Determining the role of a chemokine receptor in a T cell subset marked by the expression of GM-CSF in the mouse model for multiple sclerosis, EAE
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I. Introduction
Multiple sclerosis (MS) is an autoimmune disease which currently affects approximately 1 million adults in the United States causing vision problems, loss of motor function, fatigue, as well as other symptoms1,2. MS occurs when the immune system attacks the central nervous system (CNS) containing the brain and spinal cord3. As the immune system attacks the CNS, the myelin, which protects the nerves in the brain, is destroyed which can prevent the nerves from signaling properly3. 
One of the most common ways to study MS is through an animal model known as the Experimental Autoimmune Encephalomyelitis (EAE) model, which is a mouse model. EAE has proven to be a fairly accurate method of developing treatments and all of the immunomodulatory drugs, which are drugs that affect the immune system, that are currently approved by the Food and Drug Administration are able to treat or decrease the severity of EAE in mice.4 The EAE model is a model where MS is induced in healthy mice.4 This can be done in two different ways.4 In the first method myelin basic proteins are injected into the mouse which the immune cells react to.4 In the second method the activated immune cells from an animal that had EAE are transferred to a healthy mouse.4 After inducing EAE, immune cells migrate into the CNS damaging myelin leading to disease.4 The severity and progression of the disease is measured on a five-point scale with five indicating that the mice have severe EAE ultimately leading to death.4 
One of the common cell types that has been found to cause or mediate disease in patients with MS are autoreactive T cells, meaning the T cells recognize self-antigens, or substances produced by the body, instead of foreign substances.5 During T cell maturation the thymus attempts to catch the autoreactive T cells, however not all of them are caught.5 As the T cells mature they begin to express various cell surface receptors which allow them to recognize antigens.5 There are two specific T cell receptors, CD4 and CD8 that are implicated in MS.5 T cells express one of the receptors based on their genes, enabling them to recognize foreign substances.5 Through a process called central tolerance, the still maturing T cells are presented with self-antigens and the T cells that react to these antigens die.5 This prevents autoreactive T cells from exiting the thymus and reacting to self-antigens in the body.5 However, the thymus does not have all possible self-antigens and some self-antigen reactive T cells are still released by the thymus. The T cells then begin to circulate throughout the peripheral blood until they encounter an antigen.5 Until they encounter an antigen they are considered naïve T cells.5 After being presented with an antigen, T cells differentiate into a type of effector T cell based on the antigen they were presented with. Some of the differentiated CD4+ T cells become helper T cells, which are cells that increase the immune system’s response by releasing different cytokines which set off signaling pathways where the T cells can move to the site of injury or infection.5 In patients with MS, the T cells circulating in the peripheral blood recognize self-antigens, which are substances your body produces such as myelin.5,6 This causes the T cells to react towards myelin and the signaling pathways allow these autoreactive T cells to cross into the blood brain barrier and enter the CNS.5,6 Once in the CNS these cells attack the myelin, which covers the nerves, creating lesions or damage.5,6  
[image: ]
Figure 1: Overview of T cells in MS. T cells are presented with a myelin antigen and differentiate. They then move into the CNS setting of cell signaling pathways destroying the myelin. Figure adapted from Figure 2 in Reference 6.
Previous experiments have attempted to block T cells from entering the CNS, however this leaves the CNS extremely immunocompromised.5 As a result, certain T cells need to be targeted in an attempt to prevent disease without leaving patients immunocompromised. Within CD4+ helper T cells there are subclasses defined by the cytokines they produce or chemokine receptors they have.5 Since chemokines and cytokines are both involved in cell signaling pathways, depending on which cytokines or chemokine receptors are present, the T cell carries out different functions.5 In order to target T cells, targeting the cytokines or chemokines that help define certain subsets is a method of trying to target certain T cells to prevent patients from becoming immunocompromised.7 In Galli et. al (2019) T cells in patients that have multiple sclerosis were sampled and analyzed to determine if any subsets of T cells were elevated in patients with MS.8 Once the cells were screened for various cytokines and chemokine receptors, a subset of CD4+ T cells co-expressing the cytokines interlukin-2 (IL-2), tumor necrosis factor alpha (TNF-α), granulocyte-macrophage colony-stimulating factor (GM-CSF), and the C-X-C chemokine receptor type 4 (CXCR4) was found.8 Approximately one third of these cells also expressed interferon gamma (IFN-γ).8 
Each of the cytokines that define this subset have been implicated in MS in different capacities. GM-CSF is a cytokine produced by various immune cells that mediates inflammation, stimulates the differentiation of granulocytes, a type of white blood cell, and macrophages, and in some cases the production of bone marrow cells which will eventually become blood cells.9 In MS, patients have elevated levels of GM-CSF in the cerebral spinal fluid (CSF).9 In addition, the cells which present the myelin peptide as an antigen to T cells in the brain at sites of infection and inflammation also express the GM-CSF receptor at higher than normal rates.9 In addition, severe forms of MS were found in patients whose T cells produced GM-CSF.9 These observations in human patients correlate strongly with the effects observed in the EAE model.9 In EAE, GM-CSF is mostly produced by autoreactive T helper cells.9 The EAE model has also shown that GM-CSF is a necessary cytokine for the development of EAE.9 One study by Spath et. al (2017) found that dysregulated GM-CSF production by T cells which were not specific to myelin were also able to cause inflammation and disease.10
Another cytokine expressed by the subset mentioned above is IL-2, a growth factor often produced by CD4+ T cells.8,11 It is considered a growth factor because in-vitro IL-2 induces T cell expansion and growth. In MS, increased levels of IL-2 have been found in patients.11
TNF-α is a proinflammatory cytokine produced by T cells, in addition to many other immune cells.11 TNF-α can cause increased cell survival or cell death an inflammation depending on which receptor it binds to.11 In MS patients there are elevated levels of TNF-α producing cells in the CSF and in lesions in the brain.11 
[image: ]CXCR4 is a chemokine receptor which bonds to its ligand known as stromal cell derived factor 1 (SDF-1) or CXCL12.12 Chemokines are a type of cytokine that can work to recruit lymphocytes as well as aiding in migration of cells to the site of infection.13 CXCR4 is one of the most widely expressed chemokine receptors and can be expressed on cells in the CNS, naïve T cells as well as activated, effector T cells.12 In MS patients, a subset of T cells with the CXCR4 receptor found in Galli et. al (2019) were found in the CNS and CSF indicating they are able to migrate to the sites of infection and inflammation.8 Previous work examining CXCL12 and CXCR4 showed that in MS  patients CXCL12  expressed on the luminal side of the blood-brain-barrier, or the side facing the blood, and correlated with an increase in the severity of disease and an increase in CXCR4 positive leukocytes moving into the CNS.14 In mice the CXCR4 receptor is roughly 89% - 90% identical to the receptor found in humans based on a BLAST protein comparison.15 When the amino acid sequences between the two organisms were compared they were fairly identical and had 0 as the error value indicating that they are highly conserved.15 In the mouse model CXCR4 has also been associated with disease.16 The majority of the work done in mouse studies uses antagonists, or molecules to block the receptor.16 Mouse studies have shown that mice that lack CXCR4 during development have cardiovascular and nervous system defects and in some studies a CXCR4 knockout during the embryonic stage has shown to be leathal.12,16 These risks have led to a preference to use antagonists to block the CXCR4 receptor.16 In mouse models there are conflicting results describing how CXCR4 affects the severity of EAE. Kohler et. al (2007) examined the expression of CXCR4 in mice after EAE had been induced.16 The T cells that migrated into the CNS following the induction of disease were analyzed using flow cytometry.16 Based on those experiments Kohler (2007) observed that the highest number of CD4+ CXCR4+ T cells in the spinal cord corresponded to the peak disease severity indicating that pathogenic T cells which can cross into the CNS express the CXCR4 receptor.16 When Kohler et. al (2007) blocked the receptor using an antagonist, and induced EAE by injecting a myelin peptide, the mice had lower EAE scores and less evidence of disease.16 A second study conducted by Hanes et. al (2015) using a different antagonist than the one used by Kohler et. al (2007) in order to inhibit disease found that following the use of the antagonist and induction of EAE, there was less severity of disease.17 However, Kohler et. al (2007) observed that while CXCR4 played an important role in the generation of pathogenic T cells, antagonism of the receptor did not affect the severity of disease when they conducted an adoptive transfer model where pathogenic T cells are transferred from one mouse to another.16 These results conflict what McCandless et. al (2006) observed when they used a different antagonist to block the CXCR4 receptor.18 McCandless et. al (2006) observed that the inhibition of the CXCR4 receptor led to an increase in the severity of disease.18 Figure 2: Results from Kohler et. al (2007) and McCandless et. al (2006). Figure on the left shows that inhibition of the CXCR4 receptor had no effect on the severity of disease. Adapted from Figure 7 in Reference 16. The figure on the right shows that the inhibition of the CXCR4 receptor led to an increase in the severity of disease. Adapted from Figure 3 Reference 18. 

[image: ]Together the expression of the cytokines mentioned above and the CXCR4 receptor marker as found in Galli et. al (2019) mark a new subset of CD4+ T cells in patients with MS.8 To validate that this subset of T cells is pathogenic, or implicated in the progression of disease, Galli et. al (2019) examined fluid from the CSF.8 If the cells are pathogenic then cells should be found in the CSF indicating that they are also in the CNS causing disease.8 Elevated numbers of the subset of T cells were found in the CSF, and autopsy samples from the CNS found CD4+ T cells expressing GM-CSF and CXCR4 in the lesions indicating that this subset is implicated in the progression of disease.8 Figure 3: MS Lesions in the CNS. The cytokines and chemokines for the subset have been labeled with fluorescent dye according to the colors on the left side of the image where DAPI is a marker for DNA. Figure 6 from Reference 8.

In order to understand how the subset identified by Galli et. al (2019) is implicated in disease, the subset will be examined in the mouse model for MS, EAE. Since CXCR4 is implicated in lots of pathways in the immune system a global knockout would have many unintended consequences.12 Furthermore, the cytokines described are expressed in varying combinations by other T cells, however the CXCR4 receptor is what makes the cells a unique subset.8 The purpose of this experiment is to gain a better understanding of whether the CXCR4 receptor allows these cells to migrate into the CNS and cross the brain blood barrier. 
II. Experiment
The experiment will examine whether or not the CXCR4 receptor is required on pathogenic CD4+ GM-CSF+ cells to cross the blood brain barrier into the CNS. This experiment will be conducted through a transfer of T cells from diseased mouse to a healthy mouse following an in-vitro deletion of the CXCR4 gene on the T cell subset. 
A. Generating the Knockout Cells
In order to generate myelin specific T cells to undergo the deletion, the T cells for this experiment will be taken from diseased mice. For this experiment, mice from Komuczki, et. al (2019) would be used and I would ask them if I could purchase some of their mice for this proposal. The mouse used in Komuczki et. al (2019) is a mouse from the strain C57BL/6 which has been modified to express EGFP, an enhanced green fluorescent protein, when GM-CSF is being produced by the T cell through a Cre recombinase construct.19 EAE will then be induced in the mice using the active EAE protocol described by Weissert (2016).20 In the active EAE model, female mice are immunized with a myelin protein which will cause the autoreactive T cells to react towards the protein, setting off the signaling pathways which will ultimately recruit the cells to the CNS.4 For the active EAE induction, the mice are immunized with a myelin oligodendrocyte glycoprotein (MOG33-35) which functions as the myelin antigen.20 The severity of the disease will be observed and 10 – 14 days following the injection of the protein, the draining lymph nodes will be removed from the mice.20 Draining lymph nodes are the lymph nodes that filter all the material for a specific area.21 These lymph nodes would now contain T cells which have differentiated and are reactive toward myelin proteins and are capable of inducing MS.19
[image: ]The cells from the lymph nodes will be sorted in order to isolate the T cells which are CD4+ and express the cytokine GM-CSF and express the  CXCR4 receptor. The T cells will be sorted using a technique called fluorescence-activated cell sorting (FACS) which is a variant of flow cytometry. FACS is where fluorescent antibodies are added to a collection of cells which tag the cells if the cell surface marker for the chemokine is present.22 A monoclonal antibody, GK1.5, will be used for CD4 and the 2B11/CXCR4 monoclonal antibody will be used to detect CXCR4.19,24 Since EGFP is under the control of the GM-CSF promoter, EGFP will be used to determine whether or not the cell is producing GM-CSF. These cells are then passed one by one by a laser which measures the fluorescence on each cell and the cell size.22 If the cell has the desired fluorescence, the cell is then polarized with a charge.22 Then depending on that charge, the cell is placed into containers where all of the positively charged cells are collected or in one collecting the negatively charged cells.22 Following this procedure the cells isolated from the draining lymph nodes will be sorted to achieve the desired T cell subset.22 Figure 4: Flow Cytometry. Cells are marked with a fluorescent antibody. They are then passed by a laser which measures the fluorescence and the cells with the desired fluorescence are sorted out. Adapted from Figure 1 from Reference 23.

[image: ]Once the desired subset is isolated, the CXCR4 receptor will be deleted using a gene editing tool called Clustered Regularly Interspaced Short Palindromic Repeat systems (CRISPR).25 CRISPR is an approach to genetically modify an organism by altering the DNA.25 This can be achieved through a plasmid encoding for a Cas9 protein and a guide RNA, a strand of RNA that allows the protein to find the section of the DNA that is being targeted.25 The guide RNA is composed of a scaffold sequence which helps the guide RNA bind to the Cas9 protein, and a spacer sequence which holds the target RNA sequence corresponding to the DNA sequence that is being targeted.25 The target sequence is composed of an RNA strand that matches the desired DNA sequence with a PAM sequence at the end, which is an NGG sequence where N can be any nucleotide.25 Once in the cell, the Cas9 protein and the guide RNA bind together.26 The Cas9 protein uses the guide RNA to bind to the target and cleaves the target DNA resulting in a break in the DNA which is then normally repaired through non-homologous end joining.25,26 Non-homologous end joining is where the DNA is repaired at the site of the break, through either insertions or deletions of nucleotides.25 This can result in a change in the amino acid sequence which could create a stop codon elsewhere in the open reading frame which leads to a lack of function for the targeted gene.25 Figure 5: Overview of CRISPR. The Cas9 protein and the guideRNA form a complex to edit the genome. Figure 2 from Reference 25.

For the CXCR4 gene on T cells, CRISPR has been used to successfully delete the receptor.27 The deletion of the receptor was achieved by using a Lentivirus plasmid containing the guide RNA and Cas9.27 Lentivirus is a virus belonging to the Retroviridae family which is the same family HIV belongs to.28 It is used for gene editing through CRISPR and other gene editing constructs due to its ability to incorporate into the target cells.28 For CRISPR deletions, a lentivirus plasmid is made which encodes for the Cas9 protein and the guide RNA.29 In order to get this plasmid into the target cell, the viral cell is transduced.29 Then the lentivirus RNA, the guide RNA, and the Cas9 protein are transcribed and inserted into the genome of the target cell.29 Then the Cas9 protein is expressed along with the guide RNA.29 The two pieces bind together and the Cas9 protein then finds the target and breaks the sequence effectively knocking out the gene.29
For this proposal a lentiviral plasmid, which is the same plasmid used in previous experiments to delete the CXCR4 receptor, from the Zhang laboratory will be used.27 This plasmid contains the lentivirus, the Cas9 protein and promoters so that the guideRNA can be inserted to create the necessary plasmid for the CRISPR deletion.27 The guideRNA was found through a program called CHOPCHOP. CHOPCHOP is a tool used for finding guideRNA sequences.30 It works by converting the user’s input into genomic coordinates in the genome using the University of California, Santa Cruz Genome Browser.30 Then the gene is scanned for any target sequences which fit the parameters specified by the user which include the type of CRISPR manipulation.30 Then a sequence containing 23 base pairs is found based on the requirements specified by the user.30 Then the target sequences are checked for off-target effects where the nucleotides in front of the PAM sequence are scanned for mismatches.30 Once the target sequence and any potential off target effects are identified, they are mapped on the genome using a visualization tool.30 CHOPCHOP then finds primers for the sequence as well.30
[image: ]To find the guideRNA “CXCR4” was entered as the target gene in mice for a CRISPR deletion in CHOPCHOP. This search produced numerous results however the guideRNA selected was one that had no off-target effects and a 55% GC content.30 The sequence that will be used for the guideRNA  is TCGAGAGCATCGTGCACAAG with TGG as the PAM sequence which follows the sequence in the gene. This sequence has zero off target effects, which are where target sequences or portions of the target sequence are repeated in the genome.25,30 If these target [image: ]sequences are expressed, then the Cas9 protein would find these sections of the genome and it might cut those as well.25Figure 6: CHOPCHOP output for the CXCR4 gene. Each of the colored boxes indicates a potential guideRNA. Red boxes are poor guide RNAs, orange are satisfactory guide RNAs and green are good guideRNAs. The guideRNA selected for this experiment is the green one highlighted by the black box. Figure from Reference 30.

The guideRNA will then be incorporated into the plasmid according to the manufacturer’s instructions.31 The manufacturer suggests using a restriction digest enzyme, BsmBI which cuts the plasmid at a particular site.31 The plasmid is cut by the enzyme and then it will be phosphorylated to prevent the ends from sticking to one another.31 This will allow the guideRNA which will have the necessary sequence for the BsmBI enzyme to be inserted into the plasmid.31 DNA Ligase will then be used to seal the plasmid.31Figure 7: Overview of the Lentivirus plasmid (Addgene #52916). This plasmid will be used for the CRISPR/Cas9 deletion. Adapted from Figure in Reference 32.

[image: ]Once the plasmid contains the sequence for the guideRNA, lentivirus particles will be produced according to the manufacturer’s instructions.31 In order to make Lentivirus particles for the CRISPR/Cas9 system three different plasmids are used which are then transfected into HEK293 cells, which is a cell line commonly used to transfect cells.31 To make the virus particles, the plasmid in Fig. 7 with the guideRNA inserted, and two packaging plasmids obtained from the manufacturer will be transfected into the HEK293 cells.31 Once virus particles are produced, the particles are transduced into the target cells, which are the previously sorted T cells.31 Inside the target cells, the virus’s DNA is integrated into DNA of the target, T cells.33 The virus’s RNA gets reverse transcribed into DNA and that segment of DNA is then incorporated into the target cell.33 Figure 8: Overview of the Lentivirus particle entering the target cell. Adapted from Figure 3 from Reference 29.

Following the deletion, a verification experiment will be conducted to confirm that a successful deletion occurred and to ensure that the cells still express GM-CSF.25 The cells will be sorted to ensure that the cells are still producing GM-CSF which is marked by the EGFP protein and no longer express the CXCR4 receptor.25 
The T cells will be stimulated with the myelin peptide in order to maintain their specificity towards myelin and they will be stimulated with anti-CD3/CD28 beads as described in Trickett and Kwan in order to promote cell growth and expansion to ensure there is always a viable population.20,34
B. Testing the Effects of the Knockout
The T cells that underwent the deletion will be injected into the recipient mice and EAE will be induced using the adoptive transfer model.4 In the adoptive transfer model T cells from diseased animals that are myelin specific are injected into healthy mice and then cause disease.4 
The CXCR4-/- T cells which are myelin specific and have been restimulated, or presented with the myelin peptide again, are ready to be injected into the mouse.20 Since the cells are myelin specific T cells they can be injected into naive mice in order to induce EAE to test the effect of the CXCR4 deletion.4 The cells that are transferred will be tracked using the EGFP which is being expressed by the T cells which express GM-CSF.
[image: ]Following the injection of T cells the CNS of the mice will be observed in order to determine whether the CXCR4 receptor is required for these T cells to move into the CNS. The EAE scores will be recorded based on the 0 through 5 ranking where 0 indicates no disease and 5 indicates severe disease and death.4 The cells in the CNS will be isolated after 30 days following the protocol Weissert (2016) describes.20 The isolated cells will then be sorted again using fluorescence-activated cell sorting. The cells will be sorted based on those that are expressing EGFP which would be the cells that were transferred. 
The results will be recorded. EAE results are plotted as line graphs with the severity of disease on the y axis and the dates since the introduction of the myelin specific T cells on the x axis as shown in Figure 2. Flow cytometry results can be plotted by placing a fluorophore on the y axis and another fluorophore on the x axis as seen in Figure 9 and then the individual cells are plotted on the graph based on which fluorescence they expressed. Figure 9: Overview of how flow cytometry data is plotted on a graph. Figure 3B from Reference 23

The results will then be compared to the two control groups for this experiment. One of the control groups is where, as part of the adoptive transfer the T cells do not undergo the CXCR4 deletion.  Instead all T cells which express GM-CSF, identified through EGFP expression, and express the CXCR4 receptor will be the T cells that are injected back into the mouse. The second control will be an adoptive transfer model where all CD4 positive T cells will be transferred into the recipient mouse. 
III.  Discussion
Based on research Galli et. al (2019) conducted describing the location of the subset and the previously described function of CXCR4, the T cells which no longer express CXCR4 should not be able to cross into the CNS.8 As a result the cell sorting conducted of the cells in the CNS should [image: ]yield very few, if any cells in comparison to the cells found in the CNS of the two controls. This experimental group should also have very low EAE scores or no evidence of disease.
However, if the CXCR4 receptor does not play a vital role in the movement of this T cell subset across the blood brain barrier, then a comparable number of cells should be found to the number of cells found in the controls. If this were the case, then all treatment groups should also have comparable EAE scores. Figure 10: Two Potential Flow Cytometry Results from the Experiment. The graph on the left shows the expected results, where not EGFP is detected indicating that the transferred cells are not in the CNS. The figure on the right shows that EGFP is detected indicating that the cells have migrated into the CNS. Figure adapted from Figure 6 in Reference 22.

[bookmark: _GoBack]This proposal could encounter issues relating to the induction of EAE. In the adoptive transfer model T cells may not retain their myelin specificity before they are injected into naïve mice. If this occurs transgenic mouse models, or models where all of the T cells are myelin specific due to the insertion of a gene could be explored.35 The other potential issue that could arise, is that the subset isolated may not play as large of a role in the pathogenicity of MS as previously believed. This would indicate that the cells with the CXCR4 deletion and without the CXCR4 deletion would not be able to induce EAE in other cells because they do not as pathogenic as they currently are believed to be. 
If the experiment goes according to plan and the hypothesized results are achieved, then the results would provide greater insight to the role CXCR4 plays in EAE which could be applied to MS. This would further enable us to examine the CXCR4 receptor or potentially its ligand CXCL12 as a potential target for pathogenic T cells in MS. 
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