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Summary

1 Summary

The human herpesvirus cytomegalovirus (HCMV) persists in the host in latent form for a
lifetime and may periodically reactivate. During lactation, reactivation of HCMV occurs locally
in the mammary gland without detectable systemic DNAemia. Preterm infants are at risk of
infection through ingesting breast milk and may develop life-threatening disease with sepsis-
like symptoms. In this thesis, the modulation of the immune signature in response to HCMV
reactivation in the mammary gland, investigated non-invasively by analyzing breast milk, was
compared to corresponding simultaneously drawn blood samples of HCMV-seropositive, as
well as HCMV-seronegative mothers. This “BlooMil” study was performed on longitudinal
samples taken from birth through 60 days postpartum over four time ranges.
The viral load in breast milk whey of HCMV-seropositive mothers showed a unimodal course
and revealed high differences in peak viral loads between individuals (10* — 10° copies/ml).
Breast milk whey of only one of 18 HCMV-seropositive mothers did not contain reactivated
virus during the observation period.

The humoral immune response against HCMV assessed as IgG in breast milk was very low.
However, six of 18 mothers showed an increase of HCMV-specific IgGs after peak viral load.
Five of 18 mothers had no measurable HCMV-IgG concentrations in breast milk using an
electro-chemiluminescence immunoassay. Nevertheless, recomLine blots for six prominent
HCMYV antigens (IE1; CM2, fusion protein of pUL44 and UL57; p150; p65 and gB glycoprotein
1 and 2) detected anti-p150-IgG reactivity with intensities at least around the cut-off level in all
breast milk samples. Anti-gB1 IgG was detected in all plasma samples, but only in 5 of 18 milk
samples. Plasma HCMV-IgG titers increased over the analyzed time range.
Immunomonitoring of mothers revealed a significant increase of CD3* T cells in breast milk of
HCMV-seropositive but not seronegative mothers over time. The CD4*/CD8* T cell ratio was
significantly lower in breast milk of HCMV-seropositive than seronegative mothers.
Additionally, most T cells were activated (HLA-DR*) memory T cells, which increased over
time. Naive T cells were present only in very limited numbers in breast milk. HCMV-specific T
cells were measured by quantifying CD8" T cells binding to pp65 and IE1 peptides using MHC
class | tetramers. Most breast milk samples displayed slightly higher frequencies of HCMV-
specific T cells than the corresponding blood samples.

The analysis of 92 inflammatory cytokines revealed elevated levels of CC- and CXC-
chemokines in HCMV-seropositive compared to -seronegative mothers’ breast milk.
The humoral IgG immune response in breast milk of most HCMV-seropositive mothers
resulted in no evidence of interrelation to the observed decreasing viral load in the milk during
the unimodal course of reactivation. However, a compartmentalization in the mammary gland

regarding immune cells, such as CD3* T cells and activated (HLA-DR*) CD8" T cells, was

1
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observed. These immune cells showed increasing frequencies in breast milk over time
compared to corresponding blood samples or seronegative mothers’ breast milk and might

therefore contribute to the decrease of HCMV loads in breast milk after the peak.
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2 Zusammenfassung

Das humane Zytomegalievirus (HCMV) gehdért zur Familie der Herpesviren und ruft
lebenslange latente Infektionen mit wiederkehrenden Reaktivierungen hervor. Die
Reaktivierung des Virus wahrend der Laktation ist ein lokaler Prozess in der Brustdriise ohne
Detektion von DNAamie. Frihgeborene Kinder laufen Gefahr sich durch Muttermilch zu
infizieren und kénnen schwere Erkrankungen, wie z.B. Sepsis-ahnliche Symptome entwickeln.
In dieser Dissertationsschrift wurden die Veranderungen der Immunsignatur in Hinblick auf die
HCMV-Reaktivierung in der Brustdrise untersucht. Milchproben sowie entsprechende
Blutproben von HCMV-seropositiven und seronegativen Muttern wurden longitudinal
analysiert. Dafir wurde die BlooMil Studie etabliet und Proben in vier
Beobachtungszeitraumen bis zu 60 Tage nach der Geburt genommen. Die Viruslast in der
Muttermilch von HCMV-seropositiven Muttern zeigte einen unimodalen Verlauf und grofte
Unterschiede der maximalen Viruslast (10* — 106 Kopien/ml). Nur eine der 18 Mutter (5,6%)
reaktivierte das Virus zu den unterschiedlichen Zeitpunkten nicht in der Muttermilch.

Die humorale Immunantwort gegen HCMV in Bezug auf das Immunglobulin G in der
Muttermilch war nicht stark ausgepragt. Sechs der 18 Mutter zeigten einen Anstieg der HCMV-
spezifischen IgGs nach der maximalen Viruslast. Finf Matter hatten keine messbaren ECLIA
HCMV-IgG Werte in der Muttermilch. RecomLine blots zur Analyse von sechs wichtigen
Antigenen (IE1; CM2, ein Fusionsprotein aus pUL44 und UL57; p150; p65 und gB Glykoprotein
1 und 2) zeigten trotzdem in allen Muttermilchproben Ergebnisse flr anti-p150-1gG, auch wenn
diese nur um den Cut-off Level zu finden waren. Anti-gB1 IgGs wurden in allen Plasmaproben
detektiert, aber nur in finf Mdittern war es auch in der Muttermilch nachweisbar.
Interessanterweise stiegen die HCMV-IgGs in Plasma Uber den zeitlichen Verlauf signifikant
an.

Die zellulare Analyse zeigte einen signifikanten Anstieg der CD3* T Zellen in der Muttermilch
von HCMV-seropositiven, aber nicht von seronegativen Muttern. Das Verhaltnis von CD4* zu
CD8* T Zellen war in HCMV-seropositiven Muttern niedriger. Zusatzlich konnte gezeigt
werden, dass die meisten der T Zellen in der Muttermilch aktivierte (HLA-DR*) Gedachtnis T
Zellen waren. Naive T Zellen waren jedoch selten in Muttermilch zu finden.
HCMV-spezifische T Zellen wurden durch CD8* T-Zellen gemessen, die an pp65- und IE1-
Peptiden auf MHC-Klasse-I-Tetrameren binden. In diesem Ansatz zeigten Muttermilchproben
etwas hohere Frequenzen als die entsprechenden Blutproben.

Die Analyse von 92 inflammatorischen Zytokinen ergab einen erhéhten Gehalt an CC- und
CXC-Chemokinen in HCMV-seropositiver Muttermilch im Vergleich zu HCMV-seronegativer

Muttermilch.
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Die humorale IgG-Immunantwort in der Muttermilch der meisten HCMV-seropositiven Mutter
fuhrte wahrend des unimodalen Verlaufs der Reaktivierung zu keinem Hinweis auf eine
Wechselbeziehung mit der beobachteten abnehmenden Viruslast in reifer Milch. Stattdessen
koénnten die Immunzellen, mittels einer distinkten Kompartimentierung und dem Anstieg der T
Zell-(Sub)Populationen (HLA-DR* CD8* T Zellen) im Vergleich zu korrespondierenden
Blutzellpopulationen oder Muttermilch von seronegativen Muttern, zur Abnahme der HCMV-
Viruslast in der Muttermilch nach dem Maximum der Virusausscheidung im abfallednden Ast

der Reaktivierung beitragen.
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3 Introduction
3.1 Human Cytomegalovirus

3.1.1 History and Taxonomy

Human cytomegalovirus (HCMV), or also called human herpesvirus 5 (HHV-5), belongs to the
herpesvirus family, more specifically to the subfamily betaherpesvirinae. Other prominent
herpesvirus family members are herpes simplex virus | (HHV-1) and Il (HHV-2), as well as
varicella zoster (HHV-3) and Epstein-Barr virus (HHV-4) [1].

HCMV itself was noticed first by Ribbert in 1881, when he microscopically investigated kidney
and parotid gland tissue of a stillborn infant and described enlarged cells and intranuclear
inclusions (owl’'s eye appearance) as protozoan like cells [2, 3]. By 1950, several cases of
congenital infections with lethal outcomes and the same cell characteristics had been found
and Wyatt et al. [4] called it cytomegalic inclusion disease (CID). The virus was then isolated
for the first time in the years 1955/56 and 1957 independently by Smith [5], Rowe [6] and Weller

et al. [7]. Weller et al. [8] named the virus cytomegalovirus in 1960.
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Figure 1: Human Cytomegalovirus.

The human cytomegalovirus has a double-stranded (ds) DNA enclosed by a nucleocapsid, which is
surrounded by the tegument harboring many proteins (for example, pp65 and pp150). It is enveloped
by a lipid bilayer with glycoproteins (g). Modified after and reprinted with permission from Daniel
Streblow, co-author of the article cytomegalovirus proteomics [9] and the Caister Academic Press.
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Nowadays, it is well known that HCMV is an enveloped, double stranded DNA virus and has
the largest genome of all human herpesviruses. The mature virion is composed in the center
of a ~ 235 kilo base pair (kbp) double-stranded linear DNA, which translates into 165 genes
[10]. It is surrounded by a 100 nm icosahedral capsid, which is enclosed by an abundant
protein layer termed tegument or matrix (Figure 1) [11]. The immunogenic phosphoproteins
pp65 and pp150 are the most abundant proteins of the tegument [12, 13]. The tegument is

enveloped by a lipid bilayer with different glycoproteins (g) for cell attachment (Figure 1).

3.1.2 Replication cycle

The viral entry into cells is strongly host-specific and mediated by several different proteins
and can therefore occupy a wide spectrum of cell tropism [14]. gB functions as fusion protein,
possibly without receptor binding [15]. The trimeric gH/gL/gO complex binds to PDGFRa and
mediates a pH-independent fusion mainly into fibroblasts. The pentamer complex
gH/gL/UL128/UL130/UL131 was shown to bind to Nrp2 and mediates entry into
epithelial/endothelial cells [16] (Figure 2 A). Additionally, CD90, which is interacting with gH
and gB, as well as CD147, which is important in pentamer dependent entry, were shown to be
host cell surface proteins important for viral entry [14]. After viral entry, where the tegument is
released into the cytoplasm and the capsid stays intact, the capsid is transported with the help
of tegument proteins to the nucleus by microtubules [17] (Figure 2 B). The capsid delivers the
genome into the nucleus and a transcription cascade starts [18]. Immediate early (IE) proteins
are transcribed first and are necessary for the initiation of further steps, like the transcription
of delayed early proteins, including the DNA-polymerase (pUL54), followed by genome
replication and transcription of late proteins [19]. The capsid is formed in the nucleus and exits

via a nuclear egress complex through the double membrane of the nucleus [20].
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A viral assembly complex (Figure 2 AC) in the cytoplasm is established by hijacking the host
cell's secretory pathways via endoplasmic reticulum, Golgi apparatus and endosomal

pathways [20]. The fully infectious virion is then transported out of the cell (Figure 2 D).
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Figure 2: HCMV replication cycle.

After viral entry [A], the DNA is released into the nucleus [B] and transcribed. In a next step, the viral
genome is replicated and the nucleocapsid is formed. After nuclear egress [C], the capsid is
enveloped by a lipid bilayer with viral glycoproteins in the Golgi apparatus [AC] and the whole
infectious particle or dense bodies are transported out of the cell [D]. Adapted from Jean Beltran and
Cristea [20].

3.1.3 HCMV latency and reactivation

The replication cycle is not always taking place. HCMV can, upon entry into a cell, either go
into the lytic cycle or enter a latent state [21]. Whether the DNA is transcribed or not seems to
be based on a complex system, which is not fully understood, but seems to depend on the cell
type. CD34* progenitor cells and CD14" monocytes, as well as granulocyte-macrophage
progenitors are cell types in which latency may occur [22-25]. In contrast, endothelial-,
epithelial cells and fibroblasts usually enter the lytic cycle [26]. Some cell types are replicating
the virus fast and in high amounts, while others only show low or chronic HCMV replication
[27, 28] (Figure 3).
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Figure 3: HCMV latency versus replication.

HCMYV infection of cells leads to transport of the viral DNA into the nucleus. Depending on the cell
type, the viral genome is either silenced (latency) or replicated and infectious particles are formed.
Adapted from Goodrum [27].

Latently infected CD34* or CD14* cells are persistent sites of HCMV. The whole mechanism
of latency is not fully understood, but some key players are reviewed by Goodrum et al. [28]
and displayed in Figure 4. Transcription of the IE-genes is a vital factor: if there is a lack of
very early transcription the replication cascade does not follow. The major immediate early
promotor (MIEP) plays here an important role. During latency, the MIEP is found in a repressive
chromatin structure [29, 30]. The protein pp71 usually travels into the nucleus, binds a host
repressor called Daxx for degradation and therefore prevents silencing [31]. When it is retained
in the cytoplasm, latency can occur. Other domains and factors like nuclear domain 10 (ND10),
heterochromatin protein 1 (HP1) or histone deacetylase (HDAC) are also involved in the

chromatin remodeling [30, 32] (Figure 4).
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Figure 4: Latent versus productive HCMV life cycle.

After infection with HCMYV two cycles the latent or the productive cycle can happen. In for example
monocytes or Hematopoietic progenitor cells (HPCs) latent infections can occur, where the HCMV-
DNA is silenced upon entry into the nucleus by several different factors (nuclear domain 10 (ND10),
Heterochromatin protein 1 (HP1), Histone deacetylase (HDAC). Reactivation can occur under stress
or loss of T cell immunity. In the productive phase (on the right), the DNA can be transcribed directly
upon entry into the nucleus and viral particles can be produced. Adapted with permission from
Goodrum et al. [28].

The reactivation of HCMV is not fully understood, but several influences were found. HCMV
can reactivate upon differentiation of monocytes to macrophages or dendritic cells [33, 34].
Stress and an inflammatory milieu with increased IL-6 levels [35, 36] and the loss of T cell

immunity can also lead to reactivation [37].

3.1.4 Epidemiology and Pathology

The worldwide HCMV seroprevalence is estimated to be around 83% [38]. Developed
countries hold often lower rates (Ireland with 39%) than developing countries (African region
88%) [38]. Women in Germany show seroprevalences around 62.3%, while men have lower
percentages with 51.0% [39]. An increase of seroprevalence is seen by age; the older the
population, the higher the HCMV seroprevalence. In women an increase from 44.1% to 77.6%

was found in Germany in the age groups 18-29 and 70-79, respectively [39].
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HCMV infection is usually asymptomatic. Transmission occurs horizontally and vertically.
Many body fluids can contain virus, such as tears, saliva, cervical mucus, liquor, blood, urine,
semen and breast milk [40]. Major transmission routes are sexual contact, solid organ
transplantations (SOT) or stem cell transplantations (SCT), blood transfusions, congenital
infections, as well as breast-feeding [11]. In the SOT and SCT settings, HCMV seropositive
donors can infect the recipient, or the immunosuppressed status can lead to reactivation in
already positive recipients.

Initial asymptomatic HCMV infections can develop to severe HCMV disease, such as
gastrointestinal diseases, myocarditis, cystitis, retinitis, nephritis, encephalitis/ ventriculitis,
pneumonia, hepatitis and pancreatitis in immunosuppressed individuals [41].

In contrast, pregnant women, who have a primary HCMV infection, do not necessarily show
symptoms, but transmission to the fetus may occur in about 30-70% of the time [42, 43]. HCMV
is the most common cause of congenital infections [44] and can lead to disabilities and hearing
disorders in the children [45].

The treatment of HCMV disease is mostly based on antiviral substances like ganciclovir and

valganciclovir [46].

3.2 The immune system - an overview

3.2.1 Innate immune system

Humans are constantly exposed to bacteria, viruses, fungi and toxins, which could harm the
organism. Two different subgroups of the immune system, the innate and the adaptive immune
system, can differentiate between self and non-self-antigens and are interacting with each
other to protect the body from infections and disease. The skin is the first barrier, preventing
pathogens from an easy entry. The complement system, the recognition of pathogen-
associated molecular patterns (PAMP, by for example toll-like receptors (TLRs)) and damage-
associated molecular patterns (DAMP), as well as inflammation processes are important steps
of the innate immune system. Cells belonging to the innate immune system are, for instance,
macrophages, dendritic cells, granulocytes, like neutrophils, basophils and eosinophils, and
natural killer (NK) cells. All these components generate a first line defense to pathogens or

diseases, since they are present in the tissue and can directly react.

3.2.1.1 Inflammation/Cytokines

Inflammation of tissue is achieved by secretion of cytokines by, for example, infected or

damaged cells, as well as tissue residing immune cells and later on by invading immune cells.

Cytokines are small proteins which are indispensable for communication between cells and

can attract, activate or help differentiating immune cells [47]. They are produced by various
10
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cell types particularly by immune cells (for instance macrophages and helper T cells) but also
by fibroblasts, endothelial or epithelial cells. Many subgroups, such as interleukins (IL),
interferons (IFN), chemokines and tumor necrosis factors (TNF) exert distinct functions.
Important proinflammatory interleukins are for example IL-1, IL-6 or IL-12 , while anti-
inflammatory interleukins are for instance IL-4, IL-10, IL-11 and IL-13 [48]. Chemotactic
cytokines are small proteins with the ability to attract immune cells and are, therefore, called
chemokines. Cysteine residues are used to differentiate between the most frequent C-X-C (for
example IL-8, CXCL10) and C-C and seldom C- and C-X-X-X-C chemokines [49]. Interferons
can show antiviral activity. A prominent member is IFNy, which is mainly excreted by NK cells
and activated T cells. Amongst many other functions, IFNy facilitates major histocompatibility
complex (MHC, also called human leukocyte antigen (HLA)) class | and Il upregulation on
somatic cells and professional antigen presenting cells, respectively. The tumor necrosis factor
super family (TNFSF) consists of type Il transmembrane proteins, which after extracellular
cleavage function as cytokines leading to activation, differentiation, proliferation and many

other regulatory functions.

3.2.1.2 Professional antigen presenting cells/monocytes

Professional antigen presenting cells (APCs) can digest and process pathogens or apoptotic
cells in their surroundings to finally present (foreign) antigens on MHC class Il molecules
(PMHC), which is a prerequisite for initiation of an adaptive immune response.

Monocytes are, for example, professional APCs and originate from myeloid precursors, namely
monoblasts in the bone marrow. Three types of monocytes exist: Classical monocytes express
high expression levels of CD14 on their cell surface, while non-classical monocytes have low
CD14 expression and co-express CD16, a Fcy receptor type lll. Intermediate monocytes are
defined by high CD14 and low CD16. Monocytes are mainly found in the blood stream and
differentiate into macrophages (through M-CSF and other cytokines into various subtypes like
M1 and M2 macrophages) or dendritic cells (through cytokines like GM-CSF, IL-4) when
migrating into tissue. Macrophages and dendritic cells are phagocytes representing the
majority of professional APCs.

Another important role of macrophages is in the initiation of inflammation by secreting

cytokines that can activate or attract other cells to the location of infection.

3.2.1.3 Myeloid-derived suppressor cells

Myeloid precursors also can differentiate into myeloid-derived suppressor cells (MDSCs) when
chronic/persistent infections or cancer lead to weaker and longer activating stimulation [50].

Therefore, MDSCs are immature myeloid cells, bearing anti-inflammatory cytokines and

11
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showing only weak phagocytic performances [50]. A key feature of these cells is that they
inhibit adaptive immune responses, especially T cell responses [51, 52]. They can be of
granulocytic or monocytic origin. In this thesis, monocytic MDSCs (M-MDSCs) were identified

by their characteristic CD14 and low to dim HLA-DR expression.

3.2.1.4 NK cells

NK cells are cytotoxic lymphocytes expressing amongst other receptors the neural cell
adhesion molecule (NCAM, CD56) that is usually used to identify these cells in flow cytometry
based assays. They can lyse cells without prior priming and are independent of the MHC-
peptide presentation and recognition axis. The verdict to kill cells is influenced by a balance of
inhibitory (for example killer-cell immunoglobulin-like receptors (KIRs), NKG2A, NKG2B) or
activating receptors (CD16, NKG2C, NKG2D) on the NK cell surface. For instance, a strong
inhibiting signal is given by KIRs, which can bind to the MHC class | [53]. MHC class | is a
protein complex presenting peptides from within the cell. Virus infected cells or tumor cells can
downregulate these complexes and NK cells receive, therefore, no inhibitory signal from MHC
I and kill the cell with help of other activating receptors by releasing cytotoxic granules filled
with granzymes and perforins. However, NK cells can also show features of adaptive immunity

and were shown to have antigen-specific memory [54] (also see 3.3.1.1).

3.2.1.5 NKT-like cells

Another link to adaptive immunity form NKT-like cells, which are expressing markers for both
NK cell and T cell features. They can rapidly react upon antigen-stimulation with expression of
a wide range of cytokines [55]. Their T cell receptors (TCRs) bind often to CD1d, a MHC-like
molecule presenting lipids. Two types of NKT-like cells exist [56]. Type | cells are called
invariant NKT-like cells, expressing a semi-invariant T cell receptor (TCR) [57]. Type |l NKT-
like cells are less well studied and are assumed to recognize glycolipids [58]. In this thesis, co-
expression of CD56 and CD3 of lymphocytes were used to define this population. Therefore,

they were termed CD56" T cells in the following.

3.2.2 Adaptive immune system

The reactions of the adaptive immune system need several days to develop [59]. The main
purposes are a more specific and to the situation adapted immune response, as well as to
generate immunological memory. The humoral immunity (B cells) mainly protects from
extracellular pathogens, while the cellular immunity (for instance CD8* T cells) targets for

example intracellular pathogens. Additionally, both can participate in tumor surveillance.
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3.2.2.1 B cells and antibodies

The humoral immune response is generated by B cells that can be identified, for instance, by
their CD19 expression. B cells encounter antigens in lymph nodes with their B cell receptor; a
membrane bound immunoglobulin (mlg). This can result in B cell activation. With additional
help of CD4* T cells and/ or others, B cells can differentiate into plasma cells and are able to
express high-affinity immunoglobulins (Ig) or transform into memory B cells [60].
Immunoglobulins consist of two heavy and two light chains linked through disulfide bonds. The
secreted immunoglobulins can be divided into five subclasses: IgA, IgG, IgM, IgE and IgD [61].
mlIgD and migM are co-expressed on mature B cells. Upon antigen stimulation and activation
in the lymph node, IgM is secreted as a pentamer. After somatic hypermutation, the produced
antibodies have either higher or lower affinity to antigens. However, only the B cell clones
expressing antibodies of higher affinity undergo further proliferation. The binding strength of
the whole molecule (IgM has ten binding sites) is called avidity. With additional help of CD4* T
cells, irreversible DNA recombination eliminating heavy chain exons in the C-region (u, 8, v, q,
€) can occur and leads to a class-switch to IgA, 1gG or IgE. IgG is the main isotype in serum
with the longest half-life [61]. Neutralizing IgG antibodies are very important, since they are,
amongst other antigens, directed against viral surface proteins and can for example prevent
the cell entry of pathogens. IgA is mostly expressed at mucosal surfaces as a dimer, termed
secretory (s) IgA and, for instance, is the most abundant antibody in breast milk [61] (see
3.4.4).

3.2.2.2 T cells

Progenitor cells originate in the bone marrow and can migrate to the thymus, where their
development to T cells by somatic gene rearrangements takes place. At the early stage of
double negative (DN, double negative for CD4 and CD8), thymocytes undergo TCR 3, y and
0 gene rearrangements and the lineage of either yd or a3 T cells is determined by which of the
genes is rearranged faster and amongst several other factors, presumably also the TCR
signaling strength [62]. Strong TCR signaling may lead to yd, weak signaling to a3 T cells. af
T cells undergo then positive and negative selection processes and finally develop into CD4
or CD8 positive, not self-antigen recognizing but functional naive T cells. Their TCR binds to
specific pMHCs [59, 63].

3.2.2.21 yd Tcells

The yd T cells exiting the thymus can either show innate like features or need activation in the
periphery [62]. Therefore, yd T cells bridge both parts of the immune system through the

combined use of innate and adaptive functions [64, 65]. They can show a rapid response to
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antigens and can mostly be activated in a pMHC independent-manner. Some of the yd T cells
might also undergo extrathymic selection processes [66]. Less than 6% of the peripheral blood
T cell compartment consists of yd T cells mainly expressing Vy9 and V&2 chains in their TCR
[67, 68]. Most of their antigens are still unknown. However, Vy9Vd2 T cells were shown to be
activated by phosphoantigens, defined as phosphorylated small non-peptide antigens
produced for example by either microbes or transformed cells [69]. Despite the main
occurrence of V82 chains (around 70%, show more innate like-features), V&1 (presumably
more adaptive features) and V&3 form minor subsets, whereas other & chains are very rare
[70, 71]. Non-Vy9Vd2 T cells, such as Vd1 yd T cells, were reported to undergo clonal

expansion upon exposure to different pathogens or in diseases [72, 73].

3.2.2.2.2 CD4" aB T cells

CD4* T cells, also called simplified helper T cells, bind to pMHC class I, which are displayed
by professional APCs (see 3.2.1.2). For antigen-specific activation in the lymph node,
costimulatory signals like CD28 binding to B7 (mainly expressed by dendritic cells) are
important. After activation, stimulation with different cytokines helps them to differentiate into
several subpopulations, for example Th1, Th2, Th9, Tth, Th17, Th22 and regulatory T cells
(Tregs). Activated CD4* T cells mainly secrete cytokines to help initiate other immune
responses. For example, Th1 cells mainly help by infections with intracellular microorganisms,
like bacteria or viruses (and therefore cytotoxic CD8* T cells) and mainly secrete IFNy. Th2
cells help with extracellular parasites (and therefore antibody-producing B cells) and mainly
secrete cytokines like IL-4, IL-5 or IL-13. Tregs display immune regulatory functions, inhibit

dendritic cells and, consequently, T cell activation [74].

3.2.2.2.3 CD8* aB T cells

CD8* T cells, also called simplified cytotoxic T lymphocytes (CTLs), bind with their TCR and
the CD8 molecule to pMHC class |, which are almost expressed on all cells of the body [59].
The naive CD8" T cell is activated, when its TCR binds to pMHC class | on APCs. Additional
help of costimulatory signals like CD28 binding to B7- in presence of a defined cytokine milieu
is needed. They leave the lymph node and can upon antigen recognition, directly kKill the target
cell. One way are cytotoxic granules filled with granzymes and perforins, which can specifically
be released in the direction of the target cell. While perforins form pores into the membrane of
the target cell, the granzymes can enter the cell and cleave proteins (activation of caspase 3)
and the cell undergoes apoptosis. Another way is the Fas/Fas ligand axis, which also directly

leads to the caspase cascade setting the target cell into apoptosis [75].
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3.2.2.2.4 Activation marker CD38 and HLA-DR

T cells are activated by for example contact with their specific antigen and other costimulatory
factors and can then proliferate and fulfill their cytotoxic or helper functions. During this
activation, several activation markers are expressed like for instance CD69, CD25, CD38 or
HLA-DR [76, 77]. In this thesis, CD38 and HLA-DR were used as activation markers on T cells.
CD38 is a glycoprotein, which is also called cyclic ADP ribose hydrolase. Among several other
functions, it is a general marker for activation and an adhesion molecule, helping leukocytes
pass through endothelium [78].

HLA-DR belongs to the MHC class Il receptors and is expressed by professional APCs. It is

upregulated upon activation of T cells, but slowly and counts as a ‘late’ marker [76].

3.2.2.2.5 T cell memory

Two models of T cell differentiation are discussed in the field. The on-off-on hypothesis leans
to the theory that antigen-activated naive T cells differentiate into effector cells, which then
undergo clonal expansion. After the pathogen is cleared, most effector cells undergo
apoptosis. However, some effector cells transform to memory cells and can easily be
reactivated and proliferate upon another recognition of the antigen [79, 80].

Another theory, called developmental or linear differentiation model, is suggesting that memory
T cells directly differentiate from naive T cells after activation and antigen recognition [81]. This
hypothesis is supported by reports of longer telomere lengths of memory cells compared to
effector cells, which underwent several cell divisions [82].

Markers identifying naive T cells are CD27, CD28, CD62L, CCR7 and CD45RA. Upon antigen
stimulation they differentiate into central memory T cells (Tcum). Tem (CD45RA-, CD27*, CD28",
CD62L*, CCR7"), have no immediate effector function, but are more sensitive to antigen
stimulation than naive T cells and need less co-stimulation [83]. They still express homing
receptors for secondary lymphoid tissues and have a high proliferation capability [84]. After
another stimulation, they can differentiate further into effector memory T cells (Tew),
characterized by CD45RA-, CD27*/-, CD28%/-, CCR7- [85]. Tem are mostly found in blood or
non-lymphoid tissues and have a rapid effector function [83]. Terminally differentiated memory
T cells re-expressing CD45RA are termed TEMRA cells (CD45RA*, CD27-, CCR7-). They
have low proliferative capability and a high capacity to produce IFNy [86].

The expression patterns of CCR7 and CD45RA were used to detect naive, Tcw, Tem and
TEMRA cells in this thesis. CCR7 (C-C chemokine receptor type 7) is an important chemokine
receptor, which can result in homing of the T cell to secondary lymphoid tissues [87]. CD45RA
is a splice variant (exon 4) of the tyrosine phosphatase CD45. CD45 is found on all (nucleated)

hematopoietic cells and has a very high abundance on the cell surface [88]. CD45 and its
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different splice variants can show the developmental or activation stages of the cell. CD45RA

is expressed on naive T cells and is finally reexpressed in TEMRA cells (see above).

3.3 Immune response to HCMV

3.3.1 Innate immune response to HCMV

At first, an innate immune response to HCMV is triggered, which is vital for the development
of an adaptive immune response [89]. One of many innate immune response mechanisms is
already triggered upon HCMV binding or entry into the cell by recognition of gB/gH on the
surface of HCMV particles via TLR 2 [90, 91]. This results in inflammatory cytokine secretion
of the host cell and leads to attraction of immune cells to the site where an infection was
induced [92].

3.3.1.1 NK cells and NKT-like cells in context of HCMV

Another essential component of the innate immune response to HCMV is NK cells [93-95].
HCMV belongs to a group of pathogens, which can induce downregulation of MHC class |
molecules on infected host cells as part of their immune evasion strategies. However, MHC
downregulation makes the cell more susceptible to NK cell recognition and lysis [96, 97].

NK cells were found to be important during HCMV infections in 1989, when an adolescent
individual without NK cells was shown to develop HCMV disease [98].

However, HCMV developed several immune evasion strategies against NK cells. For example,
the genes UL18 and UL142 are encoding MHC class I-like molecules to counteract the
recognition by NK cells [93, 99].

Additionally, as already mentioned above, NK cells form a bridge to the adaptive immune
response [54]. In particular, a subpopulation, expressing the activating receptor CD94/NKG2C
(binds to the non-classical MHC class | molecule HLA-E), can show clonal expansion in HCMV-
seropositive individuals or in vitro using HCMV infected fibroblasts [100-102]. These NK cells
were documented to increase and produce high amounts of IFNy in SCT patients during HCMV

reactivation [103].
NKT-like cells might also have a function in the defense against HCMV. Their frequency and

activity in peripheral blood was found to be elevated in healthy HCMV-seropositive individuals

[104], as well as in patients with HCMV infection after kidney transplantation [105].
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3.3.2 Adaptive immune response to HCMV
3.3.2.1 B cells and antibodies in context of HCMV

Individuals with primary HCMV infections present in the first ten days after HCMV exposure
only IgM antibodies and no IgG in serum [106] (Figure 5). IgM can either rapidly decrease after
a strong increase post primary infection or show persistence for several months [106]. HCMV-
specific IgGs increase with a delay to a constant level about three months post infection (Figure
5). The HCMV-IgG avidity is slowly increasing until five to six months after infection [106, 107].
The definition of a latently infected individual is, therefore, defined as IgM negative, IgG positive

and expressing high IgG avidity.
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Figure 5: Humoral immune response after primary HCMV infection.
IgM pattern A shows the normal course of IgM, while IgM pattern B shows the course of persisting
IgM. With permission after Prince and Lapé-Nixon [106].

The humoral immune response to HCMV is important for restriction of viral dissemination [108,
109]. The IgM and the IgG-antibody response is mainly directed against pp150, a large matrix
phosphoprotein [110, 111]. High proportions of IgG-antibodies are also directed against IE1,
pp65 (lower matrix phosphoprotein) and gB (antigenic domain 1 and 2), as well as against the
processivity factor pUL44 (p52) and single-stranded binding protein pUL57 [110, 112].
Neutralizing IgG antibodies were found against gB [113-115], gH [116] and the pentamer
complex [117], whereas IgG antibodies against the latter seem to have potent neutralizing
capabilities [118].
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3.3.2.2 T cells in context of HCMV

Nevertheless, the main adaptive immune response against HCMV, as well as a strong

immunological memory, is managed by T cells [108, 119].

3.3.2.2.1 CD4* T cells in context of HCMV

CD4* T cells were thought to have lesser impact during infection and probably more during
latency maintenance [120]. However, a functional effector-memory CD4* T cell compartment
was shown to be important for recovery from HCMV primary infection [121, 122]. Additionally,
CD4* T cells were required for the persistence of CD8* T cells after adoptive transfer [123].
CD4* T cells were also necessary for CD8* T cell expansion in SCT patients [124].
Furthermore, extended viral shedding in children with deficiency in CD4* T cell immunity could

also be observed [125].

3.3.2.2.2 CD8*T cells in context of HCMV

In peripheral blood of HCMV-seropositive individuals, relatively high frequencies of CD8" T
cells target HCMV in comparison to other pathogens [37]. Regarding 213 open reading frames
(ORFs) of HCMV, a median of more than 10% of HCMV-specific memory CD8" T cells were
found in blood of healthy virus carriers [126]. Most of the T cell responses seem to be directed
against pp65 and IE1 peptides [127-131], but responses were also found against pp28, pp50,
gH, gB, US2, US3, US6, and UL18 [132]. The importance of CD8" T cells was observed in
bone marrow transplant patients, where the establishment of cytotoxic T cell responses
showed recovery from HCMV infection [133]. Accordingly, patients lacking HCMV T cell
responses against these prominent antigens more often developed HCMV disease (six out of
ten individuals) [134]. Similar results were also found in the SOT setting [135-137]. Already in
1992 [138] and 1995 [123], it was demonstrated that adoptive CD8" T cell transfer to SCT
patients could reconstitute their immune response to HCMV.

An overview of some major immune cell subsets involved in the immune responses to HCMV

is shown in Figure 6.

3.3.2.2.3 y3 T cells in context of HCMV

In 1999, Déchanet et al. [139] showed that yd T cells highly increased in renal allograft
recipients, who had an HCMV infection. Expansion mainly occurred of the V&1* yd T cell subset
[140]. y© T cell expansion was associated with antiviral activity as well as control of HCMV

disease or infection in several studies in the transplant setting [141-146].
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Furthermore, healthy HCMV-seropositive individuals also showed elevated levels of y& T cells
[147].
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Figure 6: Immune response to HCMV.

Viral replication and spread is fought by B cells expressing neutralizing antibodies, and CD8* cytotoxic
T cells. Both are supported and activated by CD4 T helper cells. Additionally, natural Killer cells can
directly act on infected cells. Nevertheless, HCMV s infecting CD34* cells in the bone marrow and
develops a latent state. Adapted with permissions from Wills et al. [148].

3.3.2.2.4 T cell memory in context of HCMV

HCMV infections have great impact on the immune system. CD8* T cells show similar
responses in young infants and children to congenital or postnatal HCMV infections as adults
to primary HCMV infections [149, 150]. However, at the latent stage of HCMV, with possibly
reoccurring reactivations throughout life, a memory inflation over time seems to take place
[151]. A clear imprint on late differentiated T cells in the periphery was found in the HCMV-
seropositive elderly population in several studies indicating some sort of senescence [152-
158]. For both, CD4* and CD8* T cells, naive T cells were diminished and Tem as well as
TEMRA cells, especially in the CD8* compartment, were elevated in HCMV-seropositive
compared to seronegative individuals [159, 160].

As soon as this cellular immune response is impaired in any way, for example in SOT recipients
or HIV-positive individuals, or even in preterm newborns, where the immune system is not yet

fully developed, HCMV reactivation or infection can lead to severe complications.
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3.4 Human breast milk

3.4.1 Anatomy of the lactating breast

The first one to describe the human anatomy of the lactating breast was Sir Astley Cooper in
1840 [161]. He dissected breasts of women, who died during lactation, and made a detailed
report. The main milk production takes place in the alveoli by secretory epithelial cells, also
called lactocytes. In addition to contractile myoepithelial cells and adipocytes also blood
circulation surrounds the alveoli [162] (Figure 7 C). About 10 to 100 of these alveoli form a
lobule of which 15-20 are present in the lactating breast [163] (Figure 7 A, B). Cooper found
up to 22 ducts, but considered that only 12 were functioning ducts [161]. The ducts transport
milk from the alveoli to larger ducts which end in the lactiferous sinus. From there the milk

passes the nipples and reaches the suckling infant.
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Figure 7: The lactating breast.
A) The lactating breast, B) a secretory lobule and C) an alveolus are shown. Modified from Medical
Physiology, 3rd Edition, chapter 56 [164].

Lactocytes produce the major proteinaceous amounts of milk. Lactalbumin, casein and other
proteins, which are synthesized in the endoplasmic reticulum and the Golgi apparatus, are
transported to the lumen of the alveoli through exocytosis (Figure 8 -1). Additionally, proteins
are transcellularly transported via endo- and exocytosis into the lumen of the alveoli (Figure 8
-2). Many macromolecules, like immunoglobulins [165], albumin and transferrin from serum
[166, 167], as well as endocrine hormones and cytokines [168] get transported to the lumen
by transcytosis. The milk lipids mainly come from the mothers diet or fat stores and move in
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form of lipid droplets to the apical membrane, where they are secreted into the lumen [169]
(Figure 8 -3). Electrolytes and water from the interstitial fluid reach through an osmotic gradient
(mainly due to the lactose) and by passing the tight junctions into the lumen (Figure 8 -5). Cells,
mainly leukocytes, also reach the alveolar lumen through a paracellular pathway [170]. For
instance, breast milk-derived B cells were found to originate presumably from the gut-

associated lymphoid tissue forming an entero-mammaric link [171, 172].
1] B

Secretory pathway | | Transcellular
endocytosis/exocytosis

Alveolar lumen

containing Myoepithelial

Exocylosis
cyl vesicle cell

Proteins
e ) -‘.
A

Vesicle containing
protein

Milk lipid

Connective
lissue

:

Lipid pathway

Vesicles containing ["Sygars <+~ | AT | £
sugars and salts. o )« (0] B

s )
‘ L= JJf capitary )

9

,
| Transcellular salt and water transport through channels and lr.\nsrmrlura,] Paracellular pathway for ions and water. ’
L

Figure 8: Secretion pathways of secretory epithelial cells.

Breast milk components can be transported into the alveoli lumen by the secretory (1) or lipid (3)
pathway of the secretory epithelial cell, by transcellular endocytosis/exocytosis (2) or through
transcellular salt and water transport through channels and transporter (4), as well as paracellular
pathways for ions or water (5). Adapted from Medical Physiology, 3rd Edition [164] with permissions
from Elsevier.

The infant’s suckling is very important to stimulate milk ejection [173]. Without the nerve
impulses from the nipple to the hypothalamus, which then stimulates the posterior pituitary to
excrete oxytocin, only 1-10 ml of milk can be expressed or removed by the infant [174, 175].
Oxytocin stimulates the myoepithelial cells to contract and press the milk through the ducts
towards the infant. Duct diameter and milk flow rate increase during this process [173, 176,
177].

3.4.2 Breast milk components and benefits

Breast milk contains important macronutrients to fit the infant’s needs. Throughout a feeding,
watery foremilk is expressed first, which should satisfy the infant’s thirst. It is followed by hind
milk, which is richer in fat and energy, as well as total protein content [178, 179]. Breast milk

composition also changes over the lactation period. During the first week colostrum is
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expressed, then transient milk to about 30 days postpartum (p.p.), followed by mature milk
after 30 days p.p. Mature milk consists of about 87% water and the average overall content of
protein, fat and lactose is 0.9-1.2 g/dl, 3.2-3.6 g/dl and 6.7-7.8 g/dl, respectively [180]. The
energy contained in breast milk is estimated around 65-70 kcal/dl [180]. Breast milk also
contains all of the necessary vitamins, trace elements and essential minerals for newborns to
grow and develop [181].

Breast milk does not only have nutritive aspects but also many bioactive components and is
therefore very important to help the newborns still developing immune system [182].
Antibodies, exosomes, micro RNAs, immune cells and many more components are present in
breast milk (most essential ones shown in Table 1). Many of these immunologically important
compounds even survive the newborn’s stomach, since the pH (3-6) is much higher as in adults

(1-3) [183, 184].

Table 1: Important breast milk components

Breast milk components Reference
Major milk proteins:

B-casein [185]
K-casein [186]
a-lactalbumin [187]
Lactoferrin [188-191]
Lysozyme

Immunoglobulins:

Secretory IgA (slgA) [192]

IgG [193]

IgM

IgE

Micronutrients, minerals and vitamins [194, 195]
Milk fat lipid globules and their membrane proteins [196-198]
Microbiota [199]
Growth factors, hormones, peptide hormones and glucocorticoids

Proteases and other enzymes [200-202]
Other proteins: Serum albumin, haptocorrin, a-antitrypsin, osteopontin, | [187, 203-207]
folate binding protein, complement system proteins

Oligosaccharides [208]
Cytokines, chemokines, adipokines [209]
Metabolic compounds:

Urea, glutathione, creatinine, carotene

Exosomes [210]
Amino acids [211]
Nucleotides, micro RNAs [212]
Breast milk cells (BMC) [213]
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Breast milk is therefore considered very important for the infant. For the first six months after
birth, it is recommended by the World Health Organization (WHO) to exclusively feed breast
milk [214]. It was also shown that infections to the upper and lower respiratory tract, as well as
to the gastrointestinal tract, were significantly reduced in infants breast fed exclusively for at
least four to six months [215-218]. Breastfeeding was even associated with higher intelligence

test scores in children and adolescents [219, 220].

3.4.3 Immunological active components in breast milk

Many of the described components of breast milk in Table 1 carry out immunological functions
to help protecting the infant from infections. For example, lactoferrin was shown to be
microbicidal, regulating immune cell activation, migration and growth, as well as showing anti-
inflammatory functions [191, 221]. Oligosaccharides protect the infant’s gut from pathogenic
bacteria and are prebiotic for beneficial microbes [222, 223]. Lipids, nucleotides, casein,
cytokines, lactalbumin, lysozyme and many other components show immunological effects on
the infant’s health or immune system [182, 224-228] (Figure 9).

3.4.4 Antibodies in breast milk

B cells home to the mammary gland and effectively produce high amounts of antibodies
(mostly slgA), while the secretory epithelial cells are transporting the antibodies via the
polymeric Ig receptor (plgR) into the lumen of the alveoli [229]. Some B cells are also found in
breast milk, mostly consisting of highly activated plasma cells [171]. Immunoglobulins in breast
milk in general are very important for the infant. The newborn infant’s immature immune system
has some humoral protection by IgG transferred through the placenta, but is IgA deficient [230-
232]. Accordingly, sIgA is the most abundant antibody in colostrum and transient milk followed
by much lesser amounts of IgM and IgG [233]. slgA is not reaching the infants circulation [234],
but it can protect the infant gut's mucosal surfaces by binding bacteria, other pathogens or
toxins [235] (Figure 9). Immunoglobulins in breast milk were shown to be mostly directed
against intestinal or respiratory pathogens of the mother [182, 232, 236]. It was reported that
total slgA declines into mature milk whereas IgG frequencies of total immunoglobulins

increase, whereas IgM constantly stays at a low level [207].
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Figure 9: Imnmune supporting components of breast milk for preventing inflammation of the
infant’s gut. Breast milk has microbial, immunological and metabolic factors, which can all contribute
to the protection of the infant’s intestine. Abbreviations stand for secretory component (SC),
polyunsaturated fatty acid (PUFA) Toll-like receptor 4 (TLR4), nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB). Adapted from Thai and Gregory [228].

3.4.5 Breast milk cells

Breast milk cells (BMCs) mainly consist of epithelial cells with up to 98%, comprising
lactocytes, myoepithelial cells and ductal epithelial cells [213, 237] (Figure 10). However, other
cells, like stem cells and leukocytes, are also present [238]. Leukocyte frequencies decrease
during the lactation period. In colostrum 13 to 70% of cells consist of leukocytes, while in
mature milk of healthy mothers only 0-2% of total BMCs are leukocytes [239]. The frequency
of leukocytes can show an increase from 2 to as much as 94%, when the mother is infected
with a pathogen [240]. The main leukocyte populations were reported to be
monocytes/macrophages (55-60%), followed by neutrophils (30-40%), and lymphocytes (5-
10%) [236]. The lymphocytes mainly consist of T cells (~83%), followed by B cells (4-6%) [241].
Most leukocytes in breast milk seem to be activated. T cells mainly consist of HLA-DR and
CD25 expressing, activated effector memory T cell phenotypes in breast milk [242-244]. Breast
milk of mothers with term infants shows very little differences to breast milk leukocyte

populations of mothers with preterm infants [245].
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In humans, the role of immune cells in breast milk is not well understood and needs further
investigation. If the cells are there to protect the mammary gland or the breastfed infant from

pathogens is unclear. However, studies in animals and a few in humans showed an immune

modulating effect of milk leukocytes on infant’s pediatric disease developments [246].
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Figure 10: Breast milk cells.

Breast milk mainly consists of epithelial cells, like lactocytes and myoepithelial cells with up to 98%.
Other breast derived cells are progenitor and stem cells. Blood derived cells consist of immune cells,
like T cells, B cells, monocytes and macrophages, hematopoietic stem cells and others. Probiotic
bacteria are also present and help colonize the infant’s gut. Stem cells and immune cells might even
reach the infants circulation or different organs. Adapted from Ninkina et al. [238]. With permission:
http://creativecommons.org/licenses/by/4.0/, no changes made.

Another component of breast milk is bacteria. The breast milk microbiome helps colonizing the

infant’s gut [247]. Many different bacteria were found [248].
3.5 HCMV in breast milk

In addition to those milk components supporting the infant’s healthy development, breast milk
is also harboring HCMV as published first by Diosi et al. [249] in 1967. Methods used for
detection of HCMV in breast milk include PCR (mostly IE1 nested PCRs and real-time PCR,
DNAlactia), as well as microculture assays to isolate the virus (virolactia).

Around 95% of all HCMV |IgG-seropositive, immunocompetent and healthy mothers locally
reactivate the virus in the mammary gland shedding it into breast milk without establishing a
systemic infection [250-253]. Without viral DNAemia during the perinatal [254] or postnatal
phase [255, 256], additional other sites of HCMV shedding with much lesser frequencies were

found in urine, saliva or cervical swabs. HCMV in breast milk can reactivate as early as in the
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first week (colostrum) and is usually shed until around three months p.p. [257, 258]. During
this period, most reactivations display a self-limited, unimodal course with peak viral loads
highly differing from 103 to 10 copies/ml [258]. The reactivation event in the mammary gland
is not fully understood [251]. Transmission to the child seems to appear in about 37 — 42% of
cases. Cell-free virus in milk whey is the most frequent mother-infant transmission route.
Accordingly, HCMV transmission can occur without any cell-associated virus [250, 251]. BMCs
were found less often positive for HCMV DNA than milk whey [252, 259]. Term infants usually
show no symptomatic infection, but HCMV infection by maternal breast milk can lead to severe
symptoms in preterm infants with gestational age (GA) under 32 weeks or a birthweight under
1500 g [260-262]. Maschmann et al. [260] described symptoms like hepatopathy, neutropenia,
thrombocytopenia and sepsis-like deteriorations. Meier et al. [250] found similar symptoms
including hepatitis with cholestasis/icterus, sepsis-like symptoms and severe neutropenia with
second-stage bronchopulmonary dysplasia due to postnatally acquired HCMV. Postnatally
acquired HCMV colitis and volvulus were recently described [263, 264]. However, the clinical
presentation of HCMV infections of preterm infants via breast milk is not as well defined as the
clinical presentation of infections of immunosuppressed transplant recipients [41].

Breast milk can be pasteurized to avoid transmission and infection of preterm infants. Different
methods like Holder pasteurization (30 min, 62.5°C) or short-term pasteurization (5 sec, 62°C)
are applied to eliminate viral infectivity [265, 266], but can also decrease the functionality of
immunologically important components. More gentle methods like freeze thawing are less
common, since freeze thawing does not reliably eliminate viral infectivity. Nevertheless, it can
decrease viral loads [266-268].

Monitoring the immune response to HCMV reactivations in breast milk offers the possibility to
observe virus induced changes of the immunological profile in a healthy, not
immunosuppressed, individual. However, few data are available. This thesis is an approach to

obtain data on the different immune profile modulations by HCMV.
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3.6 Aims

Breast feeding is one of the most efficient vertical transmission routes of HCMV. In extremely
preterm born infants, this may result in severe disease. The mechanism and the immune
response to local HCMV reactivation in the mammary gland in otherwise healthy individuals
are far from being understood. Breast milk harbors many immunologically active components.
For instance, it is still widely unknown how or if at all HCMV influences the leukocyte subsets
or immunoglobulins in breast milk during its local reactivation process. Most studies use
snapshots for analysis, but since breast milk is a highly dynamic fluid, it is important to perform
longitudinal studies to monitor time depended variations during the reactivation kinetics of
HCMV. Therefore, the major aim of this thesis was to longitudinally investigate the impact of a
local HCMV reactivation on breast milk components like antibodies, cytokines, and leukocyte
subpopulations compared to their counterparts in corresponding blood samples. Several
immunological and virological aspects were investigated under the following questions:

1. Are there fluctuations in the proportions of immune cell subsets over time under local
HCMV reactivation in breast milk of HCMV-seropositive compared to —seronegative
mothers? Is there any evidence of a compartmentalization of immune cell phenotypes
in breast milk versus blood?

2. lIs it possible to identify HCMV-specific T cells in breast milk and are they accumulating
in breast milk or blood?

3. Regarding the humoral immunity: Do HCMV-specific IgG concentrations in milk whey
increase compared to plasma due to the local HCMV reactivation? Additionally, are
milk whey 1gGs directed against the same main HCMV-antigens than plasma IgGs or
does a compartmentalized antibody pool exist in milk?

4. By looking at the expression level of 92 proinflammatory cytokines in breast milk whey:
exist defined expression patterns in HCMV-seropositive mothers compared to -

seronegative?
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4 Materials and Methods
4.1 Material

4.1.1 Study cohorts

The investigated cohort consisted of mothers who mostly delivered preterm infants at the
Neonatology Department of the Children’s Hospital Tuebingen. For analysis, breast milk
samples or breast milk with corresponding blood samples were collected at defined time
ranges. The total numbers of participating mothers are shown in Figure 11. A clinical-virological
study termed BlooMil and individual courses of mothers termed A to D were highlighted, since
the main results are based on them. Anti-HCMV-IgG-seropositive individuals were called
HCMV* pos or HCMV-seropositive in the following (same was done for HCMV-seronegative
individuals). In the beginning of this work, breast milk samples were collected in the
Neonatology Department without knowledge of the HCMV-serostatus, to generate general
information in cytospin preparations.
Mothers of mostly

preterm infants
(N=84)

(316 BM samples)
(153 blood samples)

HCMV serostatus
unknown
seronegative (N=8) seropositive

(N=23) (N=53)

HCMV- HCMV-

(17 BM samples)

I 1 I I 1

m A ' = N - PR
BlooMil study Cytospins, o Pasteurization BlooMil study Cytospins, DNAlactia
(N=14) establishment experiments* (N=31) establishment**
N=9 N=15
(48 BM samples) (N=9) (N=7) (85 BM samples) e I:M ) les)
samples;
(48 blood samples) (45BM samples) (9 BM samples) (90 blood samples) 5
(7 blood ples) I (8 blood samples)
| | 1
) —_—
Table 56
Lablez29 Table 27 [ablez29 Tetramer analysis Table 27
Mother 1-10 I Mother 11-28 Mother 29-32 Mother A, C
(4 mothers excluded) OtneHE, (4 mothers excluded) (5 mothers excluded)
\ J \ v
| —

Figure 11: Organigram of participating mothers and samples acquired.

*for the pasteurization experiments short-term, Holder pasteurized as well as raw milk was used for
neutralization assays. **Despite the BlooMil study, breast milk and few blood samples were collected
between 12/2016 and 3/2018 for Cytospin preparations, nPCRs, gPCRs, establishment of methods,
like HCMV-IgG measurements from whey, cell counts, total protein amounts (mother A and B), flow
cytometry tests including yd T cells (mothers C and D).
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4.1.2 Cells
Human Foreskin Fibroblasts (HFF, SCRC-1041™, ATCC®, Manassas, VA, USA) were

purchased and used up to cell passage 40.
Human retinal pigment epithelial cells (ARPE-19, CRL-2302™, ATCC®) were purchased and

used up to cell passage 25.

4.1.3 Virus

The clinical isolate H2497-11 was used for neutralization assays. The virus was isolated from
amniotic fluid of a terminated pregnancy in Tuebingen in 2011. The amnion fluid was directly
inoculated following a high-speed centrifugation step of 50,000g on epithelial cells (ARPE-19)
This primary cell associated clinical isolate was cultured for 22 passages on ARPE-19
epithelial cells to generate cell-free virus.

AD169, a high passage HCMV laboratory strain, was used as positive control for nested PCRs.

4.1.4 Equipment

Table 2: Equipment

Equipment Company
Microscopes

Diavert Leitz
Labovert FS Leitz
Axiolab 66238C Zeiss
Olympus BX51 TF Olympus
Microscope cameras

TK-C1380 JvC
Olympus DP71 Olympus
Centrifuges

Eppendorf centrifuge 5415D (max. 16,100 g) Eppendorf
Eppendorf centrifuge 5804R (max. 20,913 g) Eppendorf
Eppendorf centrifuge 5810R (max. 20,913 g) Eppendorf

Universal 32R (max. 4,193 g)
Centra GP8R Unity lab (max. 4,550 g)

Heraeus Multifuge X3 FR (max. 25,314 g)
Shandon Cytospin3 (max. 451 g)
Biofuge Stratos (max. 50,377 g)

Hettich Zentrifugen

International Equipment Company
(IEC)

Thermo Scientific

Thermo Scientific

Thermo Scientific

Cell culture

96-well cell culture plate (Advanced TC™)
CELLSTAR® cell culture flask 50 ml 25 cm?
CELLSTAR® cell culture flask 250 ml 75 cm?

Greiner Bio-One (#655980)
Greiner Bio-One (#690175)
Greiner Bio-One (#658175)

BD™LSR I

BD Biosciences

Cobas 6000 Analyzer (module €601) Roche
Eppendorf Bio Photometer Eppendorf
Fine scale Kern
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Incubator 37°C; 5% CO; 97% rAh BBD 6220 Heraeus
Incubator 37°C; 5% COg2; 97% rAh C200 Labotect
pH-meter MultiCal® WTW

QlAcube Qiagen

Thermal Cycler MJ Research PTC-200 MJ Research Inc.

4.1.5 Reagents

Table 3: Reagents

Reagents Catalog number Company

2N HCI # 1.09063.1000 Merck

3-amino-9-Ethyl-carbazole (AEC) | # A-5754 Sigma

Acetone pro analysi (p.a.) #LC-4916.2 BioFroxx

Anti-Mouse Ig, k/Negative Control | #552843 BD Biosciences

Compensation Particles Set

Bromphenol blue Xylene Cyanole | # B3269-5ML Sigma-Aldrich

dye solution (0.5% bromphenol

blue, 0.5% xylen cyanole)

Clean # 340345 BD

Dimethyl sulfoxide (DMSO) # 20385.01 Serva

dATP [100 mM] # U120A Promega

dCTP [100 mM] # U122A Promega

dGTP [100 mM] #U121A Promega

dTTP [100 mM] # U123A Promega

Ethylenediamine tetraacetic acid | # 11278.02 Serva

(EDTA, analytical grade)

Ethanol absolute EMSURE® #1.00983.1011 Merck

Ethidium monoazide bromide | # 40015 Biotium

(EMA)

Fetal calf serum (FCS) # 10500 Gibco

FicoLite-H # GTF1511KYK Linaris-blue

Flow # 342003 BD

Formamide # A2156,0100 AppliChem

Giemsa’s azur eosin methylene | # 1.09204.1000 Merck

blue solution

Glacial acetic acid # 1.00063.2511 Merck

H202, 30% # 1.07209.0250 Merck

Mayers hamalaun # 1.09249.0500 Merck

May-Gruenwald’s eosin methylene | # 1.01352.0025 Merck

blue

Methanol p.a. # 20847.307 Prolabo

Midori green Advance # MGO04 Nippon Genetics Europe
GmbH

Mineral oil # M5904 Sigma

Mouse serum # S25-10ML Merck Millipore

N,N-Dimethylformamide (DMF) # D-4551 Sigma
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Penicillin/streptomycin (pen/strep) | # 15140-122 Gibco
Rinse # 340346 BD
Sodium chloride (NaCl) # 1.06404.1000 Merck
Sodium azide (NaNs, 10%) # 13553.001 Morphisto
Sodium acetate # 1.06268.0250 Merck
SeaKemLE agarose # 50004 Lonza Group AG
Trizma® base # T-6066 Sigma
Trypan blue # T-8154 20ML Sigma
TrypLE™ Express (trypsin) # 12604-013 Gibco
Tween®20 # 8.22184.0500 Merck

Table 4: Enzymes
Enzymes Catalogue number Company
Scal (5"...AGT'ACT...3", | #R0122 New England Biolabs (NEB)
3°..TCATGA...5)
Hin6l (5"...G’CGC...3", | #R0124S NEB
3...CGC'G...5)
Rsal (5"...GT’AC...3", | #R0167S NEB
3...CATG...5)

4.1.6 Buffers and Solutions

Table 5: Buffers and solutions

Buffers/solutions

Composition / Company

AEC stock solution

0.4% AEC
In DMF

AEC working solution

5% AEC stock solution
Diluted in sodium acetate buffer
0.1% H20-

Brilliant Stain Buffer

BD Horizon™ (# 563794)

CutSmart® buffer (pH 7.9)

NEB (# B7204S)

Dulbecco’s Phosphate buffered Saline
(PBS) pH 7

SIGMA (# D8537) /GIBCO (# 14190-169)

Flow cytometer staining buffer (PFEA)

PBS with:
2% FCS
2 mM EDTA
0.01% sodium azide

Hank’s Balanced salt Solution with sodium
bicarbonate (HBSS)

Sigma Aldrich (# H6648)

Loading dye

20% Bromphenol blue Xylen Cyanole dye
solution
Diluted in formamide

Red blood cell (RBC) lysis buffer 10x

Biolegend (#420301)

Sodium acetate buffer

Stock solution 10x:
1 M sodium acetate
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2.9% glacial acetic acid
Diluted in ddH20
pH 4.9 (adjusted with HCI)

Tris/borat/EDTA buffer 10x (TBE, pH 8.3)

Roth (# 3061.1)

Tris-buffered saline 10x (TBS)

Stock solution 10x:
0.5 M Trizma® base
1.5 M NaCl
Diluted in ddH.O
pH 7.6 (adjusted with HCI)

TBS wash buffer

1x TBS + 0.2% Tween®20

Table 6: Cell culture media

Cell culture media

Company / Composition

Dulbecco’s Modified Eagle’s

Medium
(DMEM), high Glucose w/o PYR, w/ HEPES

Gibco (# 42430-085)
+ 5/10% FCS
+ 100 U/ml Penicillin/streptomycin

DMEM:F-12

ATCC® (# 30-2006™)
+ 5/10% FCS
+100 U/ml Penicillin/streptomycin

Roswell Park Memorial

1640)

Institute (RPMI-

Sigma Aldrich (# R8758)

Carl Roth (# X968.2)

. 5 g LB-broth
Luria Broth (LB) broth + 250 ml VE H,0
autoclaved
4.1.7 Reagent kits
Table 7: Kits
. Catalogue
Kits number Company
a-Naphthyl acetate esterase #91A-1KT Sigma-Aldrich
CMV R-gene® # 69-003B Argene (Biomerieux)
LightCycler FastStart DNA Master # 03003248001 Roche
HybProbe
Nucleo Spin Gel and PCR clean-up # 740609.50 Macherey-Nagel
Plasmid DNA purification
NucleoBond® Xtra Midi # 740410.50 Macherey-Nagel
PWO Master # 03 789 403 001 Roche
Qiaamp blood mini # 51106 Qiagen
RecomLine CMV IgG [avidity] / IgM #5572 /5573 Mikrogen Diagnostik
Taq DNA polymerase #11 418 432 001 Roche
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4.1.8 Immunoglobulin preparations, antibodies and tetramers

Table 8: Antibodies

. . . Catalogue
Antibodies Conjugate number Clone | Company
Cytotect® CP (100 E/ml
infusion solution
. 0,
IgG subclasses: 65% i 4 626010 i Biotest
IgG1,
30% 1gG2, 3% 1gG3,
2% 1gG4, IgA<2mg/ml)
GAMUNEX-C 10%
(immunoglobulin:
IgG subclasses: 62.8%
IgG1, - # 10920606 | - Grifols
29.7% 1gG2, 4.8% IgG3,
2.7% 1gG4,
IgA<84mg/ml)
Anti-HCMV-IEA - # 11-003 E13 Biomerieux
Polyclonal rabbit anti- Horseradish
mouse- Peroxidase # P026002 - DakoCytomation
immunoglobulins (HRP)
: # 130-093- | IS11- MACS  Miltenyi
Anti-IgA pure, human - 073 8E10 Biotec
Table 9: BlooMil antibodies and fluorophore conjugates
BlooMil antibodies Conjugate Catalogue Clone Company
number
Mouse Anti-Human
cluster of differentiation | X3 FUOM® (A) | 4 557943 | UCHT BD
700 Pharmingen
(CD)3
Anti-human CD4 Brilliant Violet .
antibody (BV) 605™ # 317438 Okt 04 Biolegend
. Allophycocyanine BD
Mouse anti-Human CD8 (APC)-H7 # 560179 SK1 Pharmingen™
Anti-human CD14 Phycoerythrin .
antibody (PE)-Cy7 # 301814 M5E2 Biolegend
Anti-human CD38 PE #356604 | HB-7 Biolegend
antibody
Anti-human CDA45 BV 421™ #304032 | HI30 Biolegend
antibody
Anti-human CD45RA APC #304112 | HI100 Biolegend
antibody
Anti-human CD56 .
(Neural cell adhesion Fluorescein
isothiocyanate # 318304 HCD56 Biolegend
molecule (NCAM))
. (FITC)
antibody

33



Materials and Methods

Anti-human CD197 (C-
C chemokine receptor L :
type 7 (CCRY)) Biotin # 353240 GO043H7 Biolegend
antibody
Streptavidin Brilliant ™ .
Violet 510™ BV 510 # 405234 - Biolegend
Peridinin-
Mouse Anti-Human Chlorophyll- BD
HLA-DR Protein (PerCP)- #552764 G46-6 Pharmingen™
Cy™5.5
Table 10: Additional antibodies for individual courses C and D
Individual courses Catalogue
mother C and D | Conjugate g Clone | Company
. . number
antibodies
Anti-human CD4 1 gy 794 # 317440 OKT-4 | Biolegend
antibody
Mouse anti-human , ™
CD197 (CCRY7) PE # 560765 150503 | BD Pharmingen
Purified Mouse Anti- . ™
Human TCRY/5 - # 347900 11F2 BD Pharmingen
F(ab')2-Goat anti-Mouse
IgG  (H+L)  Cross- | Pacific Orange™ :
Adsorbed Secondary | (PO) #P31585 Invitrogen
Antibody
TCR V  delta 1 Thermo Fisher
Monoclonal Antibody FITC # TCR2730 TS8.2 Scientific
Anti-human TCR Vo2 | o p # 331410 B6 Biolegend
Antibody
Table 11: HLA-A2 typing
. . Catalogue
HLA-A2 antibody Conjugate number Clone | Company
Anti-human — HLA-AZ | e # 343305 BB7.2 | Biolegend
antibody
Table 12: Tetramers
Tetramer allele | Conjugate Peptide Catalogue number Company
. pp65 (495-504)
HLA-A*02:01 APC NLVPMVATV # HA02-010 (APC)
e, pp65 (495-504)
HLA-A*02:01 PE NLVPMVATV # HA02-010 (PE)
IET (316-324) Tetramer Shop
HLA-A*02:01 APC VLEETSVML # HA02-028 (APC)
. IE1 (316-324)
HLA-A*02:01 BV510 VLEETSVML # HA02-028 (BV510)
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Table 13: nested IE1-Exon 4 PCR primer

Materials and Methods

Primer Nucleotide position Sequence 5’-3’

IEP4 C (outer) 1729 - 1748 TGA GGA TAA GCG GGA GAT GT
IEP4 D (outer) 1951 - 1970 ACT GAG GCA AGT TCT GCAGT
IEP4 D* (outer) 1951 - 1970 ATT GAG GCA AGT TCT GTAAC
IEP4 A (inner) 1767 - 1786 AGC TGC ATG ATG TGA GCA AG
IEP4 A* (inner) 1767 - 1786 AAC TCT ATAATG TGA CCA AG
IEP4 B (inner) 1970 - 1951 GAA GGC TGA GTT CTT GGT AA

Table 14: gB PCR primer and probes

Primer Nucleotide position Sequence 5’-3’
gB-F 83228 - 83209 TAC CCC TAT CGC GTG TGT TC
gB-R 82975 - 82994 ATA GGA GGC GCC ACG TATTC

Fluorescein probe

83050 - 83026

CGTTTC GTC GTA GCT ACG CTT
ACA T-Fluorescein

LightCycler
Red-640

(LC)

83023 - 83001

LCRed640 - ACA CCA CTT ATC
TGC TGG GCA GC - PH

Table 15: UL10-13 primer for half-nested PCR (RFLP)

Primer

Nucleotide position

Sequence 5’-3’

pg1up (forward primer)

17973 - 17992

ACG GGT CTG CCG AAA GGC
TT

pg3do (outer reverse

primer) | 20110 - 20091

ACC GTC AGT TGT TGG CGT
AG

pg2do (inner reverse

primer) | 19945 - 19926

ACG GGT CTG CCG AAA GGC
TT

4.1.10

Software

Software

Company

BD FACSDiva™ (version 6.1.3)

BD Biosciences

Chromas (version 2.6.5)

Technelysium Pty Ltd

EndNote X9 (Bld 12062)

Clarivate Analytics

FlowdJo (version 10.6.

1)

BD Biosciences

GraphPad Prism (version 8.1.0)

GraphPad Software Inc.

LightCycler® Software 4.1 Roche
Microsoft Office 2016 Microsoft
SPSS (version 25.0.0.1) IBM

SwissLab (version 2.21.10)

Nexus / SWISSLAB GmbH
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4.2 Methods

4.2.1 Cell culture

HFF or ARPE-19 cells were cultivated in T75 flasks. At a confluency of approximately 80 to
90% cells were splitted three-fold (ARPE-19) or two-fold (HFF). Therefore, medium was
aspirated, and the cell layer was washed once with PBS with 1% penicillin-streptomycin
(pen/strep, Thermo Fisher Scientific, Waltham, Massachusetts, USA). Afterwards, 3 ml Trypsin
were added and incubated for 6-8 min or until cells detached at 37°C and 5% CO.. Finally, 9
ml of medium (DMEM with 10% FCS and 1% pen/strep for HFF and DMEM:F12 medium with
10% FCS and 1% pen/strep for ARPE-19 cells) were added and the cell suspension was
equally distributed into the new flasks and medium was added until 12 ml were reached. The
cells were maintained at 37°C and 5% CO; with medium exchanges every 2-3 days (HFF) or
every week (ARPE-19).

4.2.2 Breast milk fractionation

Freshly pumped or up to four hours old (stored at 4°C) breast milk (up to 80 ml) was collected
in the Department of Neonatology of the Children’s Hospital Tuebingen. The mothers used the
breast milk pump Symphony from Medela Medizintechnik (Echingen, Germany). The breast
milk fractionation protocol was based on Hamprecht et al. [269]. Shortly, breast milk was
centrifuged at 500 g for 10 min at 4°C. The creamy fat top layer was discarded and the middle
layer, consisting of whey, was centrifuged again at 1780 g for 10 min and sterile filtrated using
a 0.45 pm pore size. The cell pellet from the first centrifugation step was washed twice with
2.5 ml PBS at 400 g for 5 min. Afterwards, the cells were resuspended in 1 ml PBS and a 40
pm EASYstrainer (Greiner Bio-One, Kremsmuenster, Austria) was used to separate cell
aggregates. Cells were then counted under a two-fold trypan blue dilution in a Neubauer
chamber and diluted to the working concentrations, needed for each experiment.

If the cell pellet showed a slightly red coloration during the breast milk fractionation, the
samples were indicated with a different data point in the graphs. The red coloration presumably

is from erythrocytes and might therefore indicate mastitis.

4.2.3 Blood sample preparation

Mothers were asked to additionally donate up to 9 ml EDTA-blood. The pumping of breast milk
and the blood donation was not further apart than one and a half hours. Equal volumes of
EDTA-Blood and HBSS (Sigma-Aldrich, St. Louis, MO, USA) were mixed in a 50 ml falcon
tube. 15 ml of Fico-H Lite (Linaris Blue, Dossenheim, Germany) warmed up to RT were added
to another 50 ml falcon tube and carefully overlayed by the diluted EDTA-blood. The Ficoll-
gradient was centrifuged at 810 g for 25 min at 20°C. After centrifugation, 5 ml of the top layer

36



Materials and Methods

plasma were frozen at -80°C as 1 ml aliquots. The interphase, containing peripheral blood
mononuclear cells (PBMCs) was extracted from the gradient and washed 3 times with 50 ml
of HBSS at 200 g for 10 min. At the last washing step 10 ul were taken for cell counting and
mixed with 10 pl of trypan blue. After the washing steps the cell pellet was resuspended in
RPMI medium (Sigma-Aldrich) and diluted to an end concentration of 1x108 cells/ml and used

for the FACS staining procedures.

4.2.4 Experiments with whey and plasma

Different experiments were performed with either breast milk whey and plasma or with PBMCs

and BMCs (see 4.2.5). A short overview of the main experiments is given in Figure 12.

Centrifugation = Creamy fat layer

ry Plasma Centrifugation
step step
D g gglt:l | |e Milk whey PBMC o -
Breast « Cell pellet
milk EDTA-
blood
Milk whey and plasma: BMC and PBMC:
. ) : T Cytospin
Viral load: HCMV-specific antibodies: Flow cytometry: .
*+ nPCR + Electrochemiluminicence prepatations
+ gPCR (ECLIA) il ey
* microculture  + recomLine blot Phenotypical HCMV-specific T cells:
* Neutralization assays analysis Tetramer-analysis

Figure 12: Schematic figure of methods used for the BlooMil study.

Breast milk and blood were obtained from mothers of mostly preterm infants in the Department of
Neonatology at the University Hospital Tuebingen. Milk whey and plasma as well as breast milk cells
(BMCs) and peripheral blood mononuclear cells (PBMCs) were gained by several centrifugation steps
and used for the shown experiments in the graph.

4.2.4.1 Virus isolation procedures

Sterile filtrated milk whey was used to detect infectious virions. This was mainly done by the
routine diagnostic lab and performed as described before [269]. In total, 2 ml of milk whey for
short- and long-term microculture were equally aliquoted into two ultra-centrifugation tubes (a
1 ml) and centrifuged at 50,000 g for 1h at 4°C (Biofuge Stratos, Thermo Scientific, Waltham,
MA, USA). The supernatant was discarded, and both pellets were resuspended in 400 ul
DMEM + 5% FCS each. On the previous day, two 96 well microtiter plates were seeded with
2x10* human foreskin fibroblasts (HFF) per well in a volume of 100 pl. The next day, the

medium overlay of the fibroblasts was aspirated, and four wells of each plate were filled with
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100 pl of the concentrated virus resuspension. Microplates were centrifuged for 30 min at 200
g and afterwards incubated for 30 min at 37°C in 5% CO.. Then 100 yl DMEM with 5% FCS
were added to each well. The first plate was incubated for 36 h and the second plate for 14
days. After the 36 h short-term incubation a staining procedure followed (see below). The plate
with the 14 days long-term incubation period was controlled every two days for the
manifestation of HCMV-specific cytopathic effects (CPE) and medium was exchanged once. If
an HCMV-specific CPE was detected, virus infected cells were trypsin-treated and transferred
to a small cell culture flask previously seeded with HFF (approximately 70% confluency). When
the CPE reached 90% confluency, the cells were resolved and frozen at -80°C in DMEM with
10% DMSO and 20% FCS.

A similar microculture procedure was performed for BMCs diluted to a concentration of 1.5x10°
cells/ml and 100 pl of the cell suspension were added to the microtiter plate per wells. The
same procedures for short and long-term microculture as described above were applied after

inoculation with BMCs.

4.2.4.2 Immediate early staining procedure

The following immuno-staining protocol was used to detect immediate early antigens (IEA) in
fibroblast (HFF) nuclei of the microculture assays and neutralization assays. The cells were
fixed with 100 pl/well of equal volumes of ethanol and acetone for 5 min at RT. The
ethanol/acetone mix was aspirated and 200 yl TBS wash buffer (TBS with 0.2% Tween20) per
well were added. The microtiter plates were incubated for 20 min at 37°C + 5% CO,. HCMV
IE1 antibody (bioMérieux, Marcy-I'Etoile, France) was diluted 500-fold in PBS with 0.5% FCS.
After the incubation, the TBS wash buffer was aspirated from the wells and 100 ul/well HCMV
IE1 antibody solution was added and incubated for 1 h at 37°C and 5% CO.. The wells were
washed three times with 200 uyl TBS wash buffer and 100 pl/well secondary rabbit anti-mouse
antibody coupled with HRP were added per well in a 500-fold dilution in PBS with 0.5% FCS.
After a one hour incubation at 37°C + 5% CO., another washing procedure was performed.
The 0.4% (w/v) AEC stock solution in DMF was used to prepare the working solution with a
20-fold dilution in sodium-acetate buffer and 0.1% H202. 100 pl of the working AEC-solution
was added to each well and incubated for 20 min at 37°C and 5% CO.. The wells were washed
with 200 ul TBS wash buffer followed by a wash step with 200 ul PBS. Microtiter plates were
directly analyzed or stored in 200 pl/well PBS at 4°C. For analysis, red to brownish colored
fibroblast nuclei were then counted as IE1 positive cells, either each one or as plaque (<7

infected nuclei).
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4.2.4.3 DNA extraction

DNA extraction of 200 pl of different material (plasma, breast milk whey, BMCs (1.5x10%)) was
performed with the QlAamp Blood Mini Kit using the Qiacube DNA Extractor (Qiagen, Hilden,

Germany). Elution volume was 100 pl.

4.2.4.4 IE1-Exon 4 nested PCR

A nested PCR (nPCR) was performed as described earlier [270], except for the following
modifications. Mastermix’ were prepared as described in Table 16 and Table 17. Mastermix 1
was once prepared with primer IEP4 D and once with the mutation primer IEP4 D*, the same

counts for mastermix 2 and IEP4 A/A*. Mastermix’ were prepared for 100 samples and stored

at -20°C until usage.

Table 16: nested PCR mastermix 1 for the first round (per sample)

Final concentration

Amount [ul] per sample

IEP4 C [100 pmol/pl] 0.1 uM 0.05
IEP4 D/ D* [100 pmol/pl] 0.1 uM 0.05
Tween20 1% 0.5
PCR buffer [10x, 100 mM Tris-CL pH | 1x 5
9.6, 500 mM KCL]

MgCl; [25 mM] 2.5 mM 5
dNTP [25 mM each] 100 uM (each) 0.2
H20 29.2

Table 17: nested PCR mastermix 2 for the second round (per sample)

Final concentration

Amount [ul] per sample

IEP4 A/ A* [100 pmol/pl] 0.4 uM 0.2
IEP4 B [100 pmol/ul] 0.4 uM 0.2
10x PCR buffer [100 mM Tris-CL pH 9.6, | 1x 5
500 mM KCL]

MgCl; [25 mM] 2.5 mM 5
dNTP [25 mM, each] 200 uM (each) 0.4
H20 28.2

For the first round, 45 pl mastermix 1 or 1* (Table 17), 1.3 uyl Tag-polymerase and 5 pl from
the DNA extract of whey, plasma or BMCs were mixed and a PCR was run on Thermal Cycler
MJ Research PTC-200 (MJ Research, Inc., Waltham, MA, USA) as described in Table 18. The
second round followed with 44 pl mastermix 2 or 2%, 1.3 ul Tag-polymerase and 5 ul template
of the first round. The PCR program was run as described in Table 18, but without the initial
denaturation step.

39



Materials and Methods

Table 18: nested PCR program

Temperature . Cycles Cycles
Step [°C] i time (1).’ round) (2)., round)
Initial denaturation 93 5 min -
Denaturation 91 30 sec
Annealing 56 1 min 20x 30x
Elongation 72 1 min
Final elongation 72 10 min

4.2.4.5 Gel electrophoresis

Agarose gels were used for detection of DNA amplificates. A 3% gel was generated using 1.5
g SeaKemLE agarose (Lonza Group AG, Basel, Switzerland) in 50 ml 1xTBE buffer (10x, Carl
Roth GmbH + Co. KG, Karlsruhe, Germany) and heated in the microwave until the agarose
melted. 1.5 pl Midori Green Advance DNA Stain (Nippon Genetics Europe GmbH, Dueren,
Germany) were added and the solution was poured into a gel chamber with either eight or 15
comb slots. After 30 min the gel was cold and used in a horizontal gel electrophoresis chamber
(HB710 Hybaid, Teddington, UK). 10 ul of DNA amplificate was mixed with 2 pl loading dye
(see Table 5: Buffers and solutions) and added to each slot. A 123 bp DNA ladder (Sigma)
was diluted four-fold and 10 pl were mixed with 2 ul loading dye. The gel was run at 400 mA
and 100 Volt for 45 min. Documentation was done on a ChemiDoc XRS* (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) and analyzed with Image Lab software (also from Bio-
Rad).

4.2.4.6 UL10 to 13 PCR / Restriction Fragment Length Polymorphism

The gene region UL10 until UL13 of HCMV was amplified in a half-nested PCR to gain insights
of the HCMV strains present in milk whey or urine with Restriction Fragment Length
Polymorphism (RFLP). This protocol followed the instructions from Prix et al. [271]. In the first
amplification round, DNA extracted from either milk whey of the mother or urine from the infant
was used with PWO Master (Roche, Basel, Switzerland) after the manufacturer’s instruction.
Additionally 20 pmol of pg1up (forward primer) and pg3do (outer reverse primer) (Table 15)
was added. The PCR protocol was run as described in Table 19 and the amplificate had a
length of 2137 bp.

Table 19: UL10-13 PCR program

Step Temperature [°C] Time [min] Cycles
Initial denaturation 95 10

Denaturation 94 1

Annealing 58 1 35x
Elongation 72 2
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Final elongation 72 |7 |

For the second amplification round, the PWO Master was used with the same forward primer
(pg1up) but this time with another inner reverse primer (pg2do) (Table 15) and 5 pl of the first
round as DNA template. The same PCR protocol was used (Table 19). The resulting
amplification length was at 1967 bp. Samples were run on a 1% horizontal agarose gel in TBE
buffer (see 4.2.4.5). Gel extraction was performed for the band with the size of 1967 bp after
the manufacturer’s instruction of the Nucleo spin Gel and PCR clean up kit (Macherey-Nagel,
Dueren, Germany). The DNA was then digested either with 0.5 pl Rsal or 0.5 pl Hin6l, 1 pl of
cut smart buffer and 5 pl DNA as well as 3.5 yl H2O at 37° C over night. Another 1% agarose

gel in TBE buffer was run and analyzed.

4.2.4.7 HCMV UL83 (pp65) quantitative real-time (q) PCR

Quantitative HCMV DNA results of milk whey and cells were generated by using a qPCR of
target gene UL83 (encodes pp65) with the CMV R-gene®Kit (BioMérieux, Marcy-I'Etoile,
France, Limit of detection (LOD): 600 copies/ml). Results were given in copies/ml. Color

compensation for 530 nm and 640 nm from Roche was used.

4.2.4.8 HCMV UL55 (gB) quantitative real-time (q) PCR

300 pl of a glycerin stock of an E.coli JM109 population which was transformed with a pGEM
plasmid containing the gB region (performed by Steffen Hartleif) was cultivated overnight in
300 ml LB-broth and a plasma midi preparation was performed after the manufacturer’s
instructions (Plasmid DNA purification, NucleoBond® Xtra Midi, Macherey-Nagel, Dueren,
Germany). The purified plasmid was diluted in 1 ml and linearized with Scal. Therefore, 900 ul
plasmid, 100 ul NE buffer and 10 ul Scal were mixed and incubated at 37°C for 4 h. With part
of the purified plasmid a gB qualitative PCR was performed as described in Table 20 and run

as described in Table 21 for sequence checking.

Table 20: gB PCR

Final concentration | Amount [pl] per sample
gB-F primer [100 pmol/ul] 2 uM 1
gB-R primer [100 pmol/pl] 2 uM 1
10x PCR buffer [100 mM Tris-CL pH 9.6, | 1x 5
500 mM KCL]
MgClz [25 mM] 2.5 mM 5
dNTP [25 mM] 250 uM 0.5
Tag-polymerase [1U/ul] 1U 1
Template 5
H20 31.5
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Table 21: gB PCR cycles

Step Temperature Time Cycles
Initial denaturation 94° 5 min

Denaturation 94° 30s

Annealing 55° 60 s 35x
Elongation 72° 30s

Terminal elongation | 72° 7 min

After a band size control with gel electrophoresis and a following purification step with
NucleoSpin PCR cleanup kit (Macherey-Nagel), the DNA concentration was measured and
sent for sequencing (100 ng/ul template, 5 pmol/ul primer gB-F, add 10 uyl H.O) to GATC
Biotech AG (Konstanz, Germany).

The DNA concentration of the rest of the correct, linearized plasmid was measured. The

amount of copies/ul was determined by photo spectroscopy [g/ul] and Equation 1.

Equation 1: Calculation of the number of gB plasmid copies

copies

6 *10%3 [ 1| * DNA concentration [%]

molecular weight 9_
mol

copies

= amount

The molecular weight of the plasmid was calculated with equation 2:

Equation 2: Calculation of the molecular weight of the plasmid
(pGEM plasmid [bp] + gB insert[bp]) * average molecular weight of one base pair [%]

The pGEM plasmid had 3015 bp and the gB gene insert 254 bp. The average molecular weight
of one base pair equals 650 g/mol. Therefore, the molecular weight for the gB plasmid is at
2,124,850 g/mol.

Real time qPCR was performed as described earlier [272]. A standard curve for a real-time gB
PCR was prepared, diluting the gB plasmid in five dilution steps from 107 to 10° copies/ul. The
gPCR was performed with the LightCycler Master HybProbes kit (Roche, Basel, Switzerland)
and primers gB-F, gB-R, as well as probes from TIB Molbiol (Berlin, Germany) (Table 14). 18
pI of the PCR mix, shown in Table 22, were distributed into Light Cycler capillaries and 2 pl of

either DNA template or standard curve aliquots were added.

Table 22: q real time gB PCR

Final concentration Amount [ul]/sample
gB-F [10 pmol/ul] 0.6 uM 1.2
gB-R [10 pmol/ul] 0.6 uM 1.2
Fluorescein-probe [2 pM] 0.2 yM 2
LightCycler Red-640 [2 uM] | 0.2 uM 2
MasterHyb probes kit [10x] 1x 2
MgCl. [25 mM] 3.5mM 2.8
H20 6.8
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After short centrifugation at 0.8 g, the capillaries were put into the carousel of the LightCycler

2.0 (Roche, Basel, Switzerland) and the program described as in Table 23 was started.

Table 23: Light Cycler gB PCR program

Segment Temperature Time [s] Temperature Detection
[°C] change [°C/s] mode

Denaturation 1 cycle:

1 | 95 | 600 | 20 | -

Amplification 50 cycles:

1 95 10 20 -

2 55 15 20 Single

3 72 15 20 -

Melting curve 1 cycle:

1 95 0 20 -

2 45 15 20 -

3 95 0 0.1 Continuous

Cooling 1 cycle:

1 | 40 | 30 20 -

4.2.4.9 Neutralization assay

Neutralization assays of plasma and milk whey samples were conducted on ARPE-19 cells as
described earlier [273, 274]. ARPE-19 cells were seeded on the previous day with 2x10*
cells/well in a 96-well microtiter plate. Whey and plasma samples were complement inactivated
with an incubation step at 56°C for 30 min, followed by a centrifugation step at 2,000 g for 10
min, where only the supernatant was used for further experiments. Milk whey predilutions (1:16
to 1:1024) or plasma predilutions (1:200 to 1:3200) in DMEM were generated. Equal volumes
of the whey/plasma-predilutions and a cell-free virus (H2497-11) solution (diluted to infectivity
of approximately 100 plaques of 7 IEA stained nuclei per well) were mixed. Therefore, end
dilutions for the test were 1:32 to 1:2048 for whey and 1:400 to 1:6400 for plasma. The virus-
whey or virus-plasma mix was incubated for 90 min at 37°C in 5% CO.. Afterwards, the mix
was inoculated onto ARPE-19 cells and incubated for 5 days at 37°C in 5% CO.. Staining of
IE1 positive nuclei was performed as described in 4.2.4.2. Over or equal to 7 IE1-stained
neighboring nuclei were counted as one plaque.

As positive control and for calibration of the seropositive samples, a hyperimmunoglobulin
(HIG) (Cytotect®, Biotest®Pharma; charge B797033, 50 mg/mL) preparation (4725 U/ml,
150.3 Paul-Ehrlich-Institute (PEI) units/ml) was prediluted to the same concentrations as the
mean ECLIA level of either plasma (720 U/ml, HIG diluted 1:6.5) or whey pools (6.4 U/ml, HIG
diluted 1:700).

Unspecific neutralization was very high in both seropositive and -negative mothers’ milk whey.

Several procedures were used to prevent these unspecific neutralization effects:

43



Materials and Methods

4.2.4.9.1 Ultrafiltration

In order to concentrate IgG antibodies and exclude milk proteins out of milk whey, a 100k
Amicon®Ultra device (Merck Millipore, Burlington, Massachusetts, USA) was used after the
manufacturer’s instructions. The retained concentrated IgG-solution was used in relative

amounts for the same dilutions in the neutralization assays.

4.2.4.9.2 Anti-lgA-depletion

Anti-IgA pure human antibody (MACS Miltenyi Biotec) was diluted 1:10 in PBS and 100 pl were
incubated on Nunc high absorbance microtiter plates (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) overnight on a shaker. The plate was washed three times with PBS
containing 0.05% Tween20 and blocking solution of 4% BSA was incubated for 2 h. After three
washing steps, milk whey was added and incubated overnight on a shaker. The following day,

the whey was used in neutralization assays.

However, the neutralization assays were mostly conducted with pools of milk whey or plasma,
and the HCMV-seronegative whey pools were used as the 100% references for NT-capacity

calculations.

4.2.4.10 Electrochemiluminescence immunoassay

The electrochemiluminescence immunoassay (ECLIA)-Elecsys CMV-panel was performed on
the cobas6000 module €601 (Roche, Basel, Switzerland) for breast milk whey and plasma
samples to receive quantitative HCMV-specific IgG results. The immunoglobulins bound to one
ruthenium-coupled and one biotin-coupled antigen and were then bound to a surface with
streptavidin coated magnetic beads. Detection was guaranteed by electrochemiluminescence.
For IgM, p150 and p52 recombinant antigens were used and the output was a cut-off index
(COI) with non-reactive results for results under 0.7 COl, indeterminate for results between 0.7
and 1.0 COI and reactive for results over 1.0 COI. For IgG, pp28, pp150, p52 and p38
recombinant antigens were used and the results were given in U/ml: non-reactive under 0.5
U/ml, indeterminate between 0.5-1.0 U/ml and reactive over 1.0 U/ml. Spike and recovery
experiments were performed for milk whey. The HIG Cytotect® in a 100-fold dilution was used

for spiking milk whey and a recovery rate of 88.3% was achieved.

4.2.4.11 RecomLine immunoblots

IgG and IgM RecomLine blots (Mikrogen Diagnostik, Neuried, Germany) were used to detect
six different antigen specific antibodies from plasma and whey. The six immobilized

recombinant proteins on the strip were: IE1, an important immediate early protein; CM2 a
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fusion protein of a single-strand DNA binding protein (UL57) and a processivity factor for the
viral DNA-polymerase (pUL44); p150 (UL32), an important immunogenic phosphoprotein of
the tegument; p65 (UL83), another phosphoprotein of the tegument, against which high T cell
reactivity is known; gB1, which consists of AD1 (amino acid positions 550 to 640 of gp58) and
AD2 (amino acids 28 to 84 of gp116) and gB2, a fusion protein of AD2 of the strains AD169
and Towne. RecomLine blots were performed as described in the manufacturer’s manual, with
the following difference: plasma was used as recommended in a 100-fold dilution, whereas
whey was only diluted two-fold [274]. HIG-spiked milk whey displayed the same intensities for
the phosphoproteins p150 and p65. Slight, but not interfering, decreases in intensities were
observed for gB1 and gB2, IE1 and CM2. Reactivity scores were described as (nr) — non-
reactive, (+/-) — around cut-off level, (+) — one-fold, (++) — two-fold or (+++) — three-fold higher

than cut-off limit.

42412 Cytokine analysis of milk whey

The analysis of cytokines in human breast milk whey was performed by Olink (Upsala,
Sweden), using multiplex analysis of inflammation markers. 20 pl/well of whey were placed in
microtiter plates on dry ice. The inflammatory cytokine panel was chosen. Olink performed a
proximity extension assay: In an immunoassay two antibodies coupled with nucleic acids bind
to one protein at different sites. The two nucleic acids can then align, and the next steps are
extension as well as preamplification. In a final step, detection by microfluidic qPCR is
performed (Figure 13).

(A) Immunoassay (B) Extension (C) Preampilification

Figure 13: Proximity extension assay by Olink

In an immune assay (A), two antibodies coupled with nucleic acids bind to one cytokine. The nucleic
acids can align and a first extension (B) follows. After a preamplification (C) the detection is managed
by microfluidic gPCR (D).

4.2.5 Experiments with BMCs and PBMCs
4.2.5.1 Cytospin preparations

BMCs were isolated as described in 4.2.2 and up to 1.5x10° cells were centrifuged on a
microscope slide using the Cytospin 3 centrifuge according to manufacturer’s instruction at 28

g (500 rpm) for 5 min at RT. Panoptic staining was performed as follows: Giemsa'’s azur eosin
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methylene blue solution and May-Gruenwald’'s solution (both from Merck, Darmstadt,
Germany) were filtrated with two rotilabo®-folded filter (type 113P, Carl Roth, Karlsruhe,
Germany). The cell spot on the microscope slide was encircled with a fat pen (liquid blocker
super PAP-pen, Science Services, Munich, Germany) and 100 pl of the May-Gruenwald’s
solution were added for 3 min. The same amount of dH,O was added, and it was incubated
for 1 min. The microscope slide was washed with dH.O several times. Giemsa solution was
diluted 33-fold with dH>O before use and 200 pl were added on top of the cell spot and
incubated for 17 min at RT. After an additional washing step, the cell spots were air dried.
Analysis was done using a microscope (Olympus DP71, Olympus, Shinjuku, Tokyo, Japan)
with 600-fold magnification.

The a-naphthyl acetate esterase kit (Non-specific esterase, Sigma-Aldrich, St. Louis, Missouri,
USA) was used according to the manufacturer’s instruction. The incubation time with the

staining solution was set to 30 min instead of 15 min.

4.2.5.2 Cryopreservation and thawing of biological controls for flow

cytometry assays

Cryopreservations of PBMCs were used as biological control, which was carried along every
day a FACS measurement took place. Therefore, PBMCs were isolated from leukaphereses
or buffy coats with a Ficoll-gradient centrifugation (see 4.2.3). PBMCs were then resuspended
in RPMI with 40% FCS. For each vial, 500 pl of the cell suspension (with 2.5-5x10° cells in
total) and 250 pl of RPMI with 20% DMSO were mixed and incubated for 5 min. Then, 250 pl
of RPMI with 20% DMSO were added and the samples quickly stored at -80°C. The following
day, the samples were transferred to liquid nitrogen until usage. On each day of measurement,
one vial of the same prepared control batch was thawed in a 37°C water bath and added to
the equal volume of 4°C RPMI. After 5 min of incubation the same amount of RPMI was added
and centrifuged at 300 g for 5 min. The supernatant was discarded, the pellet resuspended in
10 ml of RPMI and cells were counted under a trypan blue staining. After an additional
centrifugation step, the cells were used for the FACS staining protocol below in a 1x108 cells/ml

concentration.

4.2.5.3 Flow cytometry

The monitoring of immune cells via flow cytometry was performed in cooperation with AG Kilian
Wistuba-Hamprecht (Division of Dermatooncology, Department of Dermatology) and Graham
Pawelec (Department of Immunology).

A monoclonal antibody panel of 11 different markers was established: EMA was used as a

life/dead marker. Since breast milk only has around 2% leukocytes, CD45 was included as a
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general marker of leukocytes. Monocytes/macrophages are an important component of breast
milk. Therefore, CD14 was included in the panel. For distinguishing the lymphocyte population,
antibodies against CD3 and CD56 were included to be able to determine T cells, NK cells and
CD56* T cells. To analyze T cells further anti-CD4 and anti-CD8 antibodies were added to the
panel. The memory phenotypes were distinguished using anti-CCR7 and anti-CD45RA
antibodies. As activation marker of T cells anti-HLA-DR and anti-CD38 were incorporated. The
whole panel was designed under consideration of the spectral overlap of different fluorophores
and the flow cytometer LSR Il configuration (laser and filter in Table 25). All antibodies for flow
cytometry assays were titrated using cryopreserved PBMCs. Therefore, the recommended
amount from the manufacturer was used and four dilution steps with two-fold dilutions
downwards were additionally measured. The amount showing the best separation between
the positive and the negative cell population was used (Table 24).

Fluorescent minus one (FMO) controls for BMCs and PBMCs were stained for all established
panels. The staining was performed as described below but excluding one color at a time.
For the immunophenotyping in the BlooMil study, fresh PBMCs (1x10° cells/sample) and BMCs
(0.2-3x10° cells/sample), a thawed biological control, as well as compensation controls (see
below) were used on every day of measurement and stained in FACS tubes (BD Falcon 5 ml
round bottom, BD Biosciences, San Jose, California, USA) with final staining volumes of 100
Ml (50 ul of mastermix and 50 pl of residual buffer): In a first step, buffer was exchanged from
the cell suspension in RPMI (PBMCs) or PBS (BMCs) to the flow cytometry staining buffer
(PBS with 2% FCS, 2 mM EDTA and 0.01% sodium azide, termed PFEA) with equal volumes
of cell suspension and PFEA. After a centrifugation step at 300 g for 5 min at RT, the
supernatant was discarded. A master mix with 1 pl 1% Ethidium Monoazide Bromide (EMA,
Biotium, Hayward, California, USA, diluted in PFEA) for life/dead staining and 49 ul 1%
GAMUNEX per sample (10% GAMUNEX, Grifols, Barcelona, Spain, prediluted in PFEA) as
an Fc-receptor-blocker was prepared and the cell pellets were resuspended. Negative controls
were only incubated with 50 pyl of GAMUNEX. Samples were incubated for 20 min at RT under
UV-light due to required photolysis of EMA to covalently bind DNA, followed by a washing step
with 1 ml of PFEA at 300 g for 5 min at RT. Next, the CCR7 biotin antibody was prediluted in
PFEA (Table 24) and 50 ul were added to each sample. An incubation step of 20 min at RT in
the dark followed. The streptavidin BV510 was centrifuged at 15,000 g for 5 min at 4°C to
eliminate complexes and prediluted in PFEA for usage (1:10). After a washing step of the cells,
a mastermix with 1 ul of the prediluted streptavidin BV510 and 49 ul PFEA per sample were
prepared and 50 ul of this master mix were added to each sample. After another incubation
and washing step, a final mastermix with CD45 BV421, CD14 PE-CY7, CD3 A700, CD4
BV605, CD8 APC-H7, CD45RA APC, CD56 FITC, CD38 PE and HLA-DR PerCP-Cy5.5 in

Brilliant stain buffer (BD Biosciences) was prepared using a final volume of 50 ul for each
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sample (Table 24). An incubation step and two washing steps, as described above were

applied, and the samples were finally resuspended in 120 ul PFEA for acquisition.

Table 24: BlooMil-antibodies amounts per sample.
For antibody details refer to Table 8 in Materials.

Target Fluorophore Clone Lot pl/sample
EMA 11E0611 1
primary antibody
CCR7 CCR7-biotin B247211 0.5
secondary G043H7
streptavidin BV510 B239818 0.1
HLA-DR PerCP-Cy5.5 G46-6 7235979 3
CD3 A700 UCHT1 7145618 1
CD4 BV605 OKT-4 B244137 1.5
CD8 APC-H7 SK1 7354859 2
CD45 BV421 HI30 B240853/B258289 1.5/1
CD14 PE-Cy7 M5E2 B231081 0.5
CD38 PE HB-7 B216325/B241817 0.5
CD56 FITC HCD56 B237911 1
CD45RA APC HI1100 B238560 1.5

Compensation beads (BD™ CompBeads anti-mouse Ig, k / negative Control compensation
particle set, BD Biosciences, of both one droplet per sample) were stained with each
fluorophore-coupled antibody separately and incubated on ice for 20 min in the dark. The
compensation controls were only used at two sequential days. If not applicable, they were
made new each day of measurement.

All samples were diluted in 120 yl PFEA and acquired with a BD™ LSR Il (BD Biosciences)
with filter settings as shown in Table 25. The flow rate for acquisition was around 5,000 events
per second. The compensation of spectral overlap of each channel was calculated by BD
FACSDiva™ and was performed every day of measurement. Compensation between the
channels did not exceed 20%.

Analysis was performed with FlowJo (version 10.6.1, FlowJo LLC, Ashland, OR, USA). Only

daughter populations with a parental population over 120 events were included in the analysis.
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Table 25: Specifications of the LSRII

Fluorochrome Laser Detector | Dichroic long pass filter | Bandpass filter
PE-Cy7 A 735 780/60
PerCP-Cy5.5 B 685 695/40
EMA Blue laser | D 600 610/20
PE (488 nm) E 550 575/25
FITC F 505 530/30
SSC G - 488/10
BV421 E - 450/50
BVS10 Violet laser | D 545 561/14
PO (405 nm)

BV605 C 600 610/20
BV711 A 685 700/13
APC-H7 Red  laser A 735 780/60
Alexa Fluor 700 (633 nm) B 710 730/45
APC C - 660/20

The longitudinal courses of BMCs and PBMCs of mother C and D were stained with the
markers in Table 26 for flow cytometry analysis. The live/dead staining with EMA and
GAMUNEX was performed as above, but on ice, since CCRY7 (in this panel) was a directly
fluorophore coupled antibody and not a biotin-streptavidin binding, which needed RT (see
above). Therefore, all staining steps for this panel were performed on ice. After a washing step,
a mastermix with 20 ul purified Mouse Anti-Human TCR y/d and 30 pl PFEA per sample was
applied, followed by an incubation step on ice for 20 min and a washing step. 5 ul of a
secondary rabbit anti-mouse antibody coupled with PO (predilution 1:10) were mixed with 45
Ml PFEA and added to each sample. After an incubation and washing step, 50 ul mouse serum
per sample were added and samples were incubated for 20 min on ice in the dark. A master
mix with V&1 TCR FITC, V&2 TCR PerCP, CD3 A700, CD4 BV711, CD8 APC-H7, CD45
BV421, CD14 PE-Cy7, CCR7 PE, CD45RA APC was prepared with the amounts indicated in
Table 26 and 25 pl Brilliant Stain Buffer per sample. After incubation and two washing steps,
the samples were diluted in 120 yl PFEA and acquired with the LSR 1. Compensation controls
were prepared and measured as described above.

Frozen biological controls, which should theoretically stay constant over time due to aliquots
of the same PBMCs, were analyzed using the same gating strategy as for all other samples.
Within same cell subsets, the highest frequency difference over time of the biological control
were used to create upper and lower error bars for the corresponding cell subsets of the
mothers. Therefore, the error bars indicate the fluctuation over time due to staining and flow

cytometry fluctuations.
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Table 26: Antibody amounts for individual courses of mothers C and D.
For antibody details refer to Table 8 in Materials

Target Fluorophore Clone Lot ul/ sample
EMA 11E0611 1
';"eor‘l‘fnf NG1900341 50
primary
Pan y5 TCR antibody 11E2 7137893 20
secondary 1847388 0.5
antibody PO
Vo1 FITC TS8.2 RG234822 1
Vo2 PerCP B6 B193574 1
CD3 A700 UCHT1 5067104 1
CD4 BV711 OKT4 B181032 1
CD8 APC-H7 SK1 4002507 2
CD45 BV421 HI30 B240853 2
CD14 PE-Cy7 MS5E2 B218299 2
CCR7 PE 150503 39033 10
CD45RA APC HI100 275395 5

4.2.5.4 Tetramer staining

Tetramer staining’s were performed with selected HLA-A*02:01 positive mothers, recruited at
the Neonatology Department. Their HLA-A types were identified through an antibody staining
of whole blood. Therefore, 100 pyl whole EDTA-blood were added to 2 ml of 1x Red Blood Cell
(RBC) lysis buffer (Biolegend, diluted in autoclaved demineralized water). After incubation in
the dark for 15 min at RT a centrifugation step followed. Then three washing steps by adding
4 ml PFEA to the cell pellet and centrifuging were performed. The pellet was stained with a
mix of 1.5 pl anti-human HLA-A2 PE (Biolegend, San Diego, CA, USA) and 48.5 ul PFEA per
sample for 20 min on ice in the dark. Cells were acquired with the LSR |l to evaluate the HLA-
A*02 status of the mothers.

At each day of measurement for the tetramer analysis with IE1 (VLEETSVML) and pp65
(NLVPMVATV) peptides, fresh EDTA-blood and breast milk was collected and cells isolated
(see 4.2.2 and 4.2.3). 2x10° PBMCs and 1-6x10° BMCs, as well as an HLA-A*02:01 positive

biological control with CD8" T cells specific for IE1 peptide VLEETSVML and pp65 peptide
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NLVPMVATYV were used for the tetramer staining. At first, the live/dead staining with 1 pl 1%
EMA and 49 ul 1% GAMUNEX per sample was incubated for 20 min under light at RT. After a
washing step with PFEA, the samples were double stained for each peptide (IE1 and pp65):
the NLVPMVATV-pp65-tetramer was either coupled with APC or PE (of each 3 pl) and
VLEETSVML-IE1-tetramer was either coupled with APC or BV510 (of each 5 ul) (Table 12)
and diluted in PBS with a final volume of 50 pl per sample and incubated for 15 min at 37°C.
The following washing step was performed at RT. A master mix with CD45 BV421, CD14 PE-
Cy7, CD3 A700, CD4 BV605 and CD8 APC-H7 (amounts used as indicated in Table 24) in
add 50 pl brilliant stain buffer was added per sample and incubated for 30 min in darkness on
ice. Up to 6x10° events were recorded on the flow cytometer for BMCs. Compensation controls

for each fluorophore were stained at each day of measurement (see above).

4.2.6 Statistical analysis
All statistical tests were conducted with SPSS (version 25.0.0.1, IBM, Armonk, USA).

Within one cohort, kinetics were analyzed with the Friedman test followed by Dunn-Bonferroni
post-hoc tests (termed just post-hoc test in the following) with correction for multiple testing by
Bonferroni. Single time ranges (T’s) were compared with Wilcoxon matched-pairs signed rank
tests (Wilcoxon) and corrected for multiple testing with Bonferroni correction.

Differences between HCMV-seropositive and -seronegative cohorts (of blood or breast milk)
were analyzed with the Mann-Whitney U test at the counterpart of each time range (T1 with
T1, mentioned in the text as T1’s), whereas for an analysis of differences between the kinetics
of HCMV-seropositive and —seronegative mothers a linear mixed model was used.
Specimens of different body sites (breast milk or blood) were compared with the Wilcoxon
matched-pairs signed rank test with Bonferroni correction for multiple testing on the
counterpart of each time range (T1’s, T2’s, etc.).

All correlations were conducted as Spearman correlations. Rho is given as r. Correlations were
only mentioned when r was between 0.6-1.0 (moderate to strong correlation according to [275])
and p<0.05.

Probit analysis was performed for the NT-50 values of the neutralization assays.

The significance level in this thesis was set below p<0.05.
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5 Results

The following results are structured in three parts. At first, longitudinal case studies were used
to gain first insights into HCMV reactivation in breast milk and to establish a first flow cytometry
antibody panel. The second part is about the clinical-virological study termed BlooMil, where
IgG antibodies and immune cells (with a slightly adjusted antibody panel) were monitored.
Additionally, HCMV-specific CD8* T cells were monitored in breast milk and blood of four
mothers. The third part is an initial step towards the cytokine analysis in breast milk (multiplex

analysis of 92 inflammatory cytokines), which were the basis for another project (Tabea Rabe).
5.1 Long-term case studies

In preparation of the BlooMil study, different clinical-virological aspects of individual
longitudinal courses of four mothers were closely monitored during the first two to three months
after birth. Mother A and B (Table 27) were included for detection of BMC counts, prolactin
levels, total protein concentrations, staining of BMCs on cytospin preparations, breast milk viral
load and HCMV-specific 1IgGs. Both mothers were 27 years old, but their newborns had
different GAs at delivery: mother A (HCMV-seropositive) had the infant at GA 30 6/7 weeks,
while mother B (HCMV-seronegative) gave birth at a GA of 26 3/7 weeks, both preterm infants.
Mothers C and D were observed for breast milk viral loads and flow cytometry data including
monocyte, T cell, yd T cell and V31 and 2 frequencies. Both mothers were 41 years old.
However, only mother C had a preterm infant at GA 29 weeks, while the seronegative mother
D had a term infant (GA 39 4/7 weeks).

Table 27: Demographics of individual longitudinal courses of mothers A, B, C and D.

Mother HCMV- Age GA BW number multi- country of
IgG [years] [weeks] [a] of births births origin

A pos 27 30 6/7 1050 1 no Portugal

B neg 27 26 3/7 810 1 no Germany

C pos 41 29 1170 3 no Germany

D neg 41 39 4/7 3430 2 no Germany

5.1.1 Individual courses of Mother A and B: implications on
histology, cell count, prolactin, HCMV-IgG and total protein
The case reports of mother A and mother B were conducted from January 2017 to June 2017.
The HCMV detection in breast milk of mother A was observed using two different techniques.
Breast milk whey was either inoculated on fibroblasts (HFF) to detect infectious particles via
immunostaining of IE1 (virolactia), or the DNA from milk whey was extracted and qualitative
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PCR of IE1 (nested PCR), and quantitative PCR for UL83 (pp65) or UL55 (gB) (real-time
PCRs) was performed (DNAlactia). Figure 14 shows the breast milk viral load of mother A.
Both real-time PCRs (target genes UL83 Figure 14 A and UL 55 Figure 14 B) had similar
unimodal courses, although the amount of copies/ml differed by almost one log-scale. The milk
whey of mother A showed DNAlactia and virolactia (8 nuclei) already on day 3 p.p. Therefore
the onset of viral shedding was calculated to 36 h after birth. Peak viral load was detected in
both real time PCRs on day 19 p.p., while the peak of the microculture assays was identified
on day 23 p.p. BMCs were only positive on day 23 (nPCR), day 25 (hPCR, UL55 qPCR) and
day 27 (UL83 qPCR). Virus could not be isolated from BMCs during the observation period.
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Figure 14: Viral load in breast milk of HCMV-seropositive mother A.

qPCR results of either gene region (A) UL83 (pp65) or (B) UL55 (gB) of milk whey and breast milk
cells. (A) The numbers of immediate early 1 (NIE1) stained nuclei in microculture assays are shown
on the right y-axis. (C) nested PCR results of whey or breast milk cell extracts and long-term culture
from milk whey. The area marked in grey highlights the days, where the breast milk cells were positive
for HCMV DNA.

Cytospin preparations of 1.5x10° BMCs were stained with either a panoptic staining according

to Pappenheim or with an a-naphthyl acetate esterase staining (Figure 15, left and right
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respectively). Neutrophils (Figure 15 A, black arrow) displayed in the panoptic staining a dark
purple stained nucleus lobed into three segments. Eosinophils were distinguishable from
neutrophils (Figure 15 A, blue arrow) by the red granulated cytoplasm. Granulocytes
demonstrated no cytoplasm staining with a-naphthyl acetate esterase staining, but a purple
nucleus was visible due to the hematoxylin counter stain. The panoptic staining of
monocytes/macrophages is shown in Figure 15 B (black arrows). The a-naphthyl acetate
esterase exists in monocytes and macrophages, therefore these cell types were stained black.
Lactocytes and other epithelial cells (Figure 15 B, blue arrow) were difficult to distinguish from
monocytes/macrophages, since both cell types presented with many vacuoles. Epithelial cells
also appeared to slightly stain for a-naphthyl acetate esterase. Presumable skin epithelial cells
are shown in Figure 15 C. BMCs with two nuclei were also detected (Figure 15 D).
Lymphocytes are small cells with large nuclei and almost no cytoplasm (Figure 15 E, black
arrow). It is important to mention that a-naphthyl acetate esterase slightly stains lymphocytes.

However, no further distinguishing of lymphocytes into B, T, or NK cells was possible.
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Figure 15: Breast milk cells on cytospin preparations.

Breast milk cells (1.5x10%) immobilized on microscope slides were either stained with panoptic staining
according to Pappenheim (on the left) or for a-naphthyl acetate esterase (on the right). The black
arrows show (A) granulocytes, (B) monocytes/macrophages, (C) epithelial cells, (D) breast milk cells
with two nuclei, (E) lymphocytes. The blue arrows show (A) eosinophils and (C) presumably
lactocytes. All images were taken with 600-fold magnification using an Olympus BX51 TF microscope.
Scale bar equals 50 um.
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The HCMV-seropositive mother A showed high HCMV-specific IgGs (ECLIA) in colostrum,
followed by a sharp decrease in transient milk. The HCMV-specific IgG increased again slightly
after breast milk peak viral load (Figure 16 A). Still, the total protein content in milk whey
constantly decreased from colostrum to mature milk (Figure 16 A). RecomLine blot analysis
showed that especially anti-CM2 and anti-p150 IgGs were increasing after peak viral load
(Figure 16 B). Prolactin in milk whey of the seropositive mother had higher levels in transient
milk (40-45 pg/L, concurrent with high viral loads) than the HCMV-seronegative mother (26-28
Mg/L) (Figure 16 C). The total trypan blue stained cell counts of the HCMV-seropositive mother
A were high compared to the cell counts of the seronegative mother B (Figure 16 D). Both cell

counts decreased over time.
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Figure 16: Longitudinal data from milk fractions of the HCMV-seropositive mother A and -
seronegative mother B.

(A) Kinetics of HCMV DNA in milk-whey of the seropositive mother A (QPCR of UL83 as target gene)
and HCMV-specific IgG-concentration [U/ml] measured with ECLIA, as well as total protein
concentrations [g/dl]. (B) RecomLine blots of the seropositive mother’s milk whey (two-fold dilution)
and serum (100-fold dilution). (C) Prolactin concentrations in milk-whey [ng/L] measured with ADVIA
Centaur® XPT. Limit of detection (LOD) = 2.7 ng/L. (D) total breast milk cell counts/ml of both mothers
evaluated with trypan blue staining.
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5.1.2 Longitudinal courses of Mother C and D: breast milk viral load
and immune cell monitoring including yo T cells

In cooperation with AG Kilian Wistuba-Hamprecht (Division of Dermatooncology, Department
of Dermatology) and Graham Pawelec (Department of Immunology) another HCMV-
seropositive and seronegative pair of mothers (mothers C and D, see Table 27) was studied
for their longitudinal immunophenotypes in breast milk and blood.

The breast milk viral load of the HCMV-seropositive mother C is shown in Figure 17. The
virolactia measured by microculture assays was mostly concordant with the HCMV DNAlactia.
Peak viral loads differed from gPCR results (day 38 p.p.) to microculture assay results (day 31
p.p.). The measurements were only three to four days apart and high variations over time were

observed.
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Figure 17: HCMV DNA and short-term microculture immediate early-positive nuclei counts of
mother C.

Milk whey of mother C was either used for gPCR with the target gene UL83 (left y-axis) or for
quantitative short-term microculture (right y-axis).

BMCs of mother C were only positive for HCMV DNA on day 20 and 27 p.p. (Table 28). In
addition to breast milk, the HCMV-seropositive mother donated EDTA-blood on days 13, 20,
27, 35, 41, 48, 56 and 62 p.p. The HCMV-seronegative mother D donated breast milk and
EDTA-blood on days 4, 12, 22, 28, 36, 50 and 57 p.p. nPCRs and microculture assays from

breast milk samples of mother D were all tested negative for HCMV.
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Table 28: nested PCR results of milk whey and cells.
Flow cytometry was applied on the days marked in red. N.d. stands for no data available; all breast
milk cells were used for flow cytometry.

whey - + + + + + + + + + + + + + +

cells - - - + - + - - - n.d. - n.d. - n.d. n.d.

Fresh BMCs and corresponding PBMCs were analyzed by flow cytometry with the following
markers (Table 26): a live/death marker (EMA), pan yd TCR with a secondary antibody coupled
to pacific orange, Vo1-FITC, Vd2-PerCP, CD3-A700, CD4-BV711, CD8- APC-H7, CD14-PE-
Cy7, CD45-BV421, CCR7-PE and CD45RA-APC.

In a first step of the gating strategy, exclusion of potential contamination with prior samples, as
well as the continuous flow over time were assured by a plot of time against side scatter (SSC)-
area (A) (Figure 18 A). Only singlets were included in further analysis. This was achieved by
plotting SSC-height (H) against SSC-A, using only the cells in the diagonal (Figure 18B).
Another exclusion of doublets was performed using the same strategy on the forward scatter
(FSC) channel (Figure 18 C). In a next step, dead cells were excluded by selecting only EMA
negative cells (Figure 18 D). Living cells were further separated by a CD45-leukocyte marker
(Figure 18 E). The following morphological gate (FSC vs SSC) was used to cut off particles
that were smaller than the lymphocyte population, such as debris and fat globules (Figure 18
F). The next plot discriminated CD14* monocytes/macrophages (Figure 18 G). The CD14-
negtive population was utilized to obtain the lymphocyte population in a morphological gate
(Figure 18H). The lymphocytes were distinguished into CD3* T cells (1) and further separated
into yd0 TCR positive and negative cells (Figure 18 J). The y® TCR positive cells were
discriminated into V&1 and V&2 y® TCR isoform expressing cells (Figure 18L), while the y®
TCR negative cells (termed af T cells in the following) were divided into CD4* and CD8" T
cells (Figure 18 K).
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Figure 18: Gating strategy of y& T cells.Breast milk cells of mother C at day 41 p.p. are
shown.Gating strategy is explained in the text above.
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BMCs mainly consist of epithelial cells. Other cells like leukocytes, which are the focus in this
thesis, are rare. In Figure 19, only 1.07% of all BMCs are leukocytes, while the corresponding
PBMC sample consisted of 96% leukocytes. Therefore, up to 6x10° total BMCs and only 1x10°

PBMC were acquired in the flow cytometer to analyze the leukocyte population.
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Figure 19: CD45* leukocytes of breast milk and blood.
(A) Breast milk cells (BMC) and (B) Peripheral blood mononuclear cells (PBMC) of mother C day 48
p.p. in a plot with anti-human CD45 against SSC-A.

The BMCs and PBMCs of both mothers were analyzed by flow cytometry over almost 9 weeks
p.p. Breast milk CD14* monocytes/macrophages of both mothers represented a higher
frequency of total leukocytes compared to PBMCs in early milk (Figure 20 A). However, high
time point dependent variations of cells were detectable in the HCMV-seropositive and -
seronegative mother. Nevertheless, the frequency of monocytes seemed to decrease into
mature breast milk.

Blood CD14* monocytes of Mother D (HCMV-seronegative) showed a frequency of around 20
to 25% during the whole observation period (Figure 20 A). Mother C (HCMV-seropositive) had
higher blood monocyte frequencies after birth, decreasing over time and staying constant at
about 10% subsequently.

CD3"* T cell frequencies were lower in breast milk of both mothers (2-23%) compared to blood
(~60%) (Figure 20 B). Interestingly, the last measured time point of mother C revealed higher
CD3"* T cell frequencies of all leukocytes in breast milk than in blood in comparison to the other
time points. The percentages of a8 T cells of all CD3" T cells in breast milk and blood were
comparable and around 95% over the whole observed lactation period (Figure 20 C).
Accordingly, the yd T cell frequency was also constant in both mothers in breast milk and blood
over time with around 5% of all CD3* T cells (Figure 20 D).
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Figure 20: Individual courses of an HCMV-seropositive and a -negative mother’s breast milk

and peripheral blood cells.
Peripheral blood mononuclear cells (PBMC) and breast milk cells (BMC) of mother C (HCMV*) and D

(HCMV-). Frequencies of (A) CD14* monocytes, (B) CD3* T cells, (C) aB T cells and (D) yo T cells are
shown. The black circle indicates a time point where the breast milk cell pellet was slightly red
indicating erythrocytes in the milk, what may come from mastitis. The difference in the cell subset-
frequencies of the biological control over time was used here as upper and lower error (black dotted
line) for the same cell subset of the mothers.

The CD4* T cell frequency of all a T cells of both, blood and breast milk, was higher in mother
D (HCMV-seronegative) than mother C (HCMV-seropositive). A tendency to higher CD4* T
cell frequencies in breast milk compared to blood was also visible for both mothers (Figure 21
A). Otherwise, there was no meaningful variation over time. The CD8* T cell frequencies

showed also no changes over time and were higher in mother C (seropositive) in both body

fluids (Figure 21 B).
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The CD8" T cell frequency of all CD3* T cells in breast milk was slightly lower compared to

blood in both mothers.
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Figure 21: CD4* and CD8* T cells of mother C and D.

Peripheral blood mononuclear cells (PBMC) and breast milk cells (BMC) of mother C (HCMV*) and D
(HCMV-). The frequencies of (A) CD4* T cells and (B) CD8* T cells are shown. The black circle
indicates a time point where the breast milk cell pellet was slightly red indicating erythrocytes in the
milk, what may come from mastitis. The black dotted lines show upper and lower boundaries
indicating the difference in the subset-frequencies of the biological control over time.

The yd T cells were further discriminated after expression of a V&1 or V62 TCR carrying cell
subset. The HCMV-seropositive mother C showed around 20% more V01" T cells in blood,
compared to her breast milk frequencies (Figure 22 A). The seronegative mother D had 20-
30% less VO1* yo T cells in blood compared to breast milk. The blood frequencies differed
highly comparing the mothers between each other. In detail, mother D had around 10% V&1*
T cells, while the HCMV-seropositive mother C displayed frequencies around 40% over the
whole observation period (Figure 22 A). Interestingly, the seropositive mother had a lower Vo1*
yo T cell frequency in breast milk, while the seronegative mother had a higher V&1 yo T cell
frequency in breast milk compared to blood. Therefore, both breast milk V&1* frequency
courses had more similar frequencies to each other than their blood courses. Additionally, the
breast milk V&1 frequencies seemed to slightly decrease at the end of the observation period
in both mothers.

V&2* T cell frequencies also differed highly between the mothers (Figure 22 B). The
seronegative mother D had around 70% V&2* T cells of all yd T cells in their blood, while the
Vo2 frequency of the seropositive mother C was at around 30%. Both breast milk samples
were more equivalent in their V82* frequencies than blood. The V62 frequencies seemed to
increase in both mothers at the end of the observed lactation period in breast milk (Figure 22
B).
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Data was not generated at all experiments, as in some y® T cell populations less than 120
counts were acquired. Therefore, data displaying breast milk Vd1" and V&2* yd T cell

frequencies are based on fewer data points than the comparative blood samples.
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Figure 22: V&1 and V52 T cells of mother C and D.

Peripheral blood mononuclear cells (PBMC) and breast milk cells (BMC) of mother C (HCMV*) and D
(HCMV-). The frequencies of (A) V&1 T cells and (B) Vo2 T cells are shown. The black circle indicates
a time point where the breast milk cell pellet was slightly red indicating erythrocytes in the milk, what
may come from mastitis. The black dotted lines show upper and lower boundaries indicating the
difference in the subset-frequencies of the biological control over time.

62



Results

The developed FACS panel, which was used to investigate BMCs and PBMCs of mother C
and D, included markers for the memory phenotypes of T cells (CD45RA and CCR7, Figure
23 E).
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Figure 23: Pseudocolor plots of CCR7 against CD45RA.

Breast milk cells (BMC) A) CD4* T cells and B) CD8* T cells, as well as peripheral blood mononuclear
cells (PBMC) C) CD4* T cells and D) CD8* T cells are separated with the memory phenotype markers
CCRY and CD45RA (E).

However, the anti-human CCR7-PE antibody displayed a poor separation of positive and
negative populations, mostly in CD4* T cells (Figure 23). Breast milk seemed to have a lower
overall CCRY7 expression, although it was difficult to analyze (Figure 23 A and B). Since no

definite results could be drawn, memory subset identification was not performed.
5.2 Neutralization experiments

Antibodies in breast milk were investigated for their NT-capacity against the clinical isolate
H2497-11 from amniotic fluid. Experiments showed that the unspecific neutralization in milk
whey was very high. Several experiments were conducted to identify which components were
responsible for the unspecific neutralization. In a first approach, milk whey was depleted of
IgA. Results of an IgA depletion experiment followed by a neutralization assay are displayed
in Figure 24 A. No differences were found between the depleted and the undepleted milk whey
in either the seropositive (C) or the seronegative mother (D) in all dilutions. However, the
depletion of IgA was not controlled via total IgA determination.

Another strategy was to remove milk whey proteins, like lactoferrin (around 80 kDa) and
lysozyme (around 15 kDa) with a 100k Amicon®Ultra device. It concentrates proteins over 100
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kDa and was used to retain IgG (about 150 kDa). The neutralization assay after the IgG
ultrafiltration experiment exhibited high variations and inconsistent results in all dilutions

probably due to the formation of aggregates in the filter unit (Figure 24 B).
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Figure 24: IgA depletion and filtration experiment.

Breast milk whey was depleted of IgA and used in a plaque reduction assay in different dilution steps
(A). The dilution steps higher than 1:256 are not shown, since the plaque counts of the virus control
with 150 plaques was not reduced anymore. The HCMV-seropositive mother C and the seronegative
mother D are shown.

HCMV-specific plaque reduction in milk whey or plasma was read out as plaque numbers
following a five day incubation period before IE1 staining. NT-capacity was either calculated
with reference to the virus control (see below) or pools were created to minimize inter-individual

variability and set in comparison to the HCMV-seronegative pools (see BlooMil study).
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5.2.1 Heat-inactivation: impact on HCMV neutralizing antibodies

HCMYV inactivation in breast milk is an important step before feeding preterm infants, whose
immune system is still developing. Therefore, pasteurization methods can be performed.
Short-term pasteurization is a very gentle method, where breast milk is only heated for 5 sec
to 62°C. The short heating time is accomplished by producing a thin milk film in the flask. The
Holder pasteurization heats up samples to 62.5°C for 30 min. It is an open question, whether
virus inactivation methods reduce HCMV-specific neutralization capacity.

The neutralization assays for the comparison of different pasteurization methods were
performed without prior IgA depletion or IgG retaining, since only HCMV-seropositive milk of
the same mothers were used.

Short-term and holder pasteurized breast milk samples of four mothers were compared in
neutralization assays. From two additional mothers, raw milk was either compared to Holder
or short-term pasteurized milk. The results of one of the experiments are shown exemplarily in
Figure 25 [276]. Holder pasteurized milk whey displayed very high plaque counts (Figure 25
a) and therefore very low NT-capacity compared to raw milk whey (Figure 25 b). The NT-
capacity at a 32-fold dilution was already only half as effective as that of raw milk whey. When
native milk was compared to short-term pasteurized milk whey (Figure 25 d and e), only
minimal differences were observed in plaque counts and neutralization capacities.

The differently treated milks were also used for recomLine blots. A loss of antigen binding was
found for Holder pasteurized milk (Figure 25 c), whereas after short-term pasteurization,

antibodies were still detectable to the same degree as in native milk whey (Figure 25 f).
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Figure 25: Neutralization assays with different methods of pasteurization[276].

Breast milk short-term and Holder pasteurized milk with corresponding raw milk of one mother at two
time points (day 48 and 56 p.p.). a) shows the plaque count of Holder pasteurized and native breast
milk samples in a neutralization assay at 48 days p.p. b) shows the corresponding neutralization
capacity calculated with the virus control as reference. RecomLine Blots of the native and Holder
pasteurized milk whey is displayed in c). d), e) and f) show the same for short-term pasteurized milk
and native milk 56 days p.p.
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5.3 BlooMil study

5.3.1 Study design

In cooperation with the Neonatology Department of the University Hospital Tuebingen, the AG
Kilian Wistuba-Hamprecht (Division of Dermatooncology, Department of Dermatology) and
Graham Pawelec (Department of Immunology) a study named BlooMil study was inaugurated.
Mothers of mostly preterm infants were invited to join the study between April 2018 and April
2019 for the main BlooMil study of breast milk viral load, HCMV-specific IgG and phenotypical
leukocyte subset analysis. Between September 2019 and February 2020 an adjunct BlooMil
study cohort was asked to participate for the analysis of HCMV-specific T cells (tetramer
analysis). In total, 45 mothers were recruited and gave their informed written consent. The
study was approved by the Clinical Ethics Committee at the University Hospital Tuebingen
(project number: 804/2015-BO2).

2. 4, 6. 8.
Birth week week week week
" : : 4 : >
Breast — —_— ____ Upto80ml
milk: breast milk
blood: blood
T1 T2 T3 T4
10 - 15 25 - 30 40 - 45 55 - 60
days pp days pp days pp days pp

Figure 26: BlooMil study design.
Mothers were asked to donate blood and breast milk at four time ranges (T) after birth (T1 - 10 to 15,
T2 - 2510 30, T3 - 40 to 45 and T4 - 55 to 60 days p.p.).

36 mothers participated in the main BlooMil study, but eight had to be excluded due to too less
milk during the longitudinal observation of the study or transfer to other hospitals. The
remaining 28 mothers were sampled at four time ranges (T): T1-10to 15, T2-25t0 30, T3 -
40 to 45 and T4 - 55 to 60 days p.p. (Figure 26). At each time range up to 80 ml of freshly
pumped breast milk and up to 9 ml of EDTA-blood were donated by each mother. Separating
the group into HCMV-seropositive and —seronegative mothers resulted in 18 seropositive and
ten seronegative mothers (Figure 27). All seropositive mothers were latently infected
(detectable IgG with high avidity, ECLIA). Only one mother was persistently expressing a low
IgM, all other mothers were IgM negative (ECLIA).
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This one mother (mother 12, Table 29) was excluded from the analysis of PBMCs and BMCs,
since she had a primary infection during her pregnancy and participated in the HIG-study

Tuebingen and got five treatment cycles with Cytotect®.

BlooMil study
Cohort
N=45

 CEEEE—
HCMV- HCMV-
seronegative seropositive
(N=14) (N=31)
| | | | |
N=10 L= N=18 [ o R N=4 )
Excluded due to Excluded due to Tet A Ivsi
Final study mothers termination of Final study mothers I etramer analysis
(40 BM samples) study (72 BM samples) study or HLA-A2" (8 BM samples)
(40 blood samples) (8EM samplos) (72 blood samples) (5 BM samples) (8 blood samples)
(8 blood samples)
(15 blood samples)
- )
Table 29 Table 29 Table 56
Mother 1-10 Mother 11-28 Mother 29-32
\. J

Figure 27: BlooMil study organigram.

The BlooMil study cohort consisted of 45 mothers, which were further distinguished by their HCMV-
serostatus. After exclusion of mothers, who terminated the study, the final study mothers for the main
BlooMil study and the mothers for adjunct BlooMil study cohort for tetramer analysis remained.

After the main BlooMil study, an additional four out of nine mothers were found to be HLA-
A*02:01 positive and were participants of the adjunct BlooMil study cohort for tetramer analysis
of HCMV-specific CD8* T cells. The same amounts, as mentioned above for breast milk and
blood samples, were analyzed at T1 and T3. One out of the four mothers could only participate

at T1, due to too less milk at T3.

5.3.2 Study cohorts
The study cohort of the main BlooMil study is shown in Table 29. The HCMV-seropositive

mothers were on average 34 + 5.1 years old and their GA was on average at 30.15 + 4.3
weeks, whereas the HCMV-seronegative mothers were on average 32.2 + 2.7 years old and
had a mean GA of 30.75 £ 4.9 weeks. All seronegative mothers had their country of origin in
Germany, while for the HCMV-seropositive mothers only 55.5% stated Germany. Five HCMV-

seropositive mothers had multi-births with twins or triplets.
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Table 29: Demographics of the BlooMil study mothers

Mother HCMV- Age GA BW number multi- country of color-coding
IgG [years] [weeks] [g] of births  births origin of figures
1 neg 27 27 2/7 940 first no Germany black
2 neg 37 27 0/7 745 third no Germany black
3 neg 31 26 2/7 515 second no Germany black
4 neg 33 33 3/7 1990 first no Germany black
5 neg 34 33 4/7 1800 first no Germany black
6 neg 31 29 5/7 1840 first no Germany black
7 neg 33 24 5/7 550 second no Germany black
8 neg 31 34 2/7 2100 first no Germany black
9 neg 31 40 6/7 3470 first no Germany black
10 neg 34 30 3/7 1180 first no Germany black
11 pos 36 25 4/7 860 first no Germany dark blue
12 pos 33 39 2/7 3100 second no Germany red
13 pos 30 23 6/7 625 third no Italy green
14 pos 33 24 2/7 5807780 first no Bosnia- purple
Herzegovina
15 pos 30 30 2/7 1165 second no Russia orange
16 pos 33 28 5/7 1340 second no Italy black
17 pos 28 33 0/7 2600 first no Syria pink
18 pos 33 29 1/7 1190 first no Germany beige
19 pos 39 38 1/7 3000 third no Germany  bright brown
20 pos 38 31 5/7 1540 second no Germany dark red

21 pos 27 284/7  970"1170 first twins Germany brown

22 pos 32 27 2/7 9207485945 second triplets Germany  dark green

23 pos 49 27 6/7 88071250 first twins Germany blue

24 pos 36 34 2/7 2430 second no Italy bright green
25 pos 31 314/7 1790 first no Sri Lanka grey

26 pos 37 306/7 99071410 first twins  Macedonia bright blue

27 pos 30 25 5/7 915 fourth no Germany bright purple

28 pos 38 324/7 197072065 first twins Germany yellow
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5.3.3 Dynamics of viral reactivation

The DNA from milk whey was extracted and a quantitative PCR was performed to describe the
dynamics of HCMV reactivation in breast milk. Aimost all HCMV-seropositive BlooMil study
mothers (17 of 18, 94.4%) had HCMV DNA in their breast milk (Figure 28). Only mother 19
showed no reactivation of HCMV at all measured time ranges (one of 18, 5.6%). Another three
of 18 (16.7%) mothers did not reactive at T1, but later at T2 (mother 17), T3 (mother 20) or T4
(mother 16). Therefore, HCMV in breast milk reactivated in 83.3% of the mothers between
birth and T1. The calculated mean onset of all mothers was at 11.5 days p.p. Mother 27 only
showed virus shedding at T1 and T2 and mother 15 had no viral shedding at T4. After onset,

all other mothers (12 of 18, 66.7%) displayed viral shedding over the whole observed period.
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Figure 28: Calculated onset and course of quantitative DNAlactia of BlooMil study mothers.
The numbers of the y-axis match the mothers of Table 29.The time ranges were T1-10to 15, T2 - 25
to 30, T3 - 40 to 45 and T4 - 55 to 60 days p.p. Mother 19 did not reactivate HCMV in breast milk at
the measured time points (-). Onset is calculated by the arithmetic mean between the first measured
positive sample and the last negative sample or time of birth. Three mothers reactivated HCMV late
(16, 17, 20) and initial HCMV PCR was negative. The last positive result marks the last data point
connected with a line; no calculations were done for the end of shedding. Individual color-coding is
applied.

Most of the mothers (15 of 18, 83.3%) displayed a unimodal course of DNAlactia with peak
viral load at T2 (11 of 18, 61.1%) or T3 (four of 18, 22.2%, Figure 29). Two mothers showed
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slight increases towards the end of the observation range. The peak viral load varied highly
from mother to mother. The highest viral load detected was from mother 14 with 2.6x10°
copies/ml. Other mothers had very low peak viral loads (mother 17 with 1.1x10* copies/ml),
but still showed unimodal courses.

The plasma samples of BlooMil mothers were also monitored for HCMV DNA with nPCR. All
plasma samples had no detectable HCMV DNA at any time point.
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Figure 29: DNAIlactia in milk whey of HCMV-seropositive BlooMil study mothers[274].

Results of the qPCR using target gene UL83 are shown. The time ranges are T1- 10to 15, T2 - 25 to
30, T3-40to 45 and T4 - 55 to 60 days p.p. The insert shows milk whey viral loads with a peak level
lower than 6x10%. Mother 19 did not reactivate the virus and is not shown in this graph. Individual
color-coding is applied.
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Virolactia was measured with microculture assays and similar, but varying to the corresponding
DNA quantities, courses were found (Figure 30). Still, the virolactia and DNAIlactia revealed
strong correlations. At T1 with Spearman’s R (r) =0.714; T2 with r=0.675, T3 with r=0.482 and
T4 with r=0.785.
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Figure 30: Virolactia in milk whey of HCMV-seropositive BlooMil study mothers.

Results of the short-term microculture assays are shown. The time ranges are T1 - 10to 15, T2 - 25 to
30, T3 -40to 45 and T4 - 55 to 60 days p.p. Viral isolates were obtained from all mothers. Only
Mother 19 did not reactivate the virus. Individual color-coding applies.

All breast milk samples of HCMV-seronegative mothers were negative in microculture and
nPCR tests.
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5.3.4 Humoral immune response (HCMV-specific IgG)
5.3.4.1 ECLIA

HCMV-specific IgGs were analyzed in milk whey and plasma of the seropositive cohort of the
BlooMil study with ECLIA (Figure 31). The plasma levels of all 18 mothers widely differed from
40 to 4532 U/ml (Figure 31 A). The two mothers with very high HCMV-IgG levels in plasma
(purple and bright blue), had also very high peak viral loads in milk whey (>1x10°). However,
using all samples, correlations between breast milk viral load and HCMV-specific 1gGs in
plasma were not found. An increase of plasma HCMV-IgG was detectable over all four time
ranges after birth. The mean levels increased from T1 (604 U/ml) to T4 (831 U/ml) by 227 U/ml.
Friedman test confirmed a significant increase (p=0.00018) and the Dunn Bonferroni post-hoc
test with correction for multiple testing after Bonferroni revealed a significant increase from T1
to T3 (p=0.0029) and from T1 to T4 (p=0.00022). Mother 12 (red, primary infection during
pregnancy) had very low plasma HCMV-IgG levels.

In milk whey, only ten of 18 mothers (55.6%) were positive for ECLIA HCMV-IgG and an
additional three mothers showed borderline levels (16.6%) (Figure 31 B). The overall amount
of HCMV-specific IgGs in milk whey was about 275-fold lower than in plasma. Six of 18
mothers (33.3%) displayed a sharp increase by three- to eight-fold from T1 to either T3 or T4,
depending on the mother. Mothers 14 and 26, who had high milk whey viral loads, had a higher
HCMV-specific-lgG titer and revealed an increase over time in milk whey. However,
correlations with viral loads were not found. Friedman test of all positive samples showed no
significant changes over time (p=0.15), but Wilcoxon test without corrections revealed a
significant increase between T2 and T4 (p=0.037) in milk whey. When Friedman test was only
performed on the six increasing samples in milk whey, a significant increase was detected
(p=0.042).
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A Spearman correlation from plasma to whey HCMV-IgG was found (Figure 31 C, D), but the
correlation at T1 was stronger and higher significant than at T4, indicating an unproportional

increase of HCMV-IgGs in milk whey.
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Figure 31: HCMV-specific IgG titers in plasma and whey of the BlooMil study mother[274].
HCMV-specific IgG ECLIA values are shown in A) plasma and B) milk whey of all seropositive BlooMil
study mothers. The time ranges are T1-10to 15, T2 - 25 to 30, T3 - 40 to 45 and T4 - 55 to 60 days
p.p. The Friedman test was used for both kinetics in plasma (significant) and milk whey (not
significant). Dunn-Bonferroni post-hoc test with Bonferroni corrections showed significant changes
between T1 and T4 (*** p<0.001) and T1 and T3 (**p=0.003) in plasma. In milk whey, the Wilcoxon
matched pairs signed rank test without corrections showed a significant increase from T2 to T4
(°p=0.04). The correlation of blood and milk whey HCMV-IgGs are given with the Spearman
correlation and a non-linear regression at C) T1 (r=0.753, p=0.004) and D) T4 (r=0.571, p=0.045).

5.3.4.2 RecomLine blot

In an additional approach to investigate HCMV-specific IgGs, recomLine blots analyzing
reactivities against six different antigens were performed with samples of T1 (10-15 days p.p.)
and T3/T4 (40-60 days p.p.).

74



Results

Anti-lIE1-IgGs were found in 12/18 plasma samples (66.6%) with differing intensities at T1
(Figure 32 A). However, only two of 18 mothers (11.1%) showed IgG antibodies against IE1 in
milk whey (Figure 32 A), one of them only detected around cut-off level. At T3/T4 three mothers
displayed a seroconversion against IE1 in plasma (Figure 32 B). In whey, five additional
mothers had reactivities against IE1. Overall the intensities increased in plasma and in milk
whey from T1 to T3/4.

For anti-CM2-1gG similar intensities were depicted (Figure 32 C, D). Also, three mothers had
seroconversions against CM2 in plasma at T3/T4, but only two developed reactivity against
CM2 in milk whey. Again, an increase in intensities was observed from T1 to T3/4. In milk
whey, one mother showed a very strong increase with high intensities (+++) at the later time
range (Figure 32 D).
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Figure 32: RecomLine blot reactivity scores of anti-rec IE1 and anti-rec CM2 IgG[274].

Plasma and whey IgGs at A) T1 (10-15 days p.p.) and B) T3/T4 (40-60 days p.p.) against recombinant
immediate early 1 (IE1) and at C) T1 (10-15 days p.p.) and D) T3/T4 (40-60 days p.p.) against
recombinant CM2. The number of mothers expressing the scores is shown on the x-axis. Scoring on
the y-axis was performed as followed: (nr) — non-reactive, (*/-) — around cut-off level, (*) — one-fold, (**)
— two-fold or (***) — three-fold higher than cut-off limit. Plasma was diluted 100-fold, milk whey two-
fold.
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Two important phosphoproteins of the tegument, p150 and p65, were also analyzed for the
humoral immunogenicity (Figure 33). All mothers expressed anti-p150-IgGs constitutively in
plasma, showing very high intensities (Figure 33 A and B). All mothers also exhibited
reactivities against p150 in milk whey, but five of them had only reactivities around cut-off level
(Figure 33 A). Some mothers revealed increased intensities to the later time range T3/4 in milk
whey (Figure 33 B).

Anti-p65-IgG highly varied in intensities between the mothers. Lower intensities were observed
in milk whey than in plasma (Figure 33 C and D). Seroconversion from T1 to T3/T4 was only
found in plasma of one mother. However, generally increased intensities were also found for

anti-p65 IgGs in both body fluids at the later time range.
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Figure 33: RecomLine blot reactivity scores of anti-rec p150 and anti-rec p65 IgG[274].

Plasma and whey IgGs at A) T1 (10-15 days p.p.) and B) T3/T4 (40-60 days p.p.) against recombinant
p150 protein and at C) T1 (10-15 days p.p.) and D) T3/T4 (40-60 days p.p.) against recombinant p65.
The number of mothers expressing the scores is shown on the x-axis. Scoring on the y-axis was
performed as followed: (nr) — non-reactive, (*/-) — around cut-off level, (*) — one-fold, (**) — two-fold or
(***) — three-fold higher than cut-off limit. Plasma was diluted 100-fold, milk whey two-fold.
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Anti-gB1-IgGs in plasma were detected in all mothers in varying intensities, but all above cut-
off levels (Figure 34 A). At T1 in whey, five mothers showed levels around cut-off, while all
others were non-reactive for anti-gB1 (13 of 18, 72.2%). An increase of the intensities from T1
to T3/4 was observed in plasma and milk whey. Three mothers developed higher intensities
than cut-off level in milk whey (Figure 34 B).

Anti-gB2-IgG was variably expressed in plasma and only showed slight increases over time.
However, no seroconversions were found (Figure 34 C, D). Nevertheless, a high number of
mothers (15 of 18, 83.3%) was positive in their plasma for anti-gB2-1gG. Only five of 18 mothers
(27.7%) expressed IgGs against gB2 in milk whey. An increase of intensities over time was
also detectable for milk whey anti-gB2 IgGs (Figure 34 D).

gB1
g T1 (10-15 days pp) B T3/T4 (40-60 days pp)
+++ +++
et
° +t ++ B whey
- B plasma
2| - :
E'I - — +-
Qo
Q nr 1 nr 1
e I I I 1 1 I 1 I 1 I I 1 1 1 I I Ll 1
o 0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
2
[]
g gB2
g B T1 (10-15 days pp) D T3/T4 (40-60 days pp)
"'6 +++ +++
g ++ B whey
Q W plasma
wn +
>
e
s o
=
g nr I 1 nr ]
E T T T T T T T T 1 I I I T T T T T 1
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18

=
>

number of mothers

Figure 34: RecomLine blot reactivity scores of anti-rec gB1 and anti-rec gB2 IgG[274].

Plasma and whey IgGs at A) T1 (10-15 days p.p.) and B) T3/T4 (40-60 days p.p.) against recombinant
gB1 and at C) T1(10-15 days p.p.) and D) T3/T4 (40-60 days p.p.) against recombinant gB2. The
number of mothers expressing the scores is shown on the x-axis. Scoring on the y-axis was performed
as followed: (nr) — non-reactive, (*/-) — around cut-off level, (*) — one-fold, (**) — two-fold or (***) —
three-fold higher than cut-off limit. Plasma was diluted 100-fold, milk whey two-fold.
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5.3.4.3 Neutralization capacity of plasma and whey

Neutralization assays were performed to see if the increase of HCMV-IgG ECLIA values and
the higher intensities of recomLine blots at T3/4 were also visible in the neutralizing capacity
of breast milk whey from T1 to T4. The clinical isolate H2497-11 form amnion fluid was
incubated with either whey or plasma pools and was afterwards incubated on ARPE-19 cells
for five days to stain for plaque forming IEA nuclei.

Pools of all BlooMil HCMV-seropositive or —seronegative mothers’ whey or plasma samples
were generated of either T1 or T4. Plaque counts were obtained and are shown in Figure 35
A and B of plasma and milk whey pools, respectively.

The plasma pool of HCMV-seronegative mothers displayed similar high plaque counts as the
virus control in all dilution steps (Figure 35 A). The reduced number of plaque counts in HCMV-
seropositive plasma pools showed the high neutralization capacity of HCMV-specific 1gGs
(Figure 35 A, C). Plaque counts (=infectivity) at T1 were higher compared to T4 of HCMV-
seropositive mothers’ plasma pools resulting in lower neutralizing capacity at T1 versus T4.
The HIG positive control was prediluted to possess the same HCMV-IgG concentration as the
mean of HCMV-seropositive plasma pools T1 and T4. Therefore, it showed plaque counts
between the one of T1 and T4 plasma pools (Figure 35 A).

In contrast, whey pools of seronegative mothers revealed unspecific neutralization (Figure 35
B), as the pools were tested negative for HCMV-specific 1gGs. Nevertheless, HCMV-
seronegative mothers’ whey pools showed still higher plaque counts than the whey pools of
HCMV-seropositive mothers at T1 and T4 (Figure 35 B). HIG, diluted to the concentration of
mean ECLIA IgG values of all breast milk pools with DMEM:F12 (see 4.2.4.9) revealed higher
plague counts than both HCMV-positive whey pools.

The actual NT-capacity was calculated by using the plaque counts of the seronegative pools
as the reference value. Due to this procedure, the unspecific neutralization activity was
excluded from the seropositive samples. NT-capacity was higher at the later time range in

breast milk, however, the NT50-values differed not as highly as in plasma (Figure 35 D).
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In accordance with the plaque count results, the NT capacity of seropositive pools at T1 (Probit-
analysis: NT-50 of plasma 1:3,000 and of whey 1:86) was lower than at T4 (Probit-analysis:
NT-50 of plasma: 1:4,000 and of whey: 1:100) in plasma (Figure 35 C) and in milk whey (Figure
35 D). The NT-50 was about 40 fold lower in milk whey compared to plasma.
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Figure 35: Neutralization assays of plasma and milk whey pools of BlooMil-study mothers[274].
Immediate early antigen (IEA) plaque counts (>6 nuclei equals one plaque) of neutralization assays on
ARPE-19 cells with A) plasma and B) milk whey pools. The mean with standard deviation (SD) of
triplicates is displayed. Hyperimmunoglobulin (HIG) was used as positive control. Neutralization
capacity (NT-capacity) was calculated with the seronegative plaque counts as reference for C) plasma
and D) milk whey pools. NT-50 values were calculated with the Probit analysis. Time ranges used for
pool generation are T1— 10 to 15 and T4 — 55 to 60 days p.p.
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5.3.5 Immune cell monitoring
5.3.5.1 BlooMil study gating strategy

After collecting data about the humoral IgG-immune response to HCMV in milk whey and
plasma, the focus was set on the cellular components in cooperation with AG Kilian Wistuba-
Hamprecht (Division of Dermatooncology, Department of Dermatology) and Graham Pawelec
(Department of Immunology). Phenotypical analysis of leukocyte populations in breast milk
was compared to corresponding blood leukocytes in HCMV-seropositive and negative mothers
using flow cytometry. A gating strategy was developed and is shown in Figure 36 (A to Q) of
BMCs and in Figure 37 (A to Q) of PBMCs:

For the steps A to F, the same gating strategy was used as for the y& T cell-panel (see 5.1.2).
In a next step, the cells were divided by CD14 and HLA-DR (G) and gates were set on the
CD14-positive and HLA-DR negative to dim population for M-MDSCs. This gate was adapted
from the gating of PBMCs onto BMCs (Figure 37 and Figure 36, respectively). After several
different approaches due to lower cell counts and high variations in the HLA-DR expression
on monocytes in breast milk, this was established as the best way to assure a consistent gating
strategy. The gated population from F was also used in a next step (H) to further distinguish
CD14" monocytes in general from the rest of cells with a CD14 vs EMA chart (H). The CD14-
negative cells were used to gate lymphocytes in a morphological gate (I). The next CD3 vs
CD56 graph shows the lymphocyte population split into CD3* T cells, CD3*CD56* T cells and
CD56" NK cells (J). Only the CD3* T cells were further subgrouped, due to too less CD56" T
cells or NK cells in many of the breast milk samples. The CD3* T cells were divided into CD8*
or CD4* T cells (K) and both were examined for either CD38 (L and O), HLA-DR (M and P) or
the memory phenotypes by CCR7 or CD45RA (N and Q) expression for naive
(CCR7*,CD45RA"), central memory (CCR7*, CD45RA"), effector memory (CCR7-, CD45RA")
and TEMRA (CCR7, CD45RA") subsets. CD38 gates were set close to the negative
population due to difficulties in breast milk to define distinct populations with high CD38

expression.
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Figure 36: Example of the breast milk cell gating strategy for the BlooMil study.

Breast milk cell gating is shown and explained in the text above. Leu: leukocytes, D: debris, Ly:
lymphocytes, MDSC: monocytic myeloid suppressor cells, M: monocytes, T: CD3* T cells, NKT:
CD56* T cells, NK: natural killer cells, Temra: TEMRA cells, Thaie: naive T cells, Teu: effector memory
T cells, Tcu: central memory T cells.
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Figure 37: Example of the blood cell gating strategy for the BlooMil study.

Peripheral blood mononuclear cells (PBMC) gating is shown as explained in the text above. Leu:
leukocytes, D: debris, Ly: lymphocytes, MDSC: monocytic myeloid suppressor cells, M: monocytes, T:
CD3* T cells, NKT: CD56* T cells, NK: natural killer cells, Temra: TEMRA cells, Thaive: naive T cells,
Tem: effector memory T cells, Teu: central memory T cells.
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The average number of total cells in breast milk, counted by a trypan blue staining, was at T1
around 1.2x10° cells/ml with a decrease to T4 with 0.6x10° cells/ml. PBMC counts per ml blood
were in general higher and constantly remained around 9x10° PBMC/ml.
The analyzed leukocyte subset frequencies by flow cytometry are shown in detail in the
following. A synopsis of the average frequencies (mean and SD) at each time point are given

in Supplement table 1. All immune cell subsets did not show correlations with viral load.

5.3.5.2 Monocytes/Macrophages (CD14")

CD14* monocytes/macrophages were biweekly analyzed during the first two months after birth
in breast milk and blood samples of HCMV-seropositive and —seronegative mothers of the
BlooMil study (Figure 38).

CD14* monocyte frequencies in blood were consistently over time around 10-25% of all
leukocytes regardless of HCMV-serostatus and time ranges (Figure 38 A and B, Table 30).
Monocyte frequencies in breast milk highly varied from 8 to over 60% of all leukocytes at T1.
Mean breast milk monocyte frequencies showed a significant decrease from 27.0 + 11.7% at
T1 to 15.8 £ 11.0% at T4 in HCMV-seropositive mothers (p=0.0038, Figure 38 D) and from
251+ 17.4% at T1 to 15.9 + 8.8% at T4 in seronegative mothers (p=0.045, Friedman test in
Table 31) (Figure 38 C). However, post-hoc test with corrections indicated only significant
decreases in breast milk of seropositive but not seronegative mothers between T1 and T3, as
well as between T1 and T4 (Table 31).
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Monocytes of HCMV-seropositive mothers showed a tendency (p=0.067) towards higher
frequencies in breast milk at T1 compared to blood frequencies. However, at T3, the breast
milk frequencies were significantly lower (Wilcoxon test p=0.034, Table 31) than in blood.
HCMV-seronegative mothers showed no differences between blood and breast milk

frequencies (Figure 38 B, D).
CD14* monocytes
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Figure 38: CD14* monocyte kinetics in blood and breast milk of the BlooMil study mothers.
CD14* monocyte frequencies acquired by flow cytometry are shown of peripheral blood mononuclear
cells (PBMC) in (A) HCMV-seronegative mothers and (B) seropositive mothers. CD14* monocyte
frequency of breast milk cells (BMC) is displayed of (C) HCMV-seronegative and (D) seropositive
mothers. The inserts in (A) and (B) show the biological control over all experimental days. Individual
color-coding as described in Table 29 is applied. Mother 12 (red, dotted line) was excluded from
statistical analysis due to HCMV-primary infection during pregnancy. The time ranges are T1 - 10 to
15, T2 - 25to0 30, T3 - 40 to 45 and T4 - 55 to 60 days p.p. Square data point symbols instead of
round symbols indicate a time point where the breast milk cells showed a slightly red color in the cell
pellet (presumably an indicator for mastitis).

Table 30: Mean CD14* monocyte/macrophage frequencieswith standard deviation (SD).

Mate- T1[% mean* | T2[% meant | T3 [% mean * | T4 [% mean £
Cell subset rial HCMV SD] SD] SD] SD]
PBMC IgG* 186+£7.5 16.0 £ 3.9 18.1+£4.9 17.2+4.9
CcD14* IgG- 18.8+4.9 18.3+3.7 18.7+5.8 174 +£51
monocytes BMC lgG* 27.0+x11.7 22.6+12.7 12.3+5.3 15.8 £11.0
lgG- 251+17.4 18.4+124 16.6 + 10.6 159+ 8.8
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In short, monocyte frequencies showed no changes in blood over time, but in breast milk the

monocyte frequency decreased from T1 to T4, especially in HCMV-seropositive mothers.

Table 31: Statistical analysis of CD14* monocytes The p-values are given and significant digits are
bold and marked in grey. Friedman test was used to look for differences in the kinetics followed by a
Dunn-Bonferroni post-hoc test with Bonferroni (B.) correction comparing single time ranges. The linear
mixed model was used to show differences in the courses over time between HCMV-seropositive and
seronegative mothers. Mann-Whitney U showed no differences between the single time ranges of
seropositive or negative mothers (p>0.7, not shown). The Wilcoxon test with B. correction was used to
compare single time ranges (T’s) of blood and breast milk.

CD14" monocytes PBMC HCMV pos UG IE Y ELG [IOLNY ELYG LG
neg pos neg
Friedman test 0.20 0.29 0.0038 0.045
T1t0T2:1.0 T1t0T2: 0.15
T2t0T3:0.14 T2t0T3:1.0
T21to T4:0.28 T2t0T4:1.0
T3t0T4:1.0 T3t0T4:1.0
Linear mixed model 0.437 0.212
Wilcoxon with B. PBMC HCMV pos | BMC HCMV pos PBMC HCMV BMC HCMV
correction neg neg
T1's 0.067 1.0
T2's 0.45 1.0
T3's 0.034 1.0
T4's 1.0 1.0

5.3.5.3 M-MDSC

Monocytic myeloid derived suppressor cells (M-MDSC), defined as CD45*, CD14*, HLA-DR
/dim “were gated in breast milk with the same gates as in blood. M-MDSC-frequencies referring
to the total leukocyte population in either blood or breast milk are shown in Figure 39.
Frequencies around 10-20% were detected in blood (mean frequencies in Table 32) and did
not change significantly over time regardless to HCMV-serostatus (Table 33, Figure 39 A, B).
In breast milk, the M-MDSC frequencies mostly were under 10% of total leukocytes (Figure
39 C and D). HCMV-seropositive mothers’ mean frequencies slightly decreased from T1 with
3.1+ 3.1% to T4 with 1.0 £ 0.8% (Friedman test with post-hoc test in Table 33).

When blood and breast milk was compared the data revealed that in breast milk the M-
MDSC frequencies were significantly lower than in blood regardless to the HCMV-serostatus
(Wilcoxon test in Table 33, Figure 39).
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The frequency of MDSCs with the monocytes as parental population (data not shown) revealed

also no significant changes over time and had low mean frequencies around 13%.
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Figure 39: CD14*, HLADR '°ow/intermediate myyejojd derived suppressor cells (MDSC) in blood and
breast milk of the BlooMil study mothers.
MDSC frequencies acquired by flow cytometry are shown of peripheral blood mononuclear cells
(PBMC) in (A) HCMV-seronegative mothers and (B) seropositive mothers. MDSC frequency of breast
milk cells (BMC) is displayed of (C) HCMV-seronegative and (D) seropositive mothers. The inserts in
(A) and (B) show the biological control over all experimental days. Individual color-coding as described
in Table 29 is applied. Mother 12 (red dotted line) was excluded from statistical analysis due to HCMV-
primary infection during pregnancy. The time ranges are T1 - 10to 15, T2 - 25 to 30, T3 - 40 to 45 and
T4 - 55 to 60 days p.p. Square data point symbols instead of round symbols indicate a time point
where the breast milk cells showed a slightly red color in the cell pellet (presumably an indicator for

mastitis).

Table 32: Mean M-MDSC frequencies of T1 to T4 with standard deviation (SD).

Mate- T1[% meant | T2[% meant | T3 [% mean £ | T4 [% mean £
Cell subset rial HCMV sD] sD] sD] SD]
. IgG* 17.6+ 7.1 149+ 3.6 17.1+4.5 16.3+ 4.7
CD;;_’,:;LLA' PBMC IgG- 177146 17.3+3.5 17.7+5.7 16.3+4.8
IgG* 31%+31 26*3.5 1.1+£0.8 1.0+£0.8
MDSC
BMC IgG- 6.0+9.6 26123 19+1.3 19+1.5
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In summary, M-MDSC frequencies showed no changes in blood over time, but in breast milk,
some HCMV-seropositive mothers had a decrease from T1 to T4. M-MDSC frequencies

were generally lower in breast milk compared to blood.

Table 33: Statistical analysis of M-MDSCs. The p-values are given and significant digits are bold
and marked in grey. Friedman test was used to look for differences in the kinetics followed by a Dunn-
Bonferroni post-hoc test with Bonferroni (B.) correction comparing single time ranges. The linear
mixed model was used to show differences in the courses over time between HCMV-seropositive and
seronegative mothers. Mann-Whitney U showed no differences between the single time ranges of
seropositive or negative mothers (p>0.26, not shown). The Wilcoxon test with B. correction was used
to compatre single time ranges (T’s) of blood and breast milk.

CD14* HLA-DR"dim PBMC HCMV PBMC HCMV BMC HCMV BMC HCMV
MDSC pos neg pos neg
Friedman test 0.078 0.43 0.0088 0.67
T1t0T2:1.0
. T1 to T3: 0.047
Dt | . |memwoon |
correction T2t0 T3:0.14
T2to T4:0.20
T3toT4:1.0
Linear mixed model 0.34 0.59
Wilcoxon with B. PBMC HCMV BMC HCMV PBMC HCMV BMC HCMV
correction pos pos neg neg
T1's 0.0012 0.188
T2's 0.0012 0.020
T3's 0.0012 0.020
T4's 0.0012 0.020

5.3.5.4 Total T cells (CD3*), CD4" and CD8* T cells

CD3* T cell frequencies in blood were constantly around 50-70% of all leukocytes (mean
frequencies in Table 34) and did not change over time in individual blood samples of HCMV-
seronegative (Figure 40 A) or -seropositive mothers (Figure 40 B, Table 35).

In breast milk of seronegative mothers (Figure 40 C), the frequencies of CD3* T cells had
high inter-individual variability, but were constantly between 10 to 40% of all breast milk
leukocytes (mean with SD in Table 34). However, HCMV-seropositive mothers had a
significant increase of T cell frequencies (Figure 40 D) from T1 (25.1 + 14.4%) to T4 (43.7
15.1%, Table 34) in breast milk (Friedman test p=0.0078, post-hoc test with corrections
significant for T1-T4 and T2-T4, Table 35). Consequently, the mean T cell frequencies showed
an increase by over 18%. Therefore, a significant increase of the breast milk kinetics of HCMV-
seropositive compared to the seronegative mothers was found (linear mixed model p=0.043,
Table 35).

Despite the increase, breast milk CD3* T cell frequencies were still significantly lower than
blood frequencies of HCMV-seropositive mothers (Wilcoxon test in Table 35). Unsurprisingly,
HCMV-seronegative mothers had also lower frequencies in breast milk compared to blood
(Wilcoxon test in Table 35).
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The HCMV-seropositive mother 16 (color code: black) had a very low T cell frequency in breast

milk at T3 (Figure 40 D). This was due to a comparatively high number of other leukocyte

populations at this time point (presumably granulocytes).
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Figure 40: CD3* T cell kinetics in blood and breast milk of BlooMil study mothers.
CD3* T cell frequencies acquired by flow cytometry are shown of peripheral blood mononuclear cells
(PBMC) in (A) HCMV-seronegative mothers and (B) seropositive mothers. CD3* T cell frequency of
breast milk cells (BMC) is displayed of (C) HCMV-seronegative and (D) seropositive mothers. The
inserts in (A) and (B) show the biological control over all experimental days. Individual color-coding as
described in Table 29 is applied. Mother 12 (red, dotted line) was excluded from statistical analysis
due to HCMV-primary infection during pregnancy. The time ranges are T1- 10to 15, T2 - 25to 30, T3
-40to 45 and T4 - 55 to 60 days p.p. Square data point symbols instead of round symbols indicate a
time point where the breast milk cells showed a slightly red color in the cell pellet (presumably an
indicator for mastitis).

Table 34: Mean CD3* T cell frequenciesof T1 to T4 with standard deviation (SD).

Mate- T1[% mean* | T2[% meant | T3 [% mean * | T4 [% mean £
Cell subset rial HCMV SD] SD] SD] SD]
PBMC lgG* 57.3+£9.7 60.3+6.5 57.6+7.9 59.7£5.9
CD3* T cells lgG- 58.1+54 59.5+4.9 58.9+7.9 59.6 £ 7.1
BMC IgG* 251+144 29.7 £18.5 38.6 £ 19.7 43.7 £ 151
IgG- 256+ 10.2 256115 246+114 21.9+13.3
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In summary, blood CD3" T cell frequencies were constant over time and were in general higher
as in breast milk. The HCMV-seropositive mothers’ breast milk T cell frequency strongly

increased over time.

Table 35: Statistical analysis of CD3* T cells The p-values are given and significant digits are bold
and marked in grey. Friedman test was used to look for differences in the kinetics followed by a Dunn-
Bonferroni post-hoc test with Bonferroni (B.) correction comparing single time ranges. The linear
mixed model was used to show differences in the courses over time between HCMV-seropositive and
seronegative mothers. Mann-Whitney U indicated differences between the single time ranges of
seropositive and negative mothers. The Wilcoxon test with B. correction was used to compare single
time ranges (T’s) of blood and breast milk.

CD3* T cells PBMC HCMV PBMC HCMV BMC HCMV pos BMC HCMV
pos neg neg
Friedman test 0.51 0.16 0.0078 0.22
T1t0T2:1.0
T1t0o T3:0.20
Dunn-Bonferroni post-hoc T1 to T4: 0.032
test with B. correction ) ) T21to T3:0.28 )
T2 to T4: 0.047
T3t0T4:1.0
Linear mixed model 0.83 0.043
Mann-Whitney U with B.
correction
T1's 1.0 1.0
T2's 1.0 1.0
T3's 1.0 0.16
T4's 1.0 0.0057
Wilcoxon V.VIth B. PBMC HCMV BMC HCMV pos PBMC HCMV BMC HCMV
correction pos neg neg
T1's 0.0012 0.020
T2's 0.0012 0.020
T3's 0.034 0.020
T4's 0.011 0.020
CD4* T cells

The CD3" T cell populations were further discriminated into CD4* and CD8" T cells.
The CD4* T cell frequencies in blood reached around 55-75% of all CD3* T cells (Table 36)
and did not differ between HCMV-seronegative (Figure 41 A) and -seropositive (Figure 41 B)
mothers over time (linear mixed model in Table 37). CD4* T cell frequencies in blood slightly
decreased in HCMV-seropositive mothers (Friedman test, Table 37).

In breast milk, the kinetics did not change over time (Table 37), but inter-individual variability
was higher than in blood (Figure 41 C and D). The CD4" T cell frequencies of HCMV-
seropositive mothers were between 25-63% (Figure 41 D) and for HCMV-seronegative
mothers around 37-76% of all CD3* T cells in breast milk (Figure 41 C). Therefore, the
frequencies were slightly lower in HCMV-seropositive mothers’ compared to seronegative
mothers’ breast milk (Table 36; mean frequencies at T4: 49.4 £+ 9.1% and 65.9 * 6.5%,

respectively, Mann-Whitney U test with corrections in Table 37).
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Seronegative mothers showed no differences between their blood and breast milk

frequencies. However, seropositive mothers had significantly lower CD4* T cell frequencies in

breast milk (e.g. at T1: 51.8 + 9.3, Table 36) compared to corresponding blood (T1: 62.6 +
7.5%, Wilcoxon test in Table 37).
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Figure 41: CD4* T cell kinetics in blood and breast milk of BlooMil study mothers.
CD4* T cell frequencies acquired by flow cytometry are shown of peripheral blood mononuclear cells
(PBMC) in (A) HCMV-seronegative mothers and (B) seropositive mothers. CD4* T cell frequency of
breast milk cells (BMC) is displayed of (C) HCMV-seronegative and (D) seropositive mothers. The
inserts in (A) and (B) show the biological control over all experimental days. Individual color-coding as
described in Table 29 is applied. Mother 12 (red, dotted line) was excluded from statistical analysis
due to HCMV-primary infection during pregnancy. The time ranges are T1 - 10to 15, T2 - 25to 30, T3
- 40 to 45 and T4 - 55 to 60 days p.p. Square data point symbols instead of round symbols indicate a
time point where the breast milk cells showed a slightly red color in the cell pellet (presumably an
indicator for mastitis).

Table 36: Mean CD4* T cell frequenciesof T1 to T4 with standard deviation (SD).

Mate- T1[% mean* | T2[% mean * | T3 [% mean * | T4 [% mean *
Cell subset rial HCMV [ sD] [ sD] [ SD] [ sD]
PBMC lgG* 62.6 7.5 62.0%7.1 61.6+7.8 60.6£7.5
CD4* T cells IgG- 64.3+5.6 64.2+5.6 63.5+6.1 63.1+6.2
BMC IgG* 51.8+9.3 499+ 10.5 50.6 £ 12.3 494 £ 91
IgG- 60.3+7.0 61.0+11.9 63.3+ 10.0 659+ 6.5
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In short, CD4* T cell frequencies of CD3* T cells showed no strong changes over time in either
blood or breast milk, but frequencies in breast milk of seropositive mothers were in general

slightly lower than in the corresponding blood samples and in the breast milk of seronegative

mothers.

Table 37: Statistical analysis of CD4* T cells The p-values are given for different tests and
significant digits are bold and marked in grey. Friedman test was used to look for differences in the
kinetics followed by a Dunn-Bonferroni post-hoc test with Bonferroni (B.) correction comparing single
time ranges. The linear mixed model was used to show differences in the courses over time between
HCMV-seropositive and seronegative mothers. Mann-Whitney U indicated differences between the
single time ranges of seropositive and negative mothers. The Wilcoxon test with B. correction was

used to compare single time ranges (T’s) of blood and breast milk.

CD4* T cells PBMC HCMV PBMC HCMV BMC HCMV BMC HCMV
pos neg pos neg
Friedman test 0.015 0.56 0.86 0.077
T1t0T2:1.0
T1 to T3: 0.51
Dunn-Bonferroni post-hoc | T1 to T4: 0.0086
test with B. correction T2t0T3:1.0
T2to T4:0.28
T3toT4:0.86
Linear mixed model 0.90 0.14
Mann-Whitney U with B.
correction
T1's 1.0 0.11
T2's 1.0 0.11
T3's 1.0 0.092
T4's 1.0 0.000028
Wilcoxon v_wth B. PBMC HCMV BMC HCMV pos PBMC HCMV BMC HCMV
correction pos neg neg
T1's 0.0040 0.68
T2's 0.0020 1.0
T3's 0.0077 1.0
T4's 0.0017 1.0
CD8* T cells

CD8" T cells showed frequencies of around 20-40% of all CD3* T cells in blood (mean with
SD in Table 38). There were no significant changes detectable over time in blood of either
HCMV-seropositive or seronegative mothers (Figure 42 A and B, Friedman in Table 39).
Looking at single time ranges, the CD8" T cell frequency was significantly higher in breast
milk of HCMV-seropositive mothers compared to negative mothers at T2, 3 and 4 (Mann-
Whitney U in Table 39).The mean frequencies of HCMV-seropositive mothers’ breast milk
CD8* T cells slightly increased from T1 (33.7 + 6.0%) to T4 (37.5 + 6.9%, Friedman test not
significant), while seronegative mothers’ frequencies slightly decreased from T1 (27.1 £ 6.6%,)
to T4 (22.7 + 6.4%, Friedman not significant in Table 39). These changes led to a significant
difference between the kinetics of HCMV-seronegative and seropositive mothers in breast milk
(Figure 42 C and D, linear mixed model, p=0.028, Table 39).
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Between blood and breast milk frequencies, no differences were detected in HCMV-
seronegative mothers, but the seropositive mothers’ breast milk CD8" T cell frequencies were
slightly higher at T2 (Table 38) and T4 (Wilcoxon test in Table 39) than their corresponding

blood samples.
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Figure 42: CD8" T cell kinetics in blood and breast milk of BlooMil study mothers.

CD8* T cell frequencies acquired by flow cytometry are shown of peripheral blood mononuclear cells
(PBMC) in (A) HCMV-seronegative mothers and (B) seropositive mothers. CD8* T cell frequency of
breast milk cells (BMC) is displayed of (C) HCMV-seronegative and (D) seropositive mothers. The
inserts in (A) and (B) show the biological control over all experimental days. Individual color-coding as
described in Table 29 applied. Mother 12 (red, dotted line) was excluded from statistical analysis due
to HCMV-primary infection during pregnancy. The time ranges are T1 - 10to 15, T2 - 25to 30, T3 - 40
to 45 and T4 - 55 to 60 days p.p. Square data point symbols instead of round symbols indicate a time
point where the breast milk cells showed a slightly red color in the cell pellet (presumably an indicator
for mastitis).

Table 38: Mean CD8* T cell frequencies of T1 to T4 with standard deviation (SD).

Mate- T1[% meant | T2 [% mean % | T3 [% mean * | T4 [% mean *
Cell subset rial HCMV SD] SD] SD] SD]
PBMC IgG* 30.1+6.7 30.7+6.2 30.9+6.9 31.5+6.5
CDS8* T cells IgG- 29.2+3.9 29.3+4.1 29.6+4.5 299+46
BMC IgG* 33.7+6.0 36.6+8.9 36.5+10.5 37.5+6.9
IgG- 27.1+6.6 26.2+7.1 249+8.1 227+6.4
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In summary, CD8* T cells showed no changes over time in blood. However, breast milk CD8*
T cells of HCMV-seropositive mothers had higher frequencies than the corresponding blood

samples and the seronegative mothers’ breast milk.

Table 39: Statistical analysis of CD8* T cells The p-values are given for different tests and
significant digits are bold and marked in grey. Friedman test was used to look for differences in the
kinetics followed by a Dunn-Bonferroni post-hoc test with Bonferroni (B.) correction comparing single
time ranges. The linear mixed model was used to show differences in the courses over time between
HCMV-seropositive and seronegative mothers. Mann-Whitney U indicated differences between the
single time ranges of seropositive and negative mothers. The Wilcoxon test with B. correction was
used to compare single time ranges (T’s) of blood and breast milk.

CD8* T cells PBMC HCMV PBMC HCMV BMC HCMV pos BMC HCMV
pos neg neg
Friedman test 0.089 0.67 0.18 0.36
Dunn-Bonferroni post-hoc
test with B. correction ) ) ) ]
Linear mixed model 0.85 0.028
Mann-Whitney U with B.
correction
T1's 1.0 0.11
T2's 1.0 0.019
T3's 1.0 0.037
T4's 1.0 0.00026
Wilcoxon \{Vlth B. PBMC HCMV BMC HCMV pos PBMC HCMV BMC HCMV
correction pos neg neg
T1's 0.11 0.68
T2's 0.040 0.96
T3's 0.37 0.68
T4's 0.045 0.26

The parental population (CD3* T cells) in breast milk of HCMV-seropositive mothers increased
and the CD4" and CD8" T cells stayed more or less constant over time, when referred to the
parental CD3" T cell population. Supplement figure 1 shows the CD4* and CD8* T cell
frequency of all leukocytes in breast milk of HCMV-seronegative and seropositive mothers. As
expected, both cell subsets revealed significant increases in the HCMV-seropositive mothers
(Friedman test: CD4" T cells p=0.0073; CD8" T cells p=0.010). However, when the kinetics of
HCMV-seropositive to negative mothers’ was compared, only the CD8* T cell frequency
displayed a significant increase in HCMV-seropositive mothers in comparison to the

seronegative mothers (linear mixed model CD4* T cells p=0.11, CD8* T cells p=0.032).
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The CD4*/CD8* T cell ratio is an established marker for assessing the competence of the
immune system. In blood (Figure 43 B), the ratio was constantly around 2 (Table 40) in HCMV-
seropositive and -seronegative mothers.

In breast milk, the CD4*/CD8* T cell ratio was significantly lower in HCMV-seropositive
compared to -seronegative mothers at T2 and T4 (Figure 43 A, Mann-Whitney U test in Table
41), due to both lower CD4" and higher CD8* T cell frequencies. Mean CD4*/CD8" T cell ratios
increased in HCMV-seronegative (CD4* T cells increased, Table 36, and CD8" T cells slightly
decreased, Table 38) and slightly decreased in seropositive mothers’ breast milk and led to a

significant difference between their kinetics (linear mixed model: p=0.0092).
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Figure 43: CD4*/CD8* T cell ratio.

The CD4*/CD8* T cell ratio is shown in (A) breast milk and (B) blood. The mean levels with standard
deviation (SD) are displayed. Mann Whitney-U tests with Bonferroni corrections were performed for
comparing the time ranges between the serostatus. The time ranges are T1 - 10to 15, T2 - 25 to 30,
T3-40to 45 and T4 - 55 to 60 days p.p.

Table 40: Mean CD4*/CD8"* T cell ratio of T1 to T4 with standard deviation (SD).

Mate- T1 [mean % T2 [mean £ T3 [% mean T4 [mean £
Cell subset rial HCMV sD] sD] + SD] sD]
PBMC IgG* 22+0.7 21+0.7 21+ 0.7 20+0.7
CD4*/CD8* T IgG- 23+0.5 22+0.5 22+0.5 22+0.5
cell ratio BMC IgG* 1.6+0.5 1.51£0.6 1.5+0.7 14104
IgG- 24+0.8 26+1.1 29+13 3.1+£0.9

Comparing the blood and breast milk CD4*/CD8* T cell ratio, the breast milk ratio of HCMV-
seropositive mothers was significantly lower as in corresponding blood samples (Wilcoxon test
with correction in Table 41). However, for the HCMV-seronegative mothers the breast milk
ratio was not lower but even showed a tendency towards higher levels as in blood at T4’s
(p=0.087).
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Table 41: Statistical analysis of CD4*/CD8" T cell ratio The p-values are given for different tests.
Significant digits are bold and marked in grey. Friedman test was used to look for differences in the
kinetics followed by a Dunn-Bonferroni post-hoc test with Bonferroni (B.) correction comparing single
time ranges. The linear mixed model was used to show differences in the courses over time between
HCMV-seropositive and seronegative mothers. Mann-Whitney U indicated differences between the
single time ranges of seropositive and negative mothers. The Wilcoxon test with B. correction was
used to compare single time ranges (T’s) of blood and breast milk.

CD4'/CD8"* T cell ratio | ' 2MC HCMV|ERBMC HEMVE gy oy pos | BMC HEMV
pos neg neg
Friedman test 0.031 0.67 0.36 0.095
T1toT2:1.0
T1t0T3:1.0
Dunn-Bonferroni post-hoc | T1 to T4: 0.021
test with B. correction T2t0T3:1.0 ) ) .
T2to T4:0.38
T3 to T4:0.38
Linear mixed model 0.73 0.0092
Mann-Whitney U with B.
correction
T1's 1.0 0.12
T2's 1.0 0.037
T3's 1.0 0.052
T4's 1.0 0.000092
Wilcoxon \(wth B. PBMC HCMV BMC HCMV pos PBMC HCMV BMC HCMV
correction pos neg neg
T1's 0.022 1.0
T2's 0.0066 1.0
T3's 0.087 0.81
T4's 0.017 0.087

5.3.5.4.1 Activation markers on CD4* and CD8* T cells (CD38, HLA-DR)

Activation markers can provide information about the status of a cell. If no prior activation took
place, no direct functionality can follow. If activation markers are found on a T cell, the cell is
most likely antigen experienced and can directly act upon contact with their antigen. In this
thesis, CD38 and HLA-DR were chosen as activation markers.

The CD38 expression on CD4" T cells is shown in Figure 44. In blood, high frequencies with
around 60 to 80% of all CD4" T cells expressing CD38 (mean with SD in Table 42) were found
in seropositive and seronegative mothers (Figure 44 A, B). HCMV-seropositive mothers’ blood
frequencies slightly decreased over time (Friedman test, Table 43).

High inter-individual variances were found in breast milk with CD38* frequencies around 20
to 72% of CD4" T cells independent of the HCMV-serostatus (Figure 44 C and D). Additionally,
no changes were observed over time (Friedman test in Table 43), but some seropositive
mothers revealed an increase of frequency in breast milk.

CD38 is known to be expressed in low intensities on naive T cells. The best gating for
consistency along all samples was chosen and resulted in a strategy, where the gates were

set close to the negative population. Breast milk was shown to have few naive cells, while
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blood usually has high frequencies. Therefore, the differences between breast milk and blood

CD38 expression were not compared (6.3.3.1).
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Figure 44: CD4* CD38* T cell kinetics in blood and breast milk of BlooMil study mothers.

CD4* CD38* T cell frequencies acquired by flow cytometry are shown of peripheral blood mononuclear
cells (PBMC) in (A) HCMV-seronegative mothers and (B) seropositive mothers. CD4* CD38* T cell
frequency of breast milk cells (BMC) is displayed of (C) HCMV-seronegative and (D) seropositive
mothers. The inserts in (A) and (B) show the biological control over all experimental days. Individual
color-coding as described in Table 29 is applied. Mother 12 (red, dotted line) was excluded from
statistical analysis due to HCMV-primary infection during pregnancy (). The time ranges are T1 - 10 to
15, T2 - 25to0 30, T3 - 40 to 45 and T4 - 55 to 60 days p.p. Square data point symbols instead of
round symbols indicate a time point where the breast milk cells showed a slightly red color in the cell
pellet (presumably an indicator for mastitis).

Table 42: Mean CD4+ CD38+ T cell frequencies of T1 to T4 with standard deviation (SD).

Mate- T1 [% mean T2 [% mean T3 [% mean T4 [% mean
Cell subset rial | HEMV E; SD] E; SD] [1 SD] [1 SD]
cavc |_19G" | 674104 662+92 | 650%101 | 63.8%10.0
CD4* CD38" IgG- | 67.4+109 | 685+113 | 67.9+95 679+98
T cells avc |19C | 4202121 | 4702137 | 469117 | 450£96
IgG- | 415+160 | 413+105 | 36569 347+70
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Table 43: Statistical analysis of CD4* CD38"* T cells The p-values are given for different tests and
significant digits are bold and marked in grey. Friedman test was used to look for differences in the
kinetics followed by a Dunn-Bonferroni post-hoc test with Bonferroni (B.) correction comparing single
time ranges. The linear mixed model was used to show differences in the courses over time between
HCMV-seropositive and seronegative mothers. Mann-Whitney U indicated differences between the
single time ranges of seropositive and negative mothers. The Wilcoxon test with B. correction was

used to compare single time ranges (T’s) of blood and breast milk.

CD4* CD38" T cells PBMSOZCMV PBMSG';CMV BMC HCMV pos | BMC HCMV neg
Friedman test 0.0060 0.84 0.26 0.29
T1t0oT2:1.0
T1to T3:0.14
Dunn-Bonferroni post-hoc | T1 to T4: 0.0054
test with B. correction T2t0o T3: 1.0
T2to T4:0.14
T3toT4:1.0
Linear mixed model 0.29 0.35
Mann-Whitney U with B.
correction
T1's 1.0 1.0
T2's 1.0 0.82
T3's 1.0 0.81
T4's 1.0 0.027
Wilcoxon with B. PBMC HCMV BMC HCMV pos PBMC HCMV BMC HCMV neg
correction pos neg
T1's 0.0012 0.020
T2's 0.0020 0.028
T3's 0.0012 0.020
T4's 0.0012 0.020

CD8* T cells were also analyzed for their CD38 expression in blood and in breast milk of
seropositive and seronegative mothers (Figure 45). 40-83% of the CD8" T cells expressed
CD38 (mean with SD in Table 44) in blood irrespective to HCMV-serostatus (Table 45).
Seropositive mothers’ blood frequencies slightly decreased over time, as already seen for the
CD4* T cells (Friedman test, Table 45).

In breast milk (Figure 45 C and D), the frequencies were also found around 40-80% of all
CD8* T cells (mean with SD in Table 44) and did not show strong changes over time. Some
mothers displayed an increase over time, which led to a tendency towards an increase of the
CD38* CD8* T cell frequencies in breast milk of HCMV-seropositive mothers (Friedman test

p=0.083).

97



Results

CD8"CD38" T cells

HCMV-seronegative HCMV-seropositive
A 100+ B 100-
2 80+ 2 8o+
Q Q
o o
- 4 - 4
PBMC+_ 0 s 90
a a
[&] 404 Q 401
— Y—
°° biclogical 2
X 201 control X 201
0 1 L) 1 ] 0 T 1 | L]
1 2 3 4 1 2 3 4
time ranges time ranges
C 100- D 100+
2 804 2 80
@ Q
(3 Q
60+ 60
BMC +8 +°Q°
O 404 O 401
Y Y—
o o
X 201 X 204
0 1 L] ] 1 0 T 1 1 1
1 2 3 4 1 2 3 4

time ranges time ranges

Figure 45: CD8* CD38" T cell kinetics in blood and breast milk of BlooMil study mothers.

CD8* CD38* T cell frequencies acquired by flow cytometry are shown of peripheral blood mononuclear
cells (PBMC) in (A) HCMV-seronegative mothers and (B) seropositive mothers. CD8* CD38* T cell
frequency of breast milk cells (BMC) is displayed of (C) HCMV-seronegative and (D) seropositive
mothers. The inserts in (A) and (B) show the biological control over all experimental days. Individual
color-coding as described in Table 29 is applied. Mother 12 (red, dotted line) was excluded from
statistical analysis due to HCMV-primary infection during pregnancy. The time ranges are T1 - 10 to
15, T2 - 25t0 30, T3 - 40 to 45 and T4 - 55 to 60 days p.p. Square data point symbols instead of
round symbols indicate a time point where the breast milk cells showed a slightly red color in the cell
pellet (presumably an indicator for mastitis).

Table 44: Mean CD8* CD38" frequenciesof T1 to T4 with standard deviation (SD).

Mate- T1[% mean* | T2[% meant | T3 [% mean * | T4 [% mean £
Cell subset rial HCMV SD] SD] SD] SD]
PBMC pos 69.8 £ 10.7 67.7%+9.7 65.9 £ 10.1 64.1+10.9
CD8* CD38* neg 66.7 + 12.5 67.3+11.7 66.1+11.5 64.5+11.2
T cells BMC pos 56.8+ 9.0 57.9+11.6 63.0+ 12.0 61.8+ 10.6
neg 594 +12.8 59.5+12.0 60.2+11.1 58.2+13.0

Overall, CD38 frequencies in blood were high (up to 70% on average). Both, CD4* and CD8*
T cells, showed a slight decrease over time of CD38 frequencies in blood of HCMV-

seropositive mothers.
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Breast milk CD38 frequencies showed no significant changes over time, despite individual
increases of frequencies in some mothers (in both CD4* and CD8* T cells). CD8* T cells had

higher CD38 frequencies than CD4* T cells in breast milk.

Table 45: Statistical analysis of CD8* CD38"* T cells The p-values are given for different tests and
significant digits are bold and marked in grey. Friedman test was used to look for differences in the
kinetics followed by a Dunn-Bonferroni post-hoc test with Bonferroni (B.) correction comparing single
time ranges. The linear mixed model was used to show differences in the courses over time between
HCMV-seropositive and seronegative mothers. Mann-Whitney U showed no differences between the
single time ranges of seropositive or negative mothers (p>1.0, not shown). The Wilcoxon test with B.
correction was used to compare single time ranges (T’s) of blood and breast milk.

CD8* CD38* T cells | PBMC HCMV pos PBMSG';CMV BMC HCMV pos | BMC HCMV neg
Friedman test 0.000011 0.70 0.083 0.70
T1toT2:0.38
T1 to T3:
0.00040
Dunn-Bonferroni post-hoc T1 to T4:
test with B. correction 0.00004
T2to T3:0.20
T2 to T4: 0.047
T3toT4:1.0
Linear mixed model 0.50 0.60
Wilcoxon v_wth B. PBMC HCMV pos BMC HCMV PBMC HCMV BMC HCMV neg
correction pos neg
T1's 0.0056 0.56
T2's 0.045 0.46
T3's 1.0 0.56
T4's 1.0 0.96

When T cells are activated, HLA-DR is upregulated. Therefore, HLA-DR expression was
investigated as an activation marker on CD4* and CD8" T cells.

Expression of HLA-DR on CD4* T cells was very low in all blood samples regardless to
HCMV-serostatus (0.8-4% of all CD4* T cells, mean with SD in Table 46). Additionally, no
changes during the observation period were noticed (Figure 46 A and B, Table 47).
Regarding breast milk, again high inter-individual variability was observed (Figure 46 C and
D). HCMV-seronegative mothers had no change in mean frequencies over time (around 15%,
Table 46). However, seropositive mothers’ breast milk frequencies of HLA-DR expressing
CD4* T cells (Figure 46 D) increased significantly from T1 to T4 by 8.5% (Friedman test,
p=0.00045, Table 47). Post-hoc test with corrections revealed significant increases between
T1 and T3, as well as between T1 and T4 (Table 47).
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Mean CD4* HLA-DR* T cell frequencies were 4.8 to 9.2 fold higher (mean frequencies in Table
46) in breast milk than in blood independent of HCMV-serostatus (significant with Wilcoxon
test, Table 47).
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Figure 46: CD4* HLA-DR" T cell kinetics in blood and breast milk of BlooMil study mothers.
CD4* HLA-DR* T cell frequencies acquired by flow cytometry are shown of peripheral blood
mononuclear cells (PBMC) in (A) HCMV-seronegative mothers and (B) seropositive mothers. CD4*
HLA-DR* T cell frequency of breast milk cells (BMC) is displayed of (C) HCMV-seronegative and (D)
seropositive mothers. The inserts in (A) and (B) show the biological control over all experimental days.
Individual color-coding as described in Table 29 is applied. Mother 12 (red, dotted line) was excluded
from statistical analysis due to HCMV-primary infection during pregnancy. The time ranges are T1 - 10
to 15, T2 - 25to 30, T3 - 40 to 45 and T4 - 55 to 60 days p.p. Square data point symbols instead of
round symbols indicate a time point where the breast milk cells showed a slightly red color in the cell
pellet (presumably an indicator for mastitis).

Table 46: Mean CD4* HLA-DR* T cell frequencies of T1 to T4 with standard deviation (SD).

Mate- T1[% mean* | T2[% meant | T3 [% mean * | T4 [% mean £
Cell subset rial HCMV SD] SD] SD] SD]
PBMC lgG* 23+ 14 27%14 3.0+20 2713
CD4* HLA- IgG- 21+£1.2 2.0+0.8 1.9+0.5 1604
DR*T cells BMC lgG* 11.1+44 14.9 + 6.8 18.6 7.2 19.6 7.3
IgG- 15.1+£10.4 15.1+£4.2 154 +£57 148+7.0
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Table 47: Statistical analysis of CD4* HLA-DR* T cells The p-values are given for different tests
and significant digits are bold and marked in grey. Friedman test was used to look for differences in
the kinetics followed by a Dunn-Bonferroni post-hoc test with Bonferroni (B.) correction comparing
single time ranges. The linear mixed model was used to show differences in the courses over time
between HCMV-seropositive and seronegative mothers. Mann-Whitney U showed no differences
between the single time ranges of seropositive or negative mothers (p>0.08, not shown). The
Wilcoxon test with B. correction was used to compare single time ranges (T’s) of blood and breast
milk.

CD4* HLA-DR* T cells | | oMC HEMV - FBBMC HEMVE | gyie oy pos | BMC HEMV
pos neg neg
Friedman test 0.057 0.45 0.00045 0.47
T1t0T2:1.0
T1 to T3: 0.0054
Dunn-Bonferroni post-hoc T1 to T4: 0.0033
test with B. correction T21t0 T3:0.10
T2 to T4: 0.070
T3t0T4:1.0
Linear mixed model 0.44 0.1
Wilcoxon with B. correction FERIT RIC)Y BMC HCMYV pos FEIIC HICY Bl elay
pos neg neg
T1's 0.0012 0.028
T2's 0.0012 0.020
T3's 0.0012 0.020
T4's 0.0012 0.020

The activation marker HLA-DR was weakly expressed on CD8" T cells in blood of HCMV-
seronegative mothers (1-6.4%, Figure 47 A). Interestingly, HCMV-seropositive mothers
(Figure 47 B) had in blood a significantly elevated HLA-DR expression on CD8* T cells (e.g. at
T1: 7.1 £ 3.6%) compared to seronegative mothers (T1: 2.5 £ 1.2%, Table 48) (Mann-Whitney
U in Table 49). Still, both kinetics of CD8* HLA-DR* T cells in blood (Figure 47 A and B) did
not show variations over time (Friedman test in Table 49).

Regardless of serostatus, breast milk HLA-DR frequencies ranged between 2 and 30% of all
CD8* T cells at T1 (mean with SD in Table 48) and showed high inter-individual variation
(Figure 47 C and D). In seronegative mothers no significant changes were observed over time
in breast milk, but HCMV-seropositive mothers had a strong increase of activated T cells from
15.31+£8.1% at T1to 25.1 £ 9.2% at T4 (Friedman test, p=0.0012, Post-hoc test with correction
significant for T1-T3 and T1-T4, Table 49).
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Comparing breast milk to blood frequencies, significantly higher proportions of HLA-DR*

CD8* T cells were found in breast milk regardless of serostatus (Wilcoxon test in Table 49).
Correlations of HCMV-seronegative mothers’ breast milk and blood CD8" HLA-DR* T cells

were strong at T2 (r=0.76, Supplement figure 2), however, it appeared to have no relevant

implications. All other correlations were under r=0.6 or not significant (Supplement figure 2).
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Figure 47: CD8" HLA-DR* T cell kinetics in blood and breast milk of BlooMil study mothers.
CD8* HLA-DR* T cell frequencies acquired by flow cytometry are shown of peripheral blood
mononuclear cells (PBMC) in (A) HCMV-seronegative mothers and (B) seropositive mothers. CD8*
HLA-DR* T cell frequency of breast milk cells (BMC) is displayed of (C) HCMV-seronegative and (D)
seropositive mothers. The inserts in (A) and (B) show the biological control over all experimental days.
Individual color-coding as described in Table 29 is applied. Mother 12 (red, dotted line) was excluded
from statistical analysis due to HCMV-primary infection during pregnancy. The time ranges are T1 - 10
to 15, T2 - 25to 30, T3 - 40 to 45 and T4 - 55 to 60 days p.p. Square data point symbols instead of
round symbols indicate a time point where the breast milk cells showed a slightly red color in the cell
pellet (presumably an indicator for mastitis).

Table 48: Mean CD8* HLA-DR* frequencies of T1 to T4 with standard deviation (SD).

Mate- T1[% mean* | T2[% mean * | T3 [% mean * | T4 [% mean *
Cell subset rial HCMV [ sD] [ sD] [ SD] [ sD]
PBMC lgG* 7.1+3.6 6.4+28 6.2+3.0 54+28
CD8* HLA- IgG- 25+1.2 3.0+£1.3 34+1.6 2615
DR*T cells BMC IgG* 15.3+8.1 18.3+9.1 249 +125 25.1+£9.2
IgG- 9.8+4.1 15.0+£6.4 16.8+7.5 15.1£9.0
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Table 49: Statistical analysis of CD8*HLA-DR* T cells The p-values are given for different tests and
significant digits are bold and marked in grey. Friedman test was used to look for differences in the
kinetics followed by a Dunn-Bonferroni post-hoc test with Bonferroni (B.) correction comparing single
time ranges. The linear mixed model was used to show differences in the courses over time between
HCMV-seropositive and seronegative mothers. Mann-Whitney U indicated differences between the
single time ranges of seropositive and negative mothers. The Wilcoxon test with B. correction was
used to compare single time ranges (T’s) of blood and breast milk.

CD8* HLA-DR* T cells | " BMC HEMV | iRBMC HEMVE g0 popmypos | BMC HEMV
pos neg neg
Friedman test 0.089 0.62 0.0012 0.49
T1t0T2:1.0
T1to T3:0.013
Dunn-Bonferroni post-hoc T1 to T4: 0.013
test with B. correction ) ) T2 to T3: 0.070 )
T2 to T4: 0.070
T3t0T4:1.0
Linear mixed model 0.38 0.33
Mann-Whitney U with B.
correction
T1's 0.0014 0.75
T2's 0.0029 1.0
T3's 0.044 0.33
T4's 0.0046 0.060
Wilcoxon \(wth B. PBMC HCMV BMC HCMV pos PBMC HCMV BMC HCMV
correction pos neg neg
T1's 0.0066 0.028
T2's 0.0017 0.020
T3's 0.0014 0.020
T4's 0.0012 0.020

In short, HLA-DR expression on CD8" T cells is elevated in HCMV-seropositive mothers’
compared to HCMV-seronegative mothers’ blood. Otherwise no changes over time were
detectable in the frequency on neither CD4" nor CD8* T cells.

Breast milk harbors higher HLA-DR* T cell frequencies than blood. Interestingly, in breast
milk, the HLA-DR expression on both CD4* and CD8" T cells highly increased over time in

HCMV-seropositive, but not in seronegative mothers.

5.3.5.4.2 Memory phenotyping (using CCR7, CD45RA)

Memory phenotyping gives insights about naive and antigen-experienced T cell frequencies.
Memory T cells are an important part of the immune response against HCMV, protecting
against virus reactivations.

Here, CD4* T cells were investigated for their memory phenotype expressions. The mean
levels (Table 50) at T1 are displayed in pie charts in Figure 48. In blood, frequency
differences between the HCMV-serostatus of the mothers were detectable. HCMV-
seropositive mothers had more TEMRA cells and less naive T cells than HCMV-seronegative

mothers (Figure 48 A and C) (significances explained in the next paragraph).

103



Results

In breast milk samples, the separation of CCR7 and, therefore, especially central memory and
effector memory subsets, was poor and populations difficult to determine. Therefore, the cross
gates in the flow cytometry analysis for the memory subsets were set in the blood setting,
where CCR7-staining showed good separations and were finally copied to breast milk samples
(Figure 48 E and F). Thus, breast milk results of the memory phenotypes should be interpreted
with caution (see 6.3.3.2). Hence, the statistical analysis of breast milk frequencies is given in
Supplement table 3, but is not discussed in the text.

The memory phenotype frequencies did not show strong differences between the HCMV-
serostatus’ in breast milk (Figure 48 B, D). The main subsets of breast milk CD4* T cells were
central and effector memory T cells, whereas in blood, naive and central memory T cells
represented the main population.
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Figure 48: Memory subtypes of CD4* T cells at T1.

CD4* T cells were divided into naive (CCR7*, CD45RA*), central memory (CCR7*, CD45RA-), effector
memory (CCR7-, CD45RA-) and TEMRA (CCR7-, CD45RA") cells and displayed HCMV-seronegative
mothers in (A) peripheral blood mononuclear cells (PBMCs) and (B) breast milk cells (BMCs).
Seropositive mothers’ distribution of memory phenotypes is shown in (C) for PBMCs and in (D) for
BMCs. (E) and (F) demonstrate the pseudocolor plots of the FACS-analysis of PBMC or BMC,
respectively. T1is at 10 to 15 days p.p.
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Surprisingly, in an observational time range of only two months, the naive CD4* T cells in
blood (CCR7*, CD45RA") of HCMV-seropositive mothers demonstrated slight decreases of
the mean frequencies from T1 (56.5 + 10.6%) to T4 (51.7 + 10.5) with around 4.8% (Friedman
test p=0.0083, Supplement table 2; Figure 49 C). Post-hoc tests with corrections revealed
significant decreases between T1 and T4 (p=0.005). The HCMV-seronegative mothers
constantly had around 61% mean naive CD4" T cell frequencies in blood (Figure 49 A).
Therefore, a significant decrease of the seropositive in comparison to the seronegative
mothers’ kinetics were detected (linear mixed model p=0.025, Supplement table 2). Since the
parental population (CD4* T cells) showed also a slight decrease over time, this indicated in
general a decrease in the frequency of naive T cells in HCMV-seropositive mothers’ blood. In
breast milk, naive CD4" T cell frequencies were very low with mean frequencies around 2-
4% of all CD4" T cells (Figure 49 B and D). Consequently, when comparing blood and breast
milk samples, less naive CD4* T cells were found in breast milk (Supplement table 2).

Mean central memory CD4* T cell (CCR7*, CD45RA") frequencies were around 29-31% of
all CD4* T cells independent of HCMV-serostatus and time (Figure 49 A and C, Supplement
table 2). However, in breast milk the central memory CD4* T cell frequencies were the main
subset together with effector memory CD4* T cells and showed a decrease in mean
frequencies in HCMV-seropositive mothers from T1 with 55.0 + 7.0% to T4 with 46.8 £ 7.9%
(Figure 49 D, Table 50). The seronegative mothers’ frequencies constantly stayed around 50-
52% (Figure 49 B). Breast milk contained, therefore, more central memory CD4" T cells than
blood (Supplement table 2).

Mean blood effector memory T cell frequencies (CCR7-, CD45RA") were around 10-13% of
all CD4" T cells in HCMV-seropositive and significantly lower with around 7-8% in seronegative
mothers (Figure 49 A and C, Table 50, Mann-Whitney U in Supplement table 2). In breast
milk of HCMV-seropositive mothers an increase was detectable from mean frequencies at T1
(38.4£6.4%)to T4 (47.9 £ 7.6%) (Figure 49 D, Table 50). Conclusively, the decrease of breast
milk central memory CD4" T cells showed therefore strong negative correlations with the
increasing effector memory CD4" T cells in HCMV-seropositive mothers (Spearman: T1’s and
T2's r=-0.85, T3’s and T4’s r=-0.89). However, this effect was not observed in HCMV-
seronegative mothers, where effector memory CD4* T cell frequencies constantly stayed
around 40-42% (Figure 49 B). Comparing blood and breast milk, effector memory CD4* T
cell frequencies were always higher in breast milk regardless to serostatus (Table 50,
Supplement table 2).

As expected, blood CD4* TEMRA cells (CCR7-, CD45RA") displayed no significant changes
over time and constantly were at mean frequencies of 0.7-0.8% for HCMV-seronegative and

3-3.6% of all CD4* T cells for seropositive mothers (Figure 49 A and C). This resulted in
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significantly less TEMRA cell frequencies at the single time ranges in blood of HCMV-
seronegative compared to seropositive mothers (Mann-Whitney U test with corrections for all
T’'s p<0.003, Supplement table 2). Breast milk TEMRA cell frequencies of either HCMV-
serostatus showed no changes over time (Figure 49 B and D) and were around 2.2 to 3.6% of
all CD4* T cells. HCMV-seronegative mothers had less TEMRA cells in blood than in the
corresponding breast milk samples, while no differences between blood and breast milk were
found in HCMV-seropositive mothers (Supplement table 2).
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Figure 49: Longitudinal memory subtypes of CD4* T cells.

Mean levels of naive (CCR7*, CD45RA*), central memory (CCR7*, CD45RA-), effector memory
(CCR7-, CD45RA-) and TEMRA (CCR7-, CD45RA*) CD4* T cells are displayed with standard
deviation (SD) in HCMV-seronegative mothers in (A) peripheral blood mononuclear cells (PBMCs) and
(B) breast milk cells (BMCs). The same results are shown in (C) PBMCs and (D) BMCs for HCMV-
seropositive mothers. T1 — 10 to 15, T2 — 25 to 30, T3 — 40 to 45 and T4 — 55 to 60 days p.p.
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Table 50: Mean CD4* T cell memory subtype frequencieswith standard deviation (SD).
Mate- T1[% meant | T2 [Y%o mean % | T3 [% mean * | T4 [% mean £
Cell subset rial HCMV [ sD] [ sD] [ SD] [ sD]
PBMC IgG* 56.5 + 10.6 54.1£9.9 53.3+11.0 51.7+10.5
CD4* Ty IgG- 60.0+12.2 62.7 £ 12.3 61.6 £ 10.0 61.5+10.7
BMC IgG* 3.8%£2.0 41%+19 39+3.0 26%1.3
IgG- 40+1.8 40+1.8 3.6+1.3 3.9+20
PBMC IgG* 30172 309+7.6 312175 31.2+6.3
CD4* Tey lgG- 31.5+11.7 29.6+11.2 29.7+ 8.8 30.1+8.9
BMC IgG* 55.0 7.0 54.4+7.9 52.3+9.6 46.8+7.9
IgG- 51.0+ 134 52.7+9.6 51.9+10.9 50.9 £ 10.2
PBMC IgG* 10.5+6.3 11.5+54 12.0 £+ 5.6 13.6 7.1
CD4* Tey IgG- 7.8*1.7 6.9%+13 79%19 7.7%2.0
BMC IgG* 384+%6.4 39178 41.6 + 8.6 479*7.6
lgG- 414 +£13.1 40.6 £ 10.6 41.8+10.7 42.3+10.6
PBMC IgG* 3.0+£22 3.6+£3.0 34126 3.6+26
CD4* Teuga lgG- 0.7+0.3 0.8+0.3 0.8+0.3 0.7+0.3
BMC IgG* 27+22 24+15 22+16 26+25
IgG- 36+1.9 27121 27+1.8 3.0+24

CD8* T cell memory subtypes at T1 from HCMV seropositive and -negative mothers’ blood
and breast milk samples are shown in Figure 50. The pie charts show that the differentiation
signature of CD8"* T cells in blood differs between the HCMV serostatus. In accordance with
literature, HCMV-seropositive mothers had higher frequencies of TEMRA and lesser
frequencies of naive T cells in blood than seronegative mothers (Table 51, statistical evaluation
is described in the next paragraph).

Despite the different distributions in blood, breast milk frequencies did not show strong
differences between HCMV-seropositive and negative mothers (Figure 50 B and D).
Frequencies of naive T cells were low, but interestingly higher than in CD4" T cells. In
controversy to CD4" T cells, where the main subsets of breast milk were central and effector

memory T cells, CD8* T cells mainly consisted of TEMRA and effector memory cells.
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Figure 50: Memory subtypes of CD8"* T cells at T1.

CD8* T cells were divided into naive (CCR7*, CD45RA*), central memory (CCR7*, CD45RA-), effector
memory (CCR7-, CD45RA-) and TEMRA (CCR7-, CD45RA*) cells and displayed HCMV-seronegative
mothers in (A) peripheral blood mononuclear cells (PBMCs) and (B) breast milk cells (BMCs).
Seropositive mothers’ distribution of memory phenotypes is shown in (C) for PBMCs and in (D) for
BMCs. (E) and (F) demonstrate the pseudocolor plots of the FACS-analysis of PBMCs or BMCs,
respectively. T1 is at 10 to 15 days p.p.

The mean levels with SD of CD8" T cell memory subset frequencies are shown over all four
time ranges in Figure 51 and Table 51.

In blood, an unexpected slight decrease from 51.6 £+ 11.7% at T1 to 45.2 + 12.6% at T4 of
naive CD8* T cells (CCR7*, CD45RA") was observed in HCMV-seropositive mothers over
only a two months range (Friedman, p=0.00046, Supplement table 3) (Figure 51 C), no
changes in the parental population of CD8* T cells was observed. Post-hoc tests with
corrections indicated the main decrease between T1 and T4 (p=0.0004), as well as between
T2 and T4 (p=0.009, Supplement table 3). HCMV-seronegative mothers revealed no changes
over the observation period in naive CD8* T cells of blood (Figure 51 A). Interestingly, when
comparing the HCMV-serostatus, seropositive mothers had significantly less naive T cells (T4:

45.2 £ 12.6%) than seronegative mothers (T4: 62.7 + 11.1%, Table 51) at later time ranges
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(Mann-Whitney U test with corrections: T1’s p=0.094, T2’s 0.013, T3’s p=0.015 and T4’s
p=0.027, Supplement table 3). The decreasing naive blood CD8" T cell frequencies in
seropositive mothers compared to constant seronegative mothers’ frequencies over time
resulted in significant differences of the kinetics of HCMV-seropositive and negative mothers
(linear mixed model p=0.043, Supplement table 3). In breast milk, the already low naive T cell
frequencies of HCMV-seropositive mothers showed a mean decrease of 5.2% from T1 to T4
(Table 51, Figure 51 D). Naive CD8* T cell frequencies from HCMV-seronegative mothers’
breast milk exhibited no changes over time (Figure 51 B). Higher naive CD8" T cell frequencies
were found in blood (e.g. HCMV-seronegative at T1: 63.2 £ 10.7%) compared to breast milk
(e.g. HCMV-seronegative at T1: 13.7 + 6.4, Table 51).

The central memory CD8* T cell (CCR7*, CD45RA") frequencies in blood were the smallest
population of all four subsets with mean frequencies around 4-5% of CD8" T cells (Table 51)
and stayed constant over time in HCMV-seropositive and negative mothers (Supplement table
3). In breast milk, the central memory CD8" T cell frequencies did also not change over time
(Figure 51 D and B). However, with mean frequencies around 10-13% of CD8" T cells (Table
51), the central memory frequencies were higher in breast milk than in blood (Supplement
table 3).

Effector memory T cells (CCR7-, CD45RA") displayed mean frequencies around 9-13% of
CD8* T cells in blood of HCMV-seronegative and seropositive mothers (Table 51, Figure 51
A and C). In breast milk, mean frequencies at T1 were at 28.5% for seronegative and 30% of
CD8* T cells for seropositive mothers. Both groups showed a mean increase of effector
memory CD8" T cell frequencies over time, the HCMV-seronegative by 6.4% and the
seropositive mothers by 5.8% (Figure 51 B and D, Table 51). Breast milk displayed with
around 18-24% higher frequencies of effector memory CD8" T cells than blood (Table 51).
CD8* TEMRA cell (CCR7-, CD45RA") frequencies in blood showed no significant changes
over time independent of HCMV-serostatus (Supplement table 3, Figure 51 A and C).
However, a significantly higher TEMRA cell frequency in blood of HCMV-seropositive (e.g. T4:
36.8 + 11.2%) compared to seronegative mothers (T4: 22.1 £ 7.8%; Table 51) was observed
(Mann-Whitney U tests with corrections all T's p<0.03, Supplement table 3). Breast milk
TEMRA cell frequencies were the most frequent of all memory subsets and had mean
frequencies of around 41-46% of all CD8" T cells disregarding the HCMV-serostatus of the
mothers (Figure 51 B and D). But, due to the higher TEMRA cell frequency in blood of HCMV-
seropositive mothers, only the HCMV-seronegative mothers showed higher TEMRA cell

frequencies in breast milk compared to blood (Supplement table 3).
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Figure 51: Longitudinal memory subtypes of CD8* T cells.
Mean frequencies of naive (CCR7*, CD45RA"), central memory (CCR7*, CD45RA-), effector memory
(CCR7-, CD45RA-) and TEMRA (CCR7-, CD45RA*) CD8* T cells are displayed with standard
deviation (SD) in HCMV-seronegative mothers in (A) peripheral blood mononuclear cells (PBMCs) and
(B) breast milk cells (BMCs). The same results are shown in (C) PBMCs and (D) BMCs for HCMV-
seropositive mothers. T1 — 10 to 15, T2 — 25 to 30, T3 — 40 to 45 and T4 — 55 to 60 days p.p.
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Table 51: Mean CD8* T cell memory subset frequenciesof T1 to T4 with standard deviation (SD).

Mate- T1[% mean* | T2 [% mean* | T3 [% mean * | T4 [% mean *
Cell subset rial HCMV [ SD] [ sD] [ sD] [ sD]
PBMC IgG* 51.6 £11.7 489+ 11.9 47.4+12.4 45.2 £ 12.6
CD8* Ty IgG- 63.2+10.7 66.3 + 10.6 63.5+9.2 62.7 £ 11.1
BMC lgG* 15.8+ 5.0 15.3+5.9 13.1+£6.1 10.6 4.3
IgG- 13.7+6.4 125147 13.4+56 117140
PBMC lgG* 54+28 52+28 51+25 53+2.1
CD8* Tew IgG- 49+25 43+£20 43+1.8 47+18
BMC IgG* 116 £ 5.1 10.7 £ 3.7 11.3+£5.0 10.7 £ 4.5
IgG- 121153 11554 13.8+7.6 12.3+5.0
PBMC IgG* 10.3+ 4.1 11.1£5.0 11.8+5.2 128+ 54
. IgG- 10.0+£5.3 8.7+4.1 9.7+4.0 10.6 £ 5.0
CD8" Tew avc |96 30.0 £ 8.3 30.0 £ 10.9 33.0£9.6 35.8 +11.1
IgG- 28.5%+10.0 323+127 31.7+10.9 349+127
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PBMC IgG* 32.7+9.9 34.8+ 10.1 35.7+10.2 36.8+11.2
IgG- 21.9+64 20771 225+6.5 221+78
BMC IgG* 42.6 +10.8 44.1+12.0 426+ 11.0 429+ 11.5
IgG- 457+89 43.7£14.7 41.0+13.6 41.2+13.6

5.3.5.5 NK cells (CD56")

NK cell frequencies (CD56%) in blood showed higher inter-individual variability in seropositive

mothers than in seronegative mothers. However, the NK cell frequencies in blood did not

change significantly over time (Friedman test in Table 53) and constantly were around mean

frequencies of 9-11% of all lymphocytes (Table 52, Figure 52 B).

In breast milk, mean NK cell frequencies varied between 3.5 and 6.3% without regard to the

serostatus and time (Table 52, Figure 52 C and D).
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When comparing blood and breast milk samples, seropositive mothers had significantly

higher frequencies over all four time ranges in blood (Wilcoxon in Table 53). Seronegative

mothers showed significant elevations in breast milk compared to blood between T1’s, T2’s
and T4’s (Wilcoxon in Table 53).
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Figure 52: NK cell kinetics in blood and breast milk of the BlooMil study mothers.
NK cell frequencies acquired by flow cytometry are shown of peripheral blood mononuclear cells
(PBMC) in (A) HCMV-seronegative mothers and (B) seropositive mothers. NK cell frequency of breast
milk cells (BMC) is displayed of (C) HCMV-seronegative and (D) seropositive mothers. The inserts in
(A) and (B) show the biological control over all experimental days. Individual color-coding as described
in Table 29 is applied. Mother 12 (red dotted line) was excluded from statistical analysis due to HCMV-
primary infection during pregnancy. The time ranges are T1 - 10to 15, T2 - 25 to 30, T3 - 40 to 45 and
T4 - 55 to 60 days p.p. Square data point symbols instead of round symbols indicate a time point
where the breast milk cells showed a slightly red color in the cell pellet (presumably an indicator for

mastitis).

Table 52: Mean NK cell frequencies of T1 to T4 with standard deviation (SD).

Mate- T1[% mean* | T2[% meant | T3 [% mean * | T4 [% mean £
Cell subset rial HCMV SD] SD] SD] SD]
PBMC IgG* 8.9+3.8 9.1+338 9.3+4.2 94+4.1
CD56* NK IgG- 10.8+2.6 9.8+2.0 9924 10.2+3.2
cells BMC lgG* 4.7 +3.2 3.5+2.2 41%2.0 5.0+3.0
lgG- 6.3+2.3 59+3.5 6.2+54 53+3.5
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Overall, NK cell frequencies did not show high variances over time in all compartments.

Frequencies in breast milk were lower than in blood.

Table 53: Statistical analysis of NK cells The p-values are given for different tests and significant
digits are bold and marked in grey. Friedman test was used to look for differences in the kinetics
followed by a Dunn-Bonferroni post-hoc test with Bonferroni (B.) correction comparing single time
ranges. The linear mixed model was used to show differences in the courses over time between
HCMV-seropositive and seronegative mothers. The Wilcoxon test with B. correction was used to
compare single time ranges (T’s) of blood and breast milk.

NK cells PBMgOZCMV PBMSeI;CMV BMC HCMV pos | BMC HCMV neg
Friedman test 0.96 0.62 0.028 0.23
T1 to T2: 0.032
T1t0T3:1.0
Dunn-Bonferroni post-hoc T1t0T4:1.0
test with B. correction T2to T3:0.20
T2to T4:0.14
T3t0T4:1.0
Linear mixed model 0.70 0.29
Wilcoxon \{wth B. PBMC HCMV BMC HCMV pos PBMC HCMV BMC HCMV neg
correction pos neg
T1's 0.004 0.028
T2's 0.0047 0.037
T3's 0.004 0.24
T4's 0.0077 0.028

5.3.5.6 CD56" T cells

Blood CD56" T cell (CD3*, CD56") frequencies remained constant over time (Friedman test
in (Table 55) at mean frequencies of around 4-5% of all lymphocytes regardless to HCMV-
serostatus (Table 54, Figure 53 A and B). Seropositive mothers had higher inter-individual
variabilities than seronegative mothers. However, one HCMV-seronegative mother (mother 6)
showed relatively high CD56* T cell frequencies (10-13%) in blood compared to all other
seronegative mothers (around and fewer than 6%).

Breast milk CD56" T cell mean frequencies were around 3-5% of all lymphocytes regardless
to serostatus (Table 54). The seropositive mothers 21 and 23 showed elevated frequencies at
T2 with almost 15 and 10%, respectively. These two mothers had also high blood CD56* T cell
frequencies. All other seropositive mothers had frequencies around and fewer than 6% (Figure
53 D). The seronegative mothers had in general high inter-individual variability with
frequencies around 0.5 to 10% (Figure 53 C).

When breast milk and blood was compared, only the seropositive cohort showed
significantly higher frequencies in blood compared to breast milk at T4’s (Wilcoxon in Table
55) Moderate to strong correlations were found between blood and breast milk CD56* T cells
at T1 (r=0.6, p=0.01) and T2 (r=0.79, all other time ranges in Supplement figure 3) of HCMV-

seropositive mothers. CD56* T cells from blood and breast milk of HCMV-seronegative
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mothers showed only at T4 a moderate correlation (r=0.66, all other time ranges in Supplement

figure 3).
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Figure 53: CD56" T cell kinetics in blood and breast milk of the BlooMil study mothers.

CD56™* T cell frequencies acquired by flow cytometry are shown of peripheral blood mononuclear cells
(PBMC) in (A) HCMV-seronegative mothers and (B) seropositive mothers. CD56* T cell frequency of
breast milk cells (BMC) is displayed of (C) HCMV-seronegative and (D) seropositive mothers. The
inserts in (A) and (B) show the biological control over all experimental days. Individual color-coding as
described in Table 29 is applied. Mother 12 (red dotted line) was excluded from statistical analysis due
to HCMV-primary infection during pregnancy. The time ranges are T1 - 10to 15, T2 - 25to 30, T3 - 40
to 45 and T4 - 55 to 60 days p.p. Square data point symbols instead of round symbols indicate a time
point where the breast milk cells showed a slightly red color in the cell pellet (presumably an indicator
for mastitis).

Table 54: Mean CD56* T cell frequenciesof T1 to T4 with standard deviation (SD).

Mate- T1[% mean* | T2[% meant | T3 [% mean * | T4 [% mean £
Cell subsets rial HCMV SD] SD] SD] SD]
PBMC IgG* 53+3.6 53+3.5 5033 51+£3.2
CD3* CD56* IgG- 46+27 41+3.2 43+3.2 44 +3.2
T cells BMC IgG* 3.6+23 3.8%+3.5 3.0x20 28+17
lgG- 5127 47+34 3.9+27 3.8+23
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In short, CD56" T cells showed in general high inter-individual variances and stayed relatively

constant over time in blood and in breast milk.

Table 55: Statistical analysis of CD56* T cells The p-values are given for different tests and
significant digits are bold and marked in grey. Friedman test was used to look for differences in the
kinetics followed by a Dunn-Bonferroni post-hoc test with Bonferroni (B.) correction comparing single
time ranges. The linear mixed model was used to show differences in the courses over time between
HCMV-seropositive and seronegative mothers. Mann-Whitney U showed no differences between the
single time ranges of seropositive or negative mothers (p>0.46, not shown). The Wilcoxon test with B.
correction was used to compare single time ranges (T’s) of blood and breast milk.

. PBMC HCMV PBMC HCMV BMC HCMV BMC HCMV
CD56* T cells
pos neg pos neg
Friedman test 0.25 0.29 0.025 0.22
T1toT2: 0.86
Dunn-Bonferroni post- T1to T3:0.67
hoc test with B. T1t0 74: 0.013
correction T21o T3: 1.0
T2 to T4: 0.67
T3 to T4:0.86
Linear mixed model 0.42 0.91
Wilcoxon with B. PBMC HCMV BMC HCMV PBMC HCMV BMC HCMV
correction pos pos neg neg
T1's 0.14 1.0
T2's 0.18 1.0
T3's 0.052 1.0
T4's 0.045 1.0
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5.3.5.7 Analysis of HCMV-specific CD8* T cells in breast milk and blood

The presence of HCMV-specific CD8* T cells was investigated in samples from HLA-A*02:01
positive mothers recruited at the Neonatology Department. Breast milk and blood samples
from T1 and T3 were investigated for pp65 (NLVPMVATV) and IE1 (VLEETSVML) antigen
specific CD8* T cells. The demographics of the participating mothers of the adjunct BlooMil
study are shown in Table 56. Mother 31 could only participate at T1.

Table 56: Demographics of tetramer mothers

country
HCMV- Age GA BW number  multi-
Mother of
IgG [years] [weeks] (]| of births  births .
origin

29 pos 33 27 5/7 9207905 3 twins Germany
30 pos 29 27 417 940 3 no Rumania
31 pos 35 25 2/7 520 1 no Germany
32 pos 21 28 1/7 1120 1 no Germany

For the populations from A to | the same gating strategy as already established for the main
BlooMil study was used (see 5.3.5.1). After the CD3"* T cells were split into CD8" and CD4* T
cells, the CD8" T cells were further separated into both (IE1 and pp65) tetramers coupled to
APC versus tetramer |IE1- BV510 (Figure 54 K). The pp65-PE tetramer did not work in one
sample and was therefore not used to evaluate tetramer frequencies in the entire gating-
strategy to warrant comparability between all samples. Therefore, double positive populations
were |IE1 tetramer positive; while the APC positive and BV510 negative population revealed

the pp65 tetramer positive population.
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Figure 54: Tetramer gating strategy.
Breast milk cells (BMC, top) and peripheral blood mononuclear cells (PBMC, bottom) of mother 32 at
T1.

117



Results

Samples of the four included mothers showed blood frequencies of CD3" T cells (52-71%),
CD8* T cells (21-50%), CD4* T cells (39-74%) and CD14" monocytes (7-19%, Table 57) similar

to the range of the BlooMil study mothers’ frequencies.

Table 57: Inmune phenotyping of mothers participating in the tetramer study.

CD14* CD3* T cells CD4* T cells CD8* T cells
Mothers | Cells monocytes [%] [%] [%] [%]

T1 T3 T1 T3 T1 T3 T1 T3
PBMC | 15.2 15.7 70.4 68.9 | 46.6 39.6 44.2 50.1
29 BMC 62.6 19.0 20.6 18.0 39.9 52.2 46.8 36.9
30 PBMC | 15.1 7.5 66.5 52.7 58.1 57.5 32.8 33.6
BMC 20.5 15.8 60.2 23.3 549 | 46.6 36.4 36.1

PBMC | 16.7 63.1 74.3 21.3

> BMC 81.7 2.6 54.0 38.0
PBMC | 19.0 10.4 63.8 71.2 59.7 58.5 30.5 30.6
% BMC 14.5 71.0 55 13.3 50.2 57.3 38.5 27.7

In breast milk, as seen before, high variations occurred. Frequencies of monocytes ranged
between 20.5 to 81.6% at T1 and were decreasing to 15-18% at T3, following the same trends
as the BlooMil mothers did (Table 57). However, mother 32 displayed abnormally high
monocyte frequencies at T3 (71%, Table 57).

Breast milk CD3* T cells were high in mother 30 at T1 (60%), but all other mothers showed
similar frequencies to the BlooMil study mothers. This was also the case for the frequencies of
CD4* and CD8" T cells (Table 57).

Pp65-specific CD8* T cells were found in blood as well as in breast milk (Figure 55). However,
statistical analysis was not performed, due to the low number of participants. All mothers,
despite mother 31, reactivated HCMV in breast milk (Table 58). Mother 31 donated breast milk
only at T1, where HCMV was not detectable. Interestingly, the two seropositive mothers with
no detectable HCMV at T1 showed also lower pp65-specific T cell frequencies than the two
mothers with low but detectable viral loads at T1 (Figure 55 C).

The difference in the biological control frequencies over time was similar to the increase or
decrease in the frequencies seen over time in the pp65-specific T cell frequencies (Figure 55
A and B). Therefore, no further interpretation of this data is given.

When comparing breast milk to corresponding blood samples at T1 (Figure 55 C), mother 32
displayed higher frequencies in breast milk than in blood (3.9 fold). Mother 30 had also higher
pp65-specific CD8* T cells in breast milk compared to blood (2.3 fold); while mother 31 showed

frequencies close to zero in both body fluids but still with a 1.3 fold higher frequency in breast
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milk. Mother 29 had slightly higher pp65-specific T cell frequencies in blood than in breast milk
at T1 (1.1 fold) and T3 (1.2 fold) (Figure 55 C and D).

Table 58: Breast milk viral load of mother participating in the tetramer study
n.d. stands for no data available.

Breast milk viral load [copies/ml]

Mother T T3
29 852 16,400
30 0 24,100

31 0 n.d.
32 220 (<600) 17,900

HLA-A* 02:01 tetramers with peptide NLVPMVATV (pp65)
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Figure 55: Tetramer analysis with pp65 peptide NLVPMVATV.

Changes in (A) breast milk over time (T1— 10 to 15 days p.p. and T3 — 40 to 45 days p.p.) and (B)
blood over time (T1-T3) as well as the differences between breast milk and corresponding blood
samples at (C) T1 and (D) T3 are displayed. The dotted line equals the difference in frequencies of
pp65-specific CD8* T cells of the biological control between the two measurement days at T1 and T3.

IE1-specific CD8* T cells were only found in two mothers (30 and 32) at lower frequencies
(under 1%) than pp65 -specific CD8" T cells. The analysis of changes during the lactation
period concerning IE1-specific CD8* T cells in breast milk (Figure 56 A) and blood (Figure 56
B) samples was difficult, due to high differences of the biological control between T1 and T3
(dotted line).
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When comparing breast milk with corresponding blood samples at T1 (same day of

measurement) only mother 32 expressed obvious amounts of IE1-specific CD8" T cells. The
frequencies were slightly higher in breast milk than in blood (Figure 56 C). At T3, mother 30
had almost no IE1-specific T cell frequencies in blood, but a 23.1 fold higher frequency in

breast milk when compared to blood (Figure 56 D).

HLA-A* 02:01 tetramers with peptide VLEETSVML (IE1)
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Figure 56: Tetramer analysis with IE1 peptide VLEETSVML.

Changes in (A) breast milk over time (T1— 10 to 15 days p.p. and T3 — 40 to 45 days p.p.) and (B)
blood over time (T1-T3), as well as the differences between breast milk and corresponding blood
samples at (C) T1 and (D) T3 are displayed. The dotted line equals the difference in frequencies of
IE1-specific CD8* T cells of the biological control between the two measurement days at T1 and T3.
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5.3.6 Molecular analysis of HCMV transmission via RFLP

The preterm infant of mother 13 showed an HCMV infection five weeks after birth. The
possibility of congenital transmission was excluded by negative urine and throat swab samples
one week p.p. The route of transmission was unclear, since the mother's breast milk was
usually pasteurized. Restriction length polymorphism was used to compare the HCMV strains
in the mother’s breast milk and the infant’s urine (Figure 57). The breast milk and urine HCMV
DNA was amplified for gene region UL10-13, followed by a digestion with Hin6l or Rsal. Both
samples showed identical DNA fragment patterns after digestion indicating an infection of the
infant via breast milk. The mother’s breast milk showed weaker bands as the urine sample of
the infant, due to lower HCMV-DNA levels.

Hin6l Rsal

A A
[ L 1

123bp BM urine BM urine
ladder 40 days p.p. 60days p.p. 40 days p.p. 60 days p.p.

Figure 57: Restriction fragment length polymorphism (RFLP) of breast milk and urine HCMV
DNA (mother 13).

Breast milk and urine extracts were first amplified with a UL10-13 PCR, gel extracted and then
digested with Hin6l and Rsal. The figure shows a 1% agarose gel.
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5.4 Cytokine analysis of milk whey

Milk whey samples of seven mothers (mother A, B, 3, 7, 14, 15 and 17) were analyzed for 92
inflammatory cytokines using proximity extension assays (Olink, Upsala, Sweden). Comparing
HCMV-seropositive and -seronegative mothers, it was clearly visible that the mothers shedding
HCMYV into their milk had also higher cytokine levels. Almost all the evaluable cytokines (74/92)
showed distinct elevations (Figure 58 and Figure 59). However, a decrease of most cytokines
over the observed lactation period was detected in both seropositive and seronegative
mothers.

Interestingly, IFNy was not detected in breast milk samples, probably due to the low half-life of
the interferon.

Two heat maps were used to display the mothers, since two different runs were performed
with different baselines. Especially CCL19 (p=0.007, evaluated with the linear mixed effect
ANOVA for HCMV only, statistical analysis performed by Olink), CXCL9 (p=0.007), CXCL11
(p=0.007), IL8 (p=0.012), IL17C (p=0.018), CCL20 (p=0.02), CXCL10 (p=0.02), CD5
(p=0.024), MCP-2 (p=0.032) and TNFSF 14 (p=0.047) were significantly higher in seropositive

mothers’ milk whey compared to seronegative mothers’ (Figure 59, red box).
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Figure 58: Heat map of 74 cytokines measured in breast milk of mother A and B (modified after

[277]).

Cytokines were measured with the proximity extension assay and heat maps generated by Olink.
Time ranges are: 1— 10to 15, 2 - 25 to 30, 3 - 40 to 45 and 4 — 55 to 60 days p.p. Breast milk whey
was used.
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Figure 59: Heat map of 74 cytokines measured in breast milk.
Cytokines were measured with the proximity extension assay of mothers 3, 7, 14, 15 and 17. Heat
map was generated by Olink. Time ranges were 1 — 10to 15, 2 - 25to 30, 3— 40 to 45 and 4 — 55 to

60 days p.p. Breast milk whey was used. Cytokines marked in red showed significant differences over
the HCMV-serostatus with a linear mixed effect ANOVA (Olink).
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The linear mixed model showed significantly differing kinetics between the HCMV-serostatus
for IL-12B (p=0.006), TNFSF14 (p=0.02), MCP-4 (p=0.021), CXCL10 (p=0.021), CCL23
(p=0.032), ARTN (p=0.04) and LIF-R (p=0.048). TNFSF14, for example, can bind the
herpesvirus entry mediator (HVEM) and can attribute to the proliferation of T cells. TNFSF14
levels are shown in detail in Figure 60. The four seropositive mothers showed an increase over
time, while the three seronegative mothers constantly remained at around 3 NPX (normalized
protein expression) (Figure 60 A). NPX is a logarithm with base 2. When the antilogarithm was
used to display the data of the TNFSF14, mother 17 expressed low levels, close to the level
of seronegative mothers’ milk whey (Figure 60 B). Mother 17 had only low levels of HCMV
DNA in breast milk (peak level of 1.1x10* copies/ml). The other three mothers showed
increasing TNFSF 14 levels (breast milk peak viral loads: 1.8x10°-2.2x10°).

TNFSF14
A —— HCMV-seropositive B
5.0- -+ HCMV-seronegative
i — 52 301 -= Mother A
< a —— Mother 14
Z, 40 & -=— Mother 15
3 = 204 —— Mother 17
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™ T2 T3 T4 T T2 T3 T4
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Figure 60: TNFSF14 levels in breast milk of HCMV-seropositive and negative mothers (modified
according to [277]). Mean normalized protein expressions (NPX, base 2 logarithm) of TNFSF14 with
95% confidence interval are shown in (A). The antilogarithm 2"NPX is shown in (B). The time ranges
are T1-10to 15, T2 - 25to 30, T3 - 40 to 45 and T4 - 55 to 60 days p.p.
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Another cytokine, which showed significant differences in the kinetics between serostatus was
CXCL10 or also called IP10 (see above, linear mixed model p=0.021). Both, the seropositive
and seronegative milk whey levels of CXCL10 decreased over time (Figure 61). However, the
decrease of the seropositive mothers’ CXCL10 levels was only visible after a slight plateau at
T2. All four investigated mothers also had their peak viral load at T2. HCMV-seropositive
mothers showed also higher levels than seronegative mothers during the whole observation
period (post-hoc test T1’s: p=0.71; T2’s p=0.014; T3’s p=0.013; T4’s p=0.0083).
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Figure 61: CXCL10 levels in breast milk of HCMV-seropositive and negative mothers(modified
after [277]). Mean normalized protein expressions (NPX, base 2 logarithm) of CXCL10 with 95%
confidence interval are shown. The time ranges are T1 - 10to 15, T2 - 250 30, T3 - 40 to 45 and T4 -
55 to 60 days p.p.

126



Discussion

6 Discussion

The local HCMV reactivation process and the influence on the immune signatures in blood

and breast milk were monitored over two month’s p.p. At first, the viral reactivation pattern in
breast milk will be discussed, followed by the observations of humoral immune response and
phenotypic immune cell profiling during reactivation. Finally, inflammatory cytokines in breast

milk will be discoursed.
6.1 Dynamics of viral reactivation

The analytical performance of different gPCR protocols in context of identical milk fractionation
resulting in cell- and fat-free milk whey, as well as an identical DNA extraction method,
documented the impact of two target gene regions for viral DNA amplification. The usage of
the commercial UL83 qPCR versus the in-house UL55 (gB) PCR protocol [272] showed up to
one log step variation, but otherwise concordant longitudinal courses. For standardization, the
commercially available UL83 qPCR was used for all other breast milk viral load determinations.
A typical longitudinal course of HCMV reactivation in breast milk was observed during lactation
in mother A. The calculated onset of viral reactivation was 36 hours after birth. In contrast,
mother C had still no HCMV reactivation at 10 days p.p., which was confirmed by nPCR, gPCR
and microculture assays of milk whey. However, the calculated onset for this mother was at
11.5 days p.p. During the BlooMil study, 83.3% of the mothers reactivated HCMV before T1
(10-15 days p.p.) and also displayed a mean calculated onset of 11.5 days p.p. [274]. Since
the BlooMil study started at day 10 p.p. at the earliest, the viral shedding into colostrum was
not monitored. However, mother A’s very early onset is not unusual. Other studies were able
to detect between 35 and 54% HCMV-positive colostrum samples [278-280].

Only one of the 18 BlooMil study mothers (5.6%) did not reactivate the virus in all four
measured time points. This observation was in accordance with previously published
reactivation rates of about 96% of all HCMV-seropositive mothers [251].

The start and end point criteria for the BlooMil study provided suitable results of HCMV
reactivation courses in breast milk. Most of the mothers had a unimodal course of virolactia
and DNAlactia without detection of HCMV DNA in plasma. Closely observed longitudinal cases
(mother A and C) showed fluctuations, but the overall course of low viral shedding into breast
milk in the beginning, followed by an increase to peak viral load and a decrease afterwards,
was still detectable. These findings are in accordance with other groups, which also reported
unimodal courses in the first two to three months p.p. [269, 281, 282]. The high differences in
peak viral loads of breast milk from BlooMil study mothers (10* to 10° copies/ml) were also

consistent with previous reports [258, 283].
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Despite the DNA-positivity in whey, the BMCs were positive on only a few days (mother A: 23,
25 and 27 days p.p., mother C: 20 and 27 days p.p.) The incidence of sporadically positive
BMCs was reported before and might coincide with peak viral load [251, 284].

In this thesis, an effort was made to find reasons for this strictly self-limited, unimodal course
of HCMV-shedding by analyzing differences in immune signatures between HCMV-

seropositive and —negative mothers.

6.2 Humoral immune response

6.2.1 HCMV-IgG

HCMV-seropositive BlooMil study mothers were analyzed for their HCMV-specific IgGs in
plasma and milk whey. Using ECLIA as detection method, only 55.6% (ten of 18) of breast
milk samples were positive for HCMV-specific IgGs. In addition, three mothers displayed
borderline levels. When using recomLine blots against six recombinant antigens (IE1, CM2,
p65, p150, gB1, gB2), anti-p150 IgGs were found in breast milk of all mothers at least around
cut-off level [274]. The differences in HCMV-IgG detection in milk whey might be due to the
sensitivity of the test systems and the different antigens used. ECLIA uses pp28, pp150, p52
and p38 recombinant antigens providing a single read out of quantitative HCMV-IgG (U/ml),
while in recomLine blots all antigens are separately detectable and intensities are perceived
visually. In contrast, Kassim et al. [285] found only 20% (six of 30) of breast milk samples
positive for HCMV IgGs with an in-house ELISA according to Voller and Bidwell [286].

Mother A displayed an increase of total ECLIA HCMV-specific IgGs in breast milk, specifically
of anti-CM2 and anti-p150 antibodies determined by recomLine blots, while the total protein
concentration showed constant levels. Six of the ten (60%) BlooMil study mothers, who
showed positive ECLIA HCMV-IgG results in milk whey, also had a strong increase in their
HCMV-IgG concentration after peak viral load. The three borderline samples and the negative
samples did not increase over time. Comparable studies, which investigated HCMV-specific
IgGs in breast milk, used only one sample during lactation, disregarding dynamic changes over
time in the concentration [285, 287]. Milk whey HCMV-IgGs did not correlate with milk viral
load. Similar results were reported earlier [287], however, the BlooMil study design allowed to
detect a delayed increase after peak viral load in some mothers.

It is noteworthy that plasma HCMV-IgGs significantly increased over time in all seropositive
BlooMil study mothers (on average 227 U/ml from T1 to T4, [274]). This result was unexpected,
since the reactivation of HCMV is believed to be local in the mammary gland without a systemic
infection [250, 253]. The plasma samples of all BlooMil mothers were negative for HCMV DNA
and, therefore, viral DNAemia for all mothers could be excluded. Another reason might be

found in the transmission of IgG-antibodies from mother to the fetus during pregnancy [231].
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Umbilical cord blood had in 75% of cases higher HCMV-IgG concentrations than the maternal
serum [288]. Accordingly, the mothers’ total IgG-levels, without reflecting the HCMV-specific
IgG, were observed to decrease, especially between the second and last trimesters [289-291].
Another reason for low total IgG levels might be the fact that pregnant women were shown to
have higher plasma volumes with up to one liter more than non-pregnant women [292]. Thus,
the increases of HCMV-IgG found in this thesis might partially reflect a stabilization of IgG
levels to pre-pregnancy levels. However, no pre-pregnancy levels were measured in the
BlooMil study.

Only plasma anti-p150 IgGs showed very high intensities in all HCMV-seropositive mothers of
the BlooMil study. Anti-gB1 IgGs were also present in all mothers, but with varying intensities.
Both antibodies were previously reported to be the most frequent IgGs against HCMV [110,
111]. Anti-gB2 IgGs were found in the plasma of 83.3% of seropositive BlooMil mothers, which
is similar to the 82% frequency reported in the literature [293, 294].

When comparing plasma and milk whey HCMV-IgGs, 275-fold lower concentrations were
found on average in milk whey of BlooMil study mothers using ECLIA results. However, a
report from Ehlinger et al. [287] also showed that total IgG concentrations were lower in breast
milk than in plasma, but if normalized to the total IgG concentration, breast milk harbors more
HCMV-IgGs than plasma.

Anti-p150 IgGs were found in plasma and milk whey of all mothers, but continuously expressed
anti-gB1 IgGs were found only in plasma of all mothers [274]. At T1 in milk whey, 13 of 18
mothers had no anti-gB1 IgG and the remaining five displayed intensities around the cut-off
level. Since anti-gB IgGs are reported to be neutralizing antibodies [295], a reason for the lower
intensities of gB1 IgGs might be the presence of virus in breast milk. The antibodies might
have already bound to HCMV and therefore might not be detectable with the immunoblot test
system. Interestingly, this pattern of gB1 and gB2 IgG antibodies in breast milk is comparable
to the pattern in serum of pregnant women with a primary infection [296].

Very important neutralizing IgGs, which were not analyzed during the BlooMil study, but should
be mentioned here, are pentamer-specific IgGs [297]. These antibodies are highly neutralizing,
however, this thesis focused on the neutralizing anti-gB IgG antibodies.

The correlation between breast milk and blood HCMV-IgGs was stronger at T1 than at T4,
which highlighted the disproportionally high increase of HCMV-IgG in milk whey of some
mothers. A study by Ehlinger et al. [287] reported correlations between neutralizing titers of
HCMV-IgGs in blood and breast milk and suggested that no compartmentalization occurred.
However, the HCMV-IgGs in this thesis revealed a high correlation at T1, but only a moderate
correlation at T4 after HCMV reactivation, suggesting some kind of compartmentalization.
Interestingly, a compartmentalization was also reported for HIV-specific IgGs in breast milk

compared to blood [298].
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One reason for low IgGs in milk whey might be that the local plasma cells are mainly excreting
IgA and not IgG. Since it's a mucosal site, the stimuli promote class-switching to IgA and the
generally low IgG content might contribute to the low overall intensities found in milk. It might
be interesting to include the analysis of HCMV-specific IgA content and if it is increasing over

time in investigations of the humoral immune response in breast milk in the future.

6.2.2 Neutralization

The breast milk neutralization assays on epithelial cells showed high unspecific neutralization.
Breast milk contains many different components, which can contribute to unspecific
neutralizing activity. For instance, lactoferrin exhibits antiviral activities by inhibiting HCMV
entry into host cells [299, 300] and breast milk oligosaccharides may also play important roles
in antiviral effects [223, 301]. These breast milk components and many others, like slgA, which
is the most abundant immunoglobulin in breast milk, may possibly interfere with the
neutralizing test system. Therefore, the breast milk samples were pooled, and the unspecific
neutralization observed in HCMV-seronegative mothers was subtracted from the seropositive
pools. With this defined procedure, only the intrinsic NT-capacity of the seropositive pools was
measured. Pools were used to minimize influences of inter-individual variations. Interestingly,
higher plaque counts at all T4 breast milk pools suggested a lower unspecific neutralization in
mature milk. This might be explained by high concentrations of many proteins in colostrum
[182] and a decrease of them into mature milk. T1 with 10 to 15 days p.p. is still close to
colostrum.

Plasma pools of seropositive mothers had higher NT-capacities at T4 compared to T1, which
probably mirrors the increase seen in plasma HCMV-IgG concentrations. Breast milk NT-50
values (1:100) were 40-fold lower at T4 compared to plasma NT-50 values (1:4,000). Ehlinger
et al. [287] also showed higher neutralizing titers in plasma compared to breast milk, although
no attention was payed to the unspecific neutralizing activity in breast milk. In contrast,
Donalisio et al. [302] reported high unspecific neutralization activity in HCMV-seronegative
mothers using the HCMV strain Towne. They even found no differences in anti-HCMV activity
of transitional and mature milk between HCMV-seropositive and -seronegative mothers (12
and six mothers, respectively). These results indicate the necessity to use pools and exclude
unspecific neutralization. Both mentioned studies performed the neutralization experiments on

fibroblasts.

6.2.2.1.1 Breast milk pasteurization

Holder and short-term pasteurizations were performed to analyze the influence on protein
precipitation and therefore on neutralizing capacity. Neutralization assays were done with

untreated breast milk, Holder and short-term pasteurized breast milk. Holder pasteurization of
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milk had high negative effects on the NT-capacity and seemed to destroy p150 antibodies
detected by recomLine blots. In contrast, short-term pasteurized milk displayed NT-capacities
close to untreated milk and p150 antibodies were still detectable [276]. In addition, Holder
pasteurization seemed to destroy unspecific neutralization. Other studies [302, 303] also
showed that Holder pasteurization decreased the NT-capacity of breast milk compared to a
short-term pasteurization method (72 °C, 15 sec) from Giribaldi et al. [304]. Interestingly,
microwaving was also reported as a successful method for eliminating HCMV in breast milk

[305]. However, the influence on antibody stability or reactivity was not analyzed.
6.3 Immune cell monitoring

BMCs consist of many different cells, like epithelial cells, stem cells and leukocytes, and are
discussed to protect the mammary gland and the infant from infections [239, 246, 306].

In the BlooMil study, the influence of local HCMV reactivation on breast milk leukocytes was
investigated and is discussed in the following. B cells were not included in the panel, due to

previous work of Thorsten Kussmann, who found very low frequencies of B cells in breast milk.

6.3.1 Cytospin preparations of BMCs

In this thesis, BMCs immobilized on microscope slides showed many inclusion bodies in the
panoptic staining. Fat vacuoles were found in different sizes in almost all cells. In 1979, Ho et
al. [307] published electron microscopic pictures of BMCs using different staining methods.
Other visualized BMCs are not easy to find in literature, since most studies concentrate on flow
cytometric analysis.

The a-naphthyl acetate esterase staining’s slightly stained epithelial cells and made the
differentiation of monocytes/macrophages and epithelial cells difficult. Nucleus to cytoplasm
relations, as well as nucleus morphology was considered. The cytospin preparations of BMCs
performed in this thesis, exhibited cells, which seemed to have two nuclei. Like Brooker [308]
reported in his study, those cells could be ductal or alveolar epithelial cells, which are still
connected with tight junctions. This would be not visible at a 600-fold magnification. Flow

cytometry was performed for further analysis and distinguishing of cells.

6.3.2 Monocytes/macrophages

BlooMil blood CD14* monocytes showed average frequencies of 17.2 + 4.9% in HCMV-
seropositive and 17.4 £ 5.1% -seronegative mothers at T4. Slightly lower frequencies with 14.3
1 3.4% of leukocytes (whole blood, but parental population was set around lymphocytes and
monocytes, granulocytes were excluded) were reported in healthy two months p.p. women
[309].
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In colostrum, Mother D showed very high monocyte frequencies (day 4 p.p., ~67%). However,
the frequencies decreased over time. The same was observed in the BlooMil study, where a
significant decrease over time of breast milk monocytes was generally detectable. The results
confirmed findings of Trend et al. [245] about decreasing amounts of classical monocytes over
the lactation period without regard to the HCMV-serostatus.

Interestingly, the decrease of CD14* monocytes in the BlooMil study mothers was highest in
breast milk of HCMV-seropositive mothers. The decrease of HCMV-seronegative mothers was
not significant using post-hoc test with corrections. HCMV-seropositive CD14" monocyte
frequencies in breast milk at T3 were very low, even significantly lower than blood monocyte
frequencies. This decreasing course in HCMV-seropositive mothers might implicate some
changes of breast milk CD14* monocyte frequencies related to the (latent/locally reactivated)
HCMYV infection. The mechanism of reactivation in the mammary gland is unknown. However,
monocytes are known to be a persistence site of HCMV and the virus can be reactivated, when
monocytes are migrating into tissue and differentiating into macrophages [36]. The migration
into the mammary gland, the differentiation into macrophages and additional inflammatory
cytokines and hormones present in the restructuring mammary gland might contribute to the
reactivation process. The reactivation of HCMV could hypothetically then lead to a Iytic cycle
destroying the macrophages. However, if this lytic cycle led to the low CD14" frequency at the
time point after peak viral load is only theoretical. It is too less known about the local
reactivation mechanism in the mammary gland [251]. Nevertheless, Maschmann et al. [284]
found monocytes positive for HCMV DNA and p67 mRNA, after enrichment out of BMCs.
Still, breast tissue samples of healthy, non-lactating women were also discovered to be positive
for HCMV DNA in 66% of samples (serostatus was unknown) [310], and 63% of women were
positive for HCMV antigens in the glandular epithelium [311]. Therefore, the HCMV reactivation
process might possibly also originate from low or chronic HCMV expressing epithelium [27]
and not from monocytes.

Monocytes/macrophages are professional phagocytes. The observed decrease in CD14* cell
frequency in the BlooMil study could also be due to a migration of monocytes into the mammary
gland and later on, after contact with HCMV, a migration from the mammary gland to lymph
nodes, finally resulting in lower frequencies in breast milk. However, usually these immune
responses are thought to happen faster than the 30 days from T1 to T3 [312].

Another important factor to take into consideration is the dependency on frequencies. Since T
cell frequencies increased in the BlooMil study and both populations, monocytes and T cells,
are dependent on the same parental population, the decreasing monocytes in this thesis might
also reflect an increase of T cells. However, an alteration of these populations is occurring,

which is not detectable in HCMV-seronegative mothers’ breast milk. Our results indicate the
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importance to evaluate absolute cell counts in future experiments to eliminate the dependency

of subsets on parental populations.

6.3.2.1 M-MDSC

M-MDSC frequencies are usually very low with increasing frequencies in cancer or chronic
diseases [50]. In blood of the BlooMil mothers, the M-MDSC frequency did not change over
time and displayed average frequencies around 16 to 18% of all leukocytes. M-MDSC
evaluation using the definition of negative to dim HLA-DR expression and CD14 positivity can
highly variate between laboratories due to different cut-offs for HLA-DR expression levels
[313]. The frequencies in this thesis are higher compared to reported values in literature, due
to the gating strategy, which included also great proportions of dim HLA-DR expression on
CD14* monocytes. However, this gating strategy was necessary to ensure a consistent gating
due to low cell numbers and very high HLA-DR expression of corresponding BMCs, on which
the same gates were copied.

High frequencies of M-MDSCs might also be due to generally higher frequencies in women
after birth. Postpartum women were reported to have a slight, but not significant elevation of
M-MDSCs in PBMCs three days p.p. [314]. However, others reported a significant increase
during pregnancy, but normal levels five to eight weeks after birth [315].

Most of the monocytes in breast milk were HLA-DR positive. Rivas et al. [316] found that the
density of HLA-DR expression on breast milk macrophages was higher than on blood
monocytes. The high expression of HLA-DR could result in higher interactions with B and T
cells and therefore their activations.

Supportive of that, the M-MDSC mean frequencies in breast milk of the BlooMil study mothers’
ranged between 1-6% of all leukocytes. It was reported earlier, that granulocytic MDSCs, but
not M-MDSCs, are the main MDSC subset in breast milk [317], confirming our low M-MDSC
frequencies. Therefore, the low M-MDSC frequency in breast milk compared to blood might

also support the findings that immune cells in breast milk usually are active and motile.

6.3.3 T cells

BlooMil study mothers displayed blood CD3* T cell frequencies on average around 59.7 + 5.9%
in HCMV-seropositive and 59.6 £ 7.1% in -seronegative mothers at T4 and showed no changes
over time. These T cell frequencies were similar to published frequencies of healthy
postpartum women with 57.5 + 5.2% in whole blood at two months after birth [309]. The same
was described for CD4* T cell (BlooMil study average between 60 and 64%; McTiernan et al.
[309]: 60.2 + 8.6%) and CD8" T cell frequencies (BlooMil study average: 29 to 31%; McTiernan
et al. [309]: 28.9 + 5.6%). Additionally, Kraus et al. [318] reported comparable results with

133



Discussion

around 60% CD4* T cells and around 30% CD8" T cells of leukocytes in peripheral blood of
women six weeks p.p.

No differences of blood CD4" or CD8* T cell frequencies between the HCMV-serostatus were
noticed in the BlooMil study. Similar results were also observed by Wistuba-Hamprecht et al.
[319] for young individuals (23-35 years), which is comparable to the age of BlooMil study
mothers (HCMV™* 34.0 + 5.1 years old, HCMV- 32.2 + 2.7 years old).

In breast milk of Australian women, a constant level of cytotoxic T/NK lymphocytes and non-
cytotoxic T cells over colostrum, transient milk and mature milk was observed [245].
Conversely, in the BlooMil study and despite the constant frequencies in blood, breast milk
CD3* T cell frequencies of HCMV-seropositive mothers increased significantly during the first
two months of lactation. These differences might reflect two aspects. First, the Australian study
group used different markers for detection (CD45, CD2 and CD294 double positive, CD36
negative and CD16 expression was used for cytotoxic T/NK lymphocytes and CD45, CD2 and
CD294 double positive, CD16 negative expression for non-cytotoxic T cells) and, second, no
attention was directed to the HCMV-serostatus of the mothers [245].

In this thesis, the overall T cell increase in breast milk of HCMV-seropositive mothers is a
remarkable finding and might reflect a protection of the mammary gland from infection and in
addition a probable protection provided to the newborn infant, as well as an additional help in
the development of the immature immune system.

In the mammary gland, the immune cells translocate to breast milk by a paracellular pathway
and can in this way reach the suckling newborn. Several studies in animal models reported
that immune cells survive and translocate from the infant’s gastrointestinal tract to tissue or
blood [320-329]. However, in humans, it is unclear if BMCs reach the infant’s circulation.
Healthy adults were shown to have maternal leukocytes in low frequencies present in their
peripheral blood [330], probably acquired during gestation period [331]. However, BMCs might
also play a role in microchimerism [332, 333]. Gut permeability rapidly decreases in newborns
during the first seven days of life, interestingly coinciding with high numbers of leukocytes and
immunoglobulins in colostrum, also expressed in the first week after birth [333]. Breastfed
recipients of renal allografts from their mothers had higher chances of tolerating the allograft

than non-breastfed individuals (82% versus 57%, respectively) [334].

CD4" and CD8* T cells

In the BlooMil study, HCMV-seropositive mothers had significantly lower CD4* T cell
frequencies in breast milk compared to HCMV-seronegative breast milk samples at T4 and
additionally also when compared to their corresponding blood samples. Reciprocally, CD8* T
cell frequencies of HCMV-seropositive mothers were higher in breast milk compared to blood.

Additionally, CD8* T cell frequencies in breast milk showed significant elevations in
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seropositive compared to negative mothers with regard to the course of their kinetics. Due to
this elevation, as well as the overall parental CD3" T cell increase, CD8" T cells seem to be an
important component in breast milk for the response to HCMV. Many studies showed that
CD8* T cells play a major role in the defense against HCMV [37, 108, 335, 336]. The
phenomenon of an increased CD8" T cell frequency is also known in blood during HCMV
primary infections [337]. Therefore, this slightly elevated level of CD8" T cells in HCMV-
seropositive BlooMil study mothers might be the result of the local HCMV reactivation showing
a compartmentalization in breast milk versus blood.

Still, although CD3* T cells increased over time, only a slightly larger increase of CD8" T cells
over CD4* T cells was noticed in HCMV-seropositive mothers. BlooMil results showed that the
mean ratio of CD4*/CD8" T cells revealed a tendency towards an increase in HCMV-
seronegative mothers possibly indicating that without HCMV reactivations CD4* T cell
frequencies might be very high compared CD8* T cell frequencies in mature milk. Therefore,
the BlooMil constant level (slight decline) in the mean ratio of HCMV-seropositive mothers’
breast milk might reflect a stronger increase of CD8" T cells then our data suggested.
However, two publications from the nineteen nineties reported the frequencies of CD4* to CD8*
T cells in breast milk were more equal to each other than in blood [242, 243]. But, neither of
them included the HCMV-serostatus and both studies mostly used colostrum samples, hence
before T1 of the BlooMil study, where the increase in the CD4*/CD8* ratio was found about
two months p.p.

Another role of breast milk or breast milk lymphocytes might not only be the protection against
pathogens, but also the nurturing of the immature immune system of the infant [338]. In mice,
milk CD4* T cells were found in the pubs thymus and proposed to ‘educate’ CD8* T cells [339].
In humans, the thymus was found to be larger in exclusively breastfed infants than in formula-
fed infants [340].

On the other hand, one main function of the immune cells is probably to protect the mammary
gland from infections [239] and the immune cells in breast milk might just be a bystander effect.
Overall, during the HCMV reactivation in the mammary gland CD8" T cells seem to be more
abundant than CD4* T cells. CD8* T cells might selectively home into the mammary gland to
destroy infected tissue. With viral loads up to 10° copies/ml in breast milk, the ductal epithelial
cells probably are also infected and contribute to the viral dissemination. Therefore, CD8" T

cells might be fundamental to help control the infection.

6.3.3.1 Activation marker (HLA-DR, CD38)

Regarding the CD38 expression in blood, high frequencies in CD4* and CD8" T cells were
found in BlooMil study mothers. The frequency of CD38 in blood compared to breast milk was

difficult to analyze. Naive T cells express CD38 to some extent [341]. In order to be able to
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apply an equal gating to breast milk and blood samples, the gating was set close to the
negative population. As a result, naive T cells were also included in this gating. However, in
breast milk, not many naive T cells are present [342] and this absent population led to generally
lower CD38" frequencies. Due to this issue, only the kinetics were taken into consideration.
However, no strong increases or decreases of CD38 expression on breast milk or blood CD4*
or CD8* T cells were observed over time. This was unexpected. CD38 was shown to especially
be expressed during virus infections: In the HIV setting, HIV-specific CD8" T cells in blood
were found to express high levels of CD38 [343, 344]. For HCMV, Wang et al. [345], [346]
reported also higher CD38 expression on peripheral blood CD8" T cells during active HCMV
infection. However, in the BlooMil study, which reflects a cohort of latently infected women
after birth, only a few mothers showed slight effects of HCMV reactivation on the frequency of
CD38 on T cells in breast milk.

Conclusively, CD38 expression seems to have low significance in the comparative evaluation
of T cell profiles and their change over time in the early lactation period.

Still, the frequency of CD38 was generally higher on CD8" T cells than on CD4* T cells in
breast milk (but not in blood). Since CD38 also functions as an adhesion marker and facilitates
migration into tissue [347], this might be a reason for the slightly higher CD8* T cell frequency
in breast milk of HCMV-seropositive mothers.

Regarding the activation marker HLA-DR, the frequency was slightly higher in blood of HCMV-
seropositive compared to negative mothers, especially on CD8* T cells. This might be
indicating some sort of systemic reaction to the local HCMV reactivation. However, a
significantly increased frequency of HLA-DR expression on CD8" T cells but not CD4* T cells
was also found by Apoil et al. [348] in peripheral blood of healthy HCMV-seropositive blood
donors.

In accordance with the BlooMil study results, the expression of the activation marker HLA-DR
on CD8" and CD4" T cells was reported to be higher in colostrum or breast milk compared to
blood [243, 342, 349]. However, the HCMV-serostatus and kinetics in breast milk were not
considered in these earlier reports. Interestingly, only seropositive mothers of the BlooMil study
revealed a significant increase of HLA-DR expressing CD4* and CD8" T cells up to two months
after birth. Conclusively, not only the CD3* T cell frequency increased over time, but also more
activated T cells were found in breast milk of HCMV-seropositive mothers. During the
reactivation of HCMV in the mammary gland, selective homing of activated T cells into the
mammary gland seems to take place.

HLA-DR seems to be a representative marker in our study and superior for analysis of the
activation status in comparison to CD38.

The infants of HCMV-seropositive mothers seem to digest more ready-to-act T cells than

infants of seronegative mothers. An analysis of the antigen repertoire could confirm if mostly
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HCMV-specific or other pathogen-specific T cells home to the mammary gland. If activated T
cells in general increase, an interesting investigation would be to see if infants of HCMV-
seropositive mothers show different outcomes or frequencies of typical neonatal diseases or if
the development of the immune system is influenced in any way.

Most of the immune cells in breast milk, like monocytes, granulocytes, T and B cells, were
found to have activated phenotypes [237, 243, 350-352] and might be able to directly act upon
pathogen exposure in breast milk, the upper respiratory tract or probably also in the
gastrointestinal tract of the infant. Due to protective factors in milk and high stomach pH in
newborns, these cells might survive the acidic environment of the stomach, as shown before
in animal studies [320-329].

6.3.3.2 Memory phenotypes (using CCR7, CD45RA)

Pregnancy itself, without regard to HCMV-serostatus was reported to change the peripheral
blood T cell memory phenotype profile in women: those, who were pregnant before showed
significantly elevated CD4" and CD8" effector memory T cells compared to women, who have
never been pregnant [353]. Additionally, HCMV infections remodel the memory phenotype of
especially CD8* T cells vastly [354-356]. The terminally differentiated CD45RA* CCR7"
TEMRA cell phenotype was reported to represent between 22 and 76% of all HCMV-specific
CD8* T cells after primary infections [357]. Accordingly, HCMV-seropositive BlooMil study
mothers showed significantly higher TEMRA cell-frequencies of blood CD8" T cells than
seronegative mothers. Similar results were reported before in healthy, HCMV-seropositive,
HIV negative individuals by Gomez-Mora et al. [358].

A longitudinal study of pregnant women with an additional data point in the early postpartum
phase showed highly reduced naive CD8" T cells in HCMV-seropositive women throughout
the pregnancy and thereafter [359]. Interestingly, in the BlooMil study, naive T cell frequencies
were also lower in seropositive mothers and, additionally, slightly decreased in CD4* and CD8*
T cells of blood from HCMV-seropositive mothers during the observation period of only two
months. This could be related to some kind of systemic reaction to the local HCMV reactivation
in the mammary gland. However, it needs to be kept in mind that cell frequencies and not total
cell counts were measured. Slight increases of the other three populations result in the
decrease of naive T cells. Usually, a decrease is expected to occur over years and is seen,
therefore, especially in the elderly [360], who are susceptible for several subclinical
reactivations over the years [361].

BMCs were described to have low to no CCR7 expression on CD8* T cells [342], and therefore
mainly the phenotype of an effector memory population. In this thesis, similar results were
found, since effector memory and TEMRA cells were the main subsets of CD8* T cells. CD4*

T cells mainly were central and effector memory T cells. The differences in the main subsets
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of CD8" and CD4" T cells is also reflecting a ready to act CD8* T cell population, while CD4*
T cells main subpopulation, the central memory T cells, need further activation before they are
fully functional.

In this thesis, the CCR7 separation was strongly improved using biotin-streptavidin binding, in
comparison to our case reports, where the fluorophore coupled antibody directly bound to
CCRY7. However, the separation of CCR7 was in breast milk still not as efficient as in blood.
This might be due to the already reported lower overall expression of CCR7, but probably also
due to higher auto-fluorescence in breast milk compared to blood samples. Another reason
could be tissue resident memory cells, which are known to express CCR7 in low intensities
[362] and might be present in breast milk.

Still, breast milk memory phenotypes did not show the same differences between HCMV-
seropositive and -seronegative mothers as observed in blood, concluding a
compartmentalization between blood and breast milk and homing of effector memory cells to

the mammary gland (measured via breast milk), disregarding the HCMV-serostatus.

6.3.3.3 HCMV-specific CD8* T cells

pp65 and IE1 are two of the most immunogenic proteins of HCMV with respect to T cell
responses [108, 363]. Interestingly, it was reported that IE1 and pp65 specific T cell responses
were lower in postpartum women compared to non-pregnant women [364].
Reports on tetramer analysis of HCMV-specific T cells in breast milk are very rare. A study by
Sabbaj et al. [342] investigated one HLA-B*07:02 positive mother for pp65 specific T cells and
found slightly elevated frequencies in breast milk compared to blood. Their results were proven
by an ELISPOT assay showing similar results. In the extended BlooMil study, pp65 or IE1-
specific CD8" T cells in breast milk were found in four mothers. pp65 and IE1-specific T cells
were elevated in breast milk compared to blood in some of the BlooMil mothers, especially
when HCMV DNA was present in breast milk. This might indicate a local proliferation in the
mammary gland of HCMV-specific effector memory T cells.
Taking antibodies and immune cells together, the breastfed infant might gain a protection
against HCMV to some degree, which might result in some sort of basic immunity against
HCMV.
With intracellular cytokine staining after pp65 antigen stimulation, another study could also
show higher frequencies of HCMV-specific CD8" T cells in breast milk compared to blood [306].
The site of reactivation or infection seems to more often harbor higher or different immune
responses, as also seen in lung transplant patients with seroconversions [135, 365].
As for another virus, HIV-1 specific T cells were also reported to be elevated in breast milk
compared to blood, although the HIV load itself usually is lower in breast milk than in blood
[342, 366, 367].
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Less IE1-specific and more pp65-specific CD8* T cells were discovered in the BlooMil study
mothers. Correspondingly, Kern et al. [363] found that HLA-A2 positive individuals had higher
reactivities against pp65 than IE1 peptides.

In conclusion, the results of the BlooMil study might implicate an extra lymphoid active HCMV-
specific T cell compartmentalization in breast milk versus blood of HCMV-seropositive mothers
during lactation, but the number of participating mothers would have to be increased to confirm.
Also, functional experiments with a peptide library should be performed so that all potential
epitopes of these proteins can be covered. In addition, other HCMV proteins despite pp65 and

IE1 could be used to analyze the general frequency of HCMV-specific T cells.

6.3.3.4y0 T cells

yd T cells play an important role in the immune response to HCMV [368]. The longitudinal
courses of mothers C and D revealed the same yd T cell frequencies with around 5% in blood
as in breast milk. This finding was unexpected, since other reports found higher yd T cell
frequencies in breast milk compared to blood [369-371]. Only Eglinton et al. [242] could not
show significant differences between breast milk and blood yd T cell frequencies.

HCMV-seropositive individuals were found to display higher V81* yd T cells in peripheral blood
than seronegative [147, 319, 337]. Similar results were found in the HCMV-seropositive mother
C, who had in blood higher V&1 frequencies than the seronegative mother D, whose main
subset of V&2* T cells was around 70% of all yd T cells. Breast milk of both mothers
demonstrated more equivalent frequencies of V&1* and V6 2* T cells compared to blood. The
seronegative mother revealed even more V31 yd T cells in breast milk than the seropositive
mother. An elevated frequency of V81 in the y& T cells of breast milk was found before, without
regard to HCMV [369]. This suggested selective homing of y& T cell subsets into the mammary
gland and might implicate more adaptive than innate features of yd T cells in breast milk.
However, analysis of the clonal repertoire in breast milk could give more information about the

distribution of innate-like and adaptive-like clones in the future.

6.3.4 NK cells (CD56")

Maternal NK cell cytotoxicity was reported to be suppressed from after birth to up to six months
p.p. [372, 373]. NK cells might, therefore, have a minor role in the ‘fight' against HCMV
reactivation processes in the mammary gland. The BlooMil mothers displayed significantly
lower frequencies in breast milk compared to blood. The expected increase of NK cells in
HCMV-seropositive mothers due to the significance of NK cells in the elucidation of HCMV
infections [374] was not observed in the BlooMil study.

CD94/NKG2C* NK cells were detected to expand, when interacting with HCMV infected

fibroblasts [101]. Whether or not a higher frequency of these cells within the NK cell subset
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was occurring in this thesis is unclear, since only the expression of CD56 was used to detect
NK cells. Further experiments, including the markers mentioned above, could show if those
subsets increase and an HCMV-specific immune response is taking place.

The low NK cell frequency with mean frequencies of 5% of lymphocytes in breast milk might
also show that NK cells are not selectively homed to the mammary gland. Regarding the
evolution of the mammary gland, it is hypothesized that the immunologic, protective functions
were present prior to the nutritive aspects of breast milk [239, 375-377]. Considering this, one
aspect of low NK cell frequencies in breast milk might be that the infant has no direct

advantages of NK cells, whose cytotoxicity is suppressed after birth in the mother (see above).
6.4 Cytokine analysis of milk whey

In this thesis, the first steps were performed for a longitudinal cytokine analysis in breast milk.
Seven mothers, four HCMV-seropositive and three seronegative, were investigated for 92
inflammatory cytokines [277]. Several CC- and CXC-chemokines, such as CXCL10 were
increased in breast milk of HCMV-seropositive mothers. These chemokines are known to
recruit leukocytes to the site of inflammation and promote a Th1-related T cell response [378-
382]. This would be coincident with the weak antibody response in most mothers of the BlooMil
study (for example B cells are promoted in Th2 responses [383]) and with the increased T cell
frequency in breast milk of seropositive mothers. HCMV is generally known to promote more
of a Th1 response [384].

The significantly increased levels of CXCL10 in breast milk of HCMV-seropositive BlooMil
study mothers might contribute to the migration of T cells into the mammary gland. CXCL10
was also reported to be elevated in plasma of lung transplant recipients with detectable HCMV
DNAemia [385].

TNFSF14 levels were also significantly elevated over time in HCMV-seropositive mothers of
the BlooMil study. TNFSF14 binds the herpesvirus entry mediator (HVEM) and acts as a co-
stimulating ligand for T cell activation [386]. HVEM can also bind the B and T lymphocyte
attenuator (BTLA), which sends T cells inhibitory signals [387, 388]. Interestingly, one of many
immune evasion strategies of HCMV is targeting this pathway [389]. HCMV expresses UL144,
an orthologue of HVEM, which selectively binds BTLA and therefore, can inhibit T cell
activation [390, 391]. This interaction might occur less often if higher TNFSF14 levels are
present, as in the breast milk of HCMV-seropositive mothers. Accordingly, more T cells were
found to express activation markers in seropositive mothers than in seronegative mothers’
breast milk.

The inflammatory milieu might also contribute to HCMV reactivation in the first place [35, 392],
since also BlooMil HCMV-seronegative mothers showed elevated levels of inflammatory

cytokines in the first time range after birth. Future experiments not only including cytokines but
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also hormones could contribute on the influence of the micro environment to HCMV

reactivation.

6.5 Limitations

The study cohorts in this thesis are small. Preterm births occur only in 8.7% of cases in Europe
[393]. Therefore, the acquisition of participating mothers in the Neonatology Department was
difficult. Another criterion was that the mother had to express enough breast milk for the infant
and the study; otherwise they were not fulfilling study criteria. Since mothers of preterm infants
have problems with initiation of breast milk production and mostly express low volumes, the
BlooMil study cohort is small. Furthermore, for longitudinal analysis all mothers had to be
available for at least two months after birth.

Statistical analysis was performed for the cohorts of 18 HCMV-seropositive mothers and ten
seronegative mothers. The cohort of ten mothers is relatively small, especially because of very
heterogeneous immune profiles in both groups, and the relevance of statistical tests must be
considered. The inter-individual variance was higher in breast milk compared to blood.
Therefore, the scattering of single time points is influencing significances.

In addition, the high inter-individual variability in breast milk influenced by fullness of breast,
the diurnal pattern and many other factors [394-396] make a general analysis of breast milk
components challenging. However, breast milk samples of the BlooMil study were always
taken in the mornings to counteract circadial fluctuations.

Transmission events would give interesting insights on how cellular or humoral immune
responses to HCMV in breast milk would protect the infant from HCMV infection. However,
breast milk fed to preterm infants at the Neonatology Department is inactivated by short-term
heat inactivation to prevent emergence of symptomatic HCMV infections, which might be able
to harm the preterm infants seriously [397].

Another aspect of the cellular analysis that needs to be discussed was the different protocols
for BMC and PBMC isolations. Frequencies of breast milk leukocytes contain, for instance,
granulocytes, while blood granulocytes mostly are lost in the Ficoll-gradient. However, to
analyze the breast milk cell content, all cells play an important role. Only around 2% were
leukocytes. The small number of cells might have been lost during a gradient centrifugation.
Additionally, a biological control of frozen PBMCs was used to assure the consistency of the
experiments. Therefore, PBMCs needed to be purified in a Ficoll-gradient.

Additionally, another restriction of this study was that the cellular analysis showed only
frequencies and not total cell counts. Therefore, the frequencies depend on other populations
such as the granulocyte numbers in breast milk, which are highly variable in the BMCs.
Absolute cell counts could show actual increases or decreases of a population, however, the

frequencies can relative proportions of a distinct marker.
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Breast milk consists of many important nutritive and immunological important components for
the infant. The observed differences in HCMV-seropositive compared to negative mothers’
breast milk might be due to the protection of the mammary gland itself or for the protection of
the suckling infant. Defined breast biopsies of secretory lobule or alveoli including epithelial
cell layers and lactocytes during lactation are extremely rare, but- if ethically allowed- could
help in the future to further study the mammary gland and its immune system. However, breast
milk represents an ideal non-invasive material for longitudinal study of leukocyte changes
during HCMV reactivation in immune competent individuals and can also be used to monitor

the immune profile changes due to HCMV in the mammary gland to some extent.
6.6 Conclusions

The local reactivation of HCMV in breast milk was documented nearly in all (17 of 18) mothers
of mostly preterm infants of the BlooMil study. The unimodal course with highly varying peak
viral loads induces the question how the immune system controls HCMV shedding into breast
milk.

In this thesis, a modulation of the immune signatures in probable relation to HCMV reactivation
in the mammary gland was documented, identified indirectly by analysis of breast milk. A
compartmentalization of monocytes, T cells and their subsets as well as viral load and HCMV-
specific IlgGs were observed in breast milk versus blood in HCMV-seropositive mothers.
Interestingly, defined breast milk HCMV-IgG antibodies, such as potential neutralizing
antibodies like anti-gB-lIgG, are not existent in a relevant amount in breast milk of most
mothers. Only anti-p150 IgGs were found by immunoblot analysis in all milk whey samples.
Therefore, this study gave first evidence that HCMV-specific antibodies might only play a minor
role in the decrease of viral load during the late phase of local reactivation.

Still, if a gentle inactivation method using short-term heat inactivation (5 sec, 62°C) based on
milk film generation was used, the few antibodies present in breast milk were not destroyed
and were still capable of binding their antigen, while traditional Holder pasteurization (30 min,
62.5) destroyed the binding capacity of the antibodies and induced a lack of neutralization
capacity. This observation has strong clinical relevance in context of the breastfeeding
management of preterm infants.

The detected proinflammatory cytokine shift of mostly IFNy in HCMV-seropositive mothers’
breast milk seemed to support a Th1-related T cell response and not Th2 (B cells, antibodies).
Conclusively, CD3" T cell frequencies showed a strong increase in breast milk of HCMV-
seropositive mothers. This seemed to not only originate from local proliferation in the mammary
gland, although breast milk HCMV-specific CD8" T cells were slightly elevated compared to
blood. Another reason might be induction of migration of T cells into the mammary gland. This

would be consistent with the elevated cytokine levels in HCMV-seropositive mothers’ breast
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milk. Most were chemokines, such as CXCL10, which can attract leukocytes into the mammary
gland. Some are also responsible to give activating signals to T cells. Conclusively, in the
BlooMil study, the activation marker HLA-DR was expressed significantly higher at later time
ranges in breast milk of HCMV-seropositive mothers on CD4* and CD8* T cells. These findings
in breast milk suggest that especially HCMV-specific CD8" T cells might help destroy infected
monocytes/macrophages or epithelial cells in the mammary gland, whereas IgG antibodies
might only play a minor role in the resulting decrease of HCMV loads in breast milk at the late
stage of the reactivation kinetics after peak viral load.

No significant changes were found for NK cells or CD56* T cells in breast milk.

Nevertheless, some humoral systemic reaction to the local HCMV reactivation might take
place, since HCMV-IgG antibodies increased in plasma and the memory compartment in blood
was modulated slightly.

The influence on the protection of the nursing infant from HCMV infection or other infections in
general, as well as the effect on the developing immune system of the infant is unclear. The
mechanism of HCMV reactivation in the mammary gland is also not fully understood.

Both might be an important issue to address in the future, since elevated levels of BMCs,
antibodies or cytokines, as well as high HCMV viral loads might affect the infant’s developing
immune system.

In conclusion, the findings of these investigations contribute to a better understanding of the
complex relationship between humoral immune signatures and T cell mediated immune

responses to HCMV during lactation.
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7 Supplement

Supplement table 1: Synopsis of BlooMil study cell subset frequencies
NK: natural Killer cells, Temra: TEMRA cells, Traive: naive T cells, Teu: effector memory T cells, Tem:

central memory T cells, BM: breast milk. Friedman test shows significances in the kinetics, while the
linear mixed model points out different developments of the kinetics between HCMV-seropositive or-

negative mothers.
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Supplement figure 1: CD4* and CD8" T cell kinetics in breast milk of BlooMil study mothers.
CD4* T cell frequencies of leukocytes acquired by flow cytometry are shown of breast milk cells (BMC)
in (A) HCMV-seronegative mothers and (B) seropositive mothers. CD8* T cell frequencies of breast milk
cells (BMC) are displayed of (C) HCMV-seronegative and (D) seropositive mothers. Mother 12 (red,
dotted line) was excluded from statistical analysis due to HCMV-primary infection during pregnancy.
The time ranges are T1- 10to 15, T2 - 25to 30, T3 - 40 to 45 and T4 - 55 to 60 days p.p. Square data
point symbols instead of round symbols indicate a time point, where breast milk cells showed a slightly
red color in the cell pellet (presumably an indicator for mastitis).
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Supplement figure 2: Correlation of CD8* HLA-DR* T cells Spearman’s rank correlation was
performed, and a non-linear regression used to display the line. Correlations of blood and breast milk
CD8* HLA-DR* T cells of HCMV-seronegative and seropositive mothers at T1 — 10 to 15 days, T2 —
2510 30, T3 - 40to 45 and T4 — 55 to 60 days p.p.
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Supplement figure 3: NKT-like cell correlations Spearman’s rank correlation was performed, and a
non-linear regression used to display the line. Correlations of blood and breast milk NKT-like cells of
HCMV-seronegative and seropositive mothers at T1 — 10 to 15 days, T2 — 25 to 30, T3 — 40 to 45 and
T4 — 55 to 60 days p.p.

Supplement table 2: CD4* T cell memory phenotype statistics

CD4* T cells
Naive PBMC HCMV PBMC HCMV BMC HCMV BMC HCMV
(CCR7*,CD45RA") pos neg pos neg
Friedman test 0.0083 0.29 0.015 0.54
T1toT2:0.28 T1t0T2:1.0
post-hoc test with T11to T3:0.10 T1t0T3:1.0
Bonferroni correction T1 to T4: ) T1 to T4: 0.052 )
0.0054 T2toT3:1.0
T2t0oT3:1.0 T2 to T4: 0.032
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T2t0T4:1.0 T3 to T4: 0.67
T3t0T4:1.0
Linear mixed model 0.025 0.35
Mann-Whitney U with B.
correction
T1's 1.0 1.0
T2's 0.16 1.0
T3's 0.33 1.0
T4's 0.094 0.51
Wilcoxon with B. PBMC HCMV BMC HCMV PBMC HCMV BMC HCMV
correction pos pos neg neg
T1's 0.0012 0.020
T2's 0.0012 0.020
T3's 0.0012 0.020
T4's 0.0012 0.020
Central memory PBMC HCMV PBMC HCMV BMC HCMV BMC HCMV
(CCR7*, CD45RA-) pos neg pos neg
Friedman test 0.50 0.34 0.0018 0.90
T1t0T2:1.0
T11t0 T3:0.86
post-hoc test with U U
Bonferroni correction 00020
T2t0T3:1.0
T2 to T4: 0.013
T3 10 T4:0.20
Linear mixed model 0.24 0.30
Mann-Whltney U with B. all 1.0 all 1.0
correction
Wilcoxon with B. PBMC HCMV BMC HCMV PBMC HCMV BMC HCMV
correction pos pos neg neg
T1's 0.0012 0.020
T2's 0.0012 0.020
T3's 0.0012 0.020
T4's 0.0017 0.020
Effector memory PBMC HCMV PBMC HCMV BMC HCMV BMC HCMV
(CCR7-, CD45RA-) pos neg pos neg
Friedman test 0.0000438 0.36 0.00035 0.92
T1 to T2: 0.20 T1toT2:1.0
T1t0oT3:1.0
T1to T3: 0.013 T1 to T4-
. T1to T4: 0 1%
post-hoc test with 0.00002 ) 0.0012 )
Bonferroni correction T2 t.o T3:1.0 T2t0T3:1.0
oo T2 to T4:
T2 to T4: 0.070
T3 to T4: 0.67 Di00d2
T3toT4:0.10
Linear mixed model 0.053 0.24
Mann-Whitney U with B.
correction
T1's 1.0 1.0
T2's 0.022 1.0
T3's 0.16 1.0
T4's 0.044 0.51
Wilcoxon with B. PBMC HCMV BMC HCMV PBMC HCMV BMC HCMV
correction pos pos neg neg
T1's 0.0012 0.020
T2's 0.0012 0.020
T3's 0.0012 0.020
T4's 0.0012 0.020

1
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TEMRA PBMC HCMV PBMC HCMV BMC HCMV BMC HCMV
(CCR7-, CD45RAY) pos neg pos neg
Friedman test 0.30 0.22 0.30 0.25
post-hoc test with
Bonferroni correction } ) ] )
Linear mixed model 0.42 0.67
Mann-Whitney U with B.
correction
T1's 0.0023 0.68
T2's 0.00062 1.0
T3's 0.0011 1.0
T4's 0.00047 1.0
Wilcoxon with B. PBMC HCMV BMC HCMV PBMC HCMV BMC HCMV
correction pos pos neg neg
T1's 1.0 0.020
T2's 0.34 0.028
T3's 0.30 0.020
T4's 0.84 0.020
Supplement table 3: CD8* T cell memory phenotype statistics
CD8* T cells
Naive PBMC HCMV PBMC HCMV BMC HCMV BMC HCMV
(CCR7*,CD45RA") pos neg pos neg
Friedman test 0.00046 0.24 0.00082 0.32
T1to T2: 1.0 T1toT2: 1.0
T1to T3: 0.38 T11oT3: 0.86
. T to T4: WD 125
post-hoc test with 0.0004 ) 0.0012 )
Bonferroni correction T2 t' . T2t0T3:1.0
0T3:1.0 T2 to T4-
) o T4:
T2 to T4: 0.009
T3 to T4: 0.20 BiSE
s T3to T4:0.14
Linear mixed model 0.043 0.38
Mann-Whitney U with B.
correction
T1's 0.094 1.0
T2's 0.013 1.0
T3's 0.015 1.0
T4's 0.027 1.0
Wilcoxon with B. PBMC HCMV BMC HCMV PBMC HCMV BMC HCMV
correction pos pos neg neg
T1's 0.0012 0.020
T2's 0.0012 0.020
T3's 0.0012 0.020
T4's 0.0012 0.020
Central memory PBMC HCMV PBMC HCMV BMC HCMV BMC HCMV
(CCR7*, CD45RA-) pos neg pos neg
Friedman test 0.39 0.27 0.27 0.59
post-hoc test with
Bonferroni correction } ] ) )
Linear mixed model 0.86 0.74
Wilcoxon with B. PBMC HCMV BMC HCMV PBMC HCMV BMC HCMV
correction pos pos neg neg
T1's 0.0012 0.020
T2's 0.0024 0.020
T3's 0.0024 0.020
T4's 0.0040 0.020
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Effector memory PBMC HCMV PBMC HCMV BMC HCMV BMC HCMV
(CCR7-, CD45RA-) pos neg pos neg
Friedman test 0.00024 0.10 0.027 0.026
TT11tL°TT3~2;'(§).f§2 T1t0T2:1.0 | T1toT2:0.23
. T1 to T4: T1t0T3:1.0 T1t0T3:0.34
post-hoc test with 0.0001 : ) T1 to T4: 0.032 | T1 to T4: 0.019
Bonferroni correction T2 t<.) T3:1.0 T2t0 T3: 1.0 T2t0 T3: 1.0
T2 to T4 6_0'70 T21to T4:0.10 T2t0T4:1.0
T3 to T4: 0.86 T3to T4:0.28 T3toT4:1.0
Linear mixed model 0.11 0.45
Wilcoxon with B. PBMC HCMV BMC HCMV PBMC HCMV BMC HCMV
correction pos pos neg neg
T1's 0.0012 0.020
T2's 0.0012 0.020
T3's 0.0012 0.020
T4's 0.0012 0.020
TEMRA PBMC HCMV PBMC HCMV BMC HCMV BMC HCMV
(CCR7-, CD45RAY) pos neg pos neg
Friedman test 0.061 0.29 0.39 0.75
post-hoc test with
Bonferroni correction } ] ) )
Linear mixed model 0.24 0.53
Mann-Whitney U with B.
correction
T1's 0.037 1.0
T2's 0.0023 1.0
T3's 0.0029 1.0
T4's 0.010 1.0
Wilcoxon with B. PBMC HCMV BMC HCMV PBMC HCMV BMC HCMV
correction pos pos neg neg
T1's 0.098 0.020
T2's 0.16 0.020
T3's 0.20 0.020
T4's 0.65 0.020

1
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8 Abbreviations

AD 169
AC

AEC
ADCC
APC
APC-H7
ARPE-19
A700

BM

BMC
BSA
BV711/510/421
BW
CCR7
CD

CID

CM2
CPE

CO2

Colostrum

COl
DMEM
DMF
DMSO
DNA
DNAemia
DNAlactia
dNTP

ds

ECLIA
EDTA
ELISA
EMA

ER

HCMV laboratory strain
Assembly complex

3-Amino-9-ethylcarbazole

Antibody-dependent cell-mediated cytotoxicity

Antigen presenting cells or Allophycocyanin

Allophycocyanin-H7

Arterial retina pigment epithelial cells-19

Alexa fluor 700
Breast milk
Breast milk cells

Bovine serum albumin

Brilliant Violet 711 /510 / 421

Birth weight

C-C chemokine receptor type 7

Cluster of differentiation

Cytomegalic inclusion disease
Fusion protein of UL57 and pUL44

Cytopathic effect

Carbon dioxide

Abbreviations

Breast milk expressed directly after birth to up to one week

postpartum, high protein content

Cut-off index

Dulbecco’s Modified Eagle Medium

N,N-Dimethylformamide
Dimethylsulfoxide

Deoxyribonucleic acid

Detection of HCMV in blood/plasma (systemic infection)

HCMV DNA was found in breast milk

Deoxynucleotide triphosphate

Double stranded

Electrochemiluminescence immunoassay
Ethylenediaminetetraacetic acid
Enzyme-linked immunosorbent assay

Ethidium monoazide bromide

Endoplasmic reticulum
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FACS
FCS
FMO
FSC
FSC-A
FSC-H
FITC

GA
gB
HBSS
HCMV
HDAC
HFF
HHV5
HIG
HIV
HLA
HP1
HRP

IEA
IFN

kD
LB-broth
LCRed-640
LOD
Mature milk
MHC

MIEP
M-MDSC
MW

mMiRNA

Fluorescence-activated cell sorting

Fetal calf serum
Fluorescence minus one
Forward scatter

Forward scatter- area
Forward scatter-height
Fluorescein isothiocyanate
Glycoprotein

Gestational age
Glycoprotein B

Hanks balanced salt solution
Human cytomegalovirus
Histone deacetylase
Human foreskin fibroblasts
Human herpesvirus 5
Hyperimmunoglobulin
Human immunodeficiency virus
Human leukocyte antigen
Heterochromatin protein 1
Horseradish peroxidase
Immediate early protein
Immediate early antigen
Interferon

immunoglobulin G
Immunglobulin M
Interleukin

Kilo base pair

Kilo Dalton

Luria Bertani broth
LightCycler Red 640

Limit of detection

Breast milk expressed after 30 days postpartum

Major Histocompatibility Complex

Major Immediate Early Promoter

Monocytic myeloid derived suppressor cells

Molecular weight
Micro RNA
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Abbreviations

NaCl Sodium chloride

NCAM Neural cell adhesion molecule

ND10 Nuclear domain 10

NK cells Natural killer cells

NT Neutralization

NT-50 Dilution, where neutralization capacity is at 50%
nPCR nested PCR

NPX normalized protein eXpression

ORF Open reading frame

p.a. Pro analysi

PBMC Peripheral blood mononuclear cells
PBS Phosphate buffered saline

PCR Polymerase chain reaction

PE Phycoerythrin

PE-Cy7 Phycoerythrin-Cy7

PEI Paul Ehrlich Institute

Pen/strep Penicillin/streptomycin

PFEA FACS staining buffer (PBS, FCS, EDTA, sodium azide)
PH Phosphorylated

plgR Polymeric Immunoglobulin Receptor

pp Phosphoprotein

p-p. Postpartum

PUFA Polyunsaturated fatty acid

gPCR Quantitative real time PCR

RFLP Restriction fragment length polymorphism
RNA Ribonucleic acid

RPMI Roswell Park Memorial Institute medium
RT Room temperature

SC Secretory component

SCT Stem cell transplantation

SD Standard deviation

SOT Solid organ transplantation

SSC Side scatter

SSC-A Side scatter - area

SSC-H Side scatter - height

TBE Tris-borate EDTA

TBS Tris buffered saline
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Tem
Tem

TemrA

TLR
™
Tn
TNF

Transient milk

TTV

Unimodal

UTR
Virolactia
WHO

Abbreviations

Central memory T cells (CD45RA", CCR7")

Effector memory T cells (CD45RA", CCR7")

TEMRA cells, finally differentiated T cells re-expressing CD45RA
(CD45RA", CCRY")

Toll-like receptor

Trade mark

naive T cells (CD45RA", CCR7")

Tumor necrosis factor

Breast milk expressed between colostrum and mature milk:
seven to 30 days postpartum

Torque Teno Virus

Course of viral load: low amount in the beginning, then an
increase, followed by a decrease after a maximum

Untranslated region

Infectious virus was found in breast milk

World Health Organization
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