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Abstract

Objective: Seminal plasma cytokines are associated with fertility and reproductive
health, but progressing their clinical utility is hampered by absence of reference data
on concentration ranges of relevant cytokines in healthy men. We employed a sys-
tematic approach to assemble current evidence on the concentrations of immune
regulatory cytokines present in seminal plasma (SP) of normozoospermic and/or fer-
tile men and evaluated the impact of different platform methodologies for cytokine
quantification.

Evidence review: A systematic literature search was performed utilising PubMed,
Web of Science and Scopus. Databases were searched from inception until 30th
June 2022 inclusive, using combinations of keywords pertaining to seminal fluid
and cytokines, and was restricted to human participants. Original data with values
reported as concentration of specific cytokines in SP of men clearly defined as fertile
or normozoospermic were extracted from studies written in English.

Results: A total of 3769 publications were initially identified, of which 118 fulfilled the
eligibility criteria for inclusion. A total of 51 individual cytokines are detectable in SP of
healthy men. The number of studies reporting on each cytokine range from 1 to >20.
The reported concentrations for many cytokines linked with fertility status, including
IL6, CXCL8/IL8, and TNFA, are highly variable between published studies. This is asso-
ciated with the different immunoassay methodologies utilised and may be exacerbated
by a lack of validation of assays to ensure suitability for SP assessment. Due to the
large variation between studies, accurate reference ranges for healthy men cannot be
determined from the published data.

Conclusions: The concentrations of cytokines and chemokines detected in SP is
inconsistent and highly variable between studies and cohorts, limiting current capac-
ity to define reference ranges for cytokine concentrations in fertile men. The lack
of standardisation in methods used to process and store SP, and variation in plat-

forms used to evaluate cytokine abundance, are factors contributing to the observed
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men can be defined.

KEYWORDS

1 | INTRODUCTION

Assessment of male fertility potential is currently defined based on
parameters of semen quality including sperm concentration, motil-
ity, morphology, volume, pH and viscosity.! Sperm quality can vary
substantially between men and even within individuals because of
age, period of ejaculatory abstinence, diet and nutrition, microbiome
and infection, occupation and environmental exposures, as well as
genetics.23 Defining fertility based on sperm quality is problematic,
because having sperm parameters at or above arbitrary thresholds
does not guarantee capacity to achieve unassisted conception,® as
recognised in revised World Health Organization (WHO) guidelines for
the assessment of semen.! There is growing recognition that improved
prognostic value may be achieved when semen analysis results are
evaluated in conjunction with several additional parameters. Immune
regulatory cytokines in the seminal plasma (SP) fraction of the ejacu-
late are potentially informative additional biomarkers of male fertility,
but standardised protocols for their evaluation are not yet available.

Cytokines are a large and diverse family of small proteins secreted
by several cell types that have specific activity in immunomodulatory
and developmental processes, including cellular differentiation, acti-
vation, and migration. Seminal fluid (whole semen) contains a diverse
array of cytokines, chemokines, and growth factors, mostly in solu-
ble form in the SP fraction. Cytokines are central to regulation of
most reproductive tissues and processes, although understanding of
their functional significance in SP and relevance to male fertility and
fecundity is still evolving.

There is an extensive literature on the identification and quantifi-
cation of numerous cytokines and chemokines in SP. Many hundreds of
studies have investigated potential relationships between SP cytokines
and sperm parameters, genitourinary pathophysiology, and/or fertil-
ity and pregnancy outcomes. Most studies examine the relationship
between cytokine concentration in SP and parameters of sperm quality,

57-10 morphology,”® and

including sperm concentration,” 8 motility,
viscosity.!! The concentration and total abundance of cytokines within
ejaculates appears to be highly variable between men and can fluctuate
within individuals over time.1213 An increased abundance of certain
cytokines has been associated with the presence of high numbers of
leukocytes in the ejaculate, referred to as leukocytospermia, which may
indicate male genital tract infection with bacterial, viral, or parasitic
infections that increase the likelihood of infertility. Other cytokines
such as interleukin CXCL8/(IL)8 are associated with male genital tract

inflammation caused by either infection or sterile injury.8:14-26
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heterogeneity. To progress the clinical utility of SP cytokine analysis will require stan-

dardisation and validation of methodologies so that reference ranges for healthy fertile

chemokines, cytokines, male fertility, semen analysis, seminal plasma

Several SP cytokines have physiological roles in supporting sperm
function and fertilising capacity. Animal studies show that cytokines
in seminal fluid also promote reproductive success through eliciting an
immune response in the female reproductive tract after intromission.
Seminal plasma can substantially influence embryo development,
endometrial remodelling and the likelihood of successful implantation,
in turn affecting placental development and offspring health.27:28 |n
women, a beneficial effect of previous seminal fluid exposure on fertil-
ity and pregnancy outcome is reported.2?~3 Importantly, SP cytokines
can exert a pro-inflammatory or an anti-inflammatory effect, implying
the balance of immune regulatory factors within SP is important for
the strength and quality of the female immune response.

The most recent edition of the WHO guidelines proposes that anal-
ysis of specific cytokines in SP may be useful in diagnostic assessment
of male infertility, particularly inflammatory states of the male geni-
tal tract.! However, advancing the clinical application of SP cytokine
analysis in fertility assessment is hampered by the lack of stan-
dardized approaches to analysis. In particular, there is no consensus
definition of the normal ranges of these cytokines within normo-
zoospermic and proven fertile men, or understanding of relationships
with age, ethnicity, or other relevant factors. This lack of reference
intervals for SP cytokines limits investigation of their relationships
with sperm parameters, fertility, and other clinical factors and deter-
minants. We hypothesised that the considerable variation between
published studies in the reported concentrations and abundance of
individual cytokines may be because of differences in the technical
platforms used to quantify cytokine abundance, as well as variables
such as subject characteristics and methodology for SP preparation
and storage. Here, we survey the biomedical literature to synthesise a
current understanding of the range and variability in SP cytokine con-
centrations reported for normozoospermic and proven fertile men, and
to relate these to the platform technologies by which cytokines are
analysed. The outcomes will help inform development of consensus
approaches for future investigation of the clinical utility of SP cytokine
analysis.

2 | METHODS
2.1 | Information sources and search terms

A systematic search of scientific databases PubMed, Scopus and

Web of Science was performed to identify studies that quantified
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cytokines in SP. The search terms combined keywords pertaining to
semen including SP, seminal fluid, ejaculate, and semen, with cytokine-
associated keywords including interleukin, growth factor, cluster of
differentiation, defensin, cytokine, chemokine, monokine, lymphokine,
prostaglandin, interferon, tumour necrosis factor, and human leuko-
cyte antigen. Studies were restricted to those including human partic-
ipants by using search terms ‘human’, ‘men’, ‘donor’, ‘participant’ and
‘patient’. The full search strategy is provided in Table S1. Databases
were searched from publication dates spanning inception until the
30th of June 2022 inclusive to identify all relevant papers.

2.2 | Eligibility criteria

The literature search was limited to the English language and strictly
human subjects. Studies without original data, such as reviews, were
excluded, as were conference abstracts, theses/dissertations, opinion
pieces, and editorial letters. Studies that did not report the concen-
tration of SP cytokines were excluded, including any in which data
were presented in figures without clearly legible axes. Studies that
did not include discernible data sets from healthy men that were
normozoospermic and/or proven fertile, were excluded. Studies with
ambiguous cohort status, that did not report fertility status or pro-
vide details of semen analysis of participants, were excluded. Studies
that included men with chronic medical conditions, significant smok-
ing habits, or evidence of alcohol or drug abuse, leukocytospermia,
azoospermia (absence of spermatozoa in the ejaculate), astheno-
zoospermia (reduced sperm motility), vasectomy, recent history of
urogenital disease or sexually transmitted infections, or testicular dis-
eases such as varicocoele, hydrocele, and orchitis were all excluded,
unless data sets from men with these factors were clearly discernible
from data sets from unaffected healthy men, in which case only the
latter data sets were extracted.

Studies that did not evaluate SP but evaluated only whole semen
or spermatozoa-associated cytokines were excluded. In cases where
the investigated fraction of seminal fluid was potentially ambiguous
(e.g., when the term ‘seminal fluid’ was used rather than ‘SP’), the stud-
ies were included, after confirmation that seminal plasma was indeed

utilized.

2.3 | Study selection and data extraction

All articles were imported directly from databases to Endnote X9
software (Clarivate Analytics, Philadelphia USA). After removal of
duplicates [method described by Bramer et al. 2016],32 two reviewers
(H.E.L.and B. M. A)) independently screened the title, abstract and full
text of the papers. Queries about appropriateness of paper inclusion
were resolved in consultation with additional reviewers (S. A. R. and
D. J. S.). Two reviewers (H. E. L. and B. M. A) performed data extrac-
tion on included studies, extracting study demographics (authors, year
of publication, country, number and ages of participants) and outcome
data (SP cytokine concentrations, and methodologies). H. E. L. analysed
the extracted data and synthesised the results. A PRISMA flow diagram

WILEY- -2

outlining study selection, number of papers included within review,

numbers of papers excluded from review and reasons for exclusion
are included in Figure 1 (adapted from Moher et al. 2009).2° The data
extracted from these 118 studies are provided in Supporting Dataset
1 in Microsoft Excel (.xslx) format (Supporting_Dataset_1.xlsx: doi:10.
25909/22186528). When concentrations were reported in units other
than pg/mL or ng/mL, values were converted to these concentrations
using the molecular weights of 15.3 kDa for IL2, 55 kDa for sIL2R,
25 kDa for IFNG and 17 kDa for TNFA.

2.4 | Risk of bias in individual studies

In considering the risk of bias within individual studies we evaluated
the cohort sizes included in the studied populations, the methodol-
ogy that was used to prepare and store SP samples, the analytical
techniques utilised for cytokine quantification, as well as known
exposures and risk factors in studied populations (i.e., occupational,

environmental, medication use etc.).

2.5 | Synthesis of results

Seminal plasma factors were categorised as either cytokines or
chemokines, and then further into cytokine families including inter-
leukins (ILs), interferons (IFNs), tumour necrosis factors (TNFs),
transforming growth factor beta (TGFB) superfamily, colony stimu-
lating factors (CSFs), C-X-C chemokine ligands, and CC chemokine
ligands.

2.6 | Additional analysis

It was not possible to perform a meta-analysis because of heterogene-
ity of the data resulting from differences in the descriptive statistics
reported, the platform techniques used for cytokine quantification,
and demographic differences in the cohorts investigated. IBM SPSS
Statistics version 28.0 (IBM Corp., Armonk, NY, USA) for Windows was
used for performing mixed model analysis. A linear mixed model anal-
ysis was used to evaluate the relative effects of assay platform used,
fertility status (normozoospermic or fertile), SP storage conditions
(either < —70°C, > —70°C, or unspecified), and method of SP prepa-
ration (centrifugation at > 13,000 x g for at least 15 min, a different
method, or unspecified) on reported cytokine concentration. Where an
effect of assay platform was identified, pair-wise comparisons between
the different assay platforms was assessed and significant differences
noted. Linear mixed model analysis was performed only on cytokines
where the number of studies reporting on the concentration of the
specific cytokine of interest was greater than 5, because of there
being insufficient observations compared to the tested parameters.
Further, for mixed model analysis, where only two methodologies were
utilised to measure a cytokine, the criteria of there being at least two
studies using each methodology was employed. GraphPad Prism ver-
sion 9 for Windows (GraphPad Software, San Diego, California USA,

8518017 SUOWWOD 8AIEa.D 3(gedljdde ayy Aq pausenob ae saolie VO ‘85N JO S9INJ 10} A%iq1T8UIIUQ AB|IM UO (SUO1IPUOD-PUR-SUR)ALIO" A3 1M ARIq U1 |UO//SIY) SUOIPUOD Pue SWS 1 8} 88S *[£202/0T/ST] Uo AkiqiTauljuo A&[IM ‘luwn|y speppY Jo A1seAlN AQ ZyET IpUe/TTTT OT/I0p/U0o A3 (1M AeIq Ul |UO// Sy Woj pepeoumod ‘L ‘€202 ‘262,702


https://doi.org/10.25909/22186528
https://doi.org/10.25909/22186528

ZARWAT ANDROLOGY §

LYONSET AL.

Records identified through
database searching
(n=3769)

Identification

Title and abstract screening
(n=2101)

Screening

| Duplicates excluded (n=1668)

Full-text screening for eligibility
(n=524)

I Records excluded (n=1577)

Articles included after cross-

Eligibility

checking literature (n=1)

Records excluded with reasons
(n=407)
Not appropriate cohort (n=111)
Not tested in SP (n=11)
Concentration not reported appropriately

Studies included in qualitative
synthesis
(n=118)

Included

(n=70)

Irrelevant factors (n=130)
Inappropriate methodology (n=32)
Intervention of some form (n=7)
Same control cohort in papers (n=4)
Paper quality/publication type (n=42)

FIGURE 1 Preferred reporting items for systematic reviews and meta-analyses (PRISMA) flow diagram (adapted from Moher et al. 200933).

www.graphpad.com) was used to generate bubble plots and calcu-
late coefficients of variance. Datasets were tested for outliers using
the ROUT test (Q = 0.01%) and data with these identified outliers
removed was used to calculate a second coefficient of variance for each
reported cytokine. Variance was then categorised as being either low
(CV < 75%), moderate (CV > 75 and < 150%) or high (CV > 150%).
For all statistical tests, differences were considered significant when
p <0.05.

3 | RESULTS
3.1 | Study selection and characteristics

A total of 3769 references were retrieved (PubMed: 1302, Scopus:
1510, and Web of Science: 1510). After the removal of 1668 dupli-

cate articles, 2101 articles were eligible for title and abstract screening.
During this phase of screening, a further 1577 articles were excluded,
leaving 524 articles eligible for full-text screening. One additional
study was discovered in the reference lists of studies undergoing full-
text screening. Next, a further 407 articles were excluded for reasons
including inappropriate study cohorts or methodology, or cytokine
concentrations not being reported. In total, 118 studies were found
that fulfilled the inclusion criteria.

3.2 | Description of participants

A description of participant characteristics is provided in Supporting
Dataset 1. All men were aged between 18—66 years (with most study
cohorts within reproductive age (18-45 years)), with no reported sig-

nificant history of smoking, alcohol or drug use, with normal sperm
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parameters and/or proven fertility, and in good health with no chronic
disease, testicular disease, urogenital disease, or sexually transmitted
infections.

3.3 | Description of interventions

The studies included in this review were limited to those that included
defined data sets for normozoospermic and/or proven fertile men.
Where other participants were included as separate groups, data from
the other groups were not extracted. None of the men in any of the
included studies underwent any intervention. Many of the included
studies were in an assisted reproductive technology (ART) clinic set-
ting, wherein men were undergoing routine fertility assessment or
were fertile male partners of women experiencing infertility. Studies
utilising participants attending an ART clinic were included only when

semen analysis was reported and classified as normozoospermic.

3.4 | Outcomes

The systematic review identified 118 studies, published between 1993
and 30th June 2022 inclusive, that reported cytokine concentrations
in SP and fulfilled the inclusion criteria. All studies quantified the abun-
dance of one or usually several cytokines in SP. Data on a total of
51 different cytokines were reported. There was wide variation in
the identity of cytokines measured and reported in each study, and
consequently in the number of studies available for each cytokine
(Table 1).

Many studies assessed relationships between cytokine concentra-
tions and factors including fertility status, sperm parameters, reactive
oxygen species, disease status, infection (HIV, chronic prostatitis, uro-
genital infection), and/or lifestyle factors [body mass index, alcohol
intake, and smoking status], but it is beyond the scope of this review
to report those data in a systematic manner, other than to comment
on the potential physiological significance of each cytokine. There
were considerable differences between studies in terms of descrip-
tion of participant characteristics, methodology for SP preparation and

storage, as well as the platform for cytokine quantification.

341 | ILs

The interleukins are the largest of the cytokine families, compris-
ing more than 60 members that are widely expressed in many cell
types. They play key roles in immune regulation through pro- and
anti-inflammatory effects, and by supporting the proliferation and
differentiation of different leukocyte subsets. Interleukins can be cat-
egorized into two families: the interleukin 1 family, and the common
gamma chain family.

Interleukin 1 alpha (IL1A) is reported to be positively associated
with accessory sex gland infection?? and leukocytospermia,?%3 but
appears to be not different in men with prostatitis or HIV infection,3>:3¢

WILEY-

TABLE 1 Summary of the cytokines that were investigated,
number of studies, year of publication and total number of participants

Number Years of Total number
Factor of studies  publication of participants
Interleukins (ILs)
IL1A 6 1996-2021 272
IL1B 35 1994-2022 1366°
ILIRA 4 1996-2016 41
IL2 19 1993-2021 768
sIL2R 8 1994-2016 192
L4 17 1996-2021 635
IL5 9 2007-2020 580
IL6 64 1994-2022 2966"
IL7 5 2007-2020 304
IL9 1 2016 10
IL10 24 1996-2022 1186
IL11 5 1996-2011 110
IL12 17 1998-2022 885
IL13 8 2007-2020 614
IL15 1 2016 10
IL16 2 2016-2022 21
IL17 13 2007-2021 469
IL18 9 2006-2022 233
1L23 2 2011-2014 45
IL33 1 2021 11
IL37 1 2017 75
LIF 2 1996-2016 13

Transforming growth factor beta family (TGFB)

TGFB1 (bioactive) 11 1996-2021 3857
TGFB1 (total) 12 1996-2022 2377
TGFB2 (bioactive) 5 1996-2016 417
TGFB2 (total) 6 1996-2022 76"
TGFB3 (bioactive) S 2012-2016 357
TGFB3 (total) 5 2012-2022 61"
Activin A 4 1998-2016 67"
Inhibin B 1 1998 37
FST 2 2015-2016 15t
GDF-15 1 2010 19
Interferons (IFNs)
IFNA 3 1998-2021 146
IFNG 26 1996-2021 1120

Tumour necrosis factors (TNFs)

TNFA 41 1993-2021 2142
TNFB 2 1996-2016 13
TRAIL 3 2014-2016 60

(Continues)
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TABLE 1 (Continued)

Total number
of participants

Factor Number Years of
of studies  publication

Colony stimulating factors (CSFs)

CSF1 2 2002-2016 63
CSF2 8 1996-2020 4797
CSF3 9 2002-2020 563"
CC chemokine ligands (CCL)
CCL2 8 1995-2020 548
CCL3 S 1996-2016 95
CcCL4 6 2007-2020 539
CCL5 3 2000-2016 121
CCL7 1 2016 10
CCL11 2 2010-2016 26
CCL27 1 2016 10
C-X-C chemokine ligands (CXCL)
CXCL1 2 1995-2016 21
CXCL5 1 2017 60
CXCL6 1 2008 14
CXCL8 40 1993-2022 1501°
CXCL9 1 2008 14
CXCL10 1 2008 14
CXCL11 1 2008 14
CXCL12 2 2007-2016 69

"Studies represented as n = 1 because of pooling of SP samples from
multiple men.

or men with abnormal sperm parameters.2234 |L1A was evaluated
in SP of normozoospermic and/or fertile men in six eligible studies
published between 1996 and 2021,2234-38 with a combined total of
272 participants (Table 1). Five studies utilized ELISA methodology to
quantify IL1A and one study utilised a microbead assay. Low varia-
tion in IL1A levels between studies was observed (CV = 69%), with a
median (range) = 18.8 (6-50) pg/mL (Figure S1A, Table 2). There were
insufficient studies available for analysis of effects of assay platform.
Interleukin 1 beta (IL1B) is present at low to moderate levels
in SP and is reported to be elevated in men with accessory sex

39 leukocytospermia,’*3? varicocoele,*° chronic

gland infection,
prostatitis,?> spinal cord injury,*’ metabolic syndrome*? HIV
infection,®® and microbial infection®19141> including COVID-19
infection.? Some studies reported higher IL1B in SP of infer-
tile men,*344 but other studies showed no difference.101>45-51
IL1B concentration in SP of normozoospermic and/or fertile men
was reported in 35 eligible studies published between 1994 and
2022,8:10.14,1525.26,36,39-66 \yith a total of 1366 participants (Table 1),
using mainly ELISA (18 of 35 studies) and multiplex microbead assays
(14 of 35 studies). High variation in IL1B levels between studies was
observed (CV = 280%), with a median (range) = 2.3 (0.5-391) pg/mL
(Figure 2A, Table 2). Removal of outlier values reduced the variance

(CV = 213%), with a median (range) = 1.7 (0.5-27.5) pg/mL (Table 2).

LYONSET AL.

There was a significant effect of assay platform on reported IL1B
concentration (p < 0.001, Table 3). Pairwise comparison showed the
FlowCytomix platform returned higher values than other platforms
(p < 0.001), and the Luminex platform returned higher values than the
Bio-Plex 200 (p = 0.016) (Table 3).

Soluble interleukin 1 receptor antagonist (sILRA) is reported to be
increased in SP of men with leukocytospermia?? and HIV infection.3¢
Whether SP sIL1RA is altered in infertile men is unclear, with one
study reporting no association,?2 and another reporting increased
sIL1RA in astheno-, oligoastheno-, and oligoasthenozoospermic men
with genital infection.*> sIL1RA in SP of normozoospermic and/or fer-
tile men was investigated in four studies published between 1996 and
2016,2236:45.67 \with a total of 41 participants (Table 1). All studies had
participant numbers of 15 or less, and most (three of four studies)
utilised ELISA, except for one study using a microbead assay. Low vari-
ation in sIL1RA level between studies is observed (CV = 48%), with a
median (range) = 204 (120-349) pg/mL (Table 2). Insufficient studies
were available for analysis of effects of assay platform.

IL2 in SP is consistently elevated in individuals with evidence of
genital infection.1621.2368 Some studies report elevated IL2 in SP of
infertile men compared to men of proven fertility,2>4? while others
report no difference.23°170 |L2 concentration in SP has been investi-
gated in a total of 768 participants in 19 studies published between
1993 and 2021 (Table 1),16:21,23.34,36,37,49,51,55,56,58-60.66-71 Most stud-
ies used either ELISA-based technology (eight of 19 studies) or mul-
tiplex microbead-based assays (eight of 19 studies) for quantification.
Highvariationin IL2 levels between studies was observed (CV = 294%),
with a median (range) = 0.80 (0.02-3963) pg/mL (Figure 2A, Table 2).
Removal of outlier values reduced the variance (CV = 201%), with a
median (range) = 0.4 (0.02-34.3) pg/mL (Table 2).

Soluble interleukin 2 receptor (sIL2R) may be elevated in SP of
men with asthenozoospermia,’? but is not different in subfertile
men.>#37173 ] 2R in SP was investigated in 192 men in eight included
studies published between 1994 and 2016>353643.67.71-73 (Taple 1),
with ELISA being the most common method of analysis (six of eight
studies) (Figure S1C). Moderate variation in sIL2R levels between
studies was observed (CV = 101%), with a median (range) = 1549
(21.2-5956) pg/mL (Figure S2C, Table 2). There were insufficient
studies to analyse effects of assay platform.

IL4 in SP is reported to be inversely correlated with the presence of
anti-sperm antibodies>! and may be reduced in SP from men with bac-
terial infections?? but is not associated with fertility status.7475 |L4
concentration in SP of a total of 635 normozoospermic and/or proven
fertile men was investigated in 17 studies published between 1996 and
2021 (Table 1).5:21:34,36.49.51,55,58-60,65-68,74-76 There was a high level
of variance between reported IL4 concentrations (CV = 174%), with a
median (range) = 0.1 (0.08-18) pg/mL (Figure 2C, Table 2). There was
a significant effect of assay platform (p = 0.026), and pairwise com-
parison showed the Luminex platform returned higher values than the
Bio-Plex 200 and ELISA assay platforms (p = 0.003 and p = 0.021,
respectively) (Table 3).

IL5 is reported to be significantly increased in HIV-positive

36

men and decreased in men with oligo-, astheno- and
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TABLE 2 Analysis of degree of variance between studies for each cytokine, and the effect of assay platform

All Data Outliers Removed
Cytokine Units Mean + SEM Median (range) (a% Variance Mean + SEM Median (range) cVv Variance
IL1A pg/mL 224 + 6.3 18.8 (6-50) 69% Low N/A N/A N/A N/A
IL1B pg/mL 2452 + 11.7 .3(0.5-391) 280% High 10.6 + 2.3 1.7 (0.5-27.5) 213% High
ILIRA pg/mL 219 + 52.7 204 (120-349) 48% Low N/A N/A N/A N/A
IL2 pg/mL 397 + 255 .8 (0.02-3963) 294% High 52+ 25 0.4 (0.02-34.3) 201% High
sIL2R pg/mL 2175 + 831 1549 (21.2-5956) 101% Moderate N/A N/A N/A N/A
IL4 pg/mL 31+13 .1(0.08-18) 174% High 0.9 + 04 0.1(0.08-5) 173% High
IL5 pg/mL 358 + 3.5 33.2(16.5-57.1) 36% Low N/A N/A N/A N/A
IL6 pg/mL 214 + 23 15.9(0.7-118) 93% Moderate 17.7 + 14 15.0(0.7-60.2) 67% Low
IL7 pg/mL 649 + 46.8 610 (507-850) 20% Low N/A N/A N/A N/A
IL10 pg/mL 257 + 129 .6(0.1-357) 280% High 25+ 05 1.4(0.1-10) 105% Moderate
IL11 pg/mL 2025 + 1307 51.8(9-6472) 144% Moderate N/A N/A N/A N/A
IL12 pg/mL 10.9 + 4.9 3(0.1-90) 212% High 3EE1015 2.8(0.1-11) 78% Moderate
IL13 pg/mL 10.2 + 6.7 .4 (0.3-48.8) 307% High 0.4 + 0.02 0.4 (0.3-0.6) 21% Low
IL17 pg/mL 19.6 + 8.0 8(2.2-114) 158% High 8.6 + 1.7 7.5(2.2-26.8) 71% Low
1L18 pg/mL 198 + 48.8 170(2.2-456) 78% Moderate N/A N/A N/A N/A
TGFB1 (B) pg/mL 1773 + 774 1100 (200-9200) 145% Moderate 1030 + 241 850(200-2300) 74% Low
TGFB1(T) ng/mL 168 + 39 121(71-554) 80% Moderate N/A N/A N/A N/A
TGFB2 (B) pg/mL 175.6 + 53.3 220 (8-300) 125% Moderate N/A N/A N/A N/A
TGFB2(T) ng/mL 80+ 4.1 .9(1.3-28.2) 68% Low N/A N/A N/A N/A
TGFB3 (B) pg/mL 3133 + 800 3500 (1600-4300) 44% Low N/A N/A N/A N/A
TGFB3(T) ng/mL 119 + 242 104 (67.6-181) 45% Low N/A N/A N/A N/A
IFNG pg/mL 206 + 124 51.8 (0.7-3600) 330% High 464 + 6.0 49.1(0.7-110) 69% Low
TNFA pg/mL 111 + 76.6 .5(0.2-3480) 566% High 53+ 0.6 4.6(0.2-15.6) 67% Low
CSF2 pg/mL 234 + 67.9 191 (1.5-1009) 105% Moderate 202 + 5.5 193(187-230) 9% Low
CSF3 pg/mL 87.1 + 41 23.4(10.4-616) 182% High 338 + 7.7 19.1(10.4-100) 82% Moderate
CCL2 pg/mL 2056 + 471 1139 (737-6500) 82% Moderate N/A N/A N/A N/A
CCL4 pg/mL 50.6 + 5.6 50.9 (6.9-85.8) 37% Low N/A N/A N/A N/A
CXCL8 pg/mL 1001 + 194 600 (7.2-7670) 133% Moderate 776 + 107 575 (7.2-3000) 92% Moderate

Note: Coefficient of variation (CV) was calculated before and after outlier (OL) removal by ROUT test (Q = 0.1%). Variance was categorised as low (CV < 75%),
moderate (CV = 75%—150%), or high (CV > 150%). To calculate CV, a minimum of four studies for a given cytokine were required. N/A = not applicable as no

outliers were identified.

oligoasthenozoospermia.”® The abundance of IL5 in SP of 580
normozoospermic and/or proven fertile men was investigated in
nine studies published between 2007 and 2020, with all utilising
either Bio-Plex 200 (eight of nine studies) or Luminex microbead (of
9 studies) methodologies (Figure S1D).36:37:51,55,56,58-60.76 A |ow |evel
of variation was observed (CV = 36%), with median (range) = 33.2
(16.5-57.1) pg/mL (Table 2).

IL6 in SP has been studied extensively and shows strong potential
as a biomarker for genital tract inflammation and/or infection, and
disease. Many studies report elevated IL6 in SP from infertile men com-
pared to fertile men®6->277-82 and negative correlations between I1L6
and sperm quality parameters.>17:527582-84 However, several others
report no difference in sub-fertile men10:17:2343.45-47.50.85-89 and no

relationship with sperm parameters.22:39457885 |14 is also increased

in SP samples from men with accessory gland infection?23%:87.88

inflammation,10.15.23.75,82
15,81,8387

and/or genital infection and

leukocytospermia 14,17,19,22,39,68,79,83,90
11,24,91-93

varicocoele,

idiopathic testicular lesions,® recent COVID-
42,94

prostatitis,
19 infection,?® metabolic syndrome/obesity, and diabetes
mellitus.”> IL6 in SP is positively associated with the abundance
of leukocytes in semen.17:222439.7587 Sp |6 was investigated in
64 studies published between 1994 and 2022 and comprising a
total of 2966 normozoospermic and/or proven fertile men (Table
1).568,10,11,14,15,17,19,22-24,26,35-37,39,42.43 45-47,49-53,55-60,63-68,77-100

Several methodologies have been utilised including ELISA (36 of 64
studies), multiplex microbead-based assays (14 of 64 studies) and the
Immulite 2000 automated chemiluminescence immunoassay analyser

(seven of 64 studies) (Figure 2D). There was a moderate level of

8518017 SUOWWOD 8AIEa.D 3(gedljdde ayy Aq pausenob ae saolie VO ‘85N JO S9INJ 10} A%iq1T8UIIUQ AB|IM UO (SUO1IPUOD-PUR-SUR)ALIO" A3 1M ARIq U1 |UO//SIY) SUOIPUOD Pue SWS 1 8} 88S *[£202/0T/ST] Uo AkiqiTauljuo A&[IM ‘luwn|y speppY Jo A1seAlN AQ ZyET IpUe/TTTT OT/I0p/U0o A3 (1M AeIq Ul |UO// Sy Woj pepeoumod ‘L ‘€202 ‘262,702



20472927, 2023, 7, Downloaded from https://onlinelibrary.wiley.com/doi/10.1111/andr.13424 by University of Adelaide Alumni, Wiley Online Library on [15/10/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

LYONSET AL.

*(50°0 > d) swuojje|d Aesse usamiaq souadayyip JuediyIudis a3edipul s19339| 3d1idsiadns Jusiaiq 9|qe1d931ap 10N = N ‘Pa31edipul aJe wJojie|d Aesse yoes
10J N IS F ueawW pue ‘paulwialap a4om swioyle|d Aesse usamiaq suosiaedwod asimaled ‘palyiauapl aJam wJiojie|d Aesse Jo $329)J0 JuedlIuSIS UBYANA “So|dwes JO 93e.40]s J0 ‘UoI13e3N)1Iudd ‘Snjels AJ1|1349) JO $1094)9
ugisse A|gel|24 03 e3ep JUID1NSUL SEM 313y ] ‘Swidojie|d Aesse JuaJa41p Y3 03 PAUSISSE S3IPNIS OM] JO WNWIUIW B PUE ‘PaIINbaJ 943M SUIX03AD USAIS B 104 SIPN3S SAIJ JO WINWIUIW € ‘SISA|eUE [9pOoW paxiw a3e34apun
0] "UOI}BJIUIIUOD dUIX0IAD Ul dduelIeA uo sajdwes Jo a8eJ03s pue ‘uoireSniIudd ‘snjeys A}|I34a4 ‘waojjeld Aesse JO 10949 Y3 SUIWIISP 0} SBUINOIAD ||e U0} pawloglad Ssem sisAjeue [9pow paxiw Jeaul] 230N

>qe900T F 799 el TLF6EGT plTLF S8V 5185 FE0ve qSGCC F 8€E€ xlE€CFCLOT 1000=d 8T0XD

q8CE F98ST 0981 + 0v9% 1100=d Z12D

LS0T coFCYy €CTFSY LTy FESY G'8+8¢el 8CT +TvT SN V4ANL

anN oy 81y TLLFCET L6CFCEE SN ONA|

S6vF8¢CL eeSF Il SN €4SD

SE€LFSLT 1TC+9¢ SN ¢4SD

8YFTL6 €9, S6v F61 SN (1)79491

GT6FE9¢ 18¢ L9 8y + 09T SN 8Tl

6'S 069 4 TGTF¥eC Y FS01 SN LT

anN 10 anN qv’0F €T qS€0F9¢C e6'9T F9°6€ £000=d ¢Ll

L9TFTGE 698T F £LGEE SN T

aN STFST [ARR 7 CTETF¥ YT 7 TEF0€S SN ot

T69F LSS 8€T +089 SN 27

| A4 €8+¢gee 8€+9 G9C+GT9 8CFV0T €G+8Tl 6CTFIVL 9eF1'qC SN Al

anN ql’'6+50T 0TFCT eV CFGT 9z00=d 1l

£'C96€ anN 9.0 S/0T ¥'Z+8¢C €9 ¥ 589 SN i

aN q5'C8 ¥ 80¢ pe0CT FTCT pLLY F8LY poel VT pe0CT F0GT S0FLT poeVV’'€ FL'ET 1000>d artl

mojd VI xiwojhomol4 Sy nwwy vad peaqo.diN vsIn3 vsIi3 00¢ x3|d-o!g vsIn3 wiojzeld aupjolhd
|eJaie xaujwn_ aupjiuend xa|di3n| Aessy

SSUIX03AD SNOLIBA JO SUOIIRIIUSIUOD pajiodal a3 uo wJaojie|d Aesse Jo 10949 syl Jo sisAleuy € 3719V.L

ARV ANDROLOGY @



LYONSET AL.

(A) (B)
~ 10*71L1B - 1712
E o E]e
g 1024 2 1084
c \C/ 102_
2 1074 2 107+
© © | gy
= ¢ £ 1004
C C
8 100+ \ :-: "ﬂ. 8 1014
S NDA 5 ® o080
(&) ° O NDA
Year (1994-2022) Year (1993-2021) ———>
(©) (D)
~ 107114 ~10°7 L6
- -
E . E
g 10 7] g 102_
= c
D 00 e @ S
g S
c <
8 1014 e o @ 8
§ Np- 8
100
Year (1996-2021) ——» Year (1994-2022) ——»>
(E) (F)
1034 103+
g IL10 :ET IL12
 102- B 1024
S s O
S 1 S ...t . . ec0cecdal’ . .
§ 10 E 1004 =20 =
[~ _o. """ L S
§ 10° L] ¢ ’ g 10-1
S NDA 8§ ND-
Year (1996-2022) ————> Year (1998-2022) ———>
@ 3 Participants
103+
~ IL17 P
E <1 e 16 ‘ 250
g
= 1027 Methodology
e}
'*E _______________________________________________ ELISA @ Immulite System
€ 1049 e P Bio-Plex 200 System FlowCytomix Simplex
qé ® Multiplex ELISA @ Radioimmunoassay
8 Quantikine ELISA ’ Not Specified
100 @ Luminex Microbead Assay

Year (2007-2021) ———»

BD Cytometric Bead Array

FIGURE 2 Bubble plot graphs visually representing studies investigating the abundance of IL1B (A), IL2 (B), IL4 (C), IL6 (D), IL10 (E), IL12 (F)
and IL17 (G) in seminal plasma. Individual bubbles within the graph are representative of an individual study/cohort. Bubble size corresponds to
number of participants in the study and bubble color indicates the method employed to quantify individual cytokines. Bubbles are ordered along
the X-axis from earliest (left) to most recent year (right). Bubbles presented below the horizontal dotted line and ND (not detectable, on Y-axis) on
individual graphs depict studies reporting the individual cytokine as being undetectable in human seminal plasma. Dashed lines: BLACK = mean
concentration of individual cytokine with outliers included, and BLUE = mean concentration following removal of identified outlier(s).

variance (CV = 93%) in reported concentrations of IL6, with median
(range) = 15.9 (0.7-118) pg/mL. After removal of outliers the level of
variance was low (CV = 67%), with median (range) = 15.0 (0.7-60.2)
pg/mL (Table 2). There was no detectable effect of assay platform
(Table 3).

IL7 in SP appears not to be associated with fertility status,3”-¢°

reac-
tive oxygen species,®>>? or HIV infection.3¢ IL7 concentration in SP
of normozoospermic and/or proven fertile men was investigated in
5 studies published between 2007 and 2020, with 304 participants

(Table 1).36:37:5559.60 A|| studies utilised either multiplex microbead-
based assays or multiplex ELISA assays (Figure S1E). The level of
variance between studies was low (CV = 20%) in reported concen-
trations of IL7, and median (range) = 610 (507-850) pg/mL (Table 2).
There was no significant effect of assay platform on IL7 concentration
(Table 3).

The abundance of IL9 in SP was investigated in just
one eligible study published in 2016 and comprised of 10

individuals, with a reported median concentration of 367
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pg/mL and no association with HIV infection® (Figure S1F,
Table 1).
IL10 is reported to be reduced in SP from infertile men with sperm

defects,’®101 and men with current genital tract infection’® or chronic
bacterial prostatitis.!?% Other studies show IL10 is elevated in SP
from men with sperm abnormalities,2¢ men with leukocytospermia, 12
and men with recent COVID-19 infection,2¢ while others find no
association with sperm parameters or fertility status.”37¢103 |10
abundance in SP of normozoospermic and/or proven fertile men was
investigated in 1186 participants in 24 studies published between
1996 and 20221126,36,37,49,51,55,56,59,60,63,64,66,67,73,76,78,86,93,96,101-104
(Table 1). Several different methodologies were utilised, with ELISA (10
of 24 studies) and multiplex microbead assay (11 of 24 studies) most
common (Figure 2E). There was a high level of variance between stud-
ies (CV = 280%), with a median (range) = 1.6 (0.1-357) pg/mL. After
removal of outliers, the level of variance was moderate (CV = 105%),
with median (range) = 1.4 (0.1-10) pg/mL (Table 2). No effect of
methodology on reported IL10 concentration was detected (Table 3).

Despite IL11 being reported to be significantly higher in SP samples
from men with oligoasthenozoospermia and current infection,2® most
studies reported no differences between fertile men and men with
azoospermia, oligo-, astheno-, or oligoasthenozoospermia.8¢195 [L11in
SP of normozoospermic and/or proven fertile men was assessed in 110
participants in 5 studies published between 1996 and 2011 (Figure
S1G, Table 1).2367:86.96.105 Moderate variation in IL11 level between
studies was observed (CV = 144%), with median (range) = 51.8 (9-
6472) pg/mL (Table 2), with the three earliest studies reporting a mean
of <60 pg/mL, and two others reporting median concentrations of
3575 and 6472 pg/mL,8%% despite all using ELISAs from the same
manufacturer. There was no significant effect of assay platformonIL11
concentration (Table 3).

For IL12, many studies report no difference in SP concentra-
tion between fertile and sub-fertile men>1738696106 or men with
leukocytospermia.’%” Other studies however report lower IL12 con-
centrations in infertile men®%197 and infertile men with anti-sperm

antibodies, 06

compared to fertile individuals. IL12 in SP of normo-
zoospermic and/or proven fertile men was investigated in a total
of 885 participants in 17 studies published between 1998 and
20223749-5155-6063,66,6773,86.96,106107 (Taple 1). ELISA technology
from various manufacturers was used in six studies and multiplex
microbead assays in 10 studies (Figure 2F). High variation in SP IL12
concentration was reported between studies (CV = 212%), with a
median (range) = 3.0 (0.1-90) pg/mL. After removal of outliers variance
was moderate (CV = 78%), with a median (range) = 2.8 (0.1-11) pg/mL
(Table 2). A significant effect of assay platform on IL12 concentration
was observed (p = 0.007), with pairwise comparison identifying dif-
ferences between concentrations reported using ELISA assays and the
Bio-Plex 200 system and multiplex ELISA platforms (p = 0.010 and
p = 0.040 respectively) (Table 3).

Several studies have investigated IL13 in SP, but none found a rela-
tionship with fertility status or semen quality.”?¢° IL13 in SP of normo-
zoospermic and/or proven fertile men was assessed in 614 participants
in eight studies published between 2007 and 202036:37:49:55,56,59.60.76

LYONSET AL.

that all used the Bio-Plex 200 system (Figure S2A). A high level of
variation was observed between studies (CV = 307%), with median
(range) = 0.4 (0.3-48.8) pg/mL. Following removal of outliers, the vari-
ance was reduced to low (CV = 21%), with median (range) = 0.4
(0.3-0.6) pg/mL (Table 2).

IL15 was investigated in only one eligible study, published in 2016,
and comprising 10 participants, that utilised microbead analysis to
define its relationship with HIV infection.3¢ The authors reported IL15
as being elevated in the SP of men with HIV, with a median concentra-
tion in normozoospermic and/or proven fertile men of 75 pg/mL (Figure
S2B, Table 1).

IL16 in SP from proven fertile men was investigated in 21 partici-
pants in two studies, published in 2016 and 2022 (Table 1), with median
concentrations of 10.7 and 144 pg/mL reported®®%® (Table 1, Figure
S2C). Both studies used the same microbead-based assay platform for
IL16 quantification. IL16 concentration in SP was not associated with
either HIV infection®® or recurrent pregnancy loss.%3

IL17 is reported to be elevated in SP of infertile men,’>101.108
although another study found no difference in men with various sperm
abnormalities.’%? 1L17 is reported to be elevated in SP from men

109 chronic prostatitis, 2

with genital tract inflammation,’® varicocoele,
Hepatitis B1°8 and diabetes mellitus!1® compared to healthy normo-
zoospermic men. IL17 concentration in SP of normozoospermic and/or
proven fertile men was investigated in 469 participants in 13 stud-
ies published between 2007 and 20212>:36:37.59,60,64-67.75,101,108-110
(Table 1). Most studies employed either ELISA-based assays (six of
13 studies) or multiplex microbead assays (6 of 13 studies) for quan-
tification (Figure 2G). IL17A is the most investigated of the five IL17
subunits and is usually referred to simply as IL17, so it is likely that
this subunit was measured in most if not all these studies. There was
high variation in IL17 level between studies (CV = 158%), with median
(range) =8(2.2-114) pg/mL. After removal of outlier values, the degree
of variance was low (CV = 71%), with median (range) = 7.5 (2.2-26.8)
pg/mL (Table 2). There was no effect of assay platform on reported IL17
concentration (Table 3).

It is unclear whether IL18 in SP is associated with fertility status.
One study reported there being no difference in IL18 concentra-
tion between normozoospermic and sub-fertile men,** while another
reported SP IL18 as being elevated in infertile men,'%8 and a third
described a negative correlation between SP IL18 and sperm concen-
tration and motility.” In addition, IL18 is reported as being higher in
the SP of men with diabetes mellitus,1° genital tract infection,” Hep-

atitis B infection, 18 spinal cord injury*! and varicocoele, 1!

compared
to normozoospermic and fertile healthy men. IL18 concentration was
assessed in SP of 233 normozoospermic and/or proven fertile men in
9 studies published between 2006 and 20227:3¢:41:44,61,63,108,110,111
(Table 1). Most studies utilised ELISA platforms (six of nine studies)
or microbead assays (Figure S2D ). A moderate level of variation in
IL18 concentration was seen between studies (CV = 78%), median
(range) = 170 (2.2-456) pg/mL (Table 2). There was no effect of assay
platform on IL18 concentration (Table 3).

Some additional cytokines have been evaluated in only a small

number of studies. IL23 concentration is reported to be increased
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in infertile men with abnormal sperm parameters compared to nor-
mozoospermic and fertile men.”>89 1L23 was detected using ELISA
technology in two studies, published in 2011 and 2014, and compris-
ing 45 normozoospermic and fertile men (Table 1) at median and mean
concentration of 5.9 and 2.2 pg/mL, respectively’>€° (Figure S2E).
IL33 was reported to be undetectable by ELISA in SP from 11 men
in a single study published in 2021, including in men with varicocoele
and genital infections''2 (Figure S2F, Table 1). One study, published
in 2017, reported SP IL37 concentration to be significantly higher in
infertile men with varicocoele, compared to healthy fertile men.!11
IL37 was detected using ELISA technology in 75 fertile men at a mean
concentration of 109 pg/mL1! (Figure S2G, Table 1).

The concentration of leukemia inhibitory factor (LIF) in SP was
found to be no different between healthy fertile men and men with
HIV infection.3¢ Of the two studies to quantify LIF in SP, one (published
in 2016) used microbead-based technology while the other (published
in 1996) used an ELISA, with mean LIF concentrations of 1.3 and 115
pg/mL respectively, being reported®¢¢7 (Figure S2H).

3.4.2 | Transforming growth factor beta superfamily
members

In mammalian species, there are three TGFB isoforms, namely TGFB1,
TGFB2 and TGFBS, all of which are present in varying abundance in
human SP. All three isoforms of TGFB are produced in a latent, inac-
tive form as disulphide-linked dimers bound to a latency-associated
peptide, which s later cleaved to liberate active dimers capable of ligat-
ing to their cognate receptors and eliciting their biological function.13
This is also true of TGFB present in SP, where all three isoforms
exist predominantly in a latent form before becoming activated once
intromitted into the female reproductive tract at coitus.224115 This
is an important consideration when measuring TGFB in SP. Endoge-
nously active (bioactive) TGFB must be measured in untreated samples,
while to measure the ‘total’ amount (bioactive + acid activated) of
TGFB potentially available for release in SP, samples must be tran-
siently acidified to release active TGFB from its precursor prior to
assay.

TGFB1 has been identified as a key cytokine involved in mediating
the female immune response to seminal fluid.>3116.117 No difference
in the concentration of endogenously active and total TGFB1 in SP
has been reported between fertile and infertile men, or men with
leukocytospermia.*”:102118 The abundance of TGFB1 in SP of normo-
zoospermic and/or proven fertile men was investigated in 15 eligible
studies published between 1996 and 2022 (Table 1), with 3 quantify-
ing only endogenously active TGFB1,26°311? 4 quantifying only total
TGFB1 (following acid activation)®3120-122 and eight studies report-
ing both bioactive and total TGFB1 concentration.1237:47,67,102,116-118
Of the included studies, the most common method used for assess-
ing TGFB1 concentration was ELISA (14 of 15 studies). The reported
concentration of TGFB1 in SP is markedly higher following tran-
sient acidification, compared to untreated samples that quantified
bioactive TGFB1, with latent TGFB1 being reported as accounting

WILEY--2

for greater than 90% of the total TGFB1 in the ejaculate. Bioac-
tive TGFB1 has a moderate level of variation between studies
(CV = 145%), with a median (range) = 1100 (200-9200) pg/mL (Figure
S3A, Table 2). Total TGFB1 also had a moderate level of variation
between studies (CV = 80%), with a median (range) = 121 (71-
554) ng/mL (Figure 3A, Table 2). This may be because of differences

in the methodology employed to achieve acid activation of the SP
sample.
TGFB2 contributes to the immune-regulatory effects of SP in female

116117 \vith some evidence that SP of fer-

reproductive tract cells,
tile normozoospermic men contains less TGFB2 compared to SP of
men with reduced semen quality.'?! TGFB2 abundance was quanti-
fied in SP of normozoospermic and/or proven fertile men in seven
studies published between 1996 and 2022, with one study investi-
gating TGFB2 only in its bioactive form,>3 two studies investigating
only total TGFB2 after acid activation®3121 and four studies investi-
gating both active and total TGFB212¢67.116.117 (Taple 1). All included
studies had 25 or fewer participants, with all but one study employing
ELISA platforms to quantify TGFB2. Low between-study variation was
observed in the reported concentrations of endogenously active and
total TGFB2 across the studies (Figure 3B and Figure S3B). A moderate
level of variation in bioactive TGFB2 concentration (CV = 125%) was
reported, with a median (range) = 220 (8-300) pg/mL, while a low level
of variation was observed for total TGFB2 (CV = 68%), with median
(range) = 4.9 (1.3-28.2) ng/mL (Table 2).

TGFB3 also contributes to the immune-regulatory effects of SP
in female reproductive tract cells.}?¢117 TGFB3 concentration is
reported to be lower in SP from men with reduced semen quality, 2%
although there is high between-individual variation.'? TGFB3 abun-
dance in SP of normozoospermic and/or proven fertile men was
investigated in five studies published between 2012 and 2022, with
2 quantifying the endogenously active form,°3121 and three studies
quantifying both the active and latent forms 2116117 (Table 1). All stud-
ies except for one utilised ELISA-based assays (bioactive TGFB3: Figure
S3C; Total TGFB3: Figure 3C). Similar to TGFB1 and TGFB2, TGFB3
concentration was substantially greater following acid activation, with
a low level of variation between studies in the reported concentration
of both bioactive and total TGFB3 (CV = 44% and 45% respectively),
and median (range) = 3500 (1600-4300) pg/mL and 104 (67.6-181)
ng/mL, respectively (Table 2).

Activin A, inhibin B, follistatin (FST), and growth differentiation
factor 15 (GDF-15) are all members of the TGFB superfamily, with
established roles inimmune regulation. Current understanding of their
roles in SP is limited. The concentration of these factors was investi-
gated in only a small number of eligible studies (four studies published
between 1998 and 2016, one study published in 1998, two studies
published between 2015 and 2016, and one study published in 2010,
respectively [Table 1]) in SP of normozoospermic and/or proven fer-
tile men, and each of these studies had low participant numbers. There
was a high degree of conformity across the studies, potentially because
of use of similar ELISA platforms. The mean concentration of activin
A reported in the included studies ranged from undetectable up to

a mean concentration of 399 pg/mL, mean inhibin B concentration
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FIGURE 3 Bubble plot graphs visually representing studies investigating the abundance of total TGFB1 (A), total TGFB2 (B), total TGFB3 (C)
and Activin A (D) in seminal plasma. A detailed legend describing bubble plot size and color as well as annotations is provided within the figure and
figure legend text of Figure 2. Bubbles presented below the horizontal dotted line and ND (not detectable, on Y-axis) on individual graphs depict
studies reporting the individual cytokine as being undetectable in human seminal plasma. Dashed lines: BLACK = mean concentration of individual
cytokine with outliers included, and BLUE = mean concentration following removal of identified outlier(s).

was 1.4 ng/mL, while mean and median FST concentration was 46
and 70 ng/mL respectively, and median GDF-15 concentration was

1.8 ug/mL (Figure 3D and Figures S3D-F, respectively).

3.4.3 | Interferons

Understanding of interferon alpha (IFNA) actions in male reproduc-
tion is limited; however, a role in protecting the testes against viral
infection seems likely. IFNA is reported to be more abundant in SP of
men with recent COVID-19 infection compared to those without.2®
Furthermore, IFNA is reported to be substantially higher in men with
oligozoospermia compared to normozoospermic men, suggesting a
role in spermatogenesis.'?3 Three studies published between 1998
and 2021 and comprising 146 normozoospermic and/or proven fer-
tile men were included in the current analysis26:3¢.123 (Table 1) with a
large amount of between-study variation observed in reported IFNA
concentrations (Table 2). Two studies (one using an ELISA, one with
platform unspecified) reported mean IFNA concentrations in SP of
92.0 and 90.0 ng/mL,3¢123 while a third study using a microbead-
based assay reported a median concentration of just 243 pg/mL3¢
(Figure S4A).

Interferon gamma (IFNG) is a potent immunoregulatory cytokine
with established roles in both innate and adaptive immunity. IFNG

abundance in SP is highly variable between different studies, and fluc-

13,51

tuates within individuals over time. IFNG is usually undetectable

or present in low concentrations in the SP of fertile men but can

86

be substantially elevated in men with obstructive azoospermia®® or

leukocyospermia,® chronic prostatitis,?> inflammatory disease’®
recent COVID-19 infection.?% It has been reported that IFNG abun-

dance in SP is unchanged in men with HIV3® or in the presence

or

of genital tract infection.”Some studies report negative correlations
between SP IFNG abundance and indicators of sperm quality, includ-
ing total count, morphology and motility,°%124 but others contradict
this.>2123 There is evidence to suggest IFNG can suppress the female
immune response induced by SP,2° and this may be clinically impor-
tant as SP IFNG content is associated with idiopathic infertility in
some couples.®? A total of 26 studies, published between 1996 and
2021, have investigated IFNG in SP of 1120 normozoospermic and/or
proven fertile men?13.25.26,34,36,37,49,51,55 56 58-60,64-68,7576,86,96,123,124
(Table 1). Several different assay platforms and assay manufacturers
were utilised across the included studies, the most common before
2015 being ELISA (13 of 26 studies), with a shift toward microbead-
based platforms (11 of 26 studies) in recent years (Figure 4A). There
was a high level of variance in the reported concentrations of IFNG
between studies (CV = 330%), with median (range) = 51.8 (0.7-3600)
pg/mL. After removal of outliers the level of variance was reduced was
low (CV = 69%) with median (range) = 49.1 (0.7-110) pg/mL (Table 2).
There was no effect of assay platform on reported IFNG concentration
(Table 3).
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FIGURE 4 Bubble plot graphs visually representing studies investigating the abundance of IFNG (A), TNFA (B), TRAIL (C), CSF1 (D), CSF2 (E)
and CSF3 (F) in seminal plasma. A detailed legend describing bubble plot size and color as well as annotations is provided within the figure and
figure legend text of Figure 2. Bubbles presented below the horizontal dotted line and ND (not detectable, on Y-axis) on individual graphs depict
studies reporting the individual cytokine as being undetectable in human seminal plasma. Dashed lines: BLACK = mean concentration of individual
cytokine with outliers included, and BLUE = mean concentration following removal of identified outlier(s).

344 | TNFs

Tumor necrosis factor (TNFA, also known as TNF) is a pro-inflammatory
cytokine with established roles in immune regulation and inflamma-
tion. It is produced predominantly by macrophages and other
immune cell subsets in response to infection and other pro-
inflammatory stimuli. TNFA is reported to be elevated in SP of

men with obstructive azoospermia,3¢:101

and a negative correla-
tion between TNFA concentration and sperm motility has been
reported,”185126 although many other studies report no differ-
ence in SP TNFA concentration between fertile men and subfertile
men.8:10.14.15,4547.48,50,59.70,77.80.81 Mytiple studies have shown ele-
vated TNFA in SP of men with genitourinary infection or disease,
including men with leukocytospermia,®8:83.90.127 mjcrobial infection,

varicocoele,>83 chronic bacterial prostatitis,2>?3 HIV infection3¢

and recent COVID-19 infection,2¢ implying SP TNFA may indicate
underlying inflammation, infection, and genitourinary disease in
men. TNFA in SP of 2142 normozoospermic and/or proven fertile

men was investigated in 41 studies published between 1993 and
202181011,14,15,26,34,36,37,42,45,47-51,55,56,59,60,64-68,70,77,80,81,83,85,

86,90,93-96,98,101,126,127 (Taple 1). There was considerable variation in

the mean concentrations of SP TNFA, ranging from undetectable to
3480 pg/mL, although <50 pg/mL was most consistently reported.
Six different assay platforms from various manufacturers were used
to quantify TNFA, with the most common being ELISA (21 of 41
studies) and, from 2007 onward, microbead-based assays (13 of 41
studies) (Figure 4B). There was a high level of variance in the reported
concentrations of TNFA between studies (CV = 566%), with median
(range) = 5.5 (0.2-3480) pg/mL. After removal of outliers, variance

was reduced to a low level (CV = 67%), with median (range) = 4.6
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(0.2-15.6) pg/mL (Table 2). There was no effect of assay platform on
TNFA concentration (Table 3).

TNFB and TNF-related apoptosis-inducing ligand (TRAIL) in SP have
not been extensively studied. Elevated TRAIL in SP of infertile men
with varicocoele compared to SP of fertile men has been reported,12®
as well as in men exhibiting chronic inflammation of the genitourinary
tract,” but not in men infected with HIV.3¢ Only two studies (published
in 1996 and 2016) investigated TNFB in SP of normozoospermic and/or
proven fertile men, while three (published in 2014 and 2016) investi-
gated TRAIL. These studies had low participant numbers, with TNFB
and TRAIL measured in 13 and 60 men, respectively (Table 1). Large
differences were observed in the reported concentration of TNFB
between the two studies, with median values below the detectable
limit in one study but 54.5 pg/mL in the other3¢¢’ (Table 2). Large
variation was also observed for TRAIL, with a mean of 260 pg/mL in
one study and a median of 12616 pg/mL in the other. Both ELISA and
multiplex microbead assays were utilised to quantify TNFB and TRAIL
(Figure S4B and Figure 4C, respectively).

345 | CSFs

CSFs are a small family of signaling proteins with important roles in
immune modulation and tolerance. The abundance of CSF1, CSF2, and
CSF3 in human SP was investigated in a total of 12 studies, with two
studies investigating all three CSFs.

CSF1 (also known as macrophage CSF, M-CSF) in SP appears unre-
lated to sperm parameters and fertility status.®* Two studies, published
in 2002 and 2016, investigated CSF1 in SP of 63 normozoospermic
and/or proven fertile men343¢ (Table 1). The reported concentrations
of CSF1 were substantially different between the two studies (median
concentrations of 1680034 and 4110 pg/mL3®), likely because of low
sample size and use of different analytical platforms, with the ear-
lier study utilising ELISA and the latter a multiplex microbead assay
(Figure 4D).

CSF2 (also known as granulocyte-macrophage CSF, GM-CSF) in
SP is not associated with semen quality,°?¢° with oxidative stress or
metal exposure,®8¢0.104 or with HIV infection.3¢ Eight studies, pub-
lished between 1996 and 2020, investigated CSF2 concentrationin the
SP of normozoospermic and/or fertile men36:37:53.58-60.67.104 (Tap|e 1).
Earlier studies utilised ELISA before a shift to microbead-based assays
from 2007 onward (Figure 4E, Supporting Dataset 1). There was a
moderate level of variation in the reported level of CSF2 concentra-
tion (CV = 105%), with median (range) = 191 (1.5-1009) pg/mL. After
removal of outlier the level of variation was low (CV = 9%) with a
median (range) = 193 (187-230) pg/mL (Table 2). There was no effect
of assay platform on reported CSF2 concentration (Table 3).

CSF3 (also known as granulocyte G-CSF) is reported to be increased
in the SP of men with leukocytospermia®* but does not differ between
men with and without sperm abnormalities,>**” or HIV infection.3¢
CSF3 was investigated in nine included studies, published between
2002 and 2020, and reporting on a total of 563 normozoospermic
and/or proven fertile men3436:37.47,53,58-60,104 (Taple 1). The highest

abundance of CSF3 was detected using ELISA, and lower levels are

LYONSET AL.

reported in recent studies using microbead-based assays (Figure 4F).
More than half of the studies (six of nine studies) reported CSF3 con-
centration to be undetectable or <85 pg/mL. There was a high level of
variation between studies (CV = 182%), with median (range) = 23.4
(10.4-616) pg/mL. After removing outliers, variation was moderate
(CV = 82%), with median (range) = 19.1 (10.4-100) pg/mL (Table 2).
There was no effect of assay platform on CSF3 concentration (Table 3).

3.4.6 | Chemokines

Chemokines are potent chemoattractant cytokines, with important
roles in the immune system where they selectively attract, recruit, and
activate immune cells. The role of chemokines in SP is unclear, but it
is likely these factors influence the female immune response through
effects on both innate and adaptive immune cells. Chemokines are
separated into four different families depending on the position of
the cysteine residues (CXC, CX3C, CC and C), with the CXC and CC

chemokines comprising the largest families.

3.4.7 | CC chemokine ligand family

The CC chemokine ligand (CCL) family is comprised of 28 family mem-
bers, with seven family members investigated by studies included in
this review. CCLs are known to induce cell migration through the bind-
ing of CC chemokine receptors and are involved in the chemotaxis of
monocytes, DCs, natural killer cells, T cells, B cells, eosinophils and
basophils.

CCL2 (also known as monocyte chemoattractant protein-1/MCP-1)
is reported to be higher in SP of men with astheno- and oligoas-
thenozoospermia, compared to normozoospermic males®?; however
this is not a consistent finding.1?¢© CCL2 may be elevated in SP of
leukocytospermic men? but was not changed in men with HIV infec-
tion compared to uninfected men.3¢ Eight studies published between
1995 and 2020 have investigated CCL2 in SP of 548 normozoosper-
mic and/or proven fertile men1?:36:37.50.59.60.98,104 (Tap|e 1). All studies
reported CCL2 to be highly abundant (Figure 5A, Supporting Dataset
1). Six studies utilised a microbead based assay and Bio-Plex 200
system to quantify CCL2, and two studies used ELISA technology
(Supporting Dataset 1). The degree of variation between studies was
moderate (CV = 82%), with amedian (range) = 1139 (737-6500) pg/mL
(Table 2). Assay platform was identified as a determinant of variability
in CCL2 levels (p = 0.011), with higher levels detected by ELISA assay
compared to the Bio-Plex 200 platform (p = 0.011) (Table 3).

CCL3 (also known as macrophage inflammatory protein 1
alpha/MIP-1A) appears unchanged in men with HIV infection.3¢
CCL3 has been investigated in SP of 95 normozoospermic and/or
proven fertile men in three eligible studies, published between 1996
and 2016, using ELISA and microbead platforms3¢:37:67 (Table 1).
Low variation was observed in SP CCL3 concentration, with all three
studies reporting values below 40 pg/mL despite using different assay
platforms (Figure S5A).

CCL4 (also known as macrophage inflammatory protein 1B) has
been in investigated in proven fertile men®’ and in men with sperm
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FIGURE 5 Bubble plot graphs visually representing studies investigating the abundance of CCL2 (A), CCL4 (B), CCL5 (C) and CXCL8 (D) in
seminal plasma. The bubbles are ordered along the X-axis from earliest (left) to most recent year (right). A detailed legend describing bubble plot
size and color as well as annotations is provided within the figure and figure legend text of Figure 2. Bubbles presented below the horizontal dotted
line and ND (not detectable, on Y-axis) on individual graphs depict studies reporting the individual cytokine as being undetectable in human
seminal plasma. Dashed lines: BLACK = mean concentration of individual cytokine with outliers included, and BLUE = mean concentration

following removal of identified outlier(s).

abnormalities.’®>%60 One study reported higher abundance of CCL4
in men with oligo-, astheno- and oligoasthenozoospermia,”® yet two
other studies did not detect differences.”?¢? Another study found no
relationship between metal exposures and CCL4 in SP.104 A total of
six studies published between 2007 and 2020 examined CCL4 in SP of
normozoospermic and/or proven fertile men, with a combined total of
539 participants3¢:37:5059.60.104 (Taple 1). Of these, all but one utilised
the Bio-Plex 200 system to quantify CCL4 (Figure 5B). There was a low
degree of variation between studies in reported CCL4 concentration
(CV = 37%), with a median (range) = 50.9 (6.9-85.8) pg/mL (Table 2).
There were insufficient studies to analyse effect of assay platform.

CCL5 (also known as regulated on activation, normal T cell
expressed and secreted, RANTES) is significantly increased in the
SP of individuals with HIV infection, compared to uninfected men3¢
but reduced in SP from infertile men with high levels of anti-sperm
antibodies.’?? CCL5 was investigated in three studies, published
between 2000 and 2016, with a total of 121 participants using
ELISA and microbead platforms36:37:129 (Table 1). Despite the differ-
ent methodologies, little variation was observed, with median values
of 126, 146 and 177 pg/mL from the three studies (Figure 5C).

CCL7 (also known as macrophage chemotactic protein 3, MCP-3),
CCL11 (also known as eotaxin) and CCL27 (also known as cutaneous
T cell-attracting chemokine, CTACK) in SP were all assessed in one
small study published in 2016 and found to be present at low or mod-
erate levels and unchanged by HIV infection status.3¢ CCL11 was also

studied in a second small study published in 2010 comprising 16 nor-

mozoospermic men.”* Median values in SP of normozoospermic and/or
proven fertile men were 114 pg/mL, 9.7-75.4 pg/mL and 218 pg/mL,
for CCL7,CCL11 and CCL27 respectively (Figure S5B-D, respectively,
Table 1).

3.4.8 | Chemokine (C-X-C motif) ligand family

The C-X-C chemokine ligand family is comprised of 17 members, and
to date, eight of these have been shown to be present in SP includ-
ing CXCL1, CXCL5, CXCL6, CXCL8, CXCL9, CXCL10, CXCL11 and
CXCL12. Other than CXCLS, the role(s) played by these chemokines in
SP remain largely unknown.

CXCL1 (growth-regulated alpha protein/GRO alpha) is reported to
be higher in SP of men with leukocytospermia, compared to normal
fertile men as well as infertile men without leukocytospermial®® but
was unchanged in men with HIV.3¢ CXCL1 was investigated in 21
normozoospermic and/or proven fertile men in two included stud-
ies, published in 1995 and 2016, using ELISA and microbead assay
platforms3¢:193 (Table 1). One study reported a median CXCL1 concen-
tration of 2840 pg/mL, and the other reported a median concentration
of 2669 pg/mL (Figure S6A).

CXCL5 and CXCL6 were each investigated in one study, published
in 2017 and 2008,%0130 and with participant numbers of 60 and 14
respectively. The mean concentration of CXCL5 in fertile men was

reported to be 248 pg/mL, with higher concentrations in the SP of
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men with varicocoele-induced infertility.*® The sole study investigating

CXCL6 in SP of fertile men reported a mean (range) concentration of
19 (5-47) nM (converted concentration: 5480 [1400-13,600] pg/mL)
(Figure S6B,C).

CXCLS8 (also known as IL8) has been extensively investigated for its
association with male reproductive tract infection and leukocytosper-
mia. A number of studies report that CXCL8 in SP is higher in men with

23,86 and

reduced sperm quality, including those with asthenospermia,
oligoasthenospermia®®8° but not all studies report data consistent
with this finding.20-2259.0.131 There is evidence that CXCL8 is linked
with male reproductive infection,813-23
COVID-19 infection?® and men with chronic prostatitis.2*2> The

abundance of CXCL8 in SP was investigated in a total of 1501 normo-

including men with recent

zoospermic and/or proven fertile men in 40 studies published between
1993 and  2022813-26,34,36,37,42,47,49,51,53,55-60,63-67,80,81,86,96,131
(Table 1). Five different methodologies were employed to measure
CXCL8 concentration in SP, from diverse manufacturers. The most
common platform was ELISA (23 of 40 studies), before a shift toward
microbead-based technology (14 of 40 studies) from 2009 onward
(Figure 5D). There was a moderate level of variation between studies
in the reported concentrations of CXCL8 (CV = 133%), with median
(range) = 600 (7.2-7670) pg/mL. After outlier removal the level of
variation was still moderate (CV = 92%), with median (range) = 575
(7.2-3000) pg/mL (Table 2). There was a significant effect of assay plat-
form on CXCL8 concentrations (p = 0.001), with pairwise comparisons
indicating significant differences in values returned by several of the
different platforms, and notable Luminex microbeads returning higher
levels than all other platforms (p < 0.020) and a trending difference
with the Quantikine ELISA platform (p < 0.054) (Table 3).

The concentrations of CXCL9, CXCL10 and CXCL11in SP were each
measured by ELISA in a single study of 14 participants, published in
2008.132 CXCL9 was the most abundant of the three with a mean
(range) concentration of 25 (8.1-40.6) nM (converted concentration:
7210.5 [2336.2-11709.9] pg/mL), while CXCL10 was present at 1.8
(0.3-5.8) nM (converted concentration: 519.2 [86.5-1672.8] pg/mL)
and CXCL11 at 0.6 (0.2-1.6) nM (converted concentration: 173.1
[57.7-461.5] pg/mL) (Figure S6D-F, respectively). Further, the authors
reported CXCL9 to be reduced in men with history of vasectomy noting
this was not the case for CXCL10 or CXCL11.

CXCL12 was investigated in two studies published in 2007 and
2016,3537 in a total of 69 normozoospermic and/or proven fertile men.
There was a substantial difference in the median concentration of 803
pg/mL reported using ELISA in one study,3¢ compared to 5742 pg/mL

using microbead-based analysis in the other®” (Figure S6G).

4 | DISCUSSION
41 | Summary of evidence
Human SP contains a diverse array of cytokines that have known

immune-regulatory functions and potential to influence fertility and

reproductive success in a range of ways. We extracted data from 118

LYONSET AL.

published research articles that utilised various immunoassay tech-
niques to quantify cytokines in SP of healthy normozoospermic and
proven fertile men. Altered levels of many of these factors have been
associated with reduced sperm quality, fertility status and/or various
exposures or conditions of the male urogenital tract (summarised in
Table S2 and S3). This points to the likely clinical utility of measuring
SP cytokines as indicators of reproductive health and fertility status.
However, the potential of SP cytokines as diagnostic markers cannot
be realised until normal ranges for their concentrations in healthy men

are defined.

4.2 | Major findings

In the 118 eligible studies included in this review, a total of 51 indi-
vidual cytokines were reported as being detectable in SP of healthy
men. There is large variation between studies in the values obtained for
individual cytokine levels. This variation is higher for some cytokines
than others, including several that have strong potential for clinical
utility. Cytokines IL1B, IL2, IL10, IL13, TNFA and IFNG showed the
highest degree of between-study variation. The low number of stud-
ies examining these factors is likely to a contributing factor to their
high variation but was not the sole factor. Even factors such as IL6,
TNF and CXCL8 that have each been measured in 20 or more studies
showed more than a 100-fold difference in the mean or median values
from the highest to lowest reported data sets. Variation between stud-
ies may in part reflect population factors that contribute to biological
variation in cytokine synthesis and differ between study cohorts. Nev-
ertheless, the high degree of variance seen is more than can reasonably
be accounted for by age, racial, lifestyle and socio-economic factors,
or differences in study participant numbers, or inclusion and exclusion
criteria.

Mixed model analysis showed that technical factors are a driver
of the high variation seen in several SP cytokines. In particular, the
assay platform technology was shown to be a major contributing factor.
Other technical factors including insufficient assay validation, and vari-
ation in protocols for sample collection, processing, and storage, are
also likely to contribute. Each of these technical factors are considered

in more detail below.

4.3 | Technical factors contributing to variation in
cytokine measurement in SP

Appropriate validation of cytokine assay platforms is a challenge
for biological fluids such as SP that constitute complex matrices for
immunoassays. ELISA, microbead assays and older RIA all involve
immunoglobulin-ligand binding, which is highly responsive to the bio-
chemical features of the biological fluid being analysed, in ways that
can impair or promote antibody-ligand interactions, causing readings
to be artificially elevated or reduced. With the lack of standard-
ised approaches to measuring cytokines and chemokines in SP and

the diverse range of assay platforms available to investigators, it is
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unsurprising that the reported concentrations for specific analytes
vary greatly between studies. There are many technical factors that
have potential to contribute to this variation. They can be broadly clas-
sified into two main categories: sample processing and storage, and
assay selection and validation.

The first consideration is collection protocol and sample prepara-
tion. The WHO VI guidelines recommend that all semen samples are
collected according to a standardized protocol including ensuring men
adhere to the requisite 2-7 days of ejaculatory abstinence prior to
producing a sample.! An important consideration is ensuring ejacu-
late volume is precisely measured, thereby enabling researchers to
report confidently on both the concentration and total ejaculate con-
tent of their analyte of interest. The WHO VI guidelines recommend
SP should be prepared from whole semen by vigorous centrifuga-
tion (10-15 min at 3000 x g) to remove as much particulate matter
as possible and stored at —20°C until analysis. This is important in
cytokine analysis as the presence of any residual spermatozoa or
cellular debris can cause interference and severely affect assay perfor-
mance. Sample storage is also a source of variation between studies.
In our experience (Sharkey et al., unpublished data), cytokine recovery
is maximised when SP is stored in multiple small aliquots at —80°C,
and repeated freeze thaw cycles are avoided, as this causes loss of
protein structural integrity. Many cytokines are highly labile and stor-
age of samples under suboptimal conditions, for example at —20°C
for extended periods, repeated freezing and thawing, or holding at
room temperature or 4°C for more than a short period prior to assay,
can result in endogenous proteolytic activity and cause cytokine pro-
teins to denature, such that reduced amounts will be detected in
immunoassays. Addition of protease inhibitors may inhibit loss to some
degree.

The quality and nature of the assay platform employed, together
with their inherent differences in assay sensitivity and specificity, is
the second major challenge. Most assays utilised in the 118 publica-
tions included in this analysis were ELISA, microbead, or (in some older
studies) RIA assays. For each of these immunoassay systems, several
criteria must be met to ensure that the results are accurate, reliable
and reproducible. Many commercial assays may have been validated
by the supplier or ‘in-house’ for the quantification of specific proteins
in serum, plasma, urine, saliva or cell culture supernatants. Neverthe-
less, it cannot be assumed they will perform comparably when used
to detect cytokines in SP, a viscous biological sample with complex
matrices. Whenever assay platforms are first applied to SP, appro-
priate assay evaluation and validation must first be performed. In
broad terms, matrix effects would be expected to be stronger when
SP is less diluted, and so would pose a greater problem in assays for
cytokines present in low levels (necessitating less diluted samples),
and for assays where detection thresholds are higher. From this per-
spective, microbead-based assays offer benefits as they generally have
lower detection limits (enabling higher dilution of sample), as well as
requiring lower sample volume.

Characteristics such as specificity, sensitivity and cross-reactivity

are important considerations for assay selection, and it is important to
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understand the limitations of the chosen assay platform. For example,
immunoassays are susceptible to interference from both exogenous
and endogenous factors, 33 resulting in the inaccurate reporting of the
concentration of a specific protein’s concentration in a specific bio-
logical fluid. Interference of this nature (often referred to as a ‘matrix
effect’) is most relevant when immunoassays are used to measure com-
pounds in viscous or complex biological fluids, such as SP. The factors
that contribute to immunoassays reporting incorrect results, and the
steps required to validate an assay for accurate quantification in a spe-
cific biological fluid, have been comprehensively described elsewhere
(reviewed by Ghazal et al. 2022).134

44 | Strengths and limitations

A strength of this study is the design and execution of the system-
atic literature review, which followed strict search strategies and
enforced defined eligibility criteria, affording reproducibility in the
results. The synthesis of information from a wide range of published
studies provides a foundation from which a consensus can be reached
on appropriate assay platforms and optimal validation strategies for SP
analysis. Once this is achieved, studies to determine normal ranges for
healthy men can progress.

We acknowledge several important limitations of this review.
Firstly, most studies included relatively small groups of healthy nor-
mozoospermic and/or proven fertile men for comparison to various
other groups. Healthy men are generally more difficult to recruit into
clinical studies, compared to men with infertility or other disease
states. The definition of normozoospermic has also changed across
the six editions of WHO guidelines, with changes to the methodolo-
gies used to perform semen analysis and the resultant reference values
likely also contributing, to some extent, to the high level of variation
observed in reported cytokine concentrations. Furthermore, several
studies omitted important information such as racial characteristics
and exclusion criteria were not clearly stated or may not have been
applied, potentially contributing to higher levels of variation within and
between different studies. Secondly, we did not distinguish between
normozoospermic and proven fertile men, and this may have increased
heterogeneity in the characteristics of cohort participants. However,
assessment by linear mixed model analysis indicated there was no
significant effect of fertility status—that is, classification as normo-
zoospermic or proven fertile—on variation in cytokine data (data not
shown). A third potential limitation arises because of differences in
the extent to which different molecules in SP have been measured.
For example, IL6, TNF and CXCL8 were measured in 20 or more of
the included studies while other factors were measured in just one or
two studies, reducing confidence in the generalizability of the reported
data. A final limitation is associated with differences in the way the
data are presented. Limited participant information and differences in
the methodologies used for quantification are a constraint on attempts
to pool data and draw inferences on normal ranges based on these

existing data sets.
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45 | Research recommendations and call to action

There is increasing evidence to suggest that normal sperm parameters
alone are poor predictors of male fertility.23> Analysis of soluble fac-
tors in SP, in particular cytokines that are known to have physiological
relevance for sperm health and/or the female immune response, holds
promise as an approach to expand analyses of male fertility and repro-
ductive health. However, before any clinical utility can be realised,
appropriately powered studies are required to identify the cytokine
factors of clinical value, and to define reference ranges for these factors
that can be applied with confidence to different laboratories interna-
tionally, and act as ‘decision limits’ for assigning samples to clinically
meaningful categories.

Protocols for the accurate evaluation of semen quality in men is
standardised across clinics, through development and adherence to

136 on which

1SO Standard 23,162 for the basic examination of semen,
the WHO VI laboratory manual for the examination and processing
of human semen was based.! There is no equivalent guide describing
appropriate methods for the processing and storage of SP for cytokine
and chemokine analysis.

Therefore, to achieve the goal of setting reference ranges or deci-
sion limits, research scientists and clinicians with experience in the field
must first establish a set of agreed guidelines for accurately measuring
cytokines and chemokines in human SP samples. In our opinion, these
guidelines will need to incorporate agreed definitions on what partici-
pant cohort information should be reported, as well as provide a clear
description of optimal methodology for the preparation and storage of
SP for cytokine and chemokine analysis. Furthermore, the guidelines
should make clear recommendations on the most appropriate plat-
form to use for measuring cytokines and chemokines in SP and then
describe the necessary steps required to validate assays to exclude
matrix effects to ensure accurate, reliable and reproducible results are
obtained.

Recently, an opinion piece from the European Society of Human
Reproduction and Embryology Special Interest Group Andrology
(SIGA) highlighted that even when standardized protocols and train-
ing for semen analysis are available, these are too frequently ignored,
and studies that fail to follow the proven high-quality methods in WHO
VI continue to be published.'37:138 SIGA proposed authors in the fields
of Andrology and Reproductive Medicine be instructed to stringently
follow the laboratory methods detailed in WHO VI when examining
human semen and include a completed checklist (adapted from Bj6rn-
dahl et al. 2015)13? when submitting their manuscript, so the quality of
the semen evaluation method used can be readily assessed. We pro-
pose that measuring cytokines and chemokines in SP, as part of an
extended semen analysis for fertility investigation in men, will require

an equivalent ISO Standard (and checklist) to be developed.

5 | CONCLUSION

Seminal plasma cytokines may be an informative parameter in diag-

nosing male infertility and sub-fertility, but large between-laboratory
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variation in reported concentrations is a major barrier to this goal. To
expand understanding of the clinical utility of SP cytokines requires
development of diagnostic standards, particularly the definition of nor-
mal reference ranges for informative cytokines. The reported concen-
trations for individual cytokines are highly variable between published
studies. This high variation is likely to be primarily because of techni-
cal factors in SP processing and storage, use of different quantification
methodologies, and a lack of validation of immunoassays to ensure
suitability for SP assessment. Because of the large variation between
studies, accurate reference ranges cannot yet be determined from the
published literature. To progress the clinical utility of SP cytokine anal-
ysis will require standardisation and validation of methodologies so

that reference ranges for healthy fertile men can be defined.
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