possibly the bolus of cells, negatively impacted the architecture of the ipsilateral 

hippocampus. This significantly reduced memory performance in the MWM task (Fig. 



 

99 

5E). We chose an intrahippocampal delivery over intraventricular due to the better 

polarization (S. Fig. 3F). Additionally, one TBI clinical trial is exploring stereotactic 

intracerebral delivery of modified MSCs (NCT02416492). However, an intraventricular 

delivery would have saved the hippocampus and likely left a smaller cortical injury as 

the cerebral spinal fluid and ventricles can accommodate more volume. In our studies, 

we did not assess intravascular delivery as <0.1% of MSCs cross the BBB (178) even 

though it may be permeable soon after TBI (179). However, this may still be a viable 

approach. The goal would not be to get MSCs to the brain; although it is possible to 

express markers to increase homing efficiency. Instead, the modified MSC secretome 

could influence peripheral monocytes prior to them entering the TBI environment where 

they become macrophages. In fact, many of the TBI interventions that improved 

behavioral outcomes, were through intravascular routes. Interestingly, IL-10 improved 

outcomes when administered intravenously but not when delivered intracranially (65). 

This difference in effect has also been observed with cord blood cells for stroke (180). 

Thus, our data and the literature suggest that systemic delivery may be the better 

avenue for TBI even though the BBB is an obstacle.  

4.4.4 M2-like macrophages as orchestrators? 

Finally, our studies also suggest that CD206+, CD86- macrophages alone may not 

be able to influence all the other maladaptive processes after TBI. There are conflicting 

reports of whether adoptive transfer of M2 macrophages can promote healing after CNS 
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injury (138,181). The M2 phenotype can be further divided into a, b, and c subtypes 

(182). M2a phenotypes are promoted by IL-4 and IL-13 and promote tissue repair and 

stimulate growth. This is the phenotype we likely enriched and explains the large 

increase in CD206+ macrophages as well. M2b macrophages can be proliferative and 

secrete a mixture of inflammatory and anti-inflammatory cytokines. M2c phenotypes are 

induced by IL-10, can promote fibrosis, but are also known to be deactivated. In spinal 

cord injury, the phenotypes follow each other sequentially with an M2a peak 1-3 days 

after injury and M2b or M2c peak 4-6 days after. We do not know whether this holds 

true in TBI; only that M2-like macrophages may peak around day 5 (42,43) or even day 7 

(183) but are quickly overpowered by M1 phenotypes (38). Getting the right subtype of 

macrophage, at the right time, may be critical to reducing inflammation and promoting 

homeostasis. In these subtypes, there might be an explanation for why delivering IL-4 or 

IL-10 alone has been ineffective. At late timepoints, we observed fewer macrophages in 

our injury + PBS groups. An IL-10 strategy would have less macrophages to affect and 

may not overcome M1 macrophages. By combining and timing both cytokines, M2-like 

macrophages could proliferate early to overpower maladaptive processes, and then be 

deactivated as desired. Additionally, we did not scrutinize microglia in our studies as 

they do not reliably express CD206 (184). Distinguishing macrophages from microglia is 

not trivial but IL-4 is known to have favorable effects on both (62,185,186). However, as 
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M1 and M2 phenotypes concurrently exist on microglia, they may need to be assessed 

for a favorable phenotype after an IL-4 MSC intervention (40). 

4.4.5 Next steps and conclusions 

Our studies provide some new tools and knowledge but also suggest a few 

approaches forward. To the best of our knowledge, this is the first attempt at elevating 

IL-4 after TBI and the first time MSCs have been modified with synthetic IL-4 mRNA. 

Here, we have taken a clinically Phase I tested approach and augmented it, thus 

signifying its translatability. By inducing MSCs to produce IL-4, we also circumvent the 

challenges of recombinant protein delivery. Moving forward, we can first address the 

limitations of our study by exploring dosing, dual-cytokine enrichment, and intervening 

systemically. Lower doses of either IL-4 mRNA or IL-4 MSCs may promote better 

healing; although a greater dose may be required for intravenous administration. A few 

dual cytokine strategies could include: timed deliveries of IL-4 MSCs and IL-10 MSCs; a 

single delivery of MSCs transfected with IL-4 mRNA (rapid expression) and IL-10 DNA 

(delayed expression); or intravenous IL-10 bolus a few days after IL-4 MSCs. Next, as 

alternate stem cells such as MAPCs and umbilical cord cells may be more effective in 

TBI (91,152), these can be transfected with synthetic IL-4 mRNA. This would necessitate 

another study of all transfection parameters. Alternatively, MSC exosomes possess 

benefits over MSCs themselves and could be augmented through transfection (187,188). 

If these strategies still fail, a better understanding of the roles of macrophage and 
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microglia sub-phenotypes and their interaction with the many other cells in the context 

of TBI are required. We may get some insight into the maladaptive response by studying 

its evolution in humans and other animals (189). Outside TBI, IL-4 MSCs may play a 

healing role in wounds or environments where proliferation is desired: such as in 

cavities left from disease or within empty biomaterials that need to be integrated into the 

tissue (4).  

In conclusion, MSCs transiently expressing IL-4 can robustly polarize 

macrophages to an M2-like phenotype for at least one week after TBI. While this induces 

cytokine and gene-level changes, it is not enough to significantly impact histological or 

functional outcomes. Whether this is due to inappropriate levels of IL-4 or M2-like 

macrophage counts, a lack of sensitivity in histological and behavioral measures, 

confounding damage from intrahippocampal delivery, or an ineffectiveness of a single 

cytokine or cell phenotype in a complex environment remains to be studied. 
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Chapter 5. Conclusions 
5.1 Conclusions 

Traumatic brain injury can be catastrophic for patients and poses a tremendous 

economic burden. Disability from TBI is typically due to a series of maladaptive 

processes that take place in the injured tissue. Of these, inflammation is a critical one 

and has the potential to desirably affect the others. Inflammation consists of various cell 

types infiltrating the injury environment and secreting signals to either remove debris, 

reestablish barriers, or promote matrix deposition and healing. Polarizing inflammation 

towards a regenerative phenotype is widely being explored and numerous studies 

associate this phenotype with improved functional outcomes after TBI. 

In this thesis, we designed and explored methods to enrich cytokines and M2-

like macrophages. We hypothesized that M2-like macrophages would address the 

numerous other maladaptive pathways in an injury and speed regeneration. We first 

engineered a biomaterial to enrich an endogenous chemokine signal that preferentially 

recruits the precursor to M2-like macrophages. Then we modified clinically relevant 

stem cells to secrete a cytokine signal that polarizes endogenous macrophages towards 

an M2-like phenotype and enables their proliferation. Both strategies were successful in 

increasing cytokine levels and M2-like macrophage counts. However, we also 

discovered that, contrary to our hypothesis, elevated M2-like macrophages did not 
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translate to histological and functional improvements.  These advances in tools and 

knowledge bring forth more questions and inform the next approach. 

Our first studies demonstrated that FKN-aptagels can enrich mouse FKN and 

M2-like macrophages at a dermal wound site. By using endogenous FKN, we avoided 

translational hurdles associated with recombinant cytokines. The FKN-aptagels 

possessed desirable, fast-on fast-off, binding kinetics with mouse FKN. Because of this, 

we detected increased FKN and M2-like macrophages in the tissue under the aptagel.   

The next series of studies developed IL-4 expressing MSCs that elevate IL-4, anti-

inflammatory gene expression, and M2-like macrophages in a TBI model of closed head 

injury. Currently, bone-marrow derived stem cells are being explored for their 

therapeutic efficacy in clinical trials. Augmenting their secretome with IL-4 can strongly 

shift macrophages to reparative phenotypes, as we have seen through our experiments. 

However, to attain functional improvement requires further study.  

5.2 Future Directions 

While all the studies have slightly advanced knowledge in this specific field, 

there are numerous questions that remain. This section proposes the next experiments 

and broader questions that need to be addressed. To an extent, they are proposed in 

order of how soon the experiments could be conducted. 
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5.2.1 Aptagels 

Aptamer-functionalized materials may be a useful tool to address injuries and 

multiple approaches can be explored.  Computational models can be established to 

determine ideal binding kinetics for endogenous enrichment and a library of FKN-

aptamers can be synthesized to match, especially for large animal models and humans. 

Variations of FKN-aptagels (with tuned FKN-aptamers, and different amounts of 

aptamer) can be tested for dermal wound healing (such as in a mouse wound biopsy 

model). Although TBI is a diffuse injury, boundaries of other CNS injuries such as stroke 

and spinal cord injury are usually more delineated and aptagels may have utility in such 

models. 

5.2.1.1 Applications: wound healing; stroke; local diseases 

Experiments with aptagels demonstrated that FKN-aptagels can locally enrich 

non-classical monocytes and M2-like macrophages. The effects were very local as 

differences between under (‘Near’) and away (‘Far’) from the gel was starkly apparent. 

Thus, while in their current form aptagels may not be relevant for diffuse injuries such 

as TBI there may be effective in localized dermal and CNS injuries.  

Dermal injuries can take a long while to heal in diabetic patients due to disrupted 

immune functioning. Quickening healing via enriching M2-like macrophages could be 

explored in a diabetic mouse model. To execute this, a dermal injury would be induced 

via epidermal biopsy punch and held open via a custom splint to prevent contracture 
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induced closing (190). Next, an aptagel would be implanted covering the fully exposed 

surface and held in place via a translucent cover. Healing could be quantified grossly 

through images or histologically studying layers of the skin.  

  While dermal injuries can often be localized, this is not common for brain 

injuries. However, one local CNS injury where FKN-aptagels could be tested is stroke. In 

fact, elevated FKN is associated with better outcomes after stroke in patients (12). Many 

mouse stroke models exist, but the one that may lend itself best for this therapy uses 

endothelin-1 (191). The aptagel can be implanted into a craniotomy above the stroke and 

held in place via a silicone cap. Tissue regeneration can be assessed using the assays 

studied in Chapter 4. While less clinically relevant, local TBI and spinal cord injury 

models exist using a controlled-cortical impact machine and aptagels could be 

implanted in a similar fashion as in stroke (191). Lastly, focal CNS injuries result in the 

formation of a cavity (although we did not observe this in our diffuse TBI model). Such a 

cavity may be a prime site for aptagel implantation. 

In diffuse injuries, alternate chemistries can be used such as aptabeads or 

aptamer-functionalized nanoparticles. However, in diffuse brain injury, while the blood-

brain-barrier may be transiently open, it is still difficult to get substantial amounts of 

nanoparticles through.  
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5.2.1.2 Computational simulation of ideal enrichment kinetics 

FKN-aptamers exhibited faster dissociation kinetics against mFKN than hFKN 

suggesting that mFKN functional endogenous enrichment may be more likely. Due to 

the strong binding between FKN-aptamers and hFKN, if FKN-aptagels were implanted 

in patients any enriched hFKN would likely be unavailable to attract monocytes. 

Additionally, it is unknown whether the binding kinetics between FKN-aptamers and 

mFKN is optimal for the therapy. Thus, to be able to translate aptagels for patients, it is 

important to identify whether better binding kinetics exist and select an FKN-aptamer 

that exhibits those against hFKN.  

For the first part, computational simulations in MATLAB, python, or COMSOL 

could be developed. This could begin with a 2-dimensional model constructed with 

differential equations considering [Aptamer] in the aptagel, initial [Fractalkine] in the 

environment, [Aptamer+Fractalkine] at the aptagel surface. Next, the model would need 

to determine spatial points away from the gel, X1…Xn, where [Fractalkine] is computed. 

The source of FKN would be a nearby vessel. Once established, this could be further 

developed in a 3D COMSOL environment. 

Once computationally ideal enrichment kinetics are determined, FKN binding 

aptamers would have to be selected that possess those kinetic parameters. The iterative 

process to select aptamers, SELEX, has many variations. Standard SELEX ends up 

selecting strong binding aptamers. However, by using non-equilibrium capillary 
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electrophoresis of equilibrium mixtures (NECEEM) with SELEX, aptamers with desired 

bulk kinetics can be screened for. Alternatively, mutations within the aptamers could be 

introduced in a trial-and-error fashion and screened for desired kinetics that way.  

5.2.1.3 Combinatorial aptagels 

Lastly, FKN-aptagels only enrich one cytokine: Fractalkine. However, injuries are 

complex biological environments with multiple altered growth factor and cytokine 

levels. There are already aptamers against numerous targets including inflammatory 

and anti-inflammatory cytokines. Through SELEX, more aptamers could be discovered. 

With the ease of aptagel and aptabead chemistry, incorporating multiple aptamers is 

trivial. However, figuring out the desired concentration of aptamer on the combinatorial 

aptagel would likely require simulations or experiments. 

While enrichment of a cytokine can be one goal. An alternate goal could be to 

have the aptagel function as a reservoir: to fill up when a cytokine is in excess and 

slowly release as endogenous levels fall. Cytokines that serve dual inflammatory/anti-

inflammatory purposes could be targeted here. For example, elevated CCL2 in brain 

injury is known to recruit both inflammatory monocytes and stem cells. By dampening 

the initial peak, monocyte recruitment from the periphery could be reduced. 

Subsequently, by maintaining local passive release, stem cell migration from the 

ependymal tissue could be enhanced. 
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5.2.2 IL-4 MSCs 

Delivery of MSCs transiently expressing IL-4 in a mouse TBI model robustly 

elevated M2-like macrophage populations. However, contrary to our hypothesis, this 

did not improve acute and sub-acute histological or behavioral outcomes. It is important 

to understand this, and various approaches can immediately be employed. There are 

also questions that will take a longer time to tease out, such as understanding the 

biology of the injury environment.  

5.2.2.1 Alternative Delivery Strategies: cytokine, route, timing 

Based on our data, the first approach to addressing poor functional outcomes 

could be employing alternate delivery strategies. This includes: 1. adjusting the amount 

of IL-4 delivered; 2. co-delivering IL-10; 3. using alternate routes of delivery; 4. assessing 

later timepoints; 5. transfecting alternate stem cells.  

Figure 38 demonstrated that IL-4 levels in the contralateral hemisphere were 

significantly lower than in the ipsilateral hemisphere. However, even with that smaller 

amount of IL-4, Figure 32 showed a robust M2-like polarization in the contralateral 

hemisphere. Interestingly, it wasn’t just a ‘small’ amount of IL-4 that was needed, but a 

small and ‘sustained’ amount; the administration of bolus IL-4, which would have 

rapidly cleared, failed to induce equivalent M2-like polarization. Thus, identifying the 

minimum amount of IL-4 secretion over a period (e.g. 24-48 hours) could be pertinent to 

prevent any adverse effects (such as fibrosis) of high IL-4 and M2-like macrophages. 
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This could be attempted by reducing the amount or duration of synthetic IL-4 mRNA 

incubated with MSCs, or by reducing the number of transfected cells delivered in vivo.  

Next, in our studies we delivered the cells directly into the hippocampus. This 

strategy circumvents the BBB and ensures that our therapy is at the site of injury. One 

clinical trial is also stereo-tactically delivering genetically modified MSCs (SB623) 

adjacent to the site of TBI (NCT02416492). This study follows up a successful Phase 1/2A 

trial where SB623 cells improved motor outcomes in patients with ischemic stroke. 

However, in our studies, a stereotactic injection altered brain architecture (histology and 

MR figures) and possibly affected function as well (behavior MWM figure). Both the 

needle and the 5 µL volume injected can contribute to this. Intracranial administration 

might be useful in a cavitary lesion (such as a local, chronic cyst after injury). One 

alternative for TBI is intraventricular delivery. While this also pierces cortex, it avoids 

the hippocampus and the ventricle has more capacity for additional volume. Our data 

(Figure 32) demonstrates that this delivery can induce M2-like polarization in both 

hemispheres. While there are also fewer total M2-like macrophages, the polarization 

percentage is high, and this might be a more desirable outcome. If the percentage is not 

high enough, more volume can safely be injected into the ventricles. However, whether 

this affects motor/coordination performance on rotarod would need to be assessed. A 

less invasive option to ensure no damage to brain architecture is intravascular routes. 

However, numerous studies have shown that through intravenous or intraarterial 
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delivery, <1% of cells pass the BBB. To counteract this, cells have been genetically 

modified to express receptors that would assist in homing. Regardless of this, 

intravascular administration could prime monocytes prior to them entering the brain. 

With a large vascular compartment, a wide range of doses can be tested as well. 

A third set of studies that can be conducted is co-delivery of IL-4 and IL-10. The 

current understanding of these two cytokines is: IL-4 induces a proliferative, 

regenerative macrophage phenotype (M2a) while IL-10 induces a quiescing, anti-

inflammatory phenotype (M2c). Neither of the cytokines alone have been exceptionally 

therapeutic.  The former may have induced too much cell proliferation while the latter 

could not overcome pro-inflammatory factors. The endogenous M2 subphenotype after 

spinal cord injury tends to follow a sequence of M2a -> M2b -> M2c. This can inform the 

delivery paradigm of IL-4 and IL-10. One option is two time-separated injections of 

MSCs transfected with either IL-4 or IL-10 mRNA. If the endogenous pattern is 

followed, MSCs expressing IL-4 would need to be delivered in the first few days after 

injury while MSCs expressing IL-10 around days 5-7. A second strategy would be a 

single administration of MSCs co-transfected with IL-4 mRNA and IL-10 plasmid DNA. 

As transfected DNA takes longer to begin expression, and lasts longer, it may be a better 

transfection strategy for IL-10. By combining and timing the two cytokines, we may be 

able to enhance the endogenous healing processes. 
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Along with all this, it may be important to have an in-depth study of microglia 

states. While IL-4 is known to affect microglia, whether it is enough to promote 

regenerative phenotypes is unknown through our study. It is possible that although our 

study robustly modulated macrophages, microglia retained an ‘inflammatory’ 

phenotype and skewed the macrophages back. Distinguishing microglia and 

macrohpages can be difficult, but studies have begin to identify them through their 

transcriptional profiles. By including these cells in the analysis, a more complete picture 

can be established. 

Lastly, there is an opportunity to test our synthetic IL-4 mRNA with other stem 

cells being studied in clinical trials. This includes other derivates of bone marrow 

derived cells such as multipotent adult progenitor cells and the genetically modified 

SB623 cells. In vitro transfection parameters would need to be studied for each cell line. 

5.2.2.2 Better understanding of inflammation and role of M2-like macrophages 

The next major goal is developing a better understanding of inflammation and 

the role of M2-like macrophages. While numerous CNS injury studies have seen the 

indirect effects of enhancing M2-like phenotypes, our study clearly demonstrates that 

just enriching an M2-like phenotype is not enough. There are thus at least four key 

fronts that need to be addressed: 1. Why have we evolved to have a maladaptive 

macrophage response in CNS injury? 2. What are the polarization dynamics of all M2 

subtypes after TBI? 3. What is the specific direct and indirect role of each subtype on 
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different aspects of regeneration? 4. Which subtypes do we need to enrich, how many do 

we require, and how long do we want them there? 

Understanding why the immune system responds to CNS injury in a 

maladaptive proinflammatory manner may be the first critical step to identifying where 

we can intervene. While studying the evolutionary or Darwinian basis of disease has 

been becoming more prominent over the past couple decades, only one review exists 

that studies it in the context of CNS injury (189). Based on evolutionary medicine 

principles, there are at least a few possibilities: 1. Evolution did not have a chance to 

select for better outcomes because prior to modern medicine, most CNS traumas were 

fatal and many CNS diseases occur in people in post-reproductive years; 2. There were 

trade-offs wherein having a more endogenous ‘regenerative’ response may have 

prevented the nervous system from developing and functioning appropriately. 

However, there exist lower-order organisms that have a nervous system resistant to 

harsh conditions and others that are highly regenerative. The presence of these suggests 

that there are evolutionary pathways towards a better immune response to CNS injury. 

The limitation with evolutionary hypotheses is that testing them can be difficult. 

However, it can begin by identifying all organisms that have both a nervous system and 

an immune system. Then selecting those that are resistant to conditions normally 

detrimental to humans or those that can regenerate following CNS trauma. From the 

subset of organisms, a TBI model could be developed with the organism closest to 
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humans on the evolutionary tree. Finally, a careful study of the immune cells 

phenotypes through flow cytometry, gene expression, and cytokine analysis over time 

course of the injury could elucidate insights into human CNS trauma.  

Next, understanding M2 macrophage subtype polarization dynamics may be 

important to balance all the factors towards regeneration. Currently, in the field of CNS 

injury, M2 subtypes have only been studied for spinal cord injury (182). There, the M2a 

subtype peaks on days 1-3 and M2c on days 4-6. The M2a phenotype is proliferative 

and, with the help of signals, eventually reaches a quiescent M2c phenotype. To validate 

this in TBI, local or diffuse TBI models in rodents could be studied at different time 

points with cell surface markers. However, flow cytometry of macrophages alone only 

provides a limited picture. It may be important to understand the polarization of 

microglia as well. In the context of TBI, scientists have studied M2 subtypes of microglia 

to find mixed phenotypes that are difficult to distinguish (40). Distinguishing infiltrating 

macrophages from microglia can also be difficult. A more in-depth study with gene and 

RNA analysis of both macrophages and microglia may be required. When these data are 

compared to those in animals that can regenerate CNS tissue, differences in timing of 

sub-phenotype regulation may become apparent. 
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5.2.2.3 High throughput screening of cytokines 

The long-term strategy that may be required is developing high-throughput 

methods to screen cytokines and growth factors in TBI. This could be done through in 

vitro, in vivo, or ex vivo methodologies. 

There are a few in vitro TBI models established in the literature (192–194). They 

typically involve co-culture of various brain cells with the addition of a stimulant to 

simulate injury. However, the largest drawback of these is the absence of an immune 

system. More complex models include synthetic vasculature and a BBB (195). 

Incorporating migrating immune cells into this model is critical for a complete TBI 

model. Once developed, high throughput cytokine screening can be conducted to 

identify which signals are most important in resolving neuroinflammation. By having a 

complex in vitro model, an idea of which compartment to deliver those signals (brain, 

vasculature) can also develop.  

Alongside an in vitro model, a high-throughput animal method of TBI and its 

assessment could be useful. Currently, one of the limitations of the rodent model is 

technical and biological variability. A stereotactic system that uses machine learning and 

computer vision could be developed so that each mouse is correctly positioned and 

impacted at the appropriate site. With a computer-based system, injuries may be faster 

and technically less complex. This provides some room to try multiple combinations of 

therapies. By using large animal models, multiple small, local, cerebral injuries could be 
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induced and studied simultaneously (196). The benefit would be the ability to try 

multiple cytokines in one animal and histologically analyze all in one section. The 

limitation would be therapeutic cross-effects among the injury sites.  

Finally, significant insight can be gained from a thorough analysis of patient 

derived samples after traumatic brain injury. Multiple studies have been conducted on 

this front with inconclusive results thus far due to inconsistencies in methodology (197). 

Patient blood and CSF can be analyzed for cytokines and correlated with outcomes 

using various scores and scales. This might provide a stronger rational basis for the 

delivery of any particular cytokine or combination of cytokines. 

5.2.2.4 Other applicable scenarios for IL-4 MSCs 

In the IL-4 MSC studies, we observed significant proliferation of M2-like 

macrophages in the cortex. A large number of cells take space in a dense environment 

such as the brain and may not be desirable. M2-like macrophages can also promote 

fibrosis (134). There are at least two scenarios, however, where this might be desirable 

instead: 

1. For biomaterial integration: In previous studies for peripheral nerve injury, 

IL-4 delivered with agarose promoted tissue integration into the biomaterial 

followed by neural regeneration. Implanting IL-4 MSCs might be a better 

strategy for the same disease as it could overcome limitations of recombinant 

IL-4 delivery. Biomaterials for skin wounds could also benefit from this. 
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Ensuring tissue integration is integral and M2-like macrophages can modify 

the matrix for other cells to establish themselves.  

2. In cavitating diseases: In certain lesions, a loss of tissue is a consequence of 

the pathology. This can range from stroke in the brain to defects in bone. 

Similar to biomaterials, these cavities require the development of substrate 

for tissue to grow and integrate. Seeding IL-4 MSCs could promote fibrosis 

and matrix formation which then may be remodeled to become functional 

tissue. This would be more difficult for stroke than for bone and skin injuries 

however. 

5.2.3 Conclusions 

Traumatic brain injury activates many processes, some of which are protective 

and others which become maladaptive. In this thesis, we hypothesized that 

manipulating one of those, macrophages, and polarizing them to possess a regenerative 

phenotype, would have significant downstream influences on the other processes. 

However, our data suggest that M2-like macrophages might not be able to do this alone. 

Modulating neuro-inflammation is still critical, but it is important to understand how 

much to modulate and when. Ultimately, the goal might be to accept brain tissue death 

but speed up the process to contain the damage associated signals – maybe even by 

hastening glial scar formation. This may be done by increasing M2-like macrophages 

locally and actually promoting fibrosis. Once ‘alarmins’ and other damage associated 
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signals are contained, a focus on neural plasticity and rewiring the brain via electrical 

stimulation and rehabilitation may take precedence. Healthy, undisturbed parts of the 

brain could take over the tissue that is lost. This process, however, would take a 

significant amount of time. Thus, the next goals might be to hasten both injury 

containment and neural rewiring. 
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