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Abstract:

The fetal immune system has a variety of needs that differ from those of the adult immune system. One

such difference is fetal T cell composition and how they migrate from the thymus to peripheral lymphoid

organs and mucosal tissue such as the small intestine (SI). Previous research shows that the majority of

memory T cells in the prenatal SI are CD4+ PLZF+ T cells but the mechanisms involved in the homing of

these cells in the small intestine have not yet been determined. In our experiment, I found evidence to

support the claim that IL-7 drives the acquisition of the memory phenotype in this subpopulation of naive

T cells within 2-3 days. Additionally, we saw successful upregulation of other markers necessary for the

successful homing of T cells in the gut such as the adhesion molecule - a4b7 and the chemokine CXCR4

within 2-3 days of IL-7 stimulation. By understanding the migration and accumulation of memory T cells

in the SI, we might be able to reconstitute fetal immune systems that are lacking in this population and

prevent the harmful effects of a deficient immune system.
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Introduction

Our bodies are constantly on defense, against a never-ending stream of pathogens, viruses and sometimes

even against our own cells. The study of immunology examines the mechanisms that help keep us healthy

by doing everything from maintaining the homeostasis of our body to defending the body from foreign

germs and pathogens. However, failure of our immune system to respond appropriately to invading

pathogens, including extreme immune responses to our own self antigens, could lead to major adverse

effects on human health and functionality. The ability to mediate one’s immune response becomes

increasingly more pressing in fetal immune systems, which quickly encounter large amounts of new

pathogens for the first time. One major way in which human bodies can do this is through the

accumulation of memory cells, which are able to remember previously encountered pathogens and help us

fight them off quickly. However, the fetal immune system has differing types of memory to adults. In this

thesis, I will be investigating the use of the cytokine IL-7 to improve migration of CD4+ PLZF+ T cells to

the gut and activate them into memory T cells, a subsect of memory cells specific to fetal immune

systems.

The immune system can be understood through two main categories - innate immunity and adaptive

immunity. Innate immunity acts as the body’s first line of defense and does not discriminate between

different types of pathogens. As a result, it has a general response that includes the use of physical

barriers, such as the skin and mucous linings, as well as chemical and cell mediated responses (Turvey &

Broide, 2010). Adaptive immunity or acquired immunity involve highly specialized cells and are specific

to pathogens invading the body. It consists of two kinds of lymphocytes - T cells and B cells. Due to its

general nature, the innate immune system is much quicker at inducing an inflammatory response than the

adaptive immune system (Alberts B et al.,2002). However, both systems maintain mechanisms that are

responsible for discerning between foreign and self antigens. Failure to do this lends itself to the adaptive

system attacking the body’s cells as though they were foreign and is generally the basis of autoimmune

disorders (Marshall et al., 2018).
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In the adaptive system, both B and T cells are derived from hematopoietic stem cells (HSC) in the bone

marrow. T cells go on to develop in the thymus and are known as naive T cells while B cells remain in the

bone marrow, mature there and aid with the production of antibodies (Bonilla & Oettgen, 2010). Naive T

cells are important because they can eventually differentiate into different kinds of T cells including T

helper cells (Th), T regulatory cells (Treg) and cytotoxic T cells. The adaptive system is also integral to

the question of immunological memory by improving the efficiency with which the immune system

responds to recurring pathogens. During an encounter with a pathogen,  naive T cells are activated and

become effector cells which release cytokines and recruit secondary effector T cells. After the pathogen of

interest is eliminated, most of these effector T cells die off in what is known as contraction (Gasper et al.,

2014). However, some persist holding the memory of the pathogen and are able to expand remarkably

quicker than the initial 1 to 2 day priming period that naive memory cells require. (Jelley-Gibbs et al.,

2000). The understanding of memory cells has become vital to vaccination development making them an

increasingly relevant area of interest (Kaech et al., 2002). This is especially true with the COVID-19

pandemic as the knowledge of memory cells has been used to develop and track the efficacy of

COVID-19 vaccines (Woldemeskel et al., 2021).

As briefly mentioned earlier, T cells begin their development as HSCs before traveling to the thymus, a

gland located behind the sternum and in between the lungs, for development. It is in the thymus that these

cells will interact with MHC-I or MHC - II complexes displayed on professional antigen presenting cells

(APCs), allowing them to eventually express surface molecules CD4 or CD8 (Luckheeram et al., 2012).

APCs are cells that communicate information and mediate cell responses between the innate and adaptive

system through the presentation of antigens (Gaudino & Kumar, 2019). Cells that express CD4 and

interact with MHC -II complexes help with cytokine production and are known as T helper or effector

cells (Luckheeram et al., 2012). T cells that express CD8 and interact with MHC - I are known as

cytotoxic because they proliferate and induce cell death of targeted and infected cells (Bevan, 2004).
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At this point the T cells are still characterized as naive. In the case of CD4 cells, they interact with the

MHC-II complex alongside TCR to begin T cell differentiation and induce the proliferation of more naive

T cells. Some T helper cell differentiations include Th1, Th2 and Th17 and they are often separated

according to the type of cytokine they produce  (Luckheeram et al., 2012). Th1 produces mainly

interleukin 12 (IL-12) and interferon γ (IFγ) which works to increase proinflammatory response to

pathogens. Th 2 mainly produces interleukin 4,5,10 and 13 and generally works to promote an

antiinflammatory response to balance out Th1 cytokine production. It is also implicated in atopy which

has to do with the body’s allergic response (Berger, 2000). Th 17 produces cytokine IL-17A and IL-17F

which also have proinflammatory and autoimmune properties (Gagliani et al., 2015).

In the case of these effector Th1 cells, when activated they can respond to pathogens or foreign bodies

after which many of them die off. However, a small number of them show immunological resilience and

become memory T cells, being able to respond to similar pathogens much faster if they were to show up

again. They are also able to travel more efficiently through tissue and proliferate faster (Pennock et al.,

2013).

Although T cells are initially produced in the bone marrow and achieve maturation in the thymus, they

migrate to secondary peripheral lymphoid organs to exert their function. This is particularly critical at.

mucosal tissues, such as the intestine, which are in direct contact with the environment (Ma et al., 2019).

The intestine is a critical site of immune tolerance and protection - relevance to generation of tolerance to

food and benign microbes, and protection from pathogens (Zheng et al., 2020). Naive T cells migrate

from the thymus to gut associated lymphoid tissue (GALT) where they interact with antigen presenting

cells (APCs). This interaction results in the activation of T cells and leads to the upregulation of gut

homing molecules such as the integrin a4b7, chemokine receptor CCR9, activation markers and adhesion
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molecules - some of which I will expand on later. The combination of these molecules also dictates where

these cells will migrate to in the intestine. (Ma et al., 2019)

T cell production begins in utero and most abundantly proliferates in early childhood. (Saule et al., 2006;

Semmes et al., 2021) However, most of these neonatal T cells will be naive and many have also been

found to be regulatory T cells (Treg). These are T cells that suppress immune responses and allow for self

tolerance (Kondělková et al., 2010). They are especially vital in fetal immune systems by allowing for

fetal maternal immune homeostasis and reducing the possibility of maternal immunological rejection

(Huang et al., 2020). Treg cells can be found in parts of the fetal gut and periphery as early as the second

trimester (Cupedo et al., 2005). This example of fetal naive T cells preferentially generating Treg cells

illustrates the unique needs of the feral immune system as it encounters the outside world and a myriad of

microbial exposures (Mold et al., 2008).

CD4+ PLZF+ Cells

Another primary population in the fetal immune system, specifically the small intestine, are CD4+ PLZF+

T cells. Significantly, they have been found to be a primary population in the cord blood of infants who

have dealt with exposure to in utero inflammatory insults, suggesting these T cells contribute to fetal

immune inflammation which is detrimental to the fetus and to the pregnancy.

Promyelocytic leukemia zinc finger protein (PLZF) is a transcription factor that has been found to affect

immunological responses. It has been previously found to be necessary for the differentiation of invariant

killer T cells (iNKT) (Kovalovsky et al., 2008). CD4+PLZF+ T cells make up the majority of memory T

cells found in the human fetal intestine and have rapid effector function/rapid production of

pro-inflammatory cytokines (Halkias et al., 2019; Weinreich et al., 2010). CD4+ PLZF+ memory T cells

were found to secrete more Th1 cytokines such as IFNγ and TNFα than the usual CD4+ memory T cells

which indicates a higher effector potential and pro-inflammatory response (Locher et al., 2022). This adds

to the complex nature of the fetal immune system that is trying to balance the need for a proinflammatory
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response against the predominant need for an immune system especially to the mother. Interestingly, this

population of CD4+ PLZF+ memory T cells is specific to the fetal immune systems as they are essentially

absent from the healthy adult intestine (Halkias et al., 2019) which makes it an interesting avenue to

explore immunology especially in relation to the generation of early life immune protection. Additionally,

more research into the upregulation of this population of memory T cells is needed to provide clinical

treatment into fetal immune systems that might be lacking this vital group of T cells.

The Role of IL-7 and its Clinical Relevance

In addition to TCR signaling,  cytokines are critical mediators of immunological responses. One

important cytokine for T cells is IL-7 which is necessary at many different stages of T cell development,

for example, the progenitor to naive T cell transition early on in the thymus. IL7 is produced by a range of

cells including fetal liver cells, in the bone marrow, in the thymus and by epithelial cells - including

intestinal epithelial cells (IELs) (Alpdogan & Vandenbrink, 2005). It binds to the IL-7 receptor, expressed

on naive T cells, which allows it to activate important signaling through JAK proteins and the signaling

molecule, STAT-5. This signaling is responsible for a cascade of effects including the regulation of

anti-apoptotic genes such as Bcl-2 and Mcl-1 during the T cell selection process. IL-7 receptor expression

is found in naive T cells  as well as memory T cells (Mazzucchelli & Durum, 2007). Lack of IL-7 or IL-7

receptors can lead to severe immunodeficiency and complete loss of T cells leading to increasing interest

in potential cytokinetic-based therapy with IL-7 to reconstitute and encourage the expansion of T cell

populations in lymphopenic patients. (Puel et al., 1998)

Markers of Interest:

a4b7

T cell migration to the GALT depends on interactions with integrins and chemokines. It is in the GALT

that mucosal dendritic cells release retinoic acid which in turn upregulates integrins like a4b7 and
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chemokine receptor CCR9 (van Wijk & Cheroutre, 2010). A4b7 is an integrin expressed on the T cell

surface that interacts with the mucosal addressin cell adhesion molecule 1 protein (MADCAM -1) which

is expressed primarily by intestinal epithelial cells (IECs)(Ma et al., 2019). This interaction allows for T

cells that have migrated to the intestinal mucosa to attach to the tissue there and makes a4b7 essential for

homing of T cells in the gut. This is further confirmed by the fact that a deficiency in a4b7 leads to break

down of the GALT formation (Wagner et al., 1996). Previous research has demonstrated that cytokines,

specifically IL-7, drives the upregulation of a4b7 in T cells in lymphopenic mice. (Cimbro et al., 2012)

CXCR4

Another important aspect of gut homing are chemokine receptors and ligands. One such receptor is

CXCR4 which is the chemokine receptor for the ligand CXCL12 or stromal cell derived factor - 1(SDF-1)

(Thelen, 2001). It is one of a family of chemokine receptors implicated in T cell migration and

development (Contento et al, 2008). It is also broadly expressed by more subsets of T cells than some

other chemokine receptors such as CCR9 (Marelli-Berg et al, 2008). CXC12 is expressed primarily in

IECs which suggests that it is important for migration from the thymus (Heidemann et al., 2004).

However, there has been conflict over the precise role of CXCR4 in the migration of T cells in response to

inflammation (Abbal et al., 1999; Carroll et al., 1997). Despite this conflict over the role of CXCR4,

blocking of the CXCR4 and CXCL12 systems has led to significant loss of T cell adhesion in the gut.

(Oyama et al., 2007) Additionally, CXCR4 and CXC12 have also been linked to upregulation a4b7 which

further confirms its role in gut homing (Wright et al., 2002).  Furthermore, IL-7 has been identified as a

cytokine that drives CXCR4 upregulation which is important as CXCR4 usually downregulates after

binding with its ligand as a form of self regulation. (Schmitt et al., 2003). The coexpression of a4b7 and

CXCR4 substantiates its role in the gut homing process for naive T cells. It also means that IL-7 presents

a tool, with which we can upregulate CXCR4 expression in lacking immune systems.

CD45RO and CD45RA
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One way of identifying memory cells is through expression of the surface molecule tyrosine phosphatase

CD45 splice variants which are differentially expressed on activated naive and effector T cells (Arlettaz et

al., 1999). Lymphocytes express two isoforms in the human body which are indicators of different stages

of T cell development - CD45RA and CD45RO. Naive T cells are defined by expression of  CD45RA and

memory T cells expressing CD45RO (Arlettaz et al., 1999). Additionally, memory T cells have been

found to down regulate the CD45RA marker (Saule et al., 2006) while CD45RO has been found to be

upregulated in memory (Miyawaki et al., 1990; Valentine et al., 2013). IL-7 has been found to induce the

memory T cell phenotype in naive T cells after 48 hours of stimulation (Cimbro et al., 2012). After 12

days of stimulation in IL-7, there has been marked upregulation of CD45RO expression with or without T

cell receptor signaling (TCR). However, generally more CD45RO expression is seen with higher

concentrations of TCR (Locher et al., 2022).

The Experiments

In this experiment, I investigate the mechanisms involved in the gut homing of naive T cells through the

expression of a4b7 and CXCR4. These two markers have been found to be integral to migration and

homing of naive T cells in the gut and have been found to be upregulated in the presence of the cytokine

IL-7. I also look at the transition from naive to memory cells by tracking expression of the CD45 isoforms

- CD45RA and CD45RO. CD45RA is commonly seen on naive T cells while CD45RO has been

commonly associated with memory T cells. To address these two questions, I construct a timeline of the

markers CD45RO, CD45RA, CXCR4 and a4b7 over the course of 7 days in the presence of 4 cytokine

conditions - IL-7, IL-7 with TCR, IL-2 and no cytokines. I determined whether CD4+PLZF+ naive T

cells upregulated gut homing markers in the presence of IL-7 and if they acquired the CD45RO marker in

the presence of IL-7 alone. Finally, I determined the rate at which this acquisition occurs, a question

which has not yet been fully explored by prior research.
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By understanding the timeline I hope to better understand the signals that instruct T cell maturation and

migration once they leave the thymus. Examination of CD45RA and CD45RO expression will be coupled

to the acquisition of other gut homing associated markers such as a4b7 which mediate naive T cell ability

to adhere to endothelial cells in the intestine and CXCR4 which is important for helping newly emerging

T cells out of the thymus and directing them to the periphery.

Methods

In these experiments, I modified the methods and procedures described in Locher et al (2022).

Cell Isolation

Fetal thymocyte samples were collected and processed within 2 hours of collection. The thymocytes were

pressed through a 70μm strainer in order to obtain single cell suspensions. The cells were then

cryopreserved in freezing medium (90% FBS + 10% DMSO) at -80C. For this experiment, 9 samples

were selected and thawed. Since these cells had been cryopreserved for over a year, cells were manually

counted using Trypan Blue (Sigma Aldrich) both before and after the biotin selection to enumerate viable

cells. Our population of interest was single positive CD4+ T cells. In order to ensure that I only got single

positive CD4 T cells and not CD4+ CD8+ thymocyte intermediate cells, a negative biotin selection was

conducted to select against developmental markers. Single positive (SP) CD4+ were enriched to >90%

purity by adapting the EasySep Biotin Positive Selection Kit from STEMCELL Technologies to instead

perform a negative selection (and keeping the unbound cell fraction as our population of interest). The

lineage and developmental markers I then selected against were CD56, CD16, CD14, CD11c, CD20,

CD1a, CD34, and CD8 leaving only SP CD4 T cells as our cells of interest to be poured off and collected

for further analysis.

Naïve CD4 T cell Cytokine Assay
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SP CD4 thymocytes were isolated as the source of the naïve CD4 T cells. Since these cells are extracted

from the thymus they are unequivocally a source of naïve T cells and therefore a good candidate

population to study their differentiation into memory T cells. The cells are then reconstituted in 200ml of

cells and cytokine solution, plated in 7 96-well plates with a density of 30K-80K CD4+ cells/well with

duplicates for each condition. Cytokine solutions were diluted with complete RPMI (cRPMI)

supplemented with 10% FBS, 10 mM HEPES, 2 mM L-glutamine, and 1Xf nonessential amino acids in

order to produce desired concentrations. Cells were then cultured with IL-7 (5 ng/mL), IL-7 and TCR

stimulation which was achieved through IL-7 (2 ng/mL) and soluble αCD28 mAb (2 μg/mL) (CD28.2,

Invitrogen, cat#MA1-20792) with plate-bound αCD3 mAb (1 μg/mL) (clone HIT3a, BioLegend,

cat#300313), IL-2 (10 ng/mL) and only cRPMI. Cells were cultured for up to 7 days with media changes

every 2-3 days. Cells were kept at 37°C in 4% O2 for the duration of the experiment and each day, one of

the marked 96 well plates was taken out for immunostaining and both surface and intracellular in order to

build a timeline of marker development. Cells were fixed and permeabilized before being stored at -20C.

Flow cytometry was then performed every 2-3 days and marker expression was collected for each day of

the 7 days.

Antibodies and Flow Cytometry

Cells were stained with a surface stain master mix that included human Fc block (STEMCELL

Technologies, cat#18520) as well as mouse and rat anti-human monoclonal antibodies (mAbs) including

Aqua LD (Invitrogen, cat# L34957), CD45RO BV650 (clone UCHL1, BioLegend, cat# 304232), CCR7

BV421 (clone G043H7, BioLegend, cat# 353208), 𝛃7 PE (clone FIB504, BioLegend, cat#321204),

TCRγδ CF594 (clone B1, BD Horizon, cat#562511), CD45RA PeCY7 (clone HI100, BD Pharmingen,

cat#560675), CD49d/α4 BV605 (clone 9F10, BioLegend, cat#304324), CXCR4/CD184 BUV395 (clone

HI30, BD Horizon, cat#563792), CD3 BUV737(clone UCHT1, BD Horizon, cat#612750). The cells were

then fixed and permeabilized using the BioLegend FOXP3 Fix/Perm Buffer Set. Finally, cells were

intracellularly stained with mouse and rat anti-human monoclonal antibodies including TCRαβ Perp-e710
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(clone IP26, Invitrogen, cat# 46-9986-42), CD45RA PE-Cy7 (clone HI100, BD Biosciences, cat#

560675), CD4 APC-H7 (clone L200, BD Biosciences, cat# 563865), PLZF APC (clone 6318100, R&D,

cat# IC2944A), CD161 BV711 (clone DX12, BD Biosciences, cat# 563865), CD45 BUV395 (clone

HI30, BD Biosciences, cat# 563792), BCl2 FITC (clone 100, BioLegend, cat#658704),

Cells were then taken for flow cytometry. All data was acquired with an LSR/Fortessa Dual SORP flow

cytometer (BD Biosciences) and analyzed with FlowJo V10.0.8 (TreeStar) software.

Data Processing

Data was processed using FlowJo to obtain our population of interest. Cells were gated in order to look at

the CD4 PLZF+ and CD4 PLZF- population. Marker development was then plotted using ggplot in R

studio. We generated boxplot and flow graphs of the a4b7, CD45RO, CXCR4 production over a 7-day

period.  Box plot upper and lower hinges represent the first and third quartiles, the center line indicates

the median, and the whiskers extend from the hinge to the highest and lowest value no further than 1.5

(interquartile range) from the hinge.

Results

Overview:

To address our questions, I divided the results into 3 sections. In Section 1, I looked at whether or not IL-7

was successful in upregulating a4b7 and CXCR4, which previous literature suggests, and at what rate this

upregulation occurs. In Section 2, I looked at the transition from naive to memory T cells as tracked by

the expression of the CD45RO marker. Below I will discuss the data patterns and their interpretations.

Unfortunately I do not have access to the data to conduct the statistics necessary to confirm the

significance of the data patterns. Thus, my discussion of the results will only be qualitative.

1.1 IL-7 Drives Upregulation of the Integrin a4b7 in Prenatal PLZF+ CD4+ T cells
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Previous literature has confirmed that IL-7 induces increased expression of the integrin a4b7 in naive T

cells which is an integral integrin for gut homing and T cell differentiation (Cimbro et al, 2012). However,

the effects of IL-7 on a4b7 production in our population of PLZF+CD4+ T cells versus PLZF- CD4+ T

cells have yet to be fully understood. To determine whether or not PLZF+CD4+ T cells showed a

variation in a4b7 production and to determine the rate at which this expression occurs, I tracked a4b7

production for 7 days, using flow cytometry to plot a4b7 expression on each day.

In Fig 1A, we present all the data from all three runs collated together. I plot a4b7 frequencies by day,

cytokine condition and type of run. Three runs of this experiment were conducted.  Each row depicts all

the results for one run. There were 4 cytokine conditions categorized horizontally - IL7, IL7 with TCR,

IL2 and no cytokines. The x-axis shows the number of days that have passed by in each condition and the

y- axis depicts the percentage of CD4+ PLZF+ cells that are expressing a4b7.

In Fig 1B, I show the a4b7 expression on Day 0 and Day 3. The cytokine conditions are displayed

horizontally:IL-7, IL-7 with TCR, IL-2 and no cytokines. Each row represents one run. The y- axis

depicts the time and y- axis depicts the percentage of CD4+ PLZF+ cells that are expressing a4b7 on the

indicated days.

In Fig 1C, all runs were combined to show the data for the overall experiment by condition in order to

illustrate the main data trends. The x- axis compares Day 1 versus Day 3 and the y-axis depicts the

percentage of CD4+ PLZF+ cells that are expressing a4b7. In Fig 1D,  a4b7 expression in the PLZF+

population is plotted against the PLZF- population after 3 days of stimulation in IL7. The x- axis indicates

whether or not the population is PLZF + or - and the y axis depicts the percentage of CD4+ PLZF+ cells

that are expressing a4b7.

Examination of the data in Fig 1A suggests that there is an increase in a4b7 in response to IL-7 post

stimulation (Day 7 or d7 on Fig 1) than in comparison to pre-stimulation (d0). I demonstrated that the

majority of this a4b7 expression occurs within 3 days of IL-7 stimulation. (Fig 1A), confirming that IL-7
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drives rapid expansion of a4b7. To better understand the trend of upregulation of a4b7, I looked at the

peaks of a4b7 expression, which was determined to be d3. Here there appears to be upregulation in both

IL-7 and IL7 with TCR (Fig 1B, C). There does not seem to be much of a difference with or without TCR

(Fig 1D).

Fig 1:

(A) Representative flow plots of a4b7 expression by CD4+PLZF+ T cells after 7 days of cytokine

stimulation. (B) A flow plot of a4b7 expression on only Day 1 and Day 3. (C) A collated flowplot of a4b7

expression on Day 1 and day 3 in the presence of different cytokine conditions.(D) a4b7 expression in the

PLZF+ population is plotted against the PLZF- population after 2 days of stimulation in IL7.
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The data from these graphs further illustrate that IL-7 with or without TCR is enough to increase

upregulation of a4b7 in CD4+PLZF+ cells. Additionally, this upregulation has a quick onset, reaching its

peak within 3 days of stimulation. This is apt to its role as a gut homing integrin for PLZF+CD4+ T cells

as IL-7 drives the upregulation of a4b7 expression.

1.2 T Cell Migration: IL-7 Drives Upregulation of the Integrin CXCR4 in Prenatal PLZF+ CD4+ T

cells

IL-7 drives CXCR4 production in T cells, but the speed at which this occurs has not been detailed closely

(Schmitt et al, 2003). To determine this, I tracked CXCR4 expression for 7 days, using flow cytometry to

plot CXCR4 expression on each day.

In Fig 1A, 3 runs were conducted, with each row depicting all the results for one run. There were 4

cytokine conditions categorized horizontally: IL-7, IL-7 with TCR, IL-2 and no cytokines. The x-axis

shows the number of days that have passed by in each condition and the y-axis depicts the percentage of

CD4+ PLZF+ cells that are expressing CXCR4 at the time of imaging. In Fig 1B, I show the CXC4

expression on Day 0 and Day 3. The cytokine conditions are displayed horizontally: IL-7, IL-7 with TCR,

IL-2 and no cytokines. Each row represents one run. The x-axis indicates the time and y0axis depicts the

percentage of CD4+ PLZF+ cells that are expressing CXCR4 on the indicated days. In Fig 1C, all these

runs were combined to show the data patterns for the overall experiment by condition. The x-axis

compares Day 0 against Day 3 and the y-axis depicts the percentage of CD4+ PLZF+ cells that are

expressing CXCR4. In Fig 1D, I show a flow plot of CXCR4 expression in the PLZF+ population plotted

against the PLZF- population after three days of stimulation in IL7. Here the x-axis displays the two

times: Day 0 (start of the experiment) and Day 3 (day of peak production). The y-axis shows us the

percentage of CD4+ PLZF+ cells that are expressing CXCR4 on each day. This graph is representative of

all three runs.
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There was an increase in CXCR4 expression in response to IL-7 post stimulation (d7) than in comparison

to pre-stimulation (d0) (Figure 2A). I demonstrated that the majority of this CXCR4 expression occurs

within 3 days of IL-7 stimulation (Fig 2A,) confirming that IL-7 drives the most rapid expression of

CXCR4. To better understand the trend of upregulation of CXCR4, I looked at the peaks of CXCR4

expression, which was determined to be Day 3. Here I see upregulation in IL-7 alone specifically, more so

than in IL7 with TCR or in IL-2 (Fig 2B, C).

Fig 2:

(A) Representative flow plots of CXCR4 expression by CD4+PLZF+ T cells after 7 days of cytokine

stimulation. (B) A flow plot of CXCR4 expression on d0 and d3 in the presence of different cytokine

conditions separated by run.  (C) A collated flowplot of CXCR4 expression on d0 and d3 in the presence

of different cytokine conditions for the overall experiment. (D) A flow plot of CXCR4 expression in the

PLZF+ population plotted against the PLZF- population after 3 days of stimulation in IL7.
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These results suggest that IL-7 alone is the optimal cytokine condition to upregulate CXCR4 expression

in CD4+PLZF+ cells. As CXCR4 is important for migration to the periphery and mucosal tissue, IL-7

presents a method through which CD4+PLZF+ T cells can be sent to specific parts of the intestine.

2.0 Naive to Memory: Prenatal PLZF+ CD4+ T Cell  Reacquire of the Memory Phenotype after

IL-7 and IL-2 Stimulation

CD45RO+ has been shown to be  both a developmental and memory marker that naive T cells will

reacquire upon leaving the thymus and migrating to a periphery organ. Prior experiments have shown that

IL-7 alongside CD3/CD28  and Il-7 alone is sufficient to stimulate the acquisition of CD45RO+, the

memory phenotype (Locher et al, 2022).

In Fig 3, I show line graphs of CD45RO expression with each row representing a different condition:

IL-7, IL-7 with TCR and IL2. Each number above represents a different thymic sample and the x-axis

shows the timeline runs from d0 through d7. The y-axis depicts the percentage of CD4+ PLZF+ cells that

are expressing CD45RO, which is the memory cell marker.  There are 9 samples overall leading to 9

different timelines in the presence of each cytokine condition. Within each sample, I see all 7 days of

marker expression. PLZF+ versus PLZF- are also plotted on this graph as well with PLZF+ in orange and

PLZF- in gray to provide visual baseline controls.

Here I charted the timeline of this reacquisition to determine how quickly the acquisition of CD45RO+

marker occurred, therefore aiding us in our understanding naive to memory T cell activation.
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Fig 3:

CD45RO expression.  Each row represents a different condition: IL-7, IL-7 with TCR and IL2.

Although I expected IL-7 to show significantly increased acquisition of CD45RO+, I found highly

variable data.  This variability suggests that while the acquisition occurs, it is much less in the presence of

IL-7 versus in the presence of IL-7 with TCR signaling and in IL- 2. This presents an avenue of interest

whereas previous research has only seen major CD4+ PLZF+ expansion with stimulation with IL-7

(Locher, 2022) While IL-2 provides less expansion of CD4+ PLZF+ memory T cells, it still seems to

offer increased expression of the memory phenotype.

Discussion
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In this experiment I tracked the expression of a4b7, CXCR4 and CD45RO in CD4+ PLZF+ cells for 7

days in the presence of IL-7, IL-7 with TCR, IL-2 and no cytokines.  Our results suggest that IL-7 and

IL-7 with TCR are successful in driving upregulation of a4b7, with the most change occurring within 3

days of initial stimulation. Here, the most upregulation was observed in the presence of IL-7 with TCR.

Additionally, IL-7 and IL-7 with TCR drive upregulation of CXCR4 with the most increased expression

happening 3 days after stimulation. The most upregulation occurred in the presence of IL-7 alone. This

shows that IL-7 with or without TCR signaling is integral to the increased expression of gut homing

mechanisms from initial migration to adhesion in the intestinal mucosa. Furthermore, these changes occur

very quickly after initial stimulation, making IL-7 an efficient tool in upregulating and strengthening the

gut homing mechanism for T cells and repopulating a potentially depleted immune system.

I also found that IL-7 with TCR successfully drives the transition of naive cells to memory through a

rapid increase in CD4+ PLZF+ T cells expressing the memory phenotype, the CD45RO+ marker. This

confirms the research done by Locher, 2022. The results for IL-7 alone were far more variable and

although some increases Ire observed, they Ire much less than with IL7 and TCR. It is possible that a

longer period is needed to see more increase in CD45RO+ and a future experiment might consider

extending the length to 14 days.

Although IL-2 was initially chosen as a negative control as it had not previously in literature shown

significant results in expanding CD4+ PLZF+ cells (Locher et al., 2022), it did yield some notable

increase in CD45RO+ expression, making it a potential candidate for aiding in the transition from naive T

cells to memory. However, while in comparison to IL-7, IL-2  did not induce major expansion of CD4+

PLZF+ T cells, they still produce more IL-2 than PLZF- T cells (Halkias et al., 2019). Future research

might help to clarify the relationship between IL-2 and the expression of the memory phenotype.
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This provides an avenue for future clinical treatment with IL-7 and IL-2, especially in fetuses that are

showing signs of immunodeficiency. By treating them with IL-7, there is a possibility that it can aid in the

homing of their T cells which can allow for the later transition into memory T cells. A mechanism which

is vital for early defense against pathogens and formation of the immune system. This is time sensitive

since most thymic function occurs in early life, so ensuring the early introduction of these cytokines in a

lacking immune system is critical (Kumar et al., 2019).

The use of cytokines alone to induce the memory phenotype in T cells through TCR signaling and  the

expression of CD45RO is a relatively quite novel idea. “True” memory T cells are formed after initial

interaction with an antigen, allowing for the body to remember and react much more quickly to a

pathogen it has already encountered. While cytokines have always been a part of the memory activation

process, the lack of a specific antigen is a key difference. In the case of cytokine induced memory

phenotypes - no such antigen has been encountered.  However, using cytokine driven techniques can

induce more T cells with the memory phenotype than would ordinarily be possible - meaning more

production of target Th cytokines. Additionally, in some cases the memory phenotype can be induced

without additional TCR signaling, reducing interaction with TCRs as a limiting factor (Geginat et al.,

2001).

Indeed clinical administration of IL-7 to HIV -1 patients has already yielded replication of these results

with a marked a4b7 and CXCR4 upregulation in naive T cells in vivo (Cimbro et al., 2012). Additionally,

there was overall increased T cell recruitment of CD4+ and CD8+ T cells (Sereti et al., 2009). This is

especially important as the gut has been identified as a primary location of CD4+ depletion during all

stages of HIV infection (Church, 2005). Memory cells in the GALT have also been identified with having

lower a4b7 expression in people with HIV-1, suggesting that this may be one of the mechanisms through

which such depletion occurs. (Wittner et al., 2019) While the age group for this trial was mainly between

39 and 48, cytokine therapy provides an avenue of treatment that might be especially transformative for
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younger children and fetuses living with HIV of which as of 2022, UNAIDS estimates there are 2.7

million worldwide. (UNAIDS., 2022)

Other molecules that might prove integral to track include retinoic acid which induces upregulation of

a4b7 and consequently CXCR4. Additionally, more detailed timelines of the Th1 cytokines IFNγ and

TNFα that CD4+ PLZF+ produce more of might also be helpful to track. Future research should continue

to work on not just determining upregulation or downregulation but also the speed with which these

molecules can be induced. This furthest opens up the possibility of clinical application and perhaps a

deeper look into efficacy and even dose dependence.

Overall, the use of IL-7 to reconstitute fetal immune systems lacking a substantial CD4+ PLZF+ memory

T cell population is a major finding that may help aid lymphopenic immune system and improve birth and

early life outcomes. The efficiency and speed with which IL-7 stimulates the upregulation of vital gut

homing markers, identifies it as a promising agent for cytokine therapy. The application of memory cells

continues to be key in building up early life immunity and reducing the likelihood of sustained damage

from repeat encounters with a pathogen. By understanding the role of IL-7 in fetal memory cell activation

and maturation, we can further build our framework of the fetal immune system and aid members of our

most vulnerable population during critical early life.
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