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Abstract
The growing world population has continued to pressure the agricultural industry in order to feed the exponentially expanding number of people. One way producers are working towards this goal is the ability to better control breeding seasons. Specifically, the need to diagnose pregnancy earlier after artificial insemination to prevent extended periods of feeding non-pregnant cows. Pregnancy diagnosis can be conducted as early as d 28 via blood constituent testing while other methods such as rectal palpation and ultrasonography are only accurate later in gestation. Pregnancy is an immunological paradox where the maternal immune system allows a semi-allogenic fetus to develop without being attacked as a foreign entity.  The maternal immune system must modulate to prevent the rejection of the developing embryo almost immediately.  Cytokines are critical components of immune function that control inflammation, host defense, and the maintenance of homeostasis. Current studies have focused on how cytokine profiles change throughout fertilization, peri-implantation, and pregnancy in human, bovine, and murine models. We hypothesized that vaginal cytokine profiles will differ based on pregnancy status and day of gestation in lactating cows. While there were no interactions between the day of pregnancy and pregnancy status cytokines, we did note differences in pro-inflammatory cytokine profiles dependent upon either factor. These results demonstrate a definitive change in the immune profile based on pregnancy status and a possible default immune state favoring pregnancy; as well as, progress toward identifying specific immune factors that may be potential biomarkers for pregnancy diagnosis.
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Chapter 1: Introduction
The world population is expected to reach 9.7 billion people by the year 2050 (Gu et al., 2021). This major increase in population will strain an already limited supply of arable land and further increase the need for sustainable animal agriculture as a source of protein (Reynolds et al., 2015).  Reproductive efficiency is one way to maximize the outputs of beef and dairy cattle operations and ensure the food chain is secure. For optimal reproductive efficiency, replacement beef heifers should calve at 24 months of age (D.C. Wathes, 2014) while replacement dairy heifers should be bred to calve at 21 months of age (Hutchison et al., 2017). Precise calving windows benefit operations by creating concise calving groups in beef cattle and more control of milk production in dairy cattle. These goals have led to the development of multiple artificial insemination (AI) protocols (Reese et al., 2018). The increased implementation of AI protocols has also led to an increased interest in early pregnancy detection, which is a limiting factor between AI services. Currently, pregnancy diagnosis occurs on or after 28 d of gestation (Reese et al., 2018). However, new technologies and the elucidation of the mechanisms involved in early pregnancy establishment could allow for earlier detection of a viable embryo. Earlier pregnancy diagnosis would increase the reproductive efficiency of both beef and dairy operations. One such potential area of interest is the maternal immune system, which has been shown to play a major role in early gestation via cytokines in ruminants (Manjari et al., 2016; Yousef et al., 2016), mice (Hill, 1992; Ingman & Jones, 2008), and humans (Reinhard et al., 1998; Kwak‐Kim et al., 2003). These data along with preliminary data from our lab suggest that even at the earliest stages of gestation the maternal system is responding and modifying immune function to support pregnancy.
Chapter 2: Literature Review
Embryonic Development and the Establishment of Pregnancy
Embryogenesis in the bovine begins with ovulation after which, fertilization occurs within the ampullary-isthmus junction between 12 and 18 hours later (Hawk, 1987; Lefebvre et al., 1995; Suarez, 2008). Once fertilization has occurred, the developing embryo, now termed a zygote, undergoes the first cleavage and enters the two-cell stage around d 1. The embryo will then migrate toward the uterus and continue to divide approximately every 24 h. (Carreiro et al., 2021). The bovine embryo continues cellular division and enters the uterus between d 4 and 7 of gestation (Hackett et al., 1993). Upon entry into the uterus, the embryo becomes an innumerable ball of cells and undergoes compaction creating a morula. 
After the morula stage, the embryo forms a fluid-filled cavity known as the blastocoel, which occurs around d 7, and becomes a blastocyst (Soom et al., 1997). This is an essential step in bovine embryogenesis that creates two, distinct cell lineages within the blastocyst. The outer cell mass creates a perimeter of cells around the embryo known as the trophectoderm, and the inner cell mass is an identifiable cluster of cells in one area of the blastocoel. The blastocoel will continue to expand and contract until fluid volume and mechanical breakdown cause the rupture of the zona pellucida, a glycoprotein membrane that is surrounding the embryo. This event is known as zona hatching and occurs on d 9 creating a free-floating blastocyst (Betteridge et al., 1980). 
[bookmark: _Hlk131335328]Once hatched, the blastocyst will begin to elongate in length from d 9 to 16, dramatically increasing embryonic size and weight. During this elongation period, the bovine maternal recognition of pregnancy signal, interferon-tau (INFτ), begins to be secreted from the trophectoderm (Northey & French, 1980; Bazer et al., 1997; Forde & Lonergan, 2017).  At approximately d 15, the yolk sac, a vascularized membrane responsible for early blood vessel formation, hematopoiesis, gas exchange, and organogenesis, differentiates from the trophectoderm (Betteridge et al., 1980; Wales & Cuneo, 1989; Galdos-Riveros et al., 2015; Simintiras et al., 2019). On d 16 to 19, interferon tau levels will increase to complete the signal for maternal recognition of pregnancy in the bovine (Bazer et al., 1997). 
Maternal recognition of pregnancy signals the maternal system that a conceptus has formed and to prevent corpus luteum (CL) regression. The maintenance of progesterone levels is necessary to support the developing embryo and maintain the pregnancy. At d 19, the allantois becomes visible (Wales & Cuneo, 1989) and the conceptus will begin to form loose cellular contacts with the maternal endometrium. Maternal microvilli indent the apical border of the trophoblast cells around d 20 (King et al., 1980; Wathes & Wooding, 1980). Since maternal recognition has occurred via INFτ preventing luteolysis, the normal beginning of a new estrous cycle on d 21 will not occur and the bovine embryo will be permitted to continue developing. 
Interferon Tau and Its Role in Pregnancy Establishment 
Interferon-τ, originally named Trophoblastin (Martal et al., 1979), is a type I interferon secreted by embryonic trophoblast cells to signal conception to the maternal system and inhibit CL regression in ruminants. Interferon-τ downregulates oxytocin receptors in the uterine epithelium that would create a positive feedback loop between the CL and uterus to facilitate the pulsatile release of prostaglandin F2α and cause the regression of the CL (Bazer et al., 1997). Interferon-τ mRNA expression and protein secretion increase from around d 11 to d 21 at which time mRNA decreases dramatically and protein secretion decreases beginning around d 24 of gestation (Bazer et al., 1997; Ealy & Yang, 2009). 
While IFNτ is thought to have a primary function in maternal recognition of pregnancy, it may also play a role in creating an immuno-tolerant environment for the developing embryo (Talukder et al., 2018). Pregnancy has long been an immune-privileged phenomenon due to the embryo containing foreign antigens, i.e. paternal DNA, but not being rejected by the maternal immune system. Because early production of IFNτ coincides with the downregulation of inflammatory response factors, recent studies have evaluated the potential of IFNτ to signal an anti-inflammatory response by the uterus to help limit the immune reaction to the developing embryo (Talukder et al., 2018). Talukder and colleagues (2018) discovered that embryos co-cultured with Bovine Oviductal Epithelial Cells (BOECs) expressed IFNτ protein at d 4 and suppressed Nuclear Factor Kappa B subunit 2 (NFΚB2) and Nuclear Factor Kappa B Inhibitor alpha (NFΚBΑ). Both NFΚB2 and NFΚBΑ are transcription factors for inflammation and immune response. However, further analysis found no impacts of BOECs on pro-inflammatory cytokines (Tumor Necrosis Factor-alpha [TNFα] and Interleukin [IL]1β) or anti-inflammatory (Transforming Growth Factor Beta 1 [TGFβ1] and IL10) cytokines (Talukder et al., 2018).  The downregulation of NFΚBΑ and NFΚB2 confirms the bidirectional communication between the maternal immune system and the embryo, but the functional capability of the embryo to protect itself at this stage was unknown.  
As the embryo leaves the oviduct and travels into the uterus, the immune system must continue to be modulated to protect the embryo and maintain pregnancy (Mor, 2008). Unlike the results reported in embryos co-cultured with BOECs, co-culturing d 5 embryos with bovine uterine epithelial cells (BUEC) induced mRNA expression of Interferon Stimulated Gene 15 (ISG-15), Oligoadenylate synthetase 1 (OAS1) and signal transducer and activator of transcription 1 (STAT 1) through increased type 1 IFN receptor expression (Talukder et al., 2017; Talukder et al., 2018). Signal Transducer and Activator of Transcription 1 is known to be a major signaling pathway for INFτ (Adamkova et al., 2007). Further evidence that INFτ has roles beyond the uterine lumen was provided when recombinant INFτ insertion into the uterine vein increased the expression of ISG-15 in the CL, liver, and endometrial tissue of sheep (Bott et al., 2010). This could indicate that the preservation of the CL is not only a result of IFNτ downregulating oxytocin receptors in the uterine lumen but also through a more direct mechanism within the CL. 
 Talukder (2017) also found that the embryo downregulated the expression of IL-1β, TNF-Α, and NFΚB2.  This down-regulation of inflammatory factors further demonstrates the ability of the developing embryo to facilitate communication with the maternal immune system and prevent embryonic rejection. Further understanding of the pathways and factors that contribute to immune control exhibited during early gestation could increase pregnancy rates by preventing embryonic rejection. 
Embryonic Regulation of the Reproductive Environment 
Embryonic signaling begins as early as d 2 (Hamdi et al., 2019) and is dependent on the cellular stage. Embryos of varying ages elicit different metabolic responses from BOECs in vitro (Hamdi et al., 2019). Two-cell embryos downregulated mRNA expression of Sodium Voltage-Gated Channel Alpha Subunit 9 (SCN9A) on BOECs. Whereas 8-cell embryos downregulated BOECs mRNA expression of Proline and Arginine Rich End Leucine Rich Repeat Protein (PRELP) and Suppressor of Cytokine Signaling 3 (SOCS3) and upregulated SCN9A.  The downregulation of PRELP and SOCS3 could indicate immune modulation by the early embryo as both of these factors play a role in immune function and inflammation (Rottenberg & Carow, 2014; Liu et al., 2017). Sodium Voltage-Gated Channel Alpha Subunit 9 controls the sodium permeability of cell membranes (Chan et al., 2012). Therefore, Hamdi and colleagues (2019) hypothesized that upregulation of SCN9A by the 8-cell embryo could alter luminal oviduct fluid volumes and sodium ion concentrations. This would insinuate that the embryo itself is creating favorable environments as it develops through communication with the maternal system. 
Current Methods of Pregnancy Diagnosis
Currently, pregnancy diagnosis is limited to rectal palpation, ultrasonography, or blood constituent testing. Rectal palpation is only accurate after d 35 of pregnancy (Lucy et al., 2011). This method involves palpating the uterus through the rectal wall in order to confirm the presence of a fetus, at least 3 placentomes, fluid within the uterine horn, a CL, or middle uterine artery hypertrophy (Momont, 1990). Ultrasonography uses soundwaves emitted from a transducer in order to produce an image from the soundwaves reverberating back to the transducer and is accurate at d 26 (Momont, 1990; Virginie Filteau, 1998). Both rectal palpation and ultrasound diagnosis are limited by multiple factors dependent on events within embryogenesis and human error. The earliest diagnosis that can be made with confidence is a blood chemical analysis that measures a placental antigen, pregnancy associated glycoproteins (PAG; Green et al., 2005). This glycoprotein was initially identified as pregnancy-specific protein B (PSP-B: Butler, 1982) and pregnancy serum protein 60 (PSP60; Mialon et al., 1993). Pregnancy associated glycoproteins are capable of detecting pregnancy during early gestation, d 26-58, with 90.7 % accuracy (Szenci, 2021). Currently, PAG analysis can reliably detect pregnancy as early as d 24 of gestation (Pohler et al., 2013). However, the three commercial PAG analyses for detection in blood or milk are stated accurate at d 28 of gestation (Pohler et al., 2013; Reese et al., 2018). By the earliest time a producer could diagnosis a pregnancy at d 28, a cow has already begun a new estrous cycle around d 21. If pregnancy diagnosis could occur before the 21 d time point, a producer may be able to manage cattle more effectively and fully utilizing reproductive management strategies. This would allow for earlier rebreeding and prevent increased expenses by feeding open cows. With the decrease in accuracy of PAGs prior to d 24, the research into early diagnosis of pregnancy has branched out to other major factors in early embryonic survival, including the immune system. 
Classical Immune Response
	The immune system works through many different avenues and substrates that work collaboratively to maintain homeostasis. An immune response begins with the entry of a foreign particle, bacteria, or virus through the respiratory, reproductive, epidermal, or gastrointestinal system. Once a foreign entity has entered the body, an immune response will be initiated with responses specific to the type of intrusion. Immune responses are generally grouped into two categories, the innate and the adaptive immune response (Parkin & Cohen, 2001; Marshall et al., 2018).
Innate Immunity
	The innate immune system is the first line of defense for the body and consists of four major protective barriers: 1) the skin and mucosal surfaces, 2) body temperature, chemical mediators, and pH gradients, 3) the endocytic and phagocytic barriers, and 4) inflammation (Marshall et al., 2018). The skin serves as a mechanical barrier while mucus serves the purpose of entrapping foreign molecules upon entry into the system. Body temperature, pH gradients, and chemical mediators fluctuate in order to create a less favorable environment for pathogens. The endocytic and phagocytic barriers work via various specialized cells to internalize or encapsulate a foreign body or pathogen and remove it from the body. During an immune response, production of histamine by mast cells, a type of white blood cell, stimulate vasodilation to increase immune factors, which stimulates inflammation (Newton & Dixit, 2012). 
The innate immunity system operates through the detection of pathogens based on pattern recognition receptors (PRR). Once activated, PRR then signal to specific groups of immune cells such as macrophages, neutrophils, and dendritic cells. These cells can respond and attack a variety of pathogens based on cell structures known as pathogen associated molecular patterns which are identified from PRR present on the cell membrane (Akira & Takeda, 2004) A common example of these patterns are toll-like receptors (TLR ; Akira & Takeda, 2004). Pathogen associated molecular patterns are a major tool for the innate immune system to recognize foreign cells, due to the lack of these cellular structures being present on eukaryotic cells (Medzhitov & Janeway, 2000).  
Toll-like receptors were originally identified as the creator of dorsal-ventral polarity in the embryonic development of Drosophila (Hashimoto et al., 1988), but were later found to share similar characteristics to the mammalian pathway for IL-1 (Gay & Keith, 1991). This IL pathway leads to the activation of the NF-κβ, a transcription factor leading to inflammatory responses that were also downregulated in BOECs during early gestation (Talukder et al., 2018). The similarities in response between NF-κβ action and the Drosophila toll protein led to the research and discovery of the microbial detection abilities of an innate factor believed to be evolved throughout all vertebrates including mammals (Lemaitre et al., 1996; Medzhitov et al., 1997). The mammalian research introduced an active clone of human TLR into cells and saw an increase in pro-inflammatory cytokines, IL-1, IL-6, and IL-8, similar to what occurs early in an infection. Therefore, TLR have the ability to act similarly to IL-1 receptor by stimulating a pro-inflammatory response through NF-κβ.  Toll-Like receptors play a major role in the activation of the innate immune system and the initial response to foreign material. 
Adaptive Immunity
	The adaptive immune system works in conjunction with the innate immune system in order to counteract pathogens and infections. During an infection that is too extensive for the innate immune system, the adaptive immune system will work to resolve the issue while also building cellular memory of the foreign entity. The process of acquiring and maintaining memory of a pathogen will provide the immune system the capability of a more intentional attack if subsequent infections occur (Bonilla & Oettgen, 2010; Hirano et al., 2011). This response is mainly conducted by lymphocytes like the T-lymphocytes, which mature in the thymus and are effector cells of a cellular immune response. These lymphocytes work alongside antibody-producing B-lymphocytes from bone marrow. Both T- and B-lymphocytes are trafficked to secondary lymphoid organs such as the spleen and the lymph nodes after development (LeBien & Tedder, 2008; Bonilla & Oettgen, 2010). The spleen and lymph nodes serve to respond to circulating antigens and signals presented by migrating immune cells, often from the innate immune response, by releasing lymphocytes into circulation. Lymphocytes use chemokine signaling and adhesion cells to travel to the sites of infection to fulfill effector function, control infection, and minimize foreign cell entry. The understanding of the body’s overall ability to identify and fight foreign material is important in understanding how the early embryo and the maternal system function together to preserve a semi-allogenic fetus. 
Substrates of Immune Function
	The actions of the innate and adaptive immune response would be impossible without the actions of various substrates within the immune system such as macrophages, T-lymphocytes, B-lymphocytes, Natural Killer (NK) Cells, Cytokines, Chemokines, and Dendritic Cells. Macrophages are differentiated hematopoietic stem cells originating from bone marrow (van Furth  & Cohn 1968) and function as the resident cells of the immune system within tissues. These cells phagocytize infection and present pieces of the foreign particles, or antigens, to adaptive immune cells, T- and B- lymphocytes, while also releasing cytokines such as TNF, IL-1, IL-6, and IL-8 (Arango Duque & Descoteaux, 2014). The T lymphocytes can then be activated to either T helper (Th) 1, Th2, Th17; T regulatory (Treg); or Cytotoxic T cells (Ott, 2019). The T helper subtypes serve in different roles with Th1 being largely pro-inflammatory, Th2 acting largely anti-inflammatory, Th17 responding in the case of parasitic or fungal infections, and Treg cells acting to suppress the immune response (Berger, 2000; Kondĕlková et al., 2010; Brinkhoff et al., 2018).
	Another immune cell type that works to remove foreign particles and present them to the T and B cells is the dendritic cells. These cells populate the boundaries of the mucosal tissues including the reproductive tract (Ott, 2019). Once activated, they leave the mucosal layer via the lymphatic system and travel to present antigens to the adaptive immunity cells (Geissmann et al., 2010). Dendritic cells and their macrophage counterparts present their antigens as major histocompatibility complexes (MHC) which can be classified as class I or class II. Class I MHC are used on other nonimmune cells while class II MHC are complexes presented by immune cells (Wieczorek et al., 2017). Non-immune cells that present class I MHC can activate immune responses by signaling cytotoxic or NK cells to initiate cell death (Abel et al., 2018; Ott, 2019). Class I antigens are often utilized by the body as a self-recognition mechanism. Improper presentation of these antigens signals NK cells to attack the presenting cells (Abel et al., 2018). This is one reason that pregnancy is an immunological paradox as the developing fetus has antigen presentation from the sire, in addition to antigens that would be recognized as self by the dam. Therefore, the maternal immune system, theoretically, should stimulate an immune response to defend the uterine environment and reject the fetus. 
Immune Function and Pregnancy
	Cytokine regulation, T-helper states, and NK cells have been found to be indicative of pregnancy success in human and mouse models (Hill, 1992; Wegmann et al., 1993; Kwak‐Kim et al., 2003; McCracken et al., 2004; Jiang et al., 2021). In humans, women who had multiple recurrent spontaneous abortions were found to have higher blood levels of Th1, inflammatory cytokines such as Interferon Gamma (IFNγ) and TNF-α over other non-inflammatory, Th2 cytokines like IL-10 and IL-4 (Kwak‐Kim et al., 2003). The involvement of cytokines and overall inflammation status may be more complex than a simple preferred state as both inflammatory and anti-inflammatory states have been seen to be beneficial during different time points of human pregnancy (Wang et al., 2020). One example of this would be the discovery that decidual NK cells are present at the maternal-fetal interface and are releasing Th1, pro-inflammatory cytokines, Vascular Endometrial Growth Factor (VEGF), and Interferon-Gamma-Induced Protein 10 (IP-10), which are critical to angiogenesis. (Jia & Li, 2020). Interestingly, once implantation has occurred the maternal immune system will switch to a more anti-inflammatory, Th2 state to support the pregnancy (Saito et al., 2007). 
	The murine immune function tends to mirror that of the human where pro-inflammatory cytokines, IFNγ and IL-2, are present at the maternal-fetal interface and increase during implantation and early pregnancy (Delassus et al., 1994). The injection of anti-IP-10 at d 6 of pregnancy also increased fetal reabsorption in normal mice at d 7 (Jiang et al., 2021). A need for Th2 cytokines later in murine pregnancy has also been hypothesized. Spontaneous reabsorption prone mice treated with recombinant IL-10 had reabsorption rates drastically decrease at d 12-14 of pregnancy (Chaouat et al., 1995). This early tendency to need pro-inflammatory or Th1 state cytokines for pregnancy establishment is poorly understood in the bovine. The need for inflammation may be specific to only the hemochorial placenta pregnancies that involve implantation like the murine and human due to their extensive vascular remodeling and invasion of the embryo into the uterine endometrium. Even though a shift between immune states has not been identified, the preferred state for pregnancy has been reported (Mohapatra et al., 2020; Wegmann et al., 1993; Raghupathy, 1997). This would suggest that elucidation of all parts of the immune response during early embryogenesis is needed to understand why the semi-allogenic fetus in the bovine is not rejected as a foreign body.

Summary and conclusions
	Pregnancy is an immunological paradox in which hormonal, immunological, and developmental factors must all align in order for the embryo to develop. From d 0, the maternal system must modulate itself through evolved timing and embryonic signaling to avoid inappropriate responses by the innate and adaptive immune cells. This must also occur while the embryo itself maintains cell divisions and progresses to the point it can begin to release IFNτ to prevent luteolysis. Further elucidation of the cytokines and immune substrates which play vital roles in the establishment of pregnancy and what factors are needed for progression of gestation could provide a better understanding of early embryonic development issues. It also may create an additional strategy for producers to manage cattle in a way that minimizes detrimental events to occur during early embryonic development and increase reproductive efficiency. 

Chapter 3: The Effects of Pregnancy Status on Vaginal Cytokine Profiles in Lactating Cows
Abstract
Cytokines are critical components of immune functions that assist in controlling inflammation, host defense, and maintaining homeostasis. Pregnancy is an immunological paradox where the maternal immune system allows a semi-allogenic fetus to develop and not be attacked as a foreign entity.  Current studies focus on the changing cytokine profiles throughout fertilization, peri-implantation, and pregnancy in the human, bovine, and murine models. While these studies focus on an overall uterine cytokine profile during pregnancy and fertilization, our study directly compared vaginal cytokine profiles in pregnant vs. non-pregnant cattle. We hypothesized that vaginal cytokines will differ based on pregnancy status and day of gestation. Holstein and Jersey cows (n = 88) from two farms were synchronized and artificially inseminated.  On day 7 or day 8 post insemination, cows were vaginally flushed with saline. Cytokines were quantified via the MILLIPLEX MAP Bovine Cytokine/Chemokine Magnetic Bead Panel. There were no interactions (P < 0.24) between the day of gestation and pregnancy status on cytokine levels. Concentrations of IP-10 (P < 0.001) and INFγ (P < 0.04) decreased between d 7 and 8 of gestation. Pregnancy status influenced concentrations of IL-8 (P < 0.05), IL-1α (P < 0.05), and VEGF-A (P < 0.009) with all three cytokines being lower in pregnant cattle. There were positive correlations between IFNγ and IP-10 (R=.87, P < 0.001) as well as IFNγ and MIP-1β (R=.74, P < 0.002). Interferon gamma-induced protein 10 (R=.52, P < 0.015) and MIP-1β (R=.48, P < 0.015) both exhibited a positive correlation with TNF-α. These data demonstrated an effect of pregnancy status and day of gestation on various pro-inflammatory cytokines and chemokines. The combination of different sets of cytokines within a day of gestation and pregnancy status may be an indication that both a pregnancy specific downregulation of inflammatory factors as well as a temporal downregulation regardless of pregnancy status may be occurring concurrently. These results provide insight into the maternal system, which may allow us to develop a better understanding of embryonic loss and the maternal immune response during early gestation. 

Introduction
Reproductive efficiency is vital in both beef and dairy cattle operations to maximize production efficiency. Concise calving intervals produce a more uniform calf crop within the beef industry and allow for a more precise control of milk production within the dairy industry. The benefits of a defined calving season coupled with the advancements in reproductive technologies have led to the development of many protocols for artificial insemination (AI; Reese et al., 2018). Artificial insemination is restricted by the time between services due to limitations in the detection of the return to estrus or in pregnancy diagnosis. Pregnancy diagnosis is currently completed via one of three methods: rectal palpation, ultrasonography, or blood constituent testing. The earliest pregnancy diagnosis that can be made with confidence is on day 24 of gestation (Pohler et al., 2013) but commercial blood constituent testing is only reported as accurate on day 28 of gestation (Reese et al., 2018). This blood constituent assay measures pregnancy associated glycoprotein (PAG) which is a placental antigen present throughout the course of pregnancy (Green et al., 2005). While PAGs are often thought to be the best indicator of early pregnancy, other factors like the maternal immune response could also be indicators of a viable embryo or a hospitable reproductive environment.  
	The maternal immune system goes through several inflammatory responses during early gestation (Wegmann et al., 1993; Raghupathy, 1997; Ott et al., 2014). Specifically, a shift from a pro-inflammatory to an anti-inflammatory state around the time of attachment or implantation that assists the uterine body in preparation for embryonic attachment and modulation of the immune system for immuno-tolerance in the murine, human, ovine, and bovine models (Mohapatra et al., 2020; Wegmann et al., 1993; Raghupathy, 1997). This inflammatory shift is often attributed to a change in T lymphocyte populations, from the T helper (Th) 1 pro-inflammatory, to Th2, anti-inflammatory. Once activated, Th cells secrete different cytokines to facilitate the associated immune responses and changes in inflammatory status (Singh et al., 1999) needed for early gestation. Cytokine involvement in pregnancy has been demonstrated in several species including humans (Reinhard et al., 1998; Kwak‐Kim et al., 2003), mice (Hill, 1992; Ingman & Jones, 2008), and ruminants (Manjari et al., 2016; Yousef et al., 2016).  These data along with preliminary data from our lab suggest that even at the earliest stages of gestation the maternal system is responding and modifying immune function to support pregnancy. Therefore, we hypothesized that cytokine profiles within the vagina will differ based on pregnancy status during early gestation. Our objectives were to identify the cytokine profile that supports pregnancy and the individual cytokines influential during early gestation. 


Materials and Methods
	All experimental procedures were approved by the University of Tennessee Institutional Animal Care and Use Committee.
Experimental Design and Sample Collection
	Holstein and Jersey cows (n=88) from two dairy farms were utilized to complete the objectives of this study. Cows (n=34) from Sweetwater Valley Farm (SVF; 62.6 km from the University of Tennessee) ranged in lactation from 1st to 6th lactation (avg. 2.7). Cows (n = 54) from the University of Tennessee Little River Dairy Unit (LRD; 34.4 km from the University of Tennessee) ranged in lactation from 1st to 4th lactation (avg. 1.7). All cows were synchronized and AI as per standard operating procedures of the location. All cows underwent a voluntary waiting period of 60 d post-calving prior to starting any synchronization protocols. All cows were granted ad libitum access to a total mixed ration for lactation and water. Cows were vaginally flushed with 20 mL of sterile saline on either d 7 (SVF) or d 8 (LRD) following insemination. Flush samples were collected by inserting a 14-gauge Foley catheter into the fornix vagina while the cervical os was manually obstructed via rectal palpation. All samples were stored on ice for no more than 2 hours before being frozen at -80℃ until cytokine quantification could be completed. 
Cytokine Analyses 
Concentrations of interferon gamma (IFNγ), Interleukin (IL)-1α, IL-1β, IL-4, IL-6, IL-8/C-X-C motif ligand (CXCL)-8, IL-10, IL-17A, IL-36 receptor antagonist (IL-36RA)/ interleukin 1 family member 5, interferon gamma-induced protein 10 (IP-10)/ CXCL-10, monocyte chemoattractant protein (MCP)-1/C-C motif chemokine ligand (CCL)-2, macrophage inflammatory protein (MIP)-1α/CCL-3, MIP-1β/CCL-4, Tumor Necrosis Factor Alpha (TNFα), and vascular endothelial growth factor-A (VEGF-A) were quantified within the vaginal flush samples via the MILLIPLEX MAP Bovine Cytokine/Chemokine Magnetic Bead Panel (MilliporeSigma: Burlington, MA) according to the manufacturer protocol. The plates were analyzed on the Luminex 200 system (Luminex, Austin, TX) at the University of Tennessee Institute of Agriculture Genomics Hub.
Statistical Analyses
	A complete randomized design was utilized to elucidate differences in cytokine concentrations between pregnancy status, day of gestation, and the interaction of pregnancy status × day of gestation via separate mixed model analysis of variances and mean separations in SAS 9.4 (SAS Institute; Cary, NC). The individual cow was the experimental unit. Flush volume retrieved and breed were included as covariates in initial models but neither were significant (P > 0.05); therefore, were removed from all reported models. Interleukin-10 was also removed from our analysis due to the increased number of samples falling below the standard curve. Cytokines were analyzed for normality, and log-transformed if the Shapiro-Wilk's was W< 0.8 and the Kolmogorov-Smirnov's was K > 0.2. Cytokine concentrations are reported as back-transformed means ± standard errors. Means were reported as different when P < 0.05 and tendencies are reported at a P < 0.10. Cytokine values that were found to be different or tended to be different between pregnancy status or day of gestation were then evaluated for correlations using the correlation procedure in SAS 9.4.
Results and Discussion
There were no interactions (P < 0.24) between day of gestation × pregnancy status for any cytokine. Neither pregnancy status (P < 0.20) nor day of gestation (P < 0.17) influenced IL-4, IL-1B, IL-6, IL-17A, MIP-1α, or MCP-1. Pregnancy status affected VEGF-A (P < 0.01), IL-1α (P = 0.058), and IL-8 (P = 0.047; Table 1). Vascular endometrial growth factor-A is a cytokine that induces the proliferation and migration of vascular endothelial cells (Tischer et al., 1991) which plays a major role in the establishment of pregnancy in the mouse (Walter et al., 2005), non-human primates (Sengupta et al., 2007), and humans (Guo et al., 2021). Fetal reabsorption increased with the administration of a VEGF-A blocking factor into the peritoneal cavity of mice (Kim et al., 2013). Vascular endometrial growth factor-A has also been identified within the bovine placenta from d 18 to term (Pfarrer et al., 2006) and within the bovine uterus beginning at d 16 (McLean et al., 2017). McLean and colleagues (2017) noted an increase in VEGF-A mRNA expression within the inter-caruncular tissue of the non-pregnant uterine horn at d 50 of gestation when compared to d 35 or 16. This change was thought to be a potential indicator of VEGF-A influencing the uterus in preparation for fetal membrane growth into the non-pregnant horn. In the current dataset, concentrations of VEGF-A in non-pregnant animals (71.18 ± 13.79 pg/mL) tended to be greater (P < 0.099) compared with pregnant animals (17.15 ± 13.79 pg/mL). The lower concentrations of VEGF-A are intriguing due to the importance of VEGF-A in vascular reconstruction. Because mice and humans have true implantation of the embryo that requires a copious amount of vasculature remodeling earlier in gestation compared to the bovine, which has a less invasive attachment of the placenta (Carter & Enders, 2016). This species-specific difference in placental morphology may explain the differences in VEGF-A where later increase in supports the vasculature remodeling need in the bovine pregnancy (Vonnahme et al., 2007; Carter & Enders, 2016; McLean et al., 2017), as well as, the decrease observed the in the current study. Concurrently, Borowicz and colleagues (Borowicz et al., 2007) noted an increase in VEGF-A mRNA in sheep caruncles and cotyledons at d 90 and d 130, respectively. Despite the evidence for VEGF-A being required for pregnancy maintenance, there have been reports of the factor having negative impacts on the establishment of pregnancy (Wheeler et al., 2018).  The factor was found to polarize, recruit, and assist in the migration of macrophages during preeclampsia in humans (Wheeler et al., 2018). It is also important to note that bovine VEGF-A expression peaks at around 2-3 days post-estrus and then begins a decrease in non-pregnant cows (Tasaki et al., 2010). The decrease reported in the current dataset could be indicative of direct signaling by the embryo in order to protect itself from a potential immune response early in gestation. This could also imply that VEGF-A is required earlier in gestation in species with invasive placentas. However, in the bovine pregnancy, an early decrease in VEGF-A may be necessary for the establishment of pregnancy prior to the extensive angiogenesis as the embryo grows and develops post-attachment.
[bookmark: _Hlk131881196][bookmark: _Hlk131881704]The IL-1 family is produced by activated macrophages and is known to be pro-inflammatory by stimulating the proliferation and maturation of lymphocytes (Dinarello, 1991). In the bovine uterus, IL-1α has been suggested as a potential proprietor of successful pregnancy despite its inflammatory nature as the addition of IL-1α to cultured embryos increased the number of d 7-9 embryos hatching in-vitro (Shin et al., 2006). Interleukin 1α, IL-1β, and the IL-1 Receptor (IL-1R) are expressed in the CL during the bovine estrous cycle with the greatest amounts being present on d 19-21 (Nishimura et al., 2004). Interleukin-1β was also present in the CL but earlier (d 5-12) during the luteal phase, before decreasing by d 19 (Nishimura et al., 2004). Nishimura and colleagues (2004) also noted that IL-1β promoted greater amounts of PGE2 compared to PGF2α  from luteal cells, which is thought to promote a luteotropic environment, while IL-1α promoted a smaller amounts of PGE2 compared to PGF2α. The addition of IL-1α also stimulated PGF2α in a dose dependent manner (Nishimura et al., 2004). Our study saw a decrease (P = 0.058) in IL-1α levels with non-pregnant (6.44 ± 1.54 pg/mL) cattle having greater concentrations compared with the pregnant animals (1.84 ± 1.54 pg/mL). A regulatory action of IL-1α to downregulate PGF2α for maintenance of the CL could be plausible, but would be far from definitive at a time point this early in gestation. While the purpose of why the embryo would need to downregulate IL-1α remains to be fully understood, the potential that the decrease in IL-1α would support embryonic maintenance by preventing a hostile inflammatory environment could be a possible explanation. 
Another inflammatory factor, IL-8, had lower (P = 0.047) concentrations in pregnant (117.10 ± 121.08 pg/mL) compared with non-pregnant cows (480.56 ± 121.08 pg/mL) in the current dataset (Table 1).  This chemokine, like IL-1α, is pro-inflammatory but has a unique feature as it is more targeted to neutrophils (Bickel, 1993). In agreement with our data, Manjari and colleagues (2016) reported an increase in IL-8 mRNA concentrations of polymorphonuclear neutrophils in the blood plasma of non-pregnant dairy cattle on days 14 and 16 when compared to pregnant counterparts. This increase in IL-8 was hypothesized to be a mechanism contributing to the prevention of a successful pregnancy, not a product of a non-viable embryo (Manjari et al., 2016). Specifically, an increase in IL-8 would recruit more neutrophils to the uterus and create a hostile uterine environment for the embryo, which could prevent attachment. The decrease of VEGF-A, IL-1α, and IL-8 in the current dataset could be an attempt of the uterus or the embryo at preventing a hostile environment for the developing pregnancy since these cytokines are pro-inflammatory in nature. 
[bookmark: _Hlk134086995]Day of gestation influenced concentrations of IFNγ, MIP-1β, TNFα, and IP-10. (Table 2). Interferon-γ is a major cytokine released by Th1 affiliated, CD4 T Lymphocytes and is a primary driver of an inflammatory response (Chen et al., 2009). The current dataset found IFNγ concentrations were greater (P = 0.04) on d 7 (1.36 ± 0.57 pg/mL) compared with d 8 (0.24 ± 0.57 pg/mL) of gestation (Table 2). Interferon-γ has been associated with abortion by inducing the expression of major histocompatibility complex-1α antigens on the placenta and initiating an immune response against the fetus in murine models (Vassiliadis & Athanassakis, 1994; Hansen, 1997). This association was later challenged as IFNγ was seen to gradually increase and peak in normal murine pregnancies from d 6-10 (Ashkar & Croy, 1999). Concurrently, there was also a noted increase in fetal reabsorption and a decrease in decidual tissue competency in IFNγ-ablated mice (Ashkar et al., 2000). This convergence in outcome was thought to be a result of the use of exogenous vs murine recombinant IFNγ where the exogenous treatment activated lymphocytes and lead to abortion (Ashkar et al., 2000). The gradual peak noted in murine models is intriguing since we are noting a downregulation. This effect could be that IFNγ is a major inflammatory cytokine and often a distinct marker for a Th1 state (Schroder et al., 2004). During an inflammatory event, IFNγ orchestrates immune cell trafficking by upregulating chemokines and adhesion molecules to sites of inflammation (Schroder et al., 2004). The downregulation of IFNγ would then be important to protect a developing pregnancy in order to prevent a Th1, inflammatory state. However, the lack of interaction between d of gestation x pregnancy would lead away from this being an embryo derived effect, but instead may be part of a temporal downregulation that naturally occurs in the bovine uterine environment following ovulation. 
Tumor Necrosis Factor-α is one of the principal inflammatory cytokines responsible for an inflammatory response. The current data reported a tendency for a decrease (P = 0.099) in TNFα concentrations with d 7 (60.06 ± 26.94 pg/mL) concentrations tended to be greater than on d 8 (19.67 ± 26.94 pg/mL) of gestation (Table 2).  Tumor Necrosis Factor-α plays a pivotal role in macrophage activity during infection via stimulation of a signaling cascade with other cytokines such as IL-1, IL-8, Granulocyte-macrophage colony-stimulating factor, and IL-6 (Maini et al., 1995; Parameswaran & Patial, 2010). Talukder and colleagues (2017) noted a downregulation of TNFα in Bovine Uterine Epithelium Cells (BUECs) when exposed to d 4 embryo cultured media (Talukder et al., 2017).  This signaling and inflammatory response by TNFα can be controlled by IL-10, a major anti-inflammatory regulator (Couper et al., 2008). Although our study saw levels of IL-10 well below the standard curve of our panel, Oliveira and colleagues (2013) saw a steady increase in IL-10 from day 5 to 7 post estrus, irrespective of pregnancy status. If IL-10 increases temporally, this could potentially explain the decrease in TNFα within the current data. An increase in IL-10 could also affect MIP-1β concentrations, which tended to decrease (P = 0.07) from d 7 (28.02 ± 7.06 pg/mL) to d 8 (9.16 ± 7.06 pg/mL) in the current dataset (Table 2). Macrophage Inflammatory Protein-1β is a chemokine produced by most hematopoitic cells (Lukacs et al., 1995; Krzysiek et al., 1999; Shukaliak & Dorovini-Zis, 2000). Macrophage Inflammatory Protein-1β is also important in chemotaxis of monocytes, T lymphocytes, dendritic cells, and NK cells (Roth et al., 1995; Loetscher et al., 1996; Lin et al., 1998; Menten et al., 2002). The chemotaxis of immune cells into a site of inflammation is critical to fight infections but this chemotaxis needs to be modulated in the uterus to prevent rejection of the embryo. Like TNFα, MIP-1β can be downregulated via IL-10 (Sherry et al., 1998). This may suggest that a basal level of MIP-1β irrespective of pregnancy status is decreased during the time points of the current study. With a large amount of literature supporting IL-10’s role in regulating inflammatory factors such as TNFα and MIP-1β, it is intriguing that our panel showed levels well below the standard curve. Further research on the decrease in TNFα and MIP-1β and their impacts on gestation as well as IL-10 levels during this time point need to be conducted.
Interferon gamma-induced protein 10, a member of the CXC family of chemokines, elicits a cellular response via chemokine receptor 3 (CXCR3; Jiang et al., 2021) which is highly expressed on activated T cells (Loetscher et al., 1996). During inflammation, IP-10 is released from T lymphocytes, neutrophils, monocytes, splenocytes, endothelial cells, and fibroblasts (Antonelli et al., 2014; Li et al., 2017). Interferon gamma-induced protein 10 also assists in lymphocyte migration into sites of inflammation by acting as a chemoattractant to activate T cells. In the current dataset, IP-10 decreased (P < 0.001) from d 7 (1,244.23 ± 194.84 pg/mL) to d 8 (337.72 ± 194.84 pg/mL) of gestation (Table 2). Inflammation is often attributed to negative effects on overall health or homeostasis; however, inflammation has been theorized to be influential in murine pregnancy (Jiang et al. 2021). Decreased concentrations of IP-10 and CXCR3 were reported in abortion prone mice compared to normal counterparts (Jiang et al., 2021). With the precluding evidence of the need for both IFNγ and IP-10 in the murine model (Taft, 2008), it is intriguing that we see a decrease in both factors. A 2013 study reported T cells, B cells, and NK Cells were all similar from days 5 to 7 in pregnant vs. cyclic, non-pregnant heifers (Oliveira et al., 2013). However, Th-related cytokines trended toward a Th2 status in the late luteal phase in cyclic heifers and corresponding maternal recognition of pregnancy in pregnant cows (Oliveira et al., 2013). The study also reported an increase in CD4+ to CD8+ T-Cells on d 5 to d 7 regardless of pregnancy status, followed by a subsequent decrease on d 8. This agrees with the concentration changes of IFNγ and IP-10 in the current dataset. The lack of interaction between day of gestation × pregnancy status on cytokine changes also agrees with the data from Oliveira et al. (2013) as changes in immune substrates could be occurring naturally following ovulation regardless of pregnancy status indicating the maternal system is naturally transitioning towards a Th2 state as it enters the luteal phase of estrus or pregnancy. The temporal reduction noted in these data without interaction between pregnancy status × d of gestation could be a specific adaptation of the estrous cycle to promote early embryogenesis in order to modulate inflammation until the embryo can successfully attach to the uterine endometrium
Several correlations between our d of gestation cytokines were noted. Tumor necrosis factor- α was positively correlated (R = .48, P = 0.015) with MIP-1β (Table 3). This may be due to similar activation and control pathways between the two cytokines. Gnainsky and colleagues (2010) reported that MIP-1β levels responded in a dose dependent manner to TNF-α in human uterine biopsy samples. These biopsy samples were also analyzed to determine biological markers for success for human in-vitro fertilization. Tumor necrosis factor- α and MIP-1β were indicative of high implantation competence with MIP-1β showing the greatest potential as a biomarker for implantation competency (Gnainsky et al., 2010). Tumor necrosis factor- α was also positively correlated (R = .52, P = 0.015) with IP-10 which is likely an effect of TNF-α’s ability to induce the synthesis of IFN-β which can activate IP-10 (Kalliolias & Ivashkiv, 2016; Table 3). A positive correlation between IFNγ and IP-10 (R = .87, P < 0.0001) is expected as IFNγ simulates the production of IP-10 (Table 3). Similarly, MIP-1β can be induced by IFNγ, therefore, a positive correlation of MIP-1β and IFNγ (R =.74, P = 0.002) is expected and has been previously reported (Sherry et al., 1988; Lukacs et al., 1995; Menten et al., 2002; Table 3). The connection of  IP-10 and MIP-1β via IFNγ stimulation would also explain the positive correlation (R = .63, P < 0.001) between these two cytokines (Table 3). The affected cytokines may be the product of the default immune profile outlined by Oliveira and colleagues (2013) which would further explain why there was no interaction between the day of gestation and pregnancy status. The effects reported in the current dataset may not be an indication of a viable pregnancy, but instead, a normal function of the maternal immune system following ovulation to prepare for a potential pregnancy. 
Summary
In conclusion, this study demonstrated that vaginal cytokines are affected by pregnancy status as well as a day of gestation. Pro-inflammatory cytokines IL-8, IL-1α, VEGF-A decreased in pregnant versus non-pregnant cows while TNF-A, IFNγ, and MIP-1β decreased or tended to decrease from day 7 to day 8 of gestation. However, these two effects were not interactive. The distinct cytokines identified share similar immune functions, which may indicate the early immune function is moving toward TH2 immunity after the first week of gestation via both embryonic regulation and maternal immune modulation. To understand the events needed for the establishment of pregnancy, we must consider the signaling pathways of the maternal immune system. Additionally, an understanding of the degree to which the maternal immune system may naturally modulate following ovulation is imperative to elucidate differences during early pregnancy, which support the development of the embryo and could affect reproductive efficiency.

Chapter 4: Overall Summary and Conclusion
To elucidate a method to better control our breeding and AI windows, we must find a way to determine pregnancy status prior to the next estrous cycle beginning post-breeding. This would require detection prior to d 21 and would prevent a producer from feeding non-pregnant animals for extended amounts of time.  We have demonstrated an effect on various pro-inflammatory factors with the downregulation of different, distinct sets of cytokines depending on pregnancy status or day of gestation. This data represents a clear effect of the embryo on the vaginal environment, and may one day allow for more innovative pregnancy testing methods to be developed. There were no interactions between the day of gestation and pregnancy status. The lack of interaction between the two factors suggests that the temporal affected cytokines may be downregulating based on a default state from the maternal system. Concentrations of IP-10 and INFγ decreased between d 7 and 8 of gestation. This could coincide to the T-cell downregulation regardless of pregnancy status noted between d 7-8 by Oliveira and colleagues (2013).  Pregnancy status influenced concentrations of IL-8, IL-1α, and VEGF-A with all three cytokines being lower in pregnant cattle. We assume this change is happening to create a quiescent uterine environment pre-attachment. Inflammation can be a result of IL-8, IL-1α, and VEGF-A and thus it would be sensible to downregulate these factors before attachment or MRP has occurred. These three cytokines being different based on pregnancy status also demonstrates the ability of the developing embryo to modulate the maternal immune system long before MRP is set to occur. These data combine to form a further understanding of the maternal immune conditions during early pregnancy and give insight into what effects the embryo may be creating as well as what natural fluctuations may be taking place regardless of pregnancy status. Both sets of these findings will be critical in the future application of early pregnancy detection in the bovine. 
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Appendix 
	Table 1: The effect of pregnancy status on vaginal cytokines in lactating dairy cows 


	Cytokine1 
	       Non-Pregnant
	   Pregnant
	SEM
	P Value

	IL-82
	 480.56 

	   117.10 

	121.08
	0.047

	IL-1α3
	   6.44 

	   1.84 

	1.54
	0.058

	VEGF-A4
	   71.18 

	   17.15 
	13.79
	0.099


1Values presented as back-transformed means in pg/mL. 
2 IL-8: Interleukin-8 
3 IL-1α: Interleukin-1α 
4 VEGF-A: Vascular Endothelial Growth Factor-α 














	Table 2: The effect of day of gestation on vaginal cytokines in lactating dairy cows

	Cytokine1
	Day 7
	Day 8
	SEM
	
	P Value

	IFNγ2
	1.36 
	0.24 
	0.57
	
	P=0.04

	[bookmark: _Hlk131868752]IP-103
	1,244.23
	[bookmark: _Hlk131868796]337.72 
	194.84
	
	P<0.001

	MIP1β4
	28.02 
	9.16 
	7.06
	
	P=0.099

	TNFα5
	60.06 
	19.67 
	26.94
	
	P=0.07


1 Values presented as back-transformed means in pg/mL. 
2 IFNγ: interferon gamma 
3  IP-10: interferon gamma induced protein-10 
4  MIP1β: macrophage inflammatory protein 1 beta
5 TNFα: tumor necrosis factor α  
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	Table 3: Correlations of vaginal cytokines in lactating dairy cows during early gestation.

	Cytokine 1
	Cytokine 2
	R value
	P value

	IFNγ1
	IP-102
	0.87
	< 0.001

	IFNγ
	MIP1β3
	0.74
	0.002

	IP-10
	TNFα4
	0.52
	0.015

	IP-10
	MIP1β
	0.63
	< 0.001

	MIP1β
	TNFα
	0.48
	 0.015

	1 IFNγ: interferon gamma 
2  IP-10: interferon gamma induced protein-10 
3  MIP1β: macrophage inflammatory protein 1 beta
4 TNFα: tumor necrosis factor α  
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