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RESUMO

FELTRIN, I.R. Estudo de genes estimulados por interferon-t em células imunes
como candidatos a marcadores de prenhez em fémeas bovinas. [Study of genes stim-
ulated by interferon-t in immune cells as candidates for pregnancy markers in bovine
females]. 2024. 99 f. Tese (Doutorado em Farmacologia e Biotecnologia) — Instituto de
Biociéncias, Universidade Estadual Paulista, Botucatu, 2024.

Nas fémeas bovinas, as perdas embrionarias ocorridas entre 0 14° e 0 19° dia ap0s 0 estro
afetam significativamente a eficiéncia reprodutiva dos rebanhos. Portanto, o desenvolvi-
mento de métodos diagnosticos capazes de detectar precocemente a gestacdo ou nao ges-
tacdo é um ponto importante para melhorar o desempenho reprodutivo dos bovinos. O
interferon-t (IFN-t) produzido pelo concepto desempenha um papel importante durante
0 reconhecimento materno da prenhez (MPR) em ruminantes, que envolve mais do que a
inibicdo dos pulsos luteoliticos da prostaglandina F2 alfa (PGF..) para manter a funcio-
nalidade do corpo lateo (CL). Para uma prenhez bem-sucedida, o concepto semi-alogé-
nico deve evitar a sua rejeicdo pelo sistema imunolégico materno, destacando a impor-
tancia de elucidar os mecanismos envolvidos durante o inicio da prenhez. Além disso,
neste momento, o IFN-t é liberado na circulacdo sanguinea e estimula a expressdo de
genes (ISGs). O estudo da expressdo génica dos ISGs classicos (ISG15, OAS1, MX1 e
MX2) em células imunes do sangue periférico, como células mono (PBMC) e polimorfo-
nucleares (PMN) ja vem sendo utilizado como ferramenta de diagnostico precoce da pre-
nhez, porém apresentou baixa acuracia. Neste contexto, nossos objetivos neste estudo
foram: 1) caracterizar a magnitude da resposta dos ISGs classicos (ISG15) e ndo classicos
(RSAD2 e IF144); bem como o perfil das citocinas pré- (IL1p) e anti-inflamatorias (IL10)
em PBMC e PMN estimuladas com IFN-t (Experimento 1) ou lavados uterinos (UF) de
vacas gestantes (Experimento 2); e 2) avaliar a acuracia desses biomarcadores recente-
mente identificados (RSAD2 e IFI44) como preditores da prenhez precoce em fémeas
bovinas (Experimento 3). Nos Experimentos 1 e 2, PBMC e PMN foram isoladas do
sangue de vacas Nelore ndo gestantes (N=9) entre 10-12 dias pds-ovula¢édo (DO = dia da
ovulagéo), e estimuladas com 100 ng/mL de rolFNT ou UF de vacas no dia 18 de gesta-
¢do. A expressdo génica foi determinada por qPCR. Para o0 Experimento 3, fémeas Nelore

(nuliparas, N=103; primiparas, N=53; pluriparas, N=91) foram submetidas a coleta de



sangue para isolamento das PMN, e foi realizada ultrassonografia Doppler para avaliar a
funcionalidade do CL no D20 ap6s inseminacdo artificial em tempo fixo (DO = dia da
IATF). A expressao génica também foi determinada por qPCR. Além disso, foram reali-
zadas curvas ROC para determinar a acuracia dos preditores da prenhez no D20 (ISGs e
Doppler). Nos Experimentos 1 e 2, a expressao de todos os 1SGs foi maior (P<0,05) em
ambas as células tratadas com rolFNT e UF-Conceptus do que nos grupos Controle. O
fold change indicou que 0 ISG15 e RSAD2 foram os genes mais estimulados (P<0,05) em
PBMC e PMN. A expressdo de /L 1p foi menor (P<0,05) em PBMC e PMN tratadas com
UF-Conceptus; no entanto, nenhuma diferenca (P>0,1) foi observada entre os outros gru-
pos de tratamento. Para o Experimento 3, todas as combinagGes genéticas foram testadas,
e a melhor associacdo para aumento da acuracia (92,7%) e reducédo de resultados falsos
negativos (0,9%, 2/233) foi obtida quando os animais foram considerados prenhes se um
dos os quatro 1SGs (ISG15, OAS1, RSAD2 e IF144) foram estimulados em fémeas com
CL ativo (> 25% de perfusdo sanguinea) no D20. Concluindo, o ISG15 e RSAD2 foram
0s ISGs mais estimulados em PBMC e PMN, indicando que uma associagédo entre 1ISGs
classicos e nao classicos pode ser utilizada como uma ferramenta precoce para melhorar
a predicdo da prenhez no D20 em fémeas bovinas com CL ativo determinado através da
US-Doppler.

Palavras-chave: ISG, células imunes, interferon-t, lavado uterino, diagnostico de pre-

nhez.



ABSTRACT

FELTRIN, L.R. Study of genes stimulated by interferon-t in immune cells as candi-
dates for pregnancy markers in bovine females. [Estudo de genes estimulados por in-
terferon-t em células imunes como candidatos a marcadores de prenhez em fémeas bovi-
nas]. 2024. 99 f. Tese (Doutorado em Farmacologia e Biotecnologia) — Instituto de Bio-

ciéncias, Universidade Estadual Paulista, Botucatu, 2024.

In bovine females, embryonic losses occurring between the 14th and 19th day after estrus
significantly affect the reproductive efficiency of herds. Therefore, the development of
diagnostic methods capable of early detection of pregnancy or non-pregnancy is an im-
portant point for improving the reproductive performance of cattle. Interferon-t (IFN-t1)
produced by the conceptus plays an important role during maternal recognition of preg-
nancy (MPR) in ruminants, which involves more than the inhibition of luteolytic pulses
of prostaglandin F2 alpha (PGF2.) to maintain the function of corpus luteum (CL). For a
successful pregnancy, the semi-allogeneic conceptus must avoid rejection by the maternal
immune system, highlighting the importance of elucidating the mechanisms involved dur-
ing early pregnancy. Furthermore, at this moment, IFN-t is released into the blood circu-
lation and stimulates the expression of genes (ISGs). The study of gene expression of the
classic I1ISGs (ISG15, OAS1, MX1, and MX2) in peripheral blood immune cells, such as
mono (PBMC) and polymorphonuclear (PMN) cells has already been used as a form of
early diagnosis of pregnancy, but showed low accuracy. In this context, our objective
were: 1) characterize the response magnitude of classic (ISG15) and non-classic (RSAD2
and IF144) ISGs; as well as pro- (/L 1p) and anti-inflammatory (IL10) cytokines in PBMC
and PMN stimulated by IFN-t (Experiment 1) or uterine flush (UF) from pregnant cows
(Experiment 2); and 2) evaluate the accuracy of these recently identified biomarkers
(RSAD2 and IF144) as early pregnancy predictors in bovine females (Experiment 3). In
the Experiment 1 and 2, PBMC and PMN were isolated from the blood of non-pregnant
Nelore cows (N=9) between 10-12 days post-ovulation (DO = day of ovulation) and stim-
ulated with 100 ng/mL of rolFNT or UF from day 18 of pregnancy cows. Gene expression
was determined by gPCR. For the Experiment 3, Nelore females (nulliparous, N=103;



primiparous, N=53; pluriparous, N=91) were submitted to blood collection for PMN iso-
lation, and Doppler ultrasonography was performed to assess the functionality of the cor-
pus luteum (CL) on D20 after timed-artificial insemination (DO = TAI day). Gene expres-
sion was also determined by gPCR. In addition, ROC curves were performed to determine
the accuracy of pregnancy predictors on D20 (ISGs and Doppler). In Experiments 1 and
2, expression of all ISGs was greater (P<0.05) in both cells treated with rolFNT and UF-
Conceptus than its controls. The fold change indicated that ISG15 and RSAD2 were the
most stimulated genes (P<0.05) in PBMC and PMN. Expression of /LIS was lesser
(P<0.05) in PBMC and PMN treated with UF-Conceptus; however, no difference (P>0.1)
was observed between the other treatment groups. For the Experiment 3, all gene combi-
nations were tested, and the best association for an increase in accuracy (92.7%) and re-
duction of false negative results (0.9%, 2/233) was obtained when pregnant animals were
considered if one of the four ISGs (1ISG15, OAS1, RSAD2, and IF144) were stimulated in
females with an active CL (> 25% blood perfusion) on D20. In conclusion, 1SG15 and
RSAD?2 were the most stimulated ISGs in PBMC and PMN, indicating that an association
between classic and non-classic 1ISGs can be used as an early tool to improve pregnancy

prediction at D20 in bovine females with active CL determined by US-Doppler.

Keywords: ISG, immune cells, interferon-t, uterine flush, pregnancy diagnosis.
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1. GENERAL INTRODUCTION

Brazil has the second-largest cattle herd in the world, totaling around 202 million
animals, representing 12.18% of the global herd (ABIEC, 2023). Although the Brazilian
beef industry is on the rise, the reproductive efficiency of herds is still low and deserves
attention. For example, the calving interval in Brazilian beef cattle operations is around
16.3 months, far from the ideal calving period of 12-13 months (BARUSELLI et al.,
2016). Therefore, developing and improving technologies that help increase the produc-
tivity of properties and optimize breeding systems and herd profitability are essential.

To achieve enhanced genetic and production gains, reproductive strategies must
prioritize improving service rates and reducing the interval between inseminations,
without compromising the viability of the already-established pregnancy (SA FILHO et
al., 2014). Based on this concept, protocols for resynchronizing ovulation in females who
did not become pregnant were developed. Thus, the success in reducing prolonged cal-
ving intervals is associated with an early pregnancy diagnosis combined with an efficient
resynchronization protocol. In this context, early detection of embryonic loss is essential
- which occurs between days 8 and 17 of pregnancy in 40% of cases (THATCHER et al.,
2001) - or early detection of conception failure.

Embryonic losses significantly affect reproductive efficiency and result from fai-
lure in maternal pregnancy recognition (MPR). MPR occurs between days 15 and 19 post-
ovulation in bovine females, through the release of the interferon-t (IFN-t), which is pro-
duced and secreted by the trophoblastic cells of the conceptus in the uterine environment,
which blocks the mechanisms involved in pulsatile secretion of prostaglandin F2 alpha
(PGF2,) by the endometrium (MARQUES et al., 2007). IFN-t increases on day 15, peaks
on day 20, and decreases to basal concentrations near day 25 (BAZER et al., 2009). In

addition, IFN-t acts on endometrial cells downregulating the estradiol (ER) and oxytocin
17
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(OXTR) receptors (SPENCER et al., 2007). As a consequence, the pulsatile release of
PGF2q, induced by the binding of oxytocin (OT) to its endometrial receptor, does not
occur, and the corpus luteum (CL) remains active producing high concentrations of pro-
gesterone (P4) to maintain pregnancy.

Among the pregnancy diagnosis methods applied to cattle, the most used techni-
que is B-mode ultrasonography between days 28 and 32 after timed artificial insemination
(TAI) (MARQUES et al, 2012; STEVENSON et al., 2003). However, this method makes
it impossible to identify non-pregnant cows immediately after MRP and before returning
to estrus (FORDE et al., 2011). Actually, other techniques have become available for the
diagnosis of pregnancy, one of which is the detection of structural luteolysis in non-preg-
nant females using Doppler ultrasonography (Doppler-US). The detection of structural
luteolysis has been used in beef cows between 20 and 22 days after TAI (PUGLIESI et
al., 2014) with accuracy and sensitivity exceeding 90%. However, this technique has a
limiting factor: the high number of false positives.

In the last years, advances have been achieved, generating the possibility of per-
forming an indirect pregnancy diagnosis through the expression of genes stimulated by
IFN-t (ISGs) on days 18 and 20 of pregnancy in peripheral blood immune cells. The most
traditional 1SGs used to detect pregnancy in immune cells are Ubiquitin-like Modifier 15
(ISG15), 2'-5'-Oligoadenylate Synthetase 1 (OAS1), MX dynamin as GTPase 1 (MX1),
and MX dynamin as GTPase 2 (MX2) (KIZAKI et al. al., 2013; PUGLIESI et al., 2014).
The increase of ISGs abundance in peripheral blood mononuclear cells (PBMC) has been
reported in ewes (ANTONIAZZI et al., 2013), dairy cows (SHIRASUNA et al., 2012,
FERRAZ et al., 2021), and beef cattle (PUGLIESI et al., 2014; DALMASO DE MELO

et al., 2020). The expression of ISGs follows the IFN-t release pattern, which may indi-
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cate pregnancy earlier than other conventional diagnostic methods. Furthermore, expres-
sion of classic 1ISGs has also been reported in peripheral blood polymorphonuclear cells
(PMN) in cattle (KIZAKI et al., 2013; TOJI et al., 2017; MELO et al., 2020), and there
is evidence that PMNSs are more sensitive to IFN-t stimulation than PBMCs (KIZAKI et
al., 2013).

The expression of classic ISGs in PBMC and PMN has been used in a few studies
for prospective diagnosis of pregnancy on the 20th day post-TAI in beef cows; however,
the maximum accuracy achieved was 87% (PUGLIESI et al., 2014; DALMASO de
MELDO et al., 2020). Thefore, in a previous study conducted by Rocha et al. (2020) using
RNA sequencing, novel early-pregnancy-induced genes were identified in PBMC (IFI6,
RSAD2, IFI144, IFITM2, CLEC3B, OAS2, TNFSF13B, DMKN and LGALS3BP) and
PMN (IF144, RSAD2, OAS2, LGALS3BP, IFI6 and C1R) on the 18th day after TAI.
These genes have the potential to be used as pregnancy biomarkers, offering an alterna-
tive for greater accuracy in the early diagnosis of pregnancy compared to the classic ISGs
already in used. Thus, a better understanding of the transcriptional stimulus of each bi-
omarker in immune system cells is a necessary aspect to be explored to deepen the selec-
tion criteria. Moreover, in the aforementioned study (Rocha et al., 2020), a limited sample
size was used (N=6 animals/group), and as pregnancy assessment is a binary test, a larger
number of animals must be explored to correctly select a pregnancy biomarker.

The herein study aims to determine novel pregnancy markers in peripheral blood
immune cells that can serve as a basis for developing and improvement of molecular
methods for pregnancy diagnosis in cattle. Our central hypothesis is that biomarkers in
peripheral blood, stimulated by the presence of the conceptus, may be detectable at the
early stages of pregnancy in circulating immune cells. This condition would enable the

development of a method for early pregnancy diagnosis in bovine females 20 days after
19



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

mating. To test our hypothesis, the specific objectives of the current study were: 1) char-
acterize the response magnitude of classic (ISG15) and non-classic (RSAD2 and 1F144)
ISGs; as well as pro- (/L1p) and anti-inflammatory (1L10) cytokines in PBMC and PMN
stimulated by IFN-t (Experiment 1) or uterine flush (UF) from pregnant cows (Experi-
ment 2); and 2) evaluate the accuracy of these recently identified biomarkers (RSAD2 and
IF144) as early pregnancy predictors in bovine females (Experiment 3).

This thesis is divided into two chapters. Chapter 1 reviews relevant topics related
to the experiments conducted in the subsequent chapter. Chapter 2 describes the magni-
tude of the transcriptional response of each ISG and cytokine due to challenge by direct
stimulation of IFN-t or UF in PBMC and PMN, using an in vitro study model consisting
of two experiments. Based on the results obtained in these studies, we conducted the third
experiment. In the third experiment, we tested the accuracy of 1ISGs expression in PMN
as early pregnancy predictors in a large number of animals. Chapter 2 was written in
accordance with the standards of the journal Biology of Reproduction, to which the man-
uscript will be submitted. The final considerations at the end of this thesis summarize the
most important findings of each experiment and discuss future perspectives for further
studies.

We believe that the present study introduces an innovative aspect as it corresponds
to the development of new techniques to diagnose pregnancy earlier than current meth-
ods, in addition to generating the possibility of identifying new molecular markers in
peripheral blood immune cells, in addition to classic ISGs. Such advances can directly

affect the efficiency of reproductive programs in cattle, especially those that use TAI.
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3.6 FINAL CONSIDERATIONS

The development of methods for early detection of pregnancy or embryonic/fetal
mortality can contribute to improving the efficiency of reproductive programs in cattle
worldwide. In this context, modulating the maternal immune system during early preg-
nancy has been reported as one of the main factors for gestational success and a signifi-
cant cause of embryonic loss.

In the first studies (Experiments 1 and 2) described in Chapter 2, we initially
sought to understand the response of immune cells from Bos taurus indicus heifers, stim-
ulated by treatments with exogenous IFN-t, or conditioned medium by the conceptus,
through an in vitro cell culture system. In this model, we identified that the presence of a
viable bovine conceptus modulates maternal immunological patterns in the uterus in favor
of a TH2 anti-inflammatory response, through the downregulation of the cytokine /L1p,
favoring the establishment of pregnancy. However, further studies are needed to elucidate
which molecules secreted or induced by the conceptus, in addition to IFN-t, may be in-
ducing these maternal immune responses. Furthermore, we also observed that both treat-
ments induced the expression of classic and novel ISGs, with ISG15 and RSAD2 being
the most stimulated genes in both cell types, indicating that these markers have the po-
tential to be evaluated for their accuracy as early pregnancy predictors on day 20 post-
TAI. These findings may influence the improvement of molecular-based tests using ISGs
to detect pregnancy in cattle, in addition to generating improvements in production sys-
tems, especially those that use fixed-time programs.

Although several reports describe a more pronounced response of PMNs to stim-
ulation with IFN-t, in the present study, we found no significant difference in the expres-
sion of ISGs between cell groups. Therefore, the response of PMNs was similar to that

described in PBMCs, leading us to believe that both groups of cells can be used with
83
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similar efficacy for the diagnosis of pregnancy. Therefore, based on the results obtained
in the in vitro studies, we conducted an accuracy experiment (Experiment 3) using only
PMN:Ss.

To better select circulating transcripts for use as potential markers, larger numbers
of animals under field conditions are necessary. For this reason, we conducted an in vivo
study, where we analyzed the accuracy of the 1ISGs selected in the Experiments 1 and 2,
as early pregnancy predictors in bovine females of different parity categories. Although
all ISGs evaluated were classified as accurate predictors of pregnancy on D20 post-TAl,
the use of these genes for pregnancy diagnosis still needs to overcome some barriers for
practical application in the area. Firstly, although the expression of ISGs when associated
with Doppler-US has generated satisfactory accuracy, the considerable number of false
positive results, and mainly false negatives, significantly reduces the precision of the
technique. Secondly, the technique for isolating immune cells and subsequent analysis of
transcripts by qPCR is expensive and time-consuming, which would not justify the choice
of this technique over others, using current methodologies. Furthermore, it is known that
there is a difference in the expression patterns of ISGs between younger animals (heifers)
compared to older (cows), making the use of this method even more limited.

Despite the obstacles raised, we believe that research using ISGs as pregnancy
markers should be encouraged, as these genes respond early to a direct stimulus from the
conceptus during early pregnancy. Furthermore, technology is constantly evolving, and
today more sensitive and faster techniques are available, such as gene expression analysis
by digital PCR, and more efficient forms of cell isolation. Moreover, the abundance of
ISGs in the whole blood fraction could be explored, as we conclude that the cellular frac-

tion does not affect the expression of these genes. This opens the way for the development
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1638  of rapid commercial Kits, as well as metabolite analysis techniques through metabolom-
1639 ics, which can facilitate the application of this technique in the field.
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