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MCP-1 RELEASE MODULATION THROUGH INTERACTION OF PULMONARY 

ENDOTHELIAL CELLS AND MESENCHYMAL STROMAL CELLS 

Kaavya Giridhar, B.S. 

Advisory Professor: Sean I. Savitz, M.D. 

Background: Ischemic stroke is a leading cause of death and long-term disability 

around the world. Current treatment options are limited to the administration of 

tissue plasminogen activator (tPA) and/or endovascular therapy, administered within 

a limited time window. However, cell-based therapies such as mesenchymal stromal 

cells (MSCs) have increasingly shown great promise for ischemic stroke recovery 

with some therapies already in various stages of clinical trials. Intravenous (IV) 

administration of the MSCs leads to the entrapment of these MSCs in the lungs. 

These entrapped MSCs interact with the pulmonary endothelial cells (PECs) and 

could modulate the immune response through the release of cytokines and 

chemokines. Monocyte Chemoattractant Protein - 1 (MCP-1), is an important 

chemokine involved in the recruitment of monocytes and macrophages. In our study, 

we wanted to explore the interactions between MSCs with PECs and how this 

interaction changes the expression levels of MCP-1 and other cytokines after an 

inflammatory event such as stroke. We also wanted to see if MCP-1 released 

through the interaction between MSCs and PECs under inflammatory conditions, 

modulates the immune response through the modification of monocytes. 

Methods: Cultured murine PECs were grown either alone or in combination of 

murine MSCs, and were exposed to 1) a combination of IFN-γ and TNF-α 

inflammatory stimuli or 2) Anti MCP-1 antibody to neutralize any secreted MCP-1. 

The secretome release of IL-1β, IL-1ra, IL-6, MCP-1, and VEGF were analyzed 
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using ELISA (BD Biosciences and R&D Systems). To further understand the 

immunomodulatory response, the collected media from the previous step was added 

to splenic immune cells (CD11b+) and splenic monocytes (CD115+). The secretome 

release was analyzed from these cells using ELISA.  

Results:  MCP-1 secretion levels were increased from PECs as well as co-cultures 

of PECs and MSCs when they were exposed to inflammatory stimuli. When co-

cultures of PECs and MSCs were exposed to recombinant MCP-1 or MCP-1 

neutralizing antibody, VEGF secretion levels decreased. In the presence of 

inflammatory stimuli, co-cultures of PECs and MSCs secreted elevated levels of 

VEGF. While under inflammation, we also observed that IL-6 levels were elevated 

and they remain elevated even when MCP-1 was neutralized. We did not observe 

any difference in secretome release from neither the splenic immune cells (CD11b+) 

nor the splenic monocytes (CD115+). 

Conclusion: Our data show that MCP-1 release under stroke like conditions is 

modulated through the interaction of PECs and MSCs. However, our study was 

unable to elucidate MCP-1’s role in the modification of monocytes. 
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1.1 Stroke 

 Stroke is a leading cause of death and long-term disability in the United 

States and around the world. According to CDC reports, the cost burden in the US 

brought on by stroke has been estimated to be around $34 billion per year towards 

medications, health care services, and missed workdays 1. There are two major 

types of strokes: ischemic and hemorrhagic stroke, where ischemic stroke 

constitutes about 87% of all stroke cases 1, 2 . Research over the years has identified 

many risk factors and have categorized them as non-modifiable, i.e., age, sex, 

race/ethnicity, etc., and modifiable, i.e., hypertension, diet, physical activity, 

smoking, etc., risk factors 3. 

 

1.1.1 Ischemic Stroke Pathophysiology 

 The majority of the stroke cases comprises of ischemic stroke, especially 

amongst the developed countries 3. Ischemic stroke is caused due to the occlusion 

of the blood vessel(s) in the brain, which disrupts the supply of oxygen and glucose 

to the affected regions in the brain 4, 5. The infarct core is the central region affected 

directly by the loss of blood flow, and the region surrounding this core is called the 

ischemic penumbra, where there’s some residual perfusion present from the 

neighboring vessels 6. The interruption of blood flow to these regions leads to 

irreversible damage to the brain tissue through a series of events called the ischemic 

cascade. The cellular and molecular events triggered by the cascade involve the 

formation of reactive oxygen species, accrual of intracellular calcium, the release of 

glutamate, mitochondrial damage, initiation of apoptosis and necrosis, excitotoxic 
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neuronal death, and induction of inflammatory processes both within the brain and 

peripheral tissues 4, 7, 8.  

The inflammatory process within the brain is initiated through the release of 

damage-associated molecular pattern (DAMP) signaling released by the dying cells 

in the infarct core and ischemic penumbra regions 6. Subsequently, these signals 

lead to the production of pro-inflammatory cytokines and chemokines that triggers 

the immune response cycle both centrally within the brain and peripherally through 

the entire system 6. The immune response followed after stroke seems to be 

emerging as a key player in the development of stroke severity and a good target to 

obtain therapeutic benefits.  

 

1.1.2 Current Stroke Treatments 

 

1.1.2.1 tPA 

 Tissue plasminogen activator (tPA) is the only noninvasive treatment 

approved by the Food and Drug Administration (FDA) for ischemic stroke in the US. 

It is a factor that aids in the breakdown of blood clots that’s causing the occlusion 

and restoring blood supply to the brain. The administration of tPA is, however, 

restricted to a narrow time window within 4.5 hours after the onset of stroke 

symptoms. This time constraint severely limits the number of patients who are 

eligible to receive it as a treatment.  
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1.1.2.2 Endovascular Therapy  

 Endovascular therapy or mechanical thrombectomy is a recently added 

standard of care treatment for ischemic stroke patients with large vessel occlusion. 

The clot is removed using a stent retriever. The stent is inserted into the blocked 

vessel; the stent then opens and grabs the clot for removal. The therapy can only be 

performed on patients with large vessel occlusion within 24 hours of the onset of 

acute stroke symptoms.  

 

1.2 Cell Therapy 

 Cell-based therapies are another promising treatment option that has been 

explored for ischemic stroke. The main focus of current ischemic stroke treatments 

is to swiftly restore blood flow to the brain, to prevent any further damage. However, 

cell-based therapies aim to improve and restore functional recovery in acute and 

chronic stroke cases. Several pre-clinical animal studies have demonstrated over 

the years that cell therapy can achieve functional recovery 9, 10, 11. Studies have 

looked at a variety of cell sources to be used as a therapy; including stem cell types 

like bone-marrow derived mesenchymal stem/stromal cells (BM MSCs), bone-

marrow derived mononuclear cells (BM MNCs), adipose-derived stem/stromal cells 

(AD MSCs), neural stem cells (NSCs), embryonic stem cells (ESCs), umbilical cord 

blood-derived stem cells, induced pluripotent stem cells (iPSCs), dental pulp derived 

stem cells and precursor/progenitor cells like endothelial progenitor cells (EPCs), 

neural precursor cells (NPCs) and multipotent adult progenitor cells (MAPCs) 12, 13. 

Pluripotent stem cells such as the ESCs and iPSCs have the potential to 

differentiate into any cell type from the three germ layers with an ability to self renew 
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indefinitely 13-15. The same property could lead them into forming tumors after 

engraftment and are tagged with certain ethical concerns 13-15. Multipotent cells such 

as MSCs, NSCs, EPCs, etc., on the other hand, have to potential to differentiate into 

only certain types of specialized cells but have fewer health risks and ethical issues 

attached to it 13.  

 Initially, cell therapy aimed to repair the tissue damage through the 

recruitment of cells for tissue grafting to repair the infarct region 16. However, 

growing studies have demonstrated that engraftment was not a factor in seeing the 

treatment effects; instead, the exogenous cells created an endogenous restorative 

effect within the brain. It was observed that these cells modulated the changes by 

providing trophic support and by modifying cell-signaling pathways that downstream 

enhanced the endogenous restorative process by promoting neurogenesis, 

angiogenesis, synaptogenesis, immune modulation, etc., 9, 13, 16. Such compelling 

pre-clinical data has led to the testing of these cell-based therapies on human stroke 

patients, with certain cell types reaching phase 3 of clinical trial testing. Table 1 

gives a brief picture of different cell types that are currently or have been previously 

under investigation for clinical stroke trials using data from ClinicalTrial.gov, Krause, 

M. et al., 2019 and, Trounson, A. and McDonald, C., 2015 9, 17.  

 
Cell Type Routes of Administration Clinical Trial Phase 

BM MSCs IA, IV, IN, IT Phase 1, 2, 3 
BM MNCs IA Phase 1, 2 
AD MSCs IV, ICb, Phase 1, 2 
Hematopoietic Stem Cells IV Phase 1, 2 
NSCs IC, ICb Phase 1, 2 
Umbilical Cord Blood IV Phase 1, 2 
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Table 1 Types of Cells Currently or Previously Under Clinical Stroke Trial 

Investigations. IA – Intra-Arterial, IC – Intracranial, ICb – Intracerebral, IN – 

Intranasal, IT – Intrathecal, IV – Intravenous. 

 

1.2.1 MSC Therapy 

 Mesenchymal stem/stromal cells (MSCs) are one of the most widely studied 

cell types as a cell-based therapeutic for stroke. MSCs, as mentioned previously, are 

multipotent cells that can be easily isolated and expanded from different adult tissue 

sources such as bone marrow, adipose tissue, umbilical cord blood, etc., 13. 

According to the International Society for Cellular Therapy, MSCs are defined using 

certain standards: it’s plastic adherence, the expression of CD90, CD73, CD105 and 

the lack thereof CD45, human leukocyte antigen (HLA) Class II, CD11b, etc., and 

the ability to be multipotent 18. The lack of HLA Class II markers enables the MSCs 

to have a relatively low or no immune reaction and also reduces the risk of immune 

rejection when the cells are allogeneic 13, 18. Intravenous (IV) administration of MSCs 

is one of the safer routes of administration amongst patients, as it’s much less 

invasive compared to other routes such as intracerebral (ICb) and intra-arterial (IA). 

A growing number of studies have demonstrated that MSCs play an essential role in 

facilitating neuroprotection, modulating the immune response by acting of various 

immune cells, suppressing inflammation through the modulation of peripheral organs 

such as lungs and spleen where MSCs get lodged after an IV administration, etc., 8, 

19. Preclinical studies have also widely shown enhanced functional recovery in 

animals following treatment with MSCs 20, 21.  
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1.2.2 Intravenous Administration and Pulmonary Passage 

 IV administration of MSCs has been studied in many preclinical and clinical 

studies. A majority of the cells after an IV infusion get trapped in the lungs, which is 

referred to as ‘pulmonary first-pass’ and only a small percentage reaching the 

spleen, liver, and the actual ischemic brain penumbra 22-25. Studies showed that 

cultured MSCs overtime changed their morphology from small round shaped cells to 

long spindle shaped cells and have an average diameter of 20 µm. The large cell 

diameter made the MSCs too big to pass through the pulmonary microvasculature, 

which usually ranged between 5-10 µm in diameter 23, 26, 27. Cell surface adhesion 

molecules expressed by MSCs and cells like endothelial cells were also later found 

to be a reason for the entrapment by various studies 25, 28, 29. Initially, this entrapment 

was considered to be a hindrance to the treatment effects of MSCs. However, 

studies showed that despite a majority of the cells being trapped in the peripheral 

organs such as the lungs, therapeutic effects were still observed 30.  The exact 

mechanism behind this is still unknown, and many studies are pointing towards an 

immunomodulatory role played by MSCs 8.  

 

1.3 Immunomodulatory Role of MSCs 

 Over the years, a growing number of studies have suggested that MSCs play 

a significant role in modulating the immune response after an inflammatory event 

such as stroke. Exposure to an environment that is inflammatory can influence the 

immunomodulatory function of the MSCs 31. Studies have shown that exposure of 

MSCs to inflammatory cytokines such as TNF-α and IL-1β augmented their 

regenerative potential 32. Other studies have shown that secretory factors such as 
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TSG-6, TGF-β, HGF, PGE-2 demonstrated a reduced inflammatory immune 

response, which also includes inhibition of T-cell proliferation and promotion of 

regulatory T-cells (Tregs) expression 30, 33-36. Indoleamine 2,3-dioxygenase (IDO) 

has also been identified as a factor secreted by the MSCs that play a role in the 

generation of Tregs 27. Studies have also shown that MSCs trapped in peripheral 

organs such as the spleen and lungs interact with surrounding cell types such as 

splenocytes or pulmonary endothelial cells to release various secretomes that have 

systemic effects 8, 37.  

 

1.4 Monocytes and Macrophages 

 Monocytes/macrophages are an important subset of immune cells, through 

which MSCs carry out their immunomodulatory effects. Under inflammatory 

conditions, monocytes/macrophages are driven towards the M1 type, a pro-

inflammatory subset. Pro-inflammatory factors such as lipopolysaccharide (LPS), 

TNF-α, and IFN-γ were shown to drive the cells towards the M1 phenotype. These 

cells also produced more pro-inflammatory cytokines such as TNF-α, IL-1β, IL-12, 

IL-23, and nitrogen monoxide (NO) 38. MSCs have shown to favor the polarization of 

monocytes/macrophages towards an M2 anti-inflammatory phenotype, while also 

reducing the M1 type activity 35. The M2 phenotype cells secreted anti-inflammatory 

cytokines such as IL-10 and reduced pro-inflammatory cytokines such as TNF-α, IL-

12 39, 40. Studies have also shown M2 phenotype monocyte/macrophages expressed 

high levels of cytokines/chemokines such as IL-8, IL-6, MCP-1, EGF 41, 42. The 

immunomodulatory effect exerted by MSCs through their modulation of the 
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monocytes/macrophages could be a key factor in understanding their therapeutic 

effects in disease conditions.  

 

1.5 Monocyte Chemoattractant Protein – 1 

 Monocyte chemoattractant protein – 1 (MCP-1), a C-C family chemokine, is 

primarily involved in the recruitment of monocytes/macrophages. Many cells, 

including the endothelial cells, monocytes, macrophages, microglia, astrocytes, 

neurons, etc., produce MCP-1. The role of MCP-1 has been mainly associated with 

the migration and infiltration of the mononuclear cells, such as monocytes to areas 

of inflammation and infection. Recent studies have also pointed out their critical 

involvement in routine immune surveillance and immune modulation 43. Studies have 

shown that MCP-1 activity is mediated primarily through C-C chemokine receptor 2 

(CCR2) 43. There are two isoforms of the receptor, CCR2A, and CCR2B, which 

possibly activate different pathways and leading to different actions 43. 

 

1.5.1 Role of MCP-1 in Pathologies Involving Neuro-inflammation 

Extensive work has been done on the position of MCP-1, primarily being a pro-

inflammatory molecule in various pathologies. Some of the widely studied disease 

models linked to the role of MCP-1 include atherosclerosis, multiple sclerosis, 

Alzheimer’s disease, rheumatoid arthritis, brain ischemia, HIV, etc., 43, 44. Many of 

these diseases have an inflammatory component associated with them, and studies 

have shown that MCP-1 directly mediates the recruitment of monocytes to the foci of 

active inflammation 43, 45. In Multiple Sclerosis (MS), a neuroinflammatory 

demyelinating disease, the lesions have presented with the infiltration activated 
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macrophages and lymphocytes. Studies have shown elevated MCP-1 expression in 

MS plaques 44. This would indicate that MCP-1 plays a major role in the 

inflammation progression in MS. Studies have also indicated that mice who lack the 

CCR2 receptor have shown no signs of neuroinflammation 44. Studies on 

Alzheimer’s disease (AD), another neurodegenerative disease, have also 

increasingly shown that there is a possible involvement of the MCP-1/CCR2 axis in 

the development of the pathology. Apart from its detrimental effects, MCP-1 has also 

been implicated in studies to be involved in the clearance of senile plaques 44. 

Studies are slowly uncovering the fact that MCP-1 could have both positive and 

negative roles in disease pathologies. 

 

1.5.2 Role of MCP-1 in Ischemia 

As mentioned earlier, inflammation plays a major in the progression and 

outcome of ischemic injury. The main inflammatory event in post-ischemia is the 

recruitment of leukocytes, neutrophils, and mononuclear cells like monocytes, which, 

as mentioned before, are recruited through the actions of MCP-1 46. In the study by 

Arakelyan et al., 2005, 47 patients who suffered from ischemic stroke had about a 2-

fold increase in MCP-1 levels in their serum compared to the control groups 47. Other 

animal studies have also indicated that animals, when void of MCP-1 has smaller 

infarct volumes compared to that of control mice, post an ischemic event 48. While on 

the other hand, studies have also shown that post-ischemia (hind-limb), local 

infusion of MCP-1 protein, improved homing of monocytes and could also be 

involved in the regulation of angiogenesis in the ischemic region 49.  
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1.5.3 Role of MCP-1 in Cell Therapy  

The role of MCP-1 is seldom looked at in such therapeutic settings. Studies 

have looked into the migration pattern of MSCs after extracts from brain tissue post 

a middle cerebral artery occlusion (MCAo) versus controls. They noticed that MCP-1 

levels influenced migration patterns of the MSC in these groups 50, 51. A previous 

study conducted by our group also has shown that autologous post-stroke 

mononuclear cell (MNC) from rats when administered post an MCAo, the outcomes 

were much better compared to the saline control group 11. The infarct size was 

significantly reduced in these animals compared to the saline control group while 

also showing an enhanced recovery compared to the other groups 11. One 

significant point to be noted here is that serum levels of MCP-1 were increased in 

animals treated with post-stroke MNCs compared to the other groups 11. Andres et 

al., 2011 52 demonstrated that intra-arterially delivered NSCs had better homing in 

the ischemic region in animals with MCP-1 expression compared to the animals with 

no MCP-1 expression 52. In another study, rats with spinal cord injuries when treated 

with MCP-1/ED-Siglec-9 secreted by MSC derived from human deciduous dental 

pulp showed improved hind-limb movement and also demonstrated the recruitment 

of M2 type monocytes/macrophages to the region of injury 53. The study also 

showed that when the animals were treated with a combination of MCP-1/EDSiglec-

9 the treated animals had increased recruitment of M2 like cells, which was indicated 

by the cell surface marker CD206, compared to the control group 53. 

The function of MCP-1 is altered based on the situation they are presented, 

and this is clear from the previously described studies. In disease condition, MCP-1 

is primarily portrayed as being a molecule that aggravates inflammation, while under 
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treatment conditions such as cell therapy, they have shown to be anti-inflammatory 

and more beneficial. The secondary role of MCP-1 is rarely looked at, and it could 

potentially be involved in protective and regenerative features like neurogenesis, 

angiogenesis, neuro-protection, etc., which we need to explore more deeply.  

 

1.6 Objectives and Hypothesis 

 We hypothesize that MSCs directly and/or indirectly modulate the release of 

MCP-1 through their interaction with pulmonary endothelial cells, and this 

immunomodulatory effect is via, modification of the monocytes. The following aims 

were designed to test this hypothesis:  

 

Specific Aim 1: Under inflammatory conditions, the interaction between 

pulmonary endothelial cells exposed to bone marrow-derived MSCs would 

modify the release of trophic factors such as MCP-1.  

 

Specific Aim 2: Interaction of bone marrow-derived MSCs and pulmonary ECs 

after under inflammatory conditions modulates the monocyte mediated 

immune response through MCP-1.  
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FIGURE 1. A schematic representation of the hypothesis. We hypothesize that 

after an IV infusion of MSCs, a majority of the cells get trapped in the lungs. One of 

the first cell type MSCs come in contact and interact with are the pulmonary 

endothelial cells. This interaction modulates the release of the chemokine MCP-1. 

This downstream then leads to the modulation of the immune response through the 

modification of monocytes. 
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 (D)  

 

 

 

FIGURE 6. Changes in Secretome Release of mPECs and co-cultures of 

mPECs and mMSCs Previously Exposed to Inflammatory Stimuli. (A) 

Schematic of exposing mPECs or co-cultures of mPECs and mMSCs to 

inflammatory stimuli (TNF-α and IFN-γ (50 nM)) or inflammatory stimuli + MCP-1 

neutralizing antibody (Anti MCP-1 Ab (20ug/ml)). (B) mPECs Only: (i) In the 

presence of MCP-1 neutralizing antibody, MCP-1 secretion appears to be 

neutralized. (ii), (iii) and (v) The release of IL-1β, IL-1ra and VEGF had no significant 

difference, respectively. (iv) IL-6 secretion levels were elevated in the groups 
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previously exposed to inflammatory stimuli and also in the presence of MCP-1 

neutralizing antibody. (C) mPECs + mMSCs: (i) In the presence of MCP-1 

neutralizing antibody, MCP-1 secretion appears to be neutralized. (ii) and (iii) There 

was no significant difference in the release of IL-1β and IL-1ra, respectively (iv) and 

(v) IL-6 and VEGF secretion were increased in cells that were previously exposed to 

the inflammatory stimuli. (D) Logarithmic Fold change data was used to 

appropriately compare the secretome release between mPECs only groups and 

mPECs + mMSCs groups. (i) Logarithmic Fold Change of MCP-1 secretion. (ii) 

Logarithmic fold change of IL-1β secretion levels were significantly reduced in the 

mMSCs treated group in the presence of MCP-1 neutralizing antibody. (iii) There 

was no significant change observed in the logarithmic fold change in the secretion of 

IL-1ra. (iv) and (v) There was increase in the logarithmic fold change difference in 

the secretion of IL-6 and VEGF in the mMSCs treated groups that were previously 

exposed to the inflammatory stimuli. Significant p-value are denoted with asterisk (*), 

with p-value <0.05 considered as significant. 

 

3.6 MCP-1’s Modulation of the Secretome Release Response of Splenic 

Immune Cells and Monocytes  

 We subjected splenic immune cells CD11b+ cells and splenic monocytes 

CD115+ cells in culture to six conditions 1) CM from mPECs only group, 2) CM from 

mPECs previously exposed to inflammatory stimuli (IFN-γ and TNF-α (50nM)), 3) 

CM from mPECs exposed to MCP-1 neutralizing antibody (Anti MCP-1 Ab), 4) CM 

from mPECs + mMSCs group 5) CM from mPECs + mMSCs previously exposed to 
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inflammatory stimuli (IFN-γ and TNF-α (50nM)), and 6) CM from mPECs exposed to 

MCP-1 neutralizing antibody (Anti MCP-1 Ab) (Figure 7. A).  

 In the CD11b+ Fresh Media, the results were similar to that of the CD11b+ Old 

Media groups. No significant differences in the release of IL-1β and VEGF were 

observed in the groups previously treated with conditioned media from mPECs only 

(Figure 7. B (i) and (ii) and Figure 7. C (i) and (ii)). IL-1ra release was observed to 

reduced in the group that was previously treated with mMSCs and MCP-1 

neutralizing antibody. MCP-1 and IL-6 secretion were not detected in the Fresh 

Media. Logarithmic fold change data was used to appropriately compare the 

secretome release between CD11b+ groups previously treated with CM from mPECs 

only and CM from mPECs + mMSCs groups. There were no significant logarithmic 

fold change differences observed in the release of IL-1β, IL-1ra and VEGF in any of 

the groups (Figure 7. D (i) – (iii)).   

 The secretome release of CD115+ cells in Fresh Media we observed no 

significant differences in the release of IL-1β or VEGF any of the groups (Figure 8. A 

(i) – (ii) and Figure 8. B (i) – (ii)). MCP-1 release was not detected in Fresh Media. 

Logarithmic fold change data was used to appropriately compare the secretome 

release between CD115+ groups previously treated with CM from mPECs only and 

CM from mPECs + mMSCs groups. There were no significant logarithmic fold 

change differences in the release of IL-1β and VEGF in any of the groups (Figure 8. 

C (i) – (ii)).  
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(D)  

 

 

FIGURE 7. Changes in Secretome Release of CD11b+ Splenic immune cells.  

(A) Schematic of exposing CD 11b+ immune cells to CM media collected from the 

previous experiment where mPECs or co-cultures of mPECs and mMSCs were 

exposed to inflammatory stimuli (TNF-α and IFN-γ (50 nM) Anti MCP-1 Neutralizing 

Antibody. (B) CD11b+ exposed to CM from mPECs only: (i) – (iii) There was no 

significant difference in the release of IL-1β, IL-1ra and VEGF, respectively. (C) 

CD11b+ exposed to CM from mPECs and mMSCs: (i) and (iii) There was no 

significant difference in the release of IL-1β and VEGF, respectively. (ii) IL-1ra 

release was reduced in the group were MCP-1 was previously neutralized. (D) 

Logarithmic fold change data was used to appropriately compare the secretome 

release between CD11b+ cells previously treated with CM from mPECs only groups 

and mPECs + mMSCs groups. (i) – (iii) There was no significant logarithmic fold 

change differences observed in the release of IL-1β, IL-1ra, and VEGF, respectively. 
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Significant p-value are denoted with asterisk (*), with p-value <0.05 considered as 

significant. 
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(C)  
 

 
 
 
FIGURE 8. Changes in Secretome Release of CD115+ splenic monocytes.  

(A) CD115+ exposed to CM from mPECs only: (i) – (ii) There was no significant 

difference in the release of IL-1β and VEGF, respectively (B) CD115+ exposed to 

CM from mPECs and mMSCs: (i) – (ii) There was no significant difference in the 

release of IL-1β and VEGF, respectively (C) Logarithmic fold change data was used 

to appropriately compare the secretome release between CD115+ cells previously 

treated with CM from mPECs only groups and mPECs + mMSCs groups. (i) – (ii) 

There was no significant logarithmic fold change differences observed in the release 

of IL-1β and VEGF, respectively. Significant p-value are denoted with asterisk (*), 

with p-value <0.05 considered as significant. 
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Stroke is a leading cause of serious long-term disability in the world. Cell-

based therapies such as MSCs therapy have increasingly shown great promise for 

ischemic stroke recovery, with some therapies already in various stages of clinical 

trials. Although a majority of the IV administered MSCs lodge in the lungs, studies 

still observed an endogenous restorative effect in the brain, either the release of 

trophic factors or through immunomodulation 8, 9, 13, 16, 37.  During this ‘Pulmonary 

First Pass’, the MSCs mainly interact with the pulmonary microvascular endothelial 

cells 37. Many studies have previously shown that MCP-1 plays a critical role in 

immune modulation under inflammatory conditions 43-45.  

In this study, we aimed to look at the interaction between mPECs and 

mMSCs under inflammatory conditions, similar to the stroke milieu. We specifically 

focused on the secretome release after this interaction, including MCP-1 release. 

We found that under inflammatory conditions, MCP-1 release increases in mPECs 

and co-cultures of mPECs and mMSCs. Previous studies have shown that MCP-1 

release in increased during inflammatory events 47, 55-58. However, many studies 

seldom look at the release modulation of MCP-1 in the presence of stem cells, like 

MSCs.  

In this study, we also looked at how secretome release was affected, when 

co-cultures of mPECs and mMSCs were either over-stimulated with recombinant 

MCP-1 protein or neutralization of the secreted MCP-1 using a neutralization 

antibody. We observed when MCP-1 was effectively neutralized, the secretome 

release of VEGF had significantly decreased. VEGF is a trophic factor that acts as a 

potent pro-angiogenic and promotes neovascularization 59-61. Many studies have 

shown that after MSC treatment, the secretion of VEGF increases 61-63. In our study, 
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we observed that MCP-1 plays a role in modulating the release of VEGF, through 

the interaction of mPECs and mMSCs. A study by Jay, SM., 2010, 64 showed that 

MCP-1 and VEGF together play an important role in supporting the survival of 

transplanted endothelial cells, while also increasing the formation of functional 

vessels from the transplanted endothelial cells 64. Some studies have also shown 

that MCP-1 by itself can modulate angiogenesis under certain conditions 65-67.  

In the same experiment, we also observed the release modulation of the pro-

inflammatory cytokine IL-1β, under certain conditions. The presence of MSCs is 

more than likely causing these observed changes in the secretome release. Studies 

have shown that after MSC therapy, IL-1β expression and secretion goes down 68-70.  

Studies previously suggested that MCP-1 plays a detrimental role under 

inflammatory conditions. In MCAo animal stroke models, MCP-1 has been shown to 

increase and infarct size and volume, mainly through the role it plays in the 

recruitment of inflammatory monocytes and macrophages 71. Studies have also 

shown that infarct size was much smaller in animals that had MCP-1 expression 

knocked down 48. While this might be true in inflammatory conditions, after 

administering treatments like cell therapy, the role that MCP-1 plays could be 

altered. Studies over the past few years have started revealing the importance of 

MCP-1 in the migration of various stem cells. Stem cells such as NSCs, MSCs, 

dental pulp derived MSCs, etc., were shown to migrate better and home to regions 

of insult or injury in the presence of MCP-1 50-52, 72-74.  

In our study, we wanted to see under therapeutic conditions how MCP-1 

produced after the interaction between pulmonary endothelial cells and 

mesenchymal stem cells change secretome release following inflammation. We 
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observed that when MCP-1 was neutralized, there was an increased expression of 

IL-6 levels, which was an interesting observation. IL-6 has been long associated as 

a pro-inflammatory cytokine and had been associated with detrimental outcomes in 

a disease condition 75, 76. More recent studies are showing that IL-6 plays a dual role 

and is also capable of acting as an anti-inflammatory factor. The anti-inflammatory 

response of IL-6 is carried out through its interaction with membrane-bound IL-6 

receptor in classical signaling. Whereas, the pro-inflammatory activity is in response 

to trans-signaling, where IL-6 interacts with soluble IL-6 receptor 77. Similar to MCP-

1, IL-6 is also involved in the recruitment of leukocytes. It has been shown that 

animals that were knockdown of IL-6 exhibited poor recruitment of leukocytes. They 

also found that the interaction between IL-6 and endothelial cells through the soluble 

IL-6 receptor plays a central role in the leukocyte recruitment 78.  

Many studies previously have looked at the roles of IL-6 and MCP-1 

independently. However, results from our study indicate there might be a co-

dependent relationship between the two trophic factors. A recent study by Hosaka, 

K., et al., 201779, has also shown that the interplay between IL-6 and MCP-1 plays a 

vital role in intra-aneurysmal tissue healing 79. They suggest that IL-6 is a 

downstream mediator of MCP-1 79. A few other studies have also shown a co-

dependent relationship between these two trophic factors 80, 81.  

Another important aim of this study was to look at MCP-1’s (released after the 

interaction of PECs and MSCs) immunomodulatory role on the differential 

recruitment of monocytes. In our study, we were not able to find any significant 

differences in the secretome release of the monocytes, when they interacted with 

the conditioned media. One main reason for this could have been the minimal 
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number of monocytes that we were able to isolate from the splenic tissue. Reports 

say that there are only about 3.5-5% of splenic cells that are monocytes.  

A few studies have reported that following MSC treatment, monocyte and 

macrophages polarize towards an anti-inflammatory M2 subtype 70, 82. Cancer 

studies, however, in recent years, have provided more evidence to support the 

MCP-1 plays an essential role in this M2 type polarization. A recent study by Su, W., 

et al., 2019 83, showed that in tumor microenvironments, MCP-1 plays an important 

role in recruiting tumor-associated macrophages and polarizing them to an M2 

phenotype. This is achieved through the interaction it has with the tumor stem cells 

83. Studies have shown that MCP-1 promotes angiogenesis and M2 polarization of 

macrophages in tumor conditions 84, 85. Studies have also shown the role of IL-6 in 

the recruitment of M2 polarized macrophages in conditions such as cancer and 

obesity 86, 87. As previously mentioned, IL-6 and MCP-1 seem to have a co-

dependent relationship. Cancer studies have also explored this and have shown that 

MCP-1, along with IL-6, has an increased expression in tumor microenvironments. 

This increased expression helps in the protection of the tumor-recruited monocytes, 

while at the same time aiding in their differentiation towards the M2 phenotype 88. 

While these conditions might be detrimental in a cancer setting, they could be 

beneficial in stroke.  

Although this study tried to elucidate how MCP-1 released through the 

interaction of pulmonary endothelial cells and mesenchymal stem cells modulates its 

immunomodulatory effects through monocytes, the results were inconclusive. All the 

experiments conducted for this study were done in an in-vitro setting. Although this 

could give us a preliminary idea of what’s going on, to get more precise answers, we 
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would have to move to an in-vivo setting. Secondly, a major limitation we had, as 

mentioned above, was the limited number of splenic monocytes that we were able to 

isolate. To overcome this issue, we could move towards the collection of monocytes 

from other sources such as bone marrow and peripheral blood, while also examining 

the tissue macrophages and the effects on them. In an in-vivo setting, we can better 

attain stroke-like conditions, and further explore if any of the changes seen through 

the interaction of PECs and MSCs affect different types of brain cells, especially the 

resident microglial population. To get a better understanding of the IL-6 and MCP-1 

co-dependent relationship, we would include experiments where we block both and 

see what outcome we get. Further experiments will also be required to understand 

the exact mechanism behind these observations.   

In conclusion, our study was able to elucidate that MCP-1 release under 

stroke like conditions was modulated through the interaction of PECs and MSCs. 

However, our study was unable to explain MCP-1’s role in immunomodulation 

through monocytes.  
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