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Systematic review of the concentrations of oligosaccharides in
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Context: Oligosaccharides are the third largest solid component in human milk.
These diverse compounds are thought to have numerous beneficial functions in
infants, including protection against infectious diseases. The structures of more
than 100 oligosaccharides in human milk have been elucidated so far. Objective:
The aim of this review was to identify the main factors that affect the concentra-
tions of oligosaccharides in human milk and to determine whether it is possible to
calculate representative and reliable mean concentrations. Data Sources: A com-
prehensive literature search on oligosaccharide concentrations in human milk was
performed in 6 electronic databases: BIOSIS, Current Contents Search, Embase,
Lancet Titles, MEDLINE and PubMed. Study Selection: The initial search resulted in
1363 hits. After the elimination of duplicates, the literature was screened. The appli-
cation of strict inclusion criteria resulted in 21 articles selected. Data Extraction:
Oligosaccharide concentrations, both mean values and single values, reported in
the literature were sorted by gestational age, secretor status of mothers, and de-
fined lactation periods. Results: Mean concentrations, including confidence limits,
of 33 neutral and acidic oligosaccharides reported could be calculated.
Concentrations of oligosaccharides in human milk show variations that are depen-
dent on both the secretor type of the mother and the lactation period as examined
by analyses of variance. In addition, large interlaboratory variations in the data
were observed. Conclusions: Worldwide interlaboratory quantitative analyses of
identical milk samples would be required to identify the most reliable methods of
determining concentrations of oligosaccharides in human milk. The data presented
here contribute to the current knowledge about the composition and quantities of
oligosaccharides in human milk and may foster greater understanding of the
biological functions of these compounds.

INTRODUCTION human milk and are the third largest solid component,

present at concentrations of up to 20 g/L or more in co-

Human milk oligosaccharides (HMOS) represent ap- lostrum." A wide variety of oligosaccharides are synthe-
proximately 20% of the total carbohydrate content of sized in the mammary gland by the action of specific
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glycosyltransferases that sequentially add N-acetylglucos-
amine, galactose, fucose, and N-acetylneuraminic acid to
the basic acceptor molecule, lactose.” Currently, approxi-
mately 150 oligosaccharide structures in human milk
have been elucidated,’ ' and many more are present, at
least in small quantities.'” The presence of glycosyltrans-
ferases in the mammary gland is genetically determined.
With the exception of fucosyltransferases, glycosyltrans-
ferases are common to all mothers. Fucosyltransferase 2
(corresponding to the secretor enzyme) transfers fucose
residues as «1,2 linkages to acceptor molecules,'* whereas
fucosyltransferase 3 (ie, the Lewis enzyme) transfers fu-
cose residues predominantly as 1,4 linkages, leading to
different patterns of fucosylated HMOS.>'>'°

Since the infant’s intestine cannot digest HMO
the possible physiological role of HMOS was the subject
of intensive research for more than 60 years. The prebi-
otic effect of HMOS was the first function discovered."
There is increasing evidence that HMOS have other
functions as well, as indicated by the direct interaction of
HMOS with bacterial or protozoan lectins as well as with
epithelial or immune cell receptors.”’~**

Historically, the focus of HMOS research has been
the development of methods to analyze the structure of
HMOS. Since the biological functions of HMOS depend
not only on the specific structure of an HMOS but also on
the quantity of the HMOS present, different methods of
quantitative measurements have also been developed®*>°
to understand both the functional properties of HMOS
and the role of HMOS in the development and well-being
of the breastfed infant.

The wide variability in the pattern of HMOS present
in different individuals is well known. There are several
studies indicating that factors such as polymorphism of
the Lewis and secretor genes™' > as well as the period
of lactation’**** determine both the pattern and the
quantities of HMOS present in milk. Since data on hu-
man milk are often used as the basis for establishing in-
fant feeding regimens, this review aimed to determine
whether standard concentrations of individual HMOS in
human milk can be calculated and to identify which con-
founding factors must be considered. Such data would
be important for calculating the physiological intakes of
different HMOS, which have various biological func-
tions. The findings presented here may serve as a basis
for the application of oligosaccharides with structures
identical to or different from those of HMOS.

17,18
S;

METHODS
Literature search and literature selection

Comprehensive electronic literature searches were per-
formed (August 2015) to find all relevant literature
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reporting quantitative data for HMOS. The databases
BIOSIS, Current Contents Search, Embase, Lancet
Titles, MEDLINE, and PubMed were screened by CM
and GB. The following search strategy was applied:
“(human OR breast) AND (milk) AND (oligosaccha-
ride*) AND (quantification OR concentration* OR con-
tent*).” The only language limitation was that the titles
and the abstracts had to be published in English.

The full texts of all articles that appeared to report
quantitative data for HMOS were evaluated by applying
the predetermined PICOS (Population, Intervention,
Comparator, Outcome, and Study design) criteria de-
scribed in Table 1.

Design of the systematic review

Concentrations of individual HMOS reported in the lit-
erature vary widely. Such variation may be attributable
to the general biological variability as well as to the in-
fluence of gestational age, Lewis blood group, secretor
status of the mother, lactation period, and analytical
methods. Although the effect of gestational age on
HMOS concentrations has not been clearly demon-
strated in previous studies, an influence cannot be ex-
cluded. Gidrewicz and Fenton®® reported significantly
higher amounts of oligosaccharides in preterm milk
than in term milk during days 4 to 7 postpartum.
Furthermore, lacto-N-tetraose (LNT), a nonfucosylated
core HMOS, was more abundant in the milk of women
who delivered preterm.”” Therefore, in the present re-
view, documentation of the gestational age was an in-
clusion criterion, and data from term and preterm
milks were analyzed and presented separately.

Four different human milk types, characterized by
the presence or absence of specific fucosylated oligosac-
charides, have been described. The presence or absence
of fucosylated oligosaccharides depends on the Lewis
blood type of the lactating woman.>'® Furthermore, the 4
milk types contain different amounts of HMOS; these
amounts are not directly affected by either of the 2 fuco-
syltransferases, ie, the secretor enzyme and the Lewis en-
zyme.”' > There are only a few HMOS studies that report
the Lewis blood group of the donors, and even fewer com-
pare HMOS concentrations of the different milk types.
However, several authors report the secretor status of the
mothers without indicating the exact milk group (secre-
tors produce milk belonging to groups 1 and 3, whereas
nonsecretors produce milk belonging to groups 2 and 4).
For the purpose of this systematic review, HMOS data
was included if the secretor status of the mothers was
reported, even if the exact milk group was not.

Several studies have demonstrated the influence of
the lactation period on HMOS concentrations.”">**>%>
There is no international consensus about how to define
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Table 1 PICOS criteria for inclusion and exclusion of

studies
Parameter Inclusion criteria Exclusion criteria
Population ~ Milk samples from indi- ~ Animal studies

vidual healthy

mothers
Documented duration

of pregnancy
Documented lactation

Pooled milk samples

Milk samples at
lactation periods not
fitting the lactation
periods defined in

days this review
Individuals with defined
secretor status in the
case of neutral HMOS
Intervention  None None
Comparator  None None
Outcomes Absolute concentrations Relative

of a single HMOS
Mean values
Single HMOS concentra-
tion values with n > 2
at given gestational
age, secretor status,
and lactation period

concentrations
Concentrations of
mixtures of HMOS
Median values
Mass spectrometry
data based on
universal calibration

(ie, values from at
least 2 mothers were
required)

Study design Original articles from
peer-reviewed
journals

Abstracts, mono-
graphs, review
articles

Studies with data al-
ready reported

Abbreviations: HMOS, human milk oligosaccharides.

lactation periods. The following 6 lactation periods were
defined on the basis of the most commonly used
definition in the articles selected for the present review: 0
to 4 days postpartum (colostrum), 5 to 10 days postpar-
tum (transitional milk), 11 to 30 days postpartum, 31 to
60 days postpartum, 61 to 100 days postpartum, and more
than 100 days postpartum. The effects of the lactation
periods
documented gestational age and with secretor status,
respectively.

The above-mentioned variability in concentrations
of different HMOS is probably also attributable to the
various methods used to quantify free oligosaccharides
in human milk. Although details about quantification
methods were recorded for this review, the effect of

were examined in conjunction with the

these methods could not be tested because nearly every
study used a unique methodology with regard to the
preparation, derivatization, and separation of samples
and the detection and quantification of HMOS.

Data extraction and data processing
From the studies selected, absolute concentrations of

HMOS were extracted if the HMOS structures could be
identified on the basis of several recent reports.>* '
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The nomenclature according to Urashima et al.® served
as a guideline for the designation of oligosaccharide
structures. The structures of 3 HMOS reported in 1
study were identified after the main author was
contacted.”

Most reports selected indicated the secretor status
of the mothers as determined either by serological tests
or by interpretation of the HMOS patterns found in hu-
man milk. The secretor status of the mothers in 2 stud-
ies'®*! could be determined from the individual HMOS
patterns reported. The secretor-positive status of the
donors in 1 study® could be identified by combining
the HMOS patterns and the concentration ranges
reported. Erney et al.”” did not mention the secretor sta-
tus of the mothers. Nevertheless, the concentrations of
al1,2 fucosylated HMOS were included because the
authors indicated that zero values were excluded from
the calculations of mean values. This was interpreted to
mean that only secretor mothers were taken into ac-
count. Furthermore, data of other HMOS analyzed in
milks from mothers from Latin America were also in-
cluded in the present review because the HMOS pat-
terns reported showed that these mothers were almost
exclusively secretor donors.>

In most cases, concentrations of the HMOS were
reported as grams per liter or milligrams per liter.
Concentrations reported as millimoles per liter were
converted to grams per liter by multiplying by the aver-
age molecular mass of the corresponding HMOS. Data
presented in non-numerical form in graphs were mea-
sured manually with rulers, using multiple enlarged fig-
ures that were translated into numbers.”>*° Two mean
values of the acidic HMOS LST a were reported as “not
determined.”** During data processing, these expres-
sions were transduced to zero values.

Usually, authors reported mean values as well as
standard deviations, number of samples, and number of
mothers. When concentrations from single milk sam-
ples were reported, mean values were calculated, with
data sorted according to gestational age, secretor group,
and lactation period as defined in the present re-
view.*>*"*7% When authors reported several mean val-
ues within a certain lactation period at different days
postpartum, the corresponding mean of the entire pe-
riod was calculated. As a result, the different numbers
of mothers or samples were not taken into account.
Similarly, means reported for milk groups 1 and 3 as
well as for milk groups 2 and 4 were averaged to yield
the corresponding data for secretors and nonsecretors,
respectively.”>*!' In addition, means reported from dif-
ferent world regions at given lactation times were also
averaged.” As such, each study was represented at a
given lactation period with 1 mean value.

Nutrition Reviews® Vol. 75(11):920-933



Prior to the analyses of variance, outlier diagnostic
tests were conducted using a cutoff value of 3.0. The rare
studies that did not meet this criterion were excluded
from the data processing. Furthermore, the prerequisites
for the analysis of variance—homoscedasticity (Brown-
Forsythe test) and homogeneity of variance (Shapiro-
Wilk test)—were checked. These requirements were ful-
filled in all cases. Data processing was performed with
the software SAS, version 9.3, applying the procedures
GLM (general linear models), MIXED (mixed linear
models), and ROBUSTREG (robust regression) (using
option outlier diagnostics).*’

A one-way analysis of variance followed by a Tukey
test of the means was applied to the factor “lactation
period” as defined in this section. Tukey tests were car-
ried out on a level of significance of o = 5%. In addi-
tion, 95% confidence limits were calculated for all mean
values. All analyses were performed separately for
term and preterm milks from secretor mothers. A two-
factor analysis of variance with the factors “lactation
period” and “secretor status” was performed when
authors provided data for defined lactation periods
from secretor as well as from nonsecretor mothers.
Because these two-factor analyses were based on
unequal numbers of observations, adjusted means
(so-called least squares means) had to be calculated.
Out of 24 HMOS tested, only 2 (3/-FL in term milks
and DF-LNH II in preterm milks) showed significant
interactions between the factors “lactation period” and
“secretor status” detected. Hence, both factors were
largely independent.

RESULTS

The application of a relatively simple search strategy us-
ing the keywords “human milk oligosaccharides” in
combination with “quantification” in the most common
medical and life science databases yielded 1363 hits
(Figure 1). After duplicates were removed, the titles and
abstracts of the articles were screened. Reports with ir-
relevant topics as well as monographs, meeting
abstracts, and review articles were excluded, resulting in
129 articles. The corresponding full-text articles were
examined intensively. These included all relevant
articles already known to the authors, with 1 excep-
tion.” Forty-eight research studies reported quantita-
tive data on single HMOS compounds. Of these, 27 had
to be excluded because 1 or several inclusion criteria
had not been fulfilled?*?>27-2%-37:38:50-69 (gee Table S1 in
the Supporting Information online). Several articles
could not be included because the secretor status of the
mothers could not be determined.*****®**¢"%” Einally,

21 studies meeting the predefined inclusion criteria
31-35,39-48,70-75 31-35,39,40-48,70-75
were selected. ? Table 2 ?
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lists the main characteristics of these studies, the coun-
tries of the mothers, the secretor status, the gestational
stage, and the quantification methods applied. The se-
cretor status was either reported or could be deduced
from 15 of the 21 studies selected, as shown in Table 2.
The remaining 6 studies, which investigated acidic
HMOS, lacked information on the secretor status of the
mothers but were included since the effect of secretor
status on the concentrations of acidic compounds is of
minor importance, as noted in the next section. From
all these reports, absolute concentrations of 33 HMOS
(Figure 2) were extracted. The 33 oligosaccharides were
classified according to their degree of fucosylation and
sialylation: 22 were neutral, nonsialylated HMOS and
11 were acidic HMOS, half of which also contained fu-
cose residues.

Concentrations of oligosaccharides in human milk
Table 3°!73242434346487L7274 ¢hows the concentrations
of neutral oligosaccharides in milk samples of secretor
mothers, as most data reported were for HMOS from
secretor milks. In addition, the reference numbers of
the studies, the numbers of mothers and samples, and
the corresponding lactation periods are listed. Mean
values and confidence intervals of the HMOS concen-
trations are shown separately for term and preterm
milk samples. Four studies reported the HMOS concen-
trations determined in preterm milks,’>*"**”> whereas
18 reported data for term milks. The total mean con-
centrations of 20 neutral HMOS from term milk and 17
neutral HMOS from preterm milk were 14.8 g/L and
11.6 g/L, respectively. The difference in mean values can
be explained by the fact that 7 of the HMOS quantified
were different and by an unusually high concentration
of TF-LNH in term milks.”>>* In most cases, the
amounts of individual HMOS seemed to reach similar
levels, although mothers with term infants tended to ex-
hibit higher concentrations of LNnH, LNFP III,
LNFP V, LNDFH II, and TF-LNH than mothers with
preterm infants. However, owing to the particularly
high variation between the 4 studies reporting preterm
milk data, analyses of variance could not be performed
to confirm this. In order to systematically examine the
effect of gestational age, additional studies that deter-
mine HMOS concentrations both in term and in pre-
term milks are required so that the confounding effects
of the factor method of quantification are eliminated.
Only 1 study met this requirement, but it does not spec-
ify the secretor status of the milk donors.”” Nine neutral
HMOS from term milks, usually small-sized structures,
were quantified in 5 or more studies. Mean concentra-
tions of these compounds ranged between 0.14 g/L and
2.74¢/L, with the «l1,2 fucosylated HMOS 2'-FL,
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Records identified through
database searching
(n=1,363)
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b

Additional records identified
through other sources
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Y
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Reports with quantitative Full-text articles excluded
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= Studies included in
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Figure 1 Flow diagram of the literature search process.

LNFP I, and LNDFH I as well as the nonfucosylated
HMOS LNT and LNnT being the dominant oligosac-
charides in secretor milks. In addition, the confidence
intervals were narrower than those for the correspond-
ing HMOS from preterm milks. The high concentra-
tions of the larger neutral HMOS DEF-LNH II and
TF-LNH in term milks were reported in only 1 or 2
studies each.”*

Table 4°"33344045467L72 ists the mean concentra-
tions plus confidence intervals of 7 acidic HMOS from
secretor mothers, reported in 1 to 6 studies. The sum of
all mean concentrations of 7 acidic HMOS was 2.1 g/L
for term milks (corresponding to the first 100 days post-
partum) and 3.3 g/L for preterm milks (corresponding
to the first 30 days postpartum). Generally, concentra-
tions of acidic HMOS, particularly those of LST a and
LST ¢, seem to be higher in preterm milks than in term
milks. As was the case with neutral HMOS, this could
not be confirmed by analyses of variance. In term milks,
6'-SL and DS-LNT were the dominant acidic HMOS.

924

Since the effect of secretor status on concentrations
of acidic HMOS has not been examined in the litera-
ture’*>7"7% and seems to be less important than the ef-
fect on neutral HMOS, data for HMOS without defined
secretor status are presented in Table 5.°"277%3%4044-
4770727375 In addition to data for the 7 acidic HMOS
from term milk shown in Table 4, data for 4 fucosylated
acidic HMOS were available. The major acidic HMOS
were 6'-SL (10 studies) and DS-LNT (7 studies). To al-
low adequate evaluation of the mean concentration
data, the number of studies that reported data for each
HMOS is shown. In most cases, the corresponding
mean values seem to be similar, independent of the se-
cretor status of the donors. However, in term milks, the
average concentrations of 6'-SL and LST b seem to be
lower when 10 instead of 6 studies and when 6 instead
of 3 studies reported data, respectively. These contradic-
tory results can be explained by outliers detected by the
software when a larger number of studies was included.
Thus, 6'-SL concentrations reported by Thurl et al.’!

Nutrition Reviews® Vol. 75(11):920-933



Table 2 Studies included in the systematic review

Reference Mothers Quantification Type of HMOS
methods quantified

Site Gestation Secretor status N

Asakuma et al. (2007)”° Japan Term Unknown 20 HPLC-UV Acidic

Asakuma et al. (2008)* Japan Term + 12 HPLC-UV Neutral

Bao et al. (2007)" USA Term Unknown 8  CE-LV Acidic

Bao et al. (2013)* USA Term + 4  LC-MS Neutral

Chaturvedi et al. (2001)* Mexico Term + 11 HPLC-UV Neutral

Coppa et al. (1999)** Italy Term + 18 HPAEC-PAD Neutral, acidic

Coppa et al. (2011)*? Italy Term +/— 16/23  HPAEC-PAD Neutral

Erney et al. (2000)*® Various world regions ~ Term + 197 HPAEC-PAD Neutral

Gabrielli et al. (2011)* Italy 27.9 wk +/— 42/21  HPAEC-PAD Neutral, acidic

Goehring et al. (2014)"" USA Term +/— 13/4  LC-MS Neutral, acidic

Hong et al. (2014)"? USA Term +/— 10/10  LC-MS Neutral, acidic

Kunz et al. (1999)* Germany Term +/— 2/2  HPAEC-PAD Neutral, acidic

Leo et al. (2010)"2 Samoa Term Unknown 16 HPLC-UV Neutral, acidic

Martin-Sosa et al. (2003)**  Spain Term Unknown 12 HPLC-UV Acidic

Nakhla et al. (1999)*' USA 29.5 wk + 12 HPAEC-PAD Acidic

Olivares et al. (2015)"* The Netherlands Term +/— 7/5 CE-FL Neutral

Smilowitz et al. (2013)* USA Term +/— 40/12  NMR Neutral

Spevacek et al. (2015)” USA Term/preterm  Unknown 15/13  NMR Neutral, acidic

Sumiyoshi et al. (2003)*° Japan Term Unknown 20 HPLC-UV Acidic

Thurl et al. (2010)*' Germany Term + 21 HPAEC-PAD Neutral, acidic

Van Niekerk et al. (2014)*  South Africa 500-1250 g° +/— 20/21  HPLC-UV Neutral, acidic

Abbreviations: CE-FL, capillary electrophoresis with fluorescence detection; CE-UV, capillary electroghoresis with UV detection;
HPAEC-PAD, high-pH anion-exchange chromatograﬁhy with pulsed amperometric detection; HPLC-UV, high-performance liquid

chromatography with UV detection; LC-MS, liquid ¢
resonance spectrometry; 4, positive; —, negative.

®Birth weight of the premature infants.

and Goehring et al.”' and LST b values reported by
Coppa et al.’* were eliminated.

Effect of secretor status

Secretor mothers regularly produced HMOS with fu-
cose residues bound in «1,2 linkages to terminal galac-
tose units of various oligosaccharides. In contrast,
nonsecretor women usually did not produce these
HMOS. However, Hong et al.”* and van Niekerk et al.*®
reported very low concentrations of the o1,2 fucosylated
compound LNFP I in milk samples from nonsecretor
mothers. In addition, Hong et al.’”> found a relatively
high mean value of 2’-FL (0.45g/L) for 10 nonsecretor
mothers. They attributed this extraordinarily high con-
tent to 2 nonsecretor mothers who produced amounts
of the «1,2 fucosylated structure 2'-FL that were similar
to amounts produced by secretor donors.”> In their
study, secretor status was determined on the basis of se-
rological tests. Since the Le” epitope was shown to be
weakly expressed at birth,”® it is possible that the secre-
tor status was incorrectly assigned in some cases.”*””
The effect of the secretor status was tested for all
HMOS except the above-mentioned «l1,2 fucose-
containing structures that usually are absent in milks of
nonsecretor mothers. To avoid a possible influence of
the quantification methods, only data from studies
reporting HMOS concentrations from both secretor

Nutrition Reviews® Vol. 75(11):920-933

romatography with mass spectrometric detection; NMR, nuclear magnetic

and nonsecretor mothers in a given lactation period
were used for the analyses of variance. Statistical com-
parisons, usually based on 1 to 3 studies, were possible
with 4 neutral HMOS from term milks and 12 neutral
HMOS from preterm milks (Figure 3). Concentrations
of 3-FL in term milks and of LNT, LNFP II, LNDFH II,
F-LNH II, and DF-para-LNH in preterm milks were
significantly higher in milks from nonsecretor mothers
than in milks from secretor mothers. In addition, con-
centrations of the acidic HMOS 6'-SL in term and pre-
term milks and of 6 other acidic HMOS from preterm
milks could be compared (Figure 4). Concentrations of
6'-SL, LST a, and FS-LNnH I in preterm milks were sig-
nificantly different between secretor and nonsecretor
mothers, but no general tendency toward higher con-
centrations of acidic HMOS in milks from nonsecretor
mothers was detectable.

Influence of lactation periods

In order to examine the effect of the time of lactation
on HMOS concentrations, the time postpartum was
classified into 6 lactation periods, as described above
(see Design of the systematic review in Methods). The
large volume of data on concentrations of HMOS is
provided in the Supporting Information online (see
Tables S2-A through S2-F and Tables S3, S4, and S5).
Hereby, the concentrations of HMOS are listed
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Figure 2 Structures of the HMOS examined in this review. (A) Neutral HMOS, (B) acidic nonfucosylated HMOS, (C) acidic fucosylated

HMOS, (D) monomers and linkages.

separately for mothers with term and preterm infants,
considering the lactation periods. The influence of the
lactation period was tested in secretor mothers because
these data on concentrations were readily available. No
significant effect of the lactation period on any of the 13
HMOS from preterm milks was detected. Twenty-two
HMOS from term milks could be tested.
Concentrations of the neutral, ie, nonsialylated, HMOS
3-FL increased significantly (at least 2-fold) during the
first 3 and 4 months postpartum (see Table S2-A in the
Supporting Information online). Similarly, the concen-
tration of LNFP III rose, but not significantly (see Table
S3 in the Supporting Information online). During the
course of lactation, the neutral 1,2 fucosylated HMOS
LNEFP I decreased approximately 2-fold (see Table S2-B
in the Supporting Information online), and the acidic
nonfucosylated HMOS LST c¢ decreased approximately
4-fold (see Table S2-D in the Supporting Information
online). Further significant differences were detected
with the neutral HMOS LNDFH I (see Table S2-C in
the Supporting Information online). In addition,

926

concentrations of the neutral HMOS 2/-FL, DF-L,
LNFP II, F-LNH II, and DF-LNH II and the acidic
HMOS 3’-SL, 6'-SL, and LST a in term milks decreased
during the course of lactation, although not significantly
(see Tables S3 and S4 in the Supporting Information
online). Concentrations of the 2 acidic HMOS 6'-SL
and LST a declined significantly during the first
100 days postpartum when the secretor status of moth-
ers was not considered (see Tables S2-E and S2-F in the
Supporting Information online). This outcome could be
explained by the additional studies that were taken into
account in these cases (Tables 4 and 5).

DISCUSSION

During the 1980s and early 1990s, many quantitative
data on oligosaccharide fractions in human milk were
published. These data were obtained mainly by use of
the separation techniques gel permeation chromatogra-
phy and low-resolution liquid chromatography.”®®*

The application of more advanced chromatographic

Nutrition Reviews® Vol. 75(11):920-933



Table 3 Concentrations of neutral human milk oligosaccharides (HMOS) from secretor mothers®

HMOS (ref. nos. in superscript) Lactation (days) No. of mothers/no. of samples Mean concentration (g/L) 95%CL (g/L)

Term studies
2/ -F31735424345,71,72 0to > 100 353/556 2.74 2.43-3.04
3-FL33132:34:42,43,45,48 0to > 100 122/365 0.44 0.31-0.58
DF-L 313542434574 0to > 100 288/455 0.42 0.32-0.51
LNT313'?43':°3"5‘2:2‘5£8'72'74 0to 100 114/308 0.79 0.59-0.98
LNnT3'343542 0o 100 184/372 0.74 0.36-1.12
LNFp [231:32,3435,4042/43,45,48,72 0to > 100 331/580 1.31 1.08-1.53
LNFP [[31-3234354548.74 0to 100 229/389 0.28 0.21-0.34
LNFP [|713>48 010 100 154/246 033 0.24-0.42
LNFP V3548 0 to 30 133/137 0.06 —0.1510 0.26
LNFP v|*8 0 to 30 4/8 0.01 0.00-0.02
LNDFH [231:3443.48,74 0to > 100 61/214 0.80 0.66-0.94
LNDFH [?1:32344243,48 0to > 100 76/319 0.14 0.10-0.18
LNH313472 0to 100 49/209 0.09 0.06-0.13
LNnH>* 0o 100 18/90 0.16 0.06-0.25
F-LNH I 0o 100 21/109 0.20 0.08-0.33
F-LNH |1?13%3* 0to 100 53/176 0.27 0.14-0.40
DF-LNH I*! 0to 100 21/109 0.31 0.19-0.43
DF-LNH 113234 0o 100 28/100 231 1.93-2.68
DF-LNnH** 0to 100 18/90 0.54 0.10-0.98
TF-LNH3234 0o 100 28/100 2.84 2.60-3.07
Sum of means 14.78

Preterm studies
2/-FL334146 0-60 74/230 2.77 0.76-4.78
3-FL334146 0-60 75/230 0.32 0.17-0.48
DF-L3341 0-60 54/190 0.41 0.17-0.65
LNT334146 0-60 75/356 1.04 0.39-1.68
LNnT334146 0-30 75/227 0.66 0.04-1.28
LNFp [*341:46 0-60 74/230 1.09 0.39-1.78
LNFp [[3341:46 0-60 68/198 0.27 0.14-0.40
LNFP (334146 0-60 75/230 0.16 0.04-0.28
LNFP V! 0-60 12/22 0.02 0.00-0.04
LNDFH 1P>* 0-60 47/168 0.07 0.00-0.14
LNH* 0-30 42/168 0.06 0.04-0.08
LNnH*3 0-30 42/168 0.08 0.06-0.11
F-LNH II*3 0-30 41/168 033 0.26-0.41
DF-LNH 11* 0-30 35/140 2.70 2.54-2.86
DF-para-LNH*? 0-30 35/140 0.44 0.10-0.79
DF-para-LNnH* 0-30 42/168 0.50 —0.09 to 1.09
TF-LNH* 0-30 35/140 0.65 0.21-1.08
Sum of means 11.57

Abbreviations: CL, confidence limit; ref. nos., reference numbers.

®HMOS exhibiting significant differences between the means of the lactation periods (see Tables $2-A, S2-B, and S2-C in the

Supporting Information online).

and electrophoretic techniques like high-performance
liquid chromatography-UV, high-pH anion-exchange
chromatography with pulsed amperometric detection,
capillary electrophoresis with UV detection, and capil-
lary gel electrophoresis with laser-induced fluorescence
detection after 1995 allowed the quantification of indi-
vidual oligosaccharides in their native form or after de-
rivatization.”*"*’ Recently, a variety of promising mass
spectrometric methods, along with nuclear magnetic
resonance techniques, have emerged,'>*%4>480372,83-8>
The growing information on oligosaccharide structures,
quantities, and biological functions has been examined
in numerous review articles.>*”*%*"*>%7%% 1 recent
years, several reviews have also described the analytical
methods applied for quantification and structural
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analysis of HMOS."*"*> Some of the reviews men-
tioned above, as well as some original studies, summa-
rize data on HMOS concentrations without providing
a comprehensive overview."*”****% To the best of
knowledge, this is the first systematic review of quanti-
tative data for individual HMOS. Data on concentra-
tions are reported, and the influence of 2 biological
parameters—secretor status and lactation period—is
examined.

Variations in HMOS data
Mean values and confidence intervals of a variety of

neutral and acidic HMOS could be calculated from the
studies selected. On the basis of the available literature
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Table 4 Concentrations of acidic human milk oligosaccharides (HMOS) from secretor mothers®

HMOS (ref. nos. in superscript) Lactation (days) No. of mothers/no. of samples Mean concentration (g/L) 95%CL (g/L)

Term studies
3/-5| 31344072 0-100 51/217 0.19 0.14-0.24
6/-SL31344045.71.72 0-100 104/270 0.64 0.38-0.91
LST a®'3* 0-30 39/199 0.06 0.02-0.11
LST 313440 0-100 41/203 0.13 0.08-0.18
LST 2313472 0-100 49/191 0.25 0.13-0.38
DS-LNT3™3* 0-100 39/199 0.50 0.34-0.66
FS-LNnH 1** 0-100 18/90 0.36 0.21-0.51
Sum of means 2.13

Preterm studies
3.5 3346 0-30 62/208 0.29 0.21-0.36
6/-sL>3 0-30 42/168 0.66 0.25-1.08
LST a*3 0-30 42/168 0.29 0.13-0.44
LST b3 0-30 62/208 0.13 0.06-0.19
LST 336 0-30 62/208 0.71 0.24-1.17
DS-LNT>346 0-30 62/208 0.77 0.22-1.32
FS-LNnH *3 0-30 42/168 0.44 0.27-0.62
Sum of means 3.29

Abbreviations: CL, confidence limit; ref. nos., reference numbers.

THMOS exhibiting significant differences between the means of the lactation periods (see Table S2-D in the Supporting Information

online).

Table 5 Concentrations of acidic human milk oligosaccharides (HMOS) from lactating women, regardless of secretor

status®

HMOS (ref. nos. in superscript) Lactation (days) No. of mothers/no. of samples Mean concentration (g/L) 95%CL (g/L)

Term studies
3/-5| 31:34:39,40444547,70,72,73,75 0-100 200/509 0.16 0.12-0.19
6/-5L3343940444547,70.72,73,75 0-100 179/400 0.35 0.29-0.42
LST g231:34397073 0-100 91/363 0.07 0.04-0.10
LST p3139:4047.70.73 0-100 83/285 0.06 0.05-0.07
LST 31343947.7072,73 0-100 119/373 0.26 0.16-0.36
DS-LNT313439:44:47.70.73 0-100 111/395 0.54 0.37-0.71
F-LST a*’ 11-30 3/3 0.02 -
F-LST b”° 0-4 20/60 0.08 -
FS-LNH* 0-30 8/8 0.12 —0.08t0 0.33
FS-LNnH 13*47 0-100 26/98 0.29 0.14-0.44
FDS-LNH 117 0-100 3/3 0.12 -
Sum of means 2.07

Preterm studies
3/-5L334675 0-30 114/350 0.24 0.20-0.28
6/-SL37° 0-30 73/268 0.60 0.40-0.80
LST a*3 0-30 63/252 0.34 0.17-0.51
LST b3 0-30 104/334 0.14 0.10-0.17
LST 3346 0-30 104/334 0.65 0.19-1.12
DS-LNT3346 0-30 104/334 0.92 0.26-1.58
FS-LNnH I*3 0-30 63/252 0.51 0.26-0.75
Sum of means 3.40

Abbreviation: CL, confidence limit; ref. nos., reference numbers.

@HMOS exhibiting significant differences between the means of the lactation periods (see Tables S2-E and S2-F in the Supporting

Information online).

and because of the strict study and data selection crite-
ria applied in this review, only data from secretor moth-
ers with term infants were available from several
different studies. For this review, HMOS for which data
were available from 5 or more studies, eg, 2’-FL, 6'-SL,
LNDFH 1I, were considered particularly relevant. The
high concentrations of the relatively large structures
DF-LNH II and TF-LNH were reported by 2 studies,

928

both performed by the same working group that applied
a similar quantification method.”>** These high con-
centrations, which strongly influenced the sum values
of HMOS, need to be confirmed by other research
groups. Data processing revealed wide variations in
HMOS concentrations, which is reflected in the rela-
tively wide limits of confidence shown in Tables 3, 4,
and 5. In particular, results obtained by different

Nutrition Reviews® Vol. 75(11):920-933
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Figure 4 Comparison of acidic HMOS concentrations in milks
from secretor and nonsecretor mothers.

working groups analyzing HMOS varied considerably.
For example, the concentration of LNnT exhibiting a
type 2 structure reported by Coppa et al.”>** exceeded
that detected by Thurl et al.’' by at least 4-fold. As a
consequence, although the results of this review show
concentrations of type 1 structures to be approximately
twice that of type 2 structures (Tables 3 and 4), the clear
dominance of type 1 structures reported"’' could not
be confirmed. It is hypothesized that the predominance
of type 1 structures coevolved with the dominance of
bifidobacteria in infants’ guts, as exoenzymes produced
by bifidobacteria preferentially degrade oligosaccharide
type 1 structures.” In the case of the acidic compound
6'-SL, unusually high concentrations reported in 1
study’' were detected as outliers when compared with
concentrations reported in most other stud-
ies.”*?7494770 This finding has biological implications,

Nutrition Reviews® Vol. 75(11):920-933

since acidic HMOS, including 6'-SL, for example, are
thought to modulate immunologic responses in the
infants.*”

The variation in HMOS concentrations was also at-
tributed to biological parameters like gestational age, se-
cretor status, lactation period, or general biological
variability. The influence of gestational age on the com-
position of human milk, eg, on lipids and proteins, has
been discussed in pediatrics for decades.’® Although the
data analyses with term and preterm milks were con-
ducted separately in this review, no clear effects of ges-
tational age on HMOS concentrations were found. The
different sums of total neutral HMOS might be attribut-
able to the different compounds quantified and by an
unusually high concentration of TF-LNH in term
milks.”>** Concentrations of acidic HMOS may have
been higher in preterm milks than in term milks be-
cause preterm samples were obtained during the early
lactation period of 30 days, while term samples were
obtained during the period of 100 days. Some data in
this review as well as some from published studies show
that concentrations of acidic HMOS, in particular,
decrease significantly during the first 3 months
postpartum.3 1,34,39

This overview confirms the general finding that
secretor mothers produce high amounts of ol,2
fucosylated HMOS compared with nonsecretor moth-
ers,”'>1%?>% whose milk either contain nondetectable
or very low concentrations.*>”> The prevalence of «1,2
fucosylated HMOS in secretor milks likely has biologi-
cal consequences for infants. These compounds signifi-
cantly reduced the incidence of diarrhea associated with
enterotoxigenic Escherichia coli, Campylobacter jejuni,
or caliciviruses,’”* thus possibly conferring an evolu-
tionary advantage for infants of secretor mothers. The
indirect effects of the secretor status on HMOS lacking
1,2 fucoses were also examined. An influence of the se-
cretor status on HMOS concentrations was found in 9
of 24 comparative tests (1 test with term, 8 tests with
preterm milks). All 6 tests of neutral HMOS that had
significant results showed that nonsecretor mothers
produced higher concentrations than secretor mothers,
which is in accordance with findings reported in the lit-
erature.”*** Probably owing to the lack of the «1,2
fucose-transferring secretor enzyme, milks from nonse-
cretor mothers contain higher amounts of the remain-
ing nonfucosylated as well as the «l1,3-, and «l,4-
fucosylated HMOS. Since very few studies were avail-
able reporting HMOS data from both secretor and non-
secretor mothers, all results—whether significant or
not—should be evaluated with care. Different results
cannot be ruled out when more studies become
available.
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Surprisingly, the influence of the time of lactation
on HMOS concentrations was significant for only 4
HMOS out of 22 tested in term milks from secretor
mothers, although this had already been reported in sev-
eral studies.”’"***>*>*> This result can be explained by
the wide variations in findings within the studies and the
even greater variations between the studies. As reported
previously,”** LNFP I concentrations decreased signifi-
cantly during the first months of lactation. However, a
decrease in the major HMOS 2/-FL and a general ten-
dency that o1,2 fucosylation and the activity of the secre-
tor enzyme decline during the course of lactation could
not be convincingly demonstrated, in contrast to find-
ings in other studies.””**** It is hypothesized that the
large interlaboratory differences in findings prevented
the detection of this effect. In contrast, the concentration
of 3-FL was shown to increase during lactation. This out-
come, already reported in some studies,”*>* can be
explained by differing activities of the Lewis enzyme and
other fucosyltransferases during the course of lactation.”"
Two of the major HMOS, 3-FL and LNFP II, were
shown to specifically block a fucose-binding lectin of the
human pathogen Pseudomonas aeruginosa, thus possibly
protecting newborns against infection.”

Future HMOS studies

A variety of biological factors influence or could influence
HMOS concentrations. Thus, future HMOS studies
should precisely define the milk sampling procedures,
such as time postpartum, Lewis blood groups of the
donors (at least the secretor status), gestational age, ethnic-
ity, and techniques of milk sampling. In addition, there is
an initial report that sialylated HMOS might be influenced
by the nutritional status of the mother.”® Further studies
on the effect of the maternal diet on HMOS are needed.

A variety of chromatographic, electrophoretic, and
spectrometric methods of quantification were used in
the studies analyzed in this review, which likely influ-
enced the concentrations reported. In recent years,
mass spectrometry and nuclear magnetic resonance
methods emerged and were judged by several research-
ers to be superior to the established methods.>*>
However, because of the complexity of overlapping sig-
nals of the same monosaccharide residue in very similar
chemical environments, quantitative data obtained by
nuclear magnetic resonance should be evaluated with
care.”>” Data on absolute HMOS concentrations
obtained with mass spectrometry or nuclear magnetic
resonance are rare. In most cases, methods were de-
scribed, but the number of samples analyzed was small
and was not well defined biologically.”***>>¢>
Currently, there are no studies that compare the perfor-
mance of the different quantification techniques. In the
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case of chromatographic methods, the application of in-
ternal standards is recommended. With mass spectro-
metric methods, the use of the corresponding standard
substances should be obligatory, and universal calibra-
tion should not be applied. Hong et al.”* reported some
differences in results when the 2 methods of quantifica-
tion were compared. Ideally, interlaboratory tests
should be conducted with several standardized human
milk samples, with homogenized pooled human milk
preparations from secretor and Lewis-positive donors
representing the most complex matrix. Several
laboratories should participate, all applying the major
techniques: high-performance liquid chromatography,
high-pH anion-exchange chromatography, capillary
electrophoresis, capillary gel electrophoresis, mass spec-
trometry, and nuclear magnetic resonance. Moreover,
several laboratories should examine the human milk
samples in parallel, using different methods. As was re-
cently shown for a large set of glycoprotein glycans,”®
an adapted approach and effort could also be applied to
the quantification of HMOS.

This review focused on the concentrations of
HMOS. However, the biological effects of HMOS are
related to the daily amounts ingested by infants during
the entire period of breastfeeding. Therefore, the con-
centration values would have to be multiplied by the
milk volume or milk mass consumed. Average milk
intakes reported in the literature could be used for pur-
poses of estimation. It is generally assumed that, after
the first month postpartum, infants drink about 700 mL
of milk per day.””'”° Data on HMOS concentrations
and the daily amounts consumed are a prerequisite for
evaluating the possible multiple biological functions of
HMOS or oligosaccharide subgroups, eg, antiadhesive
or prebiotic effects.

Detailed knowledge about HMOS structures and
quantities is of more than just academic interest. For
about 15 years, certain oligosaccharides, particularly
mixtures of short-chain galactooligosaccharides and
long-chain fructooligosaccharides (9:1) that mimic the
complexity of size and the biological effects of HMOS,
have been added to infant formulas and are currently
recommended if exclusive breastfeeding is not possible.
More recently, studies in newborn infants showed that
the HMOS 2'-FL, whether combined with short-chain
galactooligosaccharides or not, is safe and tolerated as a
formula supplement.'®"'%* Moreover, infants fed 2/-FL-
fortified formula showed immune biomarkers similar to
those detected in breastfed infants.'”

Most recent studies

New studies reporting concentrations of HMOS are
continuously being published. An update of the
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literature search from August 27, 2015, corresponding
to the deadline of this review, until December 14, 2016,
yielded 231 records. After duplicate publications were
eliminated, 135 reports were screened. Ten promising
studies were examined in detail,!®*'"* but 9 did not
meet the strict inclusion criteria applied in this review
(see Table S6 in the Supporting Information online).
One article'"”

HMOS.

reported concentrations of 3 neutral

CONCLUSION

Data on the concentrations of oligosaccharides in hu-
man milk, as presented in this review, are a prerequisite
for understanding the biological functions of HMOS
and should help guide further developments in infant
and maternal nutrition. Nevertheless, more detailed in-
formation on the composition of human milk is needed.
Further studies with well-defined human milk samples
(ie, documentation of lactation period, Lewis blood
group, gestational age of the mothers, etc) using state-
of-the art quantification methods will likely reveal valu-
able information about the composition and quantity of
HMOS.
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