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Abstract

Background 
Human cytomegalovirus (HCMV) during pregnancy and poor immune control of HCMV are associated with adverse outcomes. Limited data exist on the prevalence, natural history, and risk factors of HCMV shedding and T-cell immune responses during pregnancy and postpartum in HCMV-seropositive women.
Methods  
Samples from 160 HCMV-seropositive women were collected at three timepoints during pregnancy and once postpartum. Shedding was determined by detecting HCMV DNA in saliva, urine, and vaginal secretions by quantitative PCR. HCMV-specific T-cell immune responses were determined by detecting interferon-gamma released in blood by QuantiFERON-CMV and T-SPOT.CMV assays. Information on demographics and contact with children’s bodily fluids was collected.
Results 
[bookmark: _Hlk127190844]The prevalence of HCMV shedding in HCMV-seropositive women in any bodily fluids was 18.8% [95% CI: 13.0-25.7%] during pregnancy and 21.3% [95% CI: 15.2-28.4%] including postpartum. Ethnicity [OR 0.2, 95% CI: 0.05-0.95, p=.043] and gravidity [OR 0.2, 95% CI: 0.05-0.94, p=.042] were associated with detection of shedding. Shedding quantity was associated with contact with children’s saliva [Incidence rate ratio 1.98, 95% CI: 1.69-2.33, p<.001]. The prevalence of T-cell immune responses was ≤75% and almost 100% using QuantiFERON-CMV and T-SPOT.CMV, respectively. T-cell immune responses did not correlate with shedding. 

Conclusions 
[bookmark: _Hlk128578612]Around 1 in 5 HCMV-seropositive women shed HCMV during pregnancy and postpartum. Ethnicity and gravidity are associated with shedding, but not T-cell immune responses, and the quantity of shedding is associated with contact with saliva. Further studies investigating HCMV shedding, immune responses and their risk factors in women during pregnancy and postpartum are warranted. 
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Non-standard abbreviations
AOR		adjusted odds ratio
cCMV		congenital cytomegalovirus
CI		confidence interval
ELISA 		enzyme-linked immunosorbent assay
ELISPOT	enzyme-linked immunospot
GCSE		General Certificate of Secondary Education
GW		gestational weeks
HCMV		human cytomegalovirus
IFN-γ		interferon gamma 
IGRA		interferon gamma release assay
IQR		interquartile range
AIRR		adjusted incidence rate ratio
LQ		lower quartile
LR		logistic regression
PCR		polymerase chain reaction
T		timepoint
UQ		upper quartile


Background
Congenital cytomegalovirus (cCMV) infection is the most common congenital infection worldwide1. Children with cCMV infection have life-long morbidity, including sensorineural hearing loss, neurodevelopmental disorders and visual impairment1-3. 
cCMV can occur following primary or non-primary HCMV infection in pregnancy4-6. Both primary and non-primary infections are associated with the excretion of HCMV in bodily fluids such as urogenital secretions, saliva and breastmilk7. The detection of HCMV DNA in these bodily fluids by polymerase chain reaction (PCR) is termed shedding1,7.
To date, research on the prevention of acquisition and vertical transmission of HCMV has focused on HCMV-seronegative women, as primary infection has a greater risk of transmitting HCMV to the foetus8-10. In addition, primary infection in pregnancy can be diagnosed using serology, and maternal HCMV-seropositivity is associated with a degree of protection against vertical transmission11,12. However, non-primary infection in HCMV-seropositive pregnant women is a significant cause of cCMV and results in the majority of cCMV cases globally11,13. Limited data exist on the prevalence, natural history, and risk factors of HCMV shedding during pregnancy and postpartum in HCMV-seropositive women. A greater understanding of HCMV shedding characteristics in these women is essential for the evaluation of preventative and therapeutic strategies, such as vaccine development and risk-reduction measures. 
Effective immune control of HCMV is crucial to prevent HCMV disease and may be important in controlling HCMV infection, shedding, and vertical transmission14-16. Whilst extensive studies have investigated host innate and adaptive (T- and B-cell) immune responses in primary infections in pregnant women, none have investigated HCMV-specific T-cell immune responses in non-primary infections in seropositive pregnant women using commercially available interferon gamma (IFN-γ) release assays (IGRA) such as QuantiFERON-CMV or T-SPOT.CMV14,17-21. Investigating the performance of these assays will not only improve the current understanding of T-cell functional control of HCMV during pregnancy, but also shed light on the potential utility of IFN-γ as a surrogate marker for maternal infection. 
	This study aimed to assess the prevalence, quantity and natural history of HCMV shedding and T-cell immune responses in HCMV-seropositive women during pregnancy and postpartum, as well as the risk factors for shedding.

Methods

Study design 
A single-centre longitudinal prospective cohort study entitled Cytomegalovirus Shedding Characteristics in Pregnant Women (cCHIPS) was conducted in an ethnically diverse population in London, United Kingdom (Clinicaltrials.gov identifier NCT04021628). Pregnant women attending their first antenatal appointment between March 2019 and December 2020 were approached for recruitment. Written informed consent was sought from those who met the study eligibility criteria: aged over 18 years, with sufficient understanding of English, living with at least one child aged less than four years, and with no immune deficiency. Women found to be HCMV-seropositive and with no serological evidence of acute infection (defined by detection of HCMV IgG and absence of HCMV IgM [Elecsys assays, Roche Diagnostics, US], and high HCMV IgG avidity [VIDAS, bioMerieux, France]) were recruited. The study was approved by the NHS Health Research Authority and London–Brent Research Ethics Committee (19/LO/0161).
Study visits occurred at three timepoints (T) during pregnancy (T1, 12-16 gestational weeks [GW]; T2, 17-26 GW; T3, 27 GW to pre-delivery) and at one timepoint during postpartum (T4, ≤6 weeks post-delivery). At each visit, self-sampling of saliva, mid-stream urine, and vaginal secretions using validated collection devices was performed22,23 (Supplementary Figure 1). Samples were transported at 15-25°C and stored at -80°C within 10 hours. A modified self-sampling instruction was provided during the COVID-19 pandemic, as study visits were not possible (Supplementary Figure 2). During this period, samples were stored in participants’ home freezers at -20°C immediately following collection. Venepuncture was performed at all visits when consent was given. Participants also completed a demographic questionnaire (at first visit) and a hygiene-related contact questionnaire at all visits (Supplementary Figure 3).

Quantitative PCR and T-cell response assays
Saliva, urine, and vaginal secretion samples were tested for HCMV DNA by quantitative PCR using the methodology and analysis described elsewhere24. The limit of detection for saliva, urine, and vaginal secretion samples was 200, 31, and 81 IU/ml, respectively. Blood samples were tested for IFN-γ released in plasma and culture media using a HCMV-specific QuantiFERON enzyme-linked immunosorbent assay (ELISA), QuantiFERON-CMV (QIAGEN GmbH, Germany)25, and a HCMV-specific enzyme-linked immunospot (ELISPOT) assay, T-SPOT.CMV (Oxford Immunotec, UK), respectively, as per the manufacturer’s protocol. The QuantiFERON-CMV assay consisted of a pool of HCMV-specific peptides which selectively stimulated CD8+ T-cells25. The T-SPOT.CMV assay consisted of separated HCMV-specific IE-1 and pp65 peptides which stimulated effector cells purported to be CD4+ and CD8+ T cells26. The QuantiFERON-CMV assay quantitatively measured IFN-γ as international units, with a cutoff value of 0.2 IU/ml for positivity25. The T-SPOT.CMV assay quantitatively measures IFN-y producing T-cells as spot-forming colonies produced per 250,000 peripheral blood mononuclear cells, where a greater number of spots indicated greater number of IFN-γ-producing cells, and the cutoff value for positivity was at least 1 spot count (either IE-1 or pp65)26.

Statistical analysis
The sample size for the study was calculated based on a published estimate of shedding prevalence of 32% of pregnant women27.  Assuming a population proportion of 30%, a sample size of 200 would have a 95% confidence level of 24-36%. Study data were collected and managed using Research Electronic Data Capture database28 hosted at St George’s, University of London. Descriptive statistics were generated on the number of women who were recruited and completed the study. 
The prevalence and quantity of HCMV shedding and T-cell immune responses were analysed using descriptive statistics. Prevalence was reported as frequency and percentage, with 95% confidence intervals (CIs) for percentages. The quantity of shedding and T-cell immune responses were summarised using the median, lower quartile (LQ), and upper quartile (UQ). Both variables were stratified by sample or assay type and timepoint. The agreement between the QuantiFERON-CMV and T-SPOT.CMV assays was analysed using descriptive statistics.
Demographic (age, ethnicity, gravidity, birth and duration of living in the UK, education level, number and age of children, and work with children) and four hygiene-related factors were evaluated as risk factors associated with HCMV shedding detection (detected/not detected HCMV DNA) in any sample types and timepoints using simple logistic regression models. The four hygiene-related factors were derived from the frequency of contact with children’s bodily fluids assessed in the hygiene-related contact questionnaire and extracted using principal component analysis that explores if the information it contains can be explained by fewer factors (Supplementary Figure 4). Differences in the four hygiene-related factors over time were assessed by one-way analysis of variance. To examine for risk factors associated with HCMV shedding prevalence, accounting for repeated measures by sample types and timepoints, mixed-effects logistic regression models were used, including a subject identifier variable as a random effect to account for within-subject correlations. 
	To analyse HCMV shedding quantity, mixed-effects zero-inflated negative binomial regression models were employed, with negative test results assigned a quantity of 0. This method accounted for overdispersion and excess zeros in the data. Covariates of interest were also assessed for their influence on shedding quantity. 
To evaluate variation in HCMV shedding prevalence and quantity across sample types and timepoints, univariate associations of sample type and timepoint with the dependent variables were initially tested using the described regression methods. Multivariable models were then fitted, simultaneously, including sample type and timepoint. Interaction terms between sample type and timepoint were explored to assess effect modification; however, these models failed to converge and were excluded from the final analysis. 
To assess the association of T-cell immune responses (quantitative results of QuantiFERON-CMV and T-SPOT.CMV assays) with HCMV shedding detection, accounting for repeated measures by timepoints, mixed-effects logistic regression was used. 
The mixed-model approach ensured that all collected data were utilised. Missing data were assumed to be missing at random. Risk factors with a univariate association at a significance level of <0.1 were included in multivariable models. A 5% significance level was applied for all other analyses. All regression models were implemented in RStudio, and additional analyses were conducted using IBM SPSS Statistics (version 29).

Results	
Study population
Of the 3339 pregnant women approached for this study, 804 (24.1%) were tested for their HCMV serostatus (Figure 1). Of the 436 seropositive women (seroprevalence 54.2%), 160 (36.7%) were recruited into the study. In total, 83.5% (1604/1920) of saliva, urine and vaginal secretion samples were available for PCR testing, and 1591 results were available for analysis (Supplementary Figure 5). 


Prevalence, quantity, and natural history of HCMV shedding 
The prevalence of HCMV shedding in any bodily fluids in HCMV-seropositive women was 18.8% [30/160, 95% CI: 13.5-25.5%] during pregnancy (T1-T3), and 21.3% [34/160, 95% CI: 15.6-28.2%] during both pregnancy and the postpartum period (T1-T4) (Table 1). The prevalence of shedding either once, at consecutive timepoints, or intermittently in one or more bodily fluid during pregnancy and/or postpartum was 13.8% [22/160, 95% CI: 9.3-19.9%], 6.3% [10/160, 95% CI: 3.4-11.1%], and 1.3% [2/160, 95% CI: 0.3-4.4%], respectively (Supplementary Figure 6). Twenty-three women shed in one bodily fluid only [14.4%, 95% CI: 9.8-20.7%], and 11 women shed in more than one bodily fluid [6.9%, 95% CI: 3.9-11.9%] (Supplementary Figure 6). 
At all timepoints, the odds of shedding in urine were nearly the same as the odds of shedding in vaginal secretions [OR 1.02, 95% CI: 0.53-1.93, p=.961] (Table 2). The odds of shedding in saliva was significantly lower than the odds of shedding in vaginal secretions [OR 0.09, 95% CI: 0.03–0.26, p<.001] (Table 2), and remained significantly lower after adjustment for timepoint [AOR 0.09, 95% CI: 0.03-0.26, p<.001] (Supplementary Figure 7). 
The quantity of shedding in urine was significantly lower [IRR 0.1, 95% CI: 0.05-0.28, p<.001] than in vaginal secretions (Table 3). The quantity of shedding in saliva was also lower than in vaginal secretions, though not statistically significant, despite a substantially higher and statistically significant odds of no shedding in saliva [OR 5.3, 95% CI: 2.31-12.10, p<.001] (Table 3). The associations remained unchanged after adjustment for timepoint (Table 3). 




	Site
	
	T1
	T2
	T3
	Any T1-3
	T4
	Any T1-4

	Vaginal secretions
	# shedding / n
	9/156
	10/142
	10/135
	22/160
	5/83
	24/160

	
	% shedding 
[95% CI]
	5.8%
[3.1%, 10.6%]
	7.0%
[3.9%, 12.5%]
	7.4%
[4.1%, 13.1%]
	13.8%
[9.3%, 19.9%]
	6.0%
[2.6%, 13.3%]
	15.0%
[10.3%, 21.4%]

	
	Quantity (IU/ml) 
Median (LQ, UQ)
	800
[199, 5450]
	189.5
[96, 1407.8]
	640.5
[202.8, 1550]
	
	260
[188, 460.5]
	

	Urine 
	# shedding / n
	9/155
	10/141
	9/136
	17/160
	7/111
	20/160

	
	% shedding 
[95% CI]
	5.8%
[3.1%, 10.7%]
	7.1%
[3.9%, 12.6%]
	6.6%
[3.5%, 12.1%]
	10.6%
[6.7%, 16.4%]
	6.3%
[3.1%, 12.5%]
	12.5%
[8.2%, 18.5%]

	
	Quantity (IU/ml) 
Median [LQ, UQ]
	31
[31, 67]
	119.5
[31, 733.25]
	31
[31, 131.5]
	
	31
[31, 389.5]
	

	Saliva
	# shedding / n
	3/155
	3/141
	2/134
	5/160
	0/102
	5/160

	
	% shedding
 [95% CI]
	1.9%
[0. 7%, 5.5%]
	2.1%
[0.7%, 6.1%]
	1.5%
[0.4%, 5.3%]
	3.1%
[1.4%, 7.1%]
	0.0%
[0.0%, 4.5%]
	3.1%
[1.4%, 7.1%]

	
	Quantity (IU/ml) 
Median [LQ, UQ]
	521 
[227, 689]
	693
[402, 768]
	586.5
[539, 634]
	
	
	

	Any
	# shedding / n
	14/154
	17/140
	15/133
	30/160
	7/72
	34/160

	
	% shedding 
[95% CI]
	9.1%
[5.5%, 14.7%]
	12.1%
[7.7%, 18.6%]
	11.3%
[7.0%, 17.8%]
	18.8%
[13.5%, 25.5%]
	9.7%
[4.8%, 18.7%]
	21.3%
[15.6%, 28.2%]



Table 1. Prevalence and quantity of HCMV shedding according to sample type and timepoint for all participants. 
Abbreviations: CI; confidence intervals; LQ, lower quartile; MSU, mid-stream urine; n, number of participants; T, timepoint; UQ, upper quartile; #, frequency.













	
	Univariate
	         Multivariable

	
	OR
	95% CI
	p-value
	AOR
	95% CI
	p-value

	Sample
	
	
	
	
	
	

	Type 
	Vaginal secretions
	ref
	
	
	ref
	
	

	
	Urine
	1.0
	0.53, 1.93
	0.961
	1.0
	0.53, 2.00
	0.940

	
	Saliva
	0.1
	0.03, 0.26
	<0.001
	0.1
	0.04, 0.30
	<0.001

	Timepoint
	1
	ref
	
	
	ref
	
	

	
	2
	1.2
	0.58, 2.57
	0.606
	1.2
	0.54, 2.84
	0.610

	
	3
	1.2
	0.53, 2.48
	0.721
	1.2
	0.49, 2.70
	0.748

	
	4
	1.0
	0.40, 2.48
	1.000
	1.0
	0.37, 2.78
	0.978

	Demographics
	
	
	
	
	
	
	

	Age (years)
	<30
	ref
	
	
	
	
	

	
	30-39
	1.3
	0.17, 9.94
	0.812
	
	
	

	
	>39
	3.1
	0.13, 70.6
	0.487
	
	
	

	Ethnicity
	White British
	ref
	
	
	ref
	
	

	
	White Other
	0.2
	0.05, 0.95 
	0.043
	0.3
	0.03, 1.86
	0.177

	
	South Asian
	0.3
	0.05, 1.89
	0.208
	0.3
	0.03, 3.11
	0.298

	
	Asian Other
	0.8
	0.08, 8.64
	0.868
	0.7
	0.04, 9.92
	0.765

	
	Black
	0.4
	0.03, 4.94
	0.442
	0.4
	0.02, 12.20
	0.617

	
	Mixed/Other
	0.0
	0.00, inf
	0.903
	0.0
	0.0, inf
	1.000

	Born in UK
	No
	ref
	
	
	
	
	

	
	Yes
	1.3
	0.36, 4.73
	0.693
	
	
	

	Duration in UK (years)
	<5 
	ref
	
	
	
	
	

	
	5-15 
	1.4
	0.12, 17.20
	0.785
	
	
	

	
	>15
	1.4
	0.13, 14.0
	0.792
	
	
	

	Highest education
	A-level/GCSE 
	ref
	
	
	
	
	

	
	Diploma
	4.0
	0.41, 38.40
	0.235
	
	
	

	
	1st degree
	2.0
	0.26, 15.40
	0.510
	
	
	

	
	PhD/Masters
	1.4
	0.17, 11.40
	0.756
	
	
	

	No. of pregnancies
	2
	ref
	
	
	ref
	
	

	
	3
	2.2
	0.55, 8.76
	0.267
	1.8
	0.37, 8.48
	0.471

	
	>3
	0.2
	0.03, 1.18
	0.073
	0.2
	0.01, 3.28
	0.243

	No. of children
	1
	ref
	
	
	
	
	

	
	2
	1.2
	0.20, 6.80
	0.873
	
	
	

	
	>2
	1.2
	0.07, 19.17
	0.908
	
	
	

	Children aged 1 year 
	No
	ref
	
	
	
	
	

	
	Yes
	0.7
	0.19, 2.92
	0.677
	
	
	

	Children aged 2 years
	No
	ref
	
	
	
	
	

	
	Yes
	2.3
	0.64, 8.14
	0.204
	
	
	

	Children aged 3 years
	No
	ref
	
	
	
	
	

	
	Yes
	0.4
	0.07, 2.25
	0.288
	
	
	

	Work regularly with children
	No
	ref
	
	
	
	
	

	
	Yes
	2.4
	0.47, 12.20
	0.293
	
	
	

	No. of households
	<=3
	ref
	
	
	
	
	

	
	>3
	0.9
	0.20, 3.70
	0.839
	
	
	

	Hygiene factors
	
	
	
	
	
	

	Washing hands with gel
	1.1
	0.63, 1.86
	0.766
	
	
	

	Saliva contact
	0.9
	0.45, 1.71
	0.700
	
	
	

	Washing hands with water only
	0.8
	0.44, 1.34
	0.353
	
	
	

	Washing hands with soap
	0.7
	0.30, 1.75
	0.480
	
	
	



Table 2: Associations of sample type, timepoint, and maternal risk factors with detection of HCMV shedding, univariate and multivariable mixed-effects logistic regression. Only risk factors with a univariate association at a significance level of <0.1 (ethnicity and no. of pregnancies) were included in the multivariable model.
Abbreviations: A-level, Advanced level; AOR, adjusted odds ratio; CI, confidence interval; GCSE, General Certificate of Secondary Education; HCMV, human cytomegalovirus; inf, infinity; OR, odds ratio; PhD, Doctor of Philosophy; ref, reference; UK; United Kingdom.






	
	Univariate
	
	Multivariable
	

	
	Zero inflated component
	Conditional component
	Zero inflated component
	Conditional component

	
	OR
	95% CI
	p
	IRR
	95% CI
	p
	AOR
	95% CI
	p
	AIRR
	95% CI
	p

	Sample
	
	
	
	
	
	
	
	
	
	
	
	

	Type
	Vaginal secretions
	ref
	
	
	ref
	
	
	ref
	
	
	ref
	
	

	
	Urine
	0.9
	0.48, 1.50
	0.567
	0.1
	0.05, 0.28
	<0.001
	0.8
	0.47, 1.49
	0.546
	0.1
	0.06, 0.30
	<0.001

	
	Saliva
	5.3
	2.31, 12.10
	<0.001
	0.4
	0.09, 1.66
	0.197
	5.4
	2.34, 12.20
	<0.001
	0.5
	0.10, 1.88
	0.272

	Timepoint
	1
	ref
	
	
	ref
	
	
	ref
	
	
	ref
	
	

	
	2
	0.8
	0.42, 1.62
	0.574
	0.9
	0.28, 2.70
	0.812
	0.9
	0.42, 1.71
	0.649
	1.6
	0.60, 6.18
	0.357

	
	3
	0.9
	0.43, 1.74
	0.681
	0.5
	0.15, 1.47
	0.197
	0.9
	0.43, 1.81
	0.724
	0.7
	0.24, 1.76
	0.399

	
	4
	1.1
	0.50, 2.51
	0.786
	0.1
	0.04, 0.57
	0.006
	1.3
	0.53, 2.89
	0.577
	0.5
	0.15, 1.70
	0.273

	Demographics
	
	
	
	
	
	
	
	
	
	
	
	
	

	Age (years)
	<30
	ref
	
	
	ref
	
	
	
	
	
	
	
	

	
	30-39
	1.2
	0.49, 3.07
	0.662
	1.2
	0.02, 68.91
	0.919
	
	
	
	
	
	

	
	>39
	3.0
	0.81, 10.89
	0.100
	6.4
	0.02, 2012.42
	0.529
	
	
	
	
	
	

	Ethnicity
	White British
	ref
	
	
	ref
	
	
	
	
	
	
	
	

	
	White Other
	3.7
	1.55, 8.85
	0.003
	1.0
	0.03, 29.51
	1.000
	
	
	
	
	
	

	
	South Asian
	1.2
	0.50, 2.89
	0.686
	0.4
	0.01, 28.55
	0.683
	
	
	
	
	
	

	
	Asian Other
	2.6
	0.85, 8.20
	0.093
	2.4
	0.02, 329.87
	0.721
	
	
	
	
	
	

	
	Black
	4.6
	0.98, 21.28
	0.053
	2.2
	0.01, 630.73
	0.781
	
	
	
	
	
	

	
	Mixed/Other
	0
	0.00, inf
	0.997
	0.0
	0.00, 183.35
	0.448
	
	
	
	
	
	

	Born in UK
	No
	ref
	
	
	ref
	
	
	
	
	
	
	
	

	
	Yes
	0.5
	0.32, 0.94
	0.030
	0.7
	0.06, 8.09
	0.749
	
	
	
	
	
	

	Duration in UK (years)
	<5 
	ref
	
	
	ref
	
	
	
	
	
	
	
	

	
	5-15 
	0.6
	0.18, 1.94
	0.384
	0.9
	0.01, 118.53
	0.969
	
	
	
	
	
	

	
	>15
	0.4
	0.14, 1.38
	0.160
	0.6
	0.01, 61.10
	0.840
	
	
	
	
	
	

	Highest education
	A-level/GCSE 
	ref
	
	
	ref
	
	
	
	
	
	
	
	

	
	Diploma
	0.2
	0.06, 0.60
	0.005
	0.6
	0.01, 57.32
	0.818
	
	
	
	
	
	

	
	1st degree
	0.3
	0.08, 0.83
	0.022
	0.4
	0.01, 31.92
	0.709
	
	
	
	
	
	

	
	PhD/Masters
	0.5
	0.14, 1.52
	0.205
	0.6
	0.01, 50.99
	0.837
	
	
	
	
	
	

	No. of pregnancies
	2
	ref
	
	
	ref
	
	
	
	
	
	
	
	

	
	3
	0.5
	0.30, 0.91
	0.021
	0.9
	0.06, 15.30
	0.967
	
	
	
	
	
	

	
	>3
	1.2
	0.31, 4.37
	0.829
	0.2
	0.00, 26.15
	0.513
	
	
	
	
	
	

	No. of children
	1
	ref
	
	
	ref
	
	
	
	
	
	
	
	

	
	2
	0.4
	0.21, 0.81
	0.010
	0.6
	0.02, 18.11
	0.784
	
	
	
	
	
	

	
	>2
	1.2
	0.33, 4.54
	0.773
	1.4
	0.01, 318.57
	0.907
	
	
	
	
	
	

	Children aged 1 year
	No
	ref
	
	
	ref
	
	
	
	
	
	
	
	

	
	Yes
	1.1
	0.60,1.84
	0.853
	1.0
	0.07, 13.48
	0.985
	
	
	
	
	
	

	Children aged 2 years
	No
	ref
	
	
	ref
	
	
	
	
	
	
	
	

	
	Yes
	1.3
	0.80, 2.26
	0.271
	2.5
	0.21, 30.77
	0.468
	
	
	
	
	
	

	Children aged 3 years
	No
	ref
	
	
	ref
	
	
	
	
	
	
	
	

	
	Yes
	0.4
	0.20, 0.94
	0.035
	0.2
	0.00, 9.37
	0.383
	
	
	
	
	
	

	Work regularly with children
	No
	ref
	
	
	ref
	
	
	
	
	
	
	
	

	
	Yes
	0.4
	0.25, 0.80
	0.007
	0.9
	0.04, 19.53
	0.928
	
	
	
	
	
	

	No. of household
	<=3
	ref
	
	
	ref
	
	
	
	
	
	
	
	

	
	>3
	1.6
	0.83, 2.94
	0.169
	1.5
	0.09, 24.58
	0.789
	
	
	
	
	
	

	Hygiene factors
	
	
	
	
	
	
	
	
	
	
	
	

	Washing hands with gel
	1.1
	0.83, 1.56
	0.416
	0.9
	0.27, 2.91
	0.850
	
	
	
	
	
	

	Saliva contact
	0.7
	0.73, 0.74
	0.000
	2.0
	1.69, 2.33
	0.000
	
	
	
	
	
	

	Washing hands with water only
	1.0
	0.71, 1.41
	0.995
	0.4
	0.12, 1.06
	0.064
	
	
	
	
	
	

	Washing hands with soap
	0.7
	NA
	NA
	2.1
	NA
	NA
	
	
	
	
	
	



Table 3. Associations of sample type, timepoint, and maternal risk factors with quantity of HCMV shedding; univariate and multivariable mixed-effects zero-inflated negative binomial regression.
Abbreviations: A-level, Advanced level; AIRR, adjusted incidence rate ratio; AOR, adjusted odds ratio; CI, confidence interval; GCSE, General Certificate of Secondary Education; HCMV, human cytomegalovirus; IRR, incidence rate ratio; NA, not applicable; inf, infinity; OR, odds ratio; p, p-value; PhD, Doctor of Philosophy; ref, reference; UK; United Kingdom.

Risk factors for HCMV shedding
A statistically significant difference in behaviour over time as derived from the hygiene-related contact questionnaire using principal component analysis was not observed (Table 4). 
Ethnicity was identified as a risk factor associated with detection of HCMV shedding across the timepoints using univariate mixed-effects model [White Other; OR 0.2, 95% CI: 0.05-0.95, p=.043] (Table 2). Number of pregnancies was identified as a risk factor associated with detection of shedding in any bodily fluids at any timepoint using simple logistic regression [>3; OR 0.2, 95% CI: 0.05-0.94, p=.042] (Table 5). The odds of shedding in saliva remained significantly lower compared with vaginal secretions after adjustment for timepoint, ethnicity, and number of pregnancies [AOR 0.11, 95% CI: 0.04-0.30, p<.001] (Table 2). Contact with children’s saliva was associated with quantity of shedding in bodily fluids [IRR 1.98, 95% CI: 1.69-2.33, p<.001] (Table 3). 


	Factor
	T1 (n=154)
	T2 (n=121)
	T3 (n=113)
	T4 (n=74)
	p-value

	Washing hands with gel
	2.0 (0.97)
1.0 – 5.0
	2.0 (0.92)
1.0 – 4.7
	1.9 (0.94)
1.0 – 5.0
	2.0 (0.88)
1.0 – 5.0
	0.899

	Saliva contact
	2.8 (0.84)
1.0 – 4.2
	2.7 (0.87)
1.0 – 4.2
	2.7 (0.89)
1.0 – 4.8
	2.5 (0.82)
1.0 – 4.6
	0.119

	Washing hands with water only
	2.1 (0.88)
1.0 – 5.0
	2.2 (0.88)
1.0 – 5.0
	2.2 (0.87)
1.0 – 5.0
	2.2 (0.85)
1.0 – 5.0
	0.912

	Washing hands with soap and water
	2.7 (0.54)
1.0 – 3.7
	2.6 (0.54)
1.0 – 3.7
	2.7 (0.55)
1.0 – 3.7
	2.7 (0.50)
1.3 – 3.7
	0.708



Table 4. Summary statistics of hygiene factors by timepoint; mean (SD), minimum - maximum values. A higher mean score indicated a greater frequency of such behaviour. 
Abbreviation: T, timepoint





	
	n (%)
	OR
	95% CI
	p-value

	Demographics

	[bookmark: _Hlk188193425]Age (years)
	<30
	20 (13%)
	ref
	
	

	
	30-39
	130 (81%)
	1.3
	0.37, 5.0
	0.652

	
	>39
	10 (6%)
	3.8
	0.65, 22.0
	0.139

	Ethnicity
	White British
	69 (43%)
	ref
	
	

	
	White Other
	39 (24%)
	0.5
	0.17, 1.32
	0.156

	
	South Asian
	23 (14%)
	0.3
	0.05, 1.17
	0.079

	
	Asian Other
	9 (6%)
	1.3
	0.30, 5.80
	0.717

	
	Black
	8 (5%)
	0.9
	0.16, 4.73
	0.879

	
	Mixed/Other
	12 (8%)
	0
	0
	0.999

	Born in UK
	No
	70 (44%)
	ref
	
	

	
	Yes
	90 (56%)
	1.0
	0.46, 2.18
	1.000

	Duration in UK (years)
	<5 
	14 (9%)
	ref
	
	

	
	5-15 
	44 (28%)
	1.8
	0.34, 9.23
	0.501

	
	>15
	102 (64%)
	1.5
	0.30, 7.07
	0.636

	Highest education
	A-level/GCSE
	23 (14%)
	ref
	
	

	
	Diploma
	28 (18%)
	2.2
	0.50, 9.81
	0.292

	
	1st degree
	59 (37%)
	1.7
	0.43, 6.69
	0.446

	
	PhD/Masters
	50 (31%)
	1.7
	0.41, 6.74
	0.474

	No. of pregnancies
	2
	88 (55%)
	ref
	
	

	
	3
	35 (22%)
	1.7
	0.69, 4.00
	0.254

	
	>3
	37 (23%)
	0.2
	0.05, 0.94
	0.042

	No.  of children
	1
	125 (78%)
	ref
	
	

	
	2
	26 (16%)
	1.0
	0.33, 2.77
	0.929

	
	>2
	9 (6%)
	1.1
	0.22, 5.84
	0.873

	Children aged 1 year 
	No
	104 (65%)
	ref
	
	

	
	Yes
	56 (35%)
	1.0
	0.43, 2.18
	0.934

	Children aged 2 years
	No
	88 (55%)
	ref
	
	

	
	Yes
	72 (45%)
	1.8
	0.81, 3.85
	0.156

	Children aged 3 years
	No
	128 (80%)
	ref
	
	

	
	Yes
	32 (20%)
	0.4
	0.10, 1.24
	0.105

	Work regularly with children
	No
	133 (83%)
	ref
	
	

	
	Yes
	27 (17%)
	1.5
	0.58, 3.97
	0.401

	No. of households
	<=3
	116 (73%)
	ref
	
	

	
	>3
	44 (28%)
	1.0
	0.44, 2.46
	0.929

	Hygiene factors

	Washing hands with gel
	154
	1.3
	0.90, 1.98
	0.145

	Saliva contact
	154
	0.7
	0.46, 1.19
	0.210

	Washing hands with water only
	154
	1.1
	0.69, 1.68
	0.740

	Washing hands with soap and water
	154
	1.8
	0.81, 3.84
	0.149


Table 5. Associations of risk factors with the presence of HCMV shedding in any sample over timepoint 1 to 4, univariate simple logistic regression.
Abbreviations: A-level, Advanced level; CI, confidence interval; GCSE, General Certificate of Secondary Education; HCMV, human cytomegalovirus; OR, odds ratio; p, p-value; PhD, Doctor of Philosophy; ref, reference; UK; United Kingdom.





T-cell immune responses 
Over the four timepoints, 55.6% (89/160) and 41.9% (67/160) of participants provided QuantiFERON-CMV and T-SPOT.CMV samples, respectively. Of the 89 participants who provided QuantiFERON-CMV samples, 28 provided one sample and 61 provided more than one sample (Supplementary Figure 8). For T-SPOT.CMV ELISPOT, 36 and 31 participants provided one and more than one sample, respectively (Supplementary Figure 9). 
The prevalence of T-cell immune responses as assessed by QuantiFERON-CMV was between 55.6% and 75.0% (Table 6), and 25% to 33.3% of participants did not have a detectable IFNγ response. Conversely, the prevalence of T-cell immune responses as assessed using the T-SPOT.CMV assay was approximately 100%. At each timepoint, the median quantity of IFNγ released in QuantiFERON-CMV was similar (range 2.1 to 3.0 IU/ml), and the median quantity of IFNγ released in T-SPOT.CMV was greater in culture media stimulated with pp65 antigen than with IE1 antigen.
Using QuantiFERON-CMV, T-cells immune responses for women who had more than one sample were mainly always positive or always negative (Supplementary Figure 8, qualitative results). For most women, the magnitude of quantitative IFNγ responses remained similar over time (Supplementary Figure 8, quantitative results). Neither qualitative (positive or negative) nor quantitative (low, medium, or high level) IFNγ responses appeared to consistently correlate with HCMV shedding or not shedding (Supplementary Figure 8, PCR data).
Using T-SPOT.CMV, T-cell immune responses were always positive for almost all women who had more than one sample (Supplementary Figure 9, qualitative results). Unlike QuantiFERON-CMV, a persistently negative T-cell immune response was not observed using the T-SPOT.CMV assay. Similar to QuantiFERON-CMV, the magnitude of IFNγ responses remained similar over time for most women, and neither qualitative nor quantitative IFNγ responses from either IE1 or pp65 appeared to consistently correlate with shedding or not shedding (Supplementary Figure 9). The median spot counts were always higher for pp65 than that for IE1.
While there was weak evidence that a lower pp65 count, as measured by T-SPOT.CMV, was associated with higher odds of shedding detection across all timepoints [OR 0.23, 95% CI: 0.05-1.23, p=.055], this was not statistically significant (Table 7). T-cell immune responses as measured by T-SPOT.CMV using IE1 and QuantiFERON-CMV were not associated with shedding detection.
The agreement between the QuantiFERON-CMV and T-SPOT.CMV for detecting T-cell immune responses during pregnancy and postpartum was 72.0% [77/107, 95% CI: 62.8-79.6] (Supplementary Figure 10). The agreement remained similar when results were stratified by shedding status (Supplementary Figure 11). 











	Assay
	
	T1
	T2
	T3
	T4

	QFN*
	# Positive / n
	50/72
	39/52
	31/43
	10/18

	
	% Positive [95% CI]
	69.4% [57.3%, 79.5%]
	75.0% [60.8%, 85.5%]
	72.1% [56.1%, 84.2%]
	55.6% [31.4%, 77.6%]

	
	Quantity (IU/ml)
Median [LQ, UQ]
	2.96
[0.75, 7.99]
	2.80
[0.68, 6.00]
	2.71
[0.89, 6.92]
	2.12
[1.17, 4.12]

	
	# Negative / n
	22/72
	13/52
	11/43
	6/18

	
	% Negative [95% CI]
	30.6% [20.5%, 42.7%]
	25.0% [14.5%, 39.2%]
	25.6% [14.0%, 41.5%]
	33.3% [14.4%, 58.9%]

	
	Quantity (IU/ml)
Median [LQ, UQ]
	0.03
[0.00, 0.09]
	0.03
[0.00, 0.07]
	0.06
[0.01, 0.11]
	0.01
[0.00, 0.02]

	T-SPOT
	
	
	
	
	

	Global
	# Positive / n
	49/49
	24/25
	25/26
	8/8

	
	% Positive [95% CI]
	100% [90.9%, 100%]
	96.0% [77.7%, 99.8%]
	96.2% [78.4%, 99.8%]
	100% [59.8%, 100%]

	IE1 Ag
	# Positive / n
	44/49
	22/25
	22/26
	7/8

	
	% Positive [95% CI]
	89.8% [77.0%, 96.2%]
	88.0% [67.7%, 96.9%]
	84.6% [64.3%, 95.0%]
	87.5% [46.7%, 99.3%]

	
	Quantity (SC)
Median [LQ, UQ]
	44
[11, 167]
	93
[28, 177]
	54
[16, 98]
	42
[36, 78]

	pp65 Ag
	# Positive / n
	49/49
	24/25
	25/26
	8/8

	
	% Positive [95% CI]
	100% [90.9%, 100%]
	96.0% [77.7%, 99.8%]
	96.2% [78.4%, 99.8%]
	100% [59.8%, 100%]

	
	Quantity (SC)
Median [LQ, UQ]
	149
[73, 260]
	135
[100, 199]
	146
[53, 243]
	93
[49, 137]



Table 6. Prevalence and quantity of HCMV-specific T-cell immune responses according to assay type and timepoint 
Abbreviations: CI, confidence interval; HCMV, human cytomegalovirus; IE1 Ag, intermediate-early 1 antigen; LQ, lower quartile; n, number of participants; pp65 Ag, phosphoprotein 65 antigen; QFN, QuantiFERON-CMV  ELISA; SC, spot count; T, timepoint; T-SPOT, T-SPOT.CMV ELISPOT; UQ, upper quartile. 
* One participant had an indeterminate result due to a low mitogen response (< 0.5 IU/ml) at T3 and T4. One participant had an indeterminate result due to a low mitogen response at T4.  




























	IGRA
	n, observations
	OR (95% CI)*
	p-value

	QuantiFERON-CMV
	88, 179
	1.01 (0.88, 1.16)
	0.918

	 T-SPOT.CMV: IE1
	66, 104
	1.00 (0.99, 1.01)
	0.866

	 T-SPOT.CMV: pp65
	66, 104
	0.23 (0.05, 1.03)
	0.055



Table 7. Association of HCMV-specific T-cell immune responses, as quantitatively measured by QuantiFERON-CMV and T-SPOT.CMV IGRAs, with HCMV shedding detection in any sample type, mixed-effects logistic regression. QuantiFERON-CMV measures IFN-γ as international units/ml. T-SPOT.CMV measures IFN-y producing T-cells as spot-forming colonies produced per 250,000 PBMCs according to two HCMV-specific antigens, pp65 and IE1, separately. HCMV shedding was detected using quantitative PCR in saliva, urine, and/or vaginal secretion samples.
Abbreviations: HCMV, human cytomegalovirus; IE1, intermediate-early 1 antigen; IGRA, interferon gamma release assay, n, number of samples, OR, odds ratio; p, p-value; PBMC, peripheral blood mononuclear cell; pp65, phosphoprotein 65 antigen.
*Variable standardised to improve model identifiability















Discussion
The prevalence of HCMV shedding in seropositive women during pregnancy and postpartum in this study was approximately 20%, similar to the results of our recent meta-analysis of HCMV shedding during pregnancy (22%)29. The maternal seroprevalence observed here (54%) was also consistent with a recently completed study in London30, and with a meta-analysis of seroprevalence in women of reproductive age in the United Kingdom31. 
Approximately 80% of HCMV-seropositive pregnant women in our study did not shed HCMV, marginally more than what was found in studies performed in Brazil (60%; seroprevalence 98%)27 and Italy (65%; seroprevalence 68%)32. For those that shed, approximately two-thirds of participants shed only once, and in only one bodily fluid. Like the Italian study32, our study found shedding prevalence to be highest in vaginal secretions and lowest in saliva, while the quantity of shedding did not significantly differ between these fluids. A change in shedding prevalence over time in any bodily fluids was not observed. It was noteworthy that the prevalence of shedding has also been reported to be higher in vaginal secretions than saliva or urine in postpartum and non-pregnant women in other studies33,34. In agreement with the Brazilian study27, shedding prevalence in our cohort did not vary during pregnancy, and was similar between vaginal secretions and urine. In contrast, the Brazilian group reported that shedding prevalence was highest in saliva. However, it is challenging to directly compare shedding prevalence between studies for several reasons. Firstly, because of the different populations and demographics27,32-36. Secondly, the hygiene practices and frequency of contact with children in these studies may be different. Thirdly, HCMV IgG avidity and IgM tests were not performed in some studies27,35 and therefore, the inclusion of seropositive women with a recent primary infection cannot be excluded12. Finally, variations in, and a lack of full reporting of, sampling and laboratory methods make comparison of studies problematic27,32-34,36. Our recent studies of HCMV DNA detection have demonstrated that the detection and recovery of HCMV DNA are dependent on fluid type, the use of validated collection devices and preservation media, plus the duration and temperature of storage22-24. As DNA degradation post-collection does occur22,23,37, it is imperative to utilise validated sampling, pre-analytical, and analytical methods in shedding studies. Therefore, it is possible that any differences in detection of HCMV DNA between studies was the direct result of how the samples were handled or that HCMV DNA has degraded before detection. 
[bookmark: _Hlk193652967]Consistent with the Italian cohort, we found that maternal age and close contact with children or children’s bodily fluids were not risk factors for shedding32, although we found that contact with children’s saliva, specifically, was associated with a higher quantity of shedding. This may reflect a higher HCMV DNA level in saliva compared with other fluids41,42. A Brazilian study found that exposure to children aged 3-6 years and household crowding were associated with shedding27. These different associations may reflect the different populations studied. That said, our observations indicate that ethnicity and gravidity are likely to be important risk factors in HCMV shedding. Inaccurate reporting of, and a change in, hygiene practice or behaviour during the pandemic may also have confounded our results38-40. 
The agreement between the QuantiFERON-CMV and T-SPOT.CMV for detecting T-cell immune responses during pregnancy and postpartum in HCMV-seropositive women was approximately 70%. To our knowledge, no other study has made this comparison. The prevalence and quantity of T-cell immune responses over time varied between assays. Overall, IFNγ responses did not appear to correlate with shedding, although there is relatively weak evidence of an association between a lower pp65 count and a higher odds of HCMV shedding. Studies with larger sample sizes should be undertaken to investigate this further. 
Additionally, further caution should be exercised when comparing IGRAs between different studies. Results of IGRAs are not interchangeable and should not be compared due to a lack of assay standardisation and methodological differences14-16,21,43-45. Importantly, a lack of IFNγ responses in IGRAs in HCMV-seropositive women is not uncommon and may be due to the use of synthetic peptides or uncommon HLA types not detected by the assays, plus the inherent heterogeneity of different individuals immune responses to HCMV43,45,46. These factors may contribute to the disagreement between QuantiFERON-CMV and T-SPOT.CMV results we found in our current study. 
The prevalence and natural history of HCMV shedding in HCMV-seropositive women determined in this study may contribute to the development of future disease burden models and therapeutic or preventative strategies against cCMV infection in the context of non-primary maternal infection. The inconsistent association between maternal risk factors and shedding found in our study and previous reports requires further evaluation and would benefit from larger studies and the addition of HCMV genomic sequencing to accurately determine the molecular basis of HCMV interaction with the host. Moreover, further work is required to investigate the utility of IGRAs for studying T-cell immune responses in HCMV-seropositive women. The findings from our current study highlights the need for future larger-scale trials from diverse populations to investigate the relationship between HCMV shedding, T-cell immune responses and their association with cCMV in HCMV-seropositive pregnant women. 
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Figure 1. Recruitment and follow-up in the cCHIPS study. 160 HCMV-seropositive pregnant women were recruited. The definition of completing a timepoint (T) was the collection of at least one sample of saliva, urine, or vaginal secretions. The definition of completing the study was completing T4. Of the 8 withdrawn after T1, 7 were lost to follow-up (1 prior to and 6 during the COVID-19 restrictions) and 1 completed T1 out of window during the COVID-19 restrictions. Of the 14 who did not complete T2, 1 missed the appointment, 4 had their T1 visit during the T2 window, and 9 declined to freeze their samples at home during the COVID-19 restrictions. Of the 9 withdrawn after T2, 7 were lost to follow-up (4 prior to and 3 during the COVID-19 restrictions) and 2 completed T3 out of window during the COVID-19 restrictions. Of the 7 who did not complete T3, 6 declined to freeze their samples at home during the COVID-19 restrictions and 1 gave birth during the T3 window. Of the 28 withdrawn after T3, 26 were lost to follow-up (6 prior to and 20 during the COVID-19 restrictions) and 2 completed T4 out of window.
