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“A paradox? You mean one of those things that can destroy the universe?”

Back to the Future II (1989)
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Chapter 1
General Introduction

Adapted from

Measles virus host invasion and pathogenesis

Laksono BM, de Vries RD, McQuaid S, Duprex WP, de Swart RL.

Viruses. 2016 Jul 28;8(8):10.3390/v8080210
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Immune Cells and Measles Virus
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General introduction

The family Paramyxoviridae includes viruses that cause significant morbidity and 
mortality in humans and animals. The paramyxoviruses have an unsegmented negative-
sense single stranded RNA genome that spans between 15,000 and 19,000 nucleotides, 
encoding six to ten structural proteins. Viral replication takes place in the cytoplasm. 
The virion is pleomorphic and has a lipid bilayer envelope that derives from the host 
cell plasma membrane (1).

The family Paramyxoviridae is divided into several subfamilies, which include a wide 
array of viruses: from those which are known for centuries, to others which are just 
recently discovered. The subfamily Avulavirinae, which is further divided into three 
genera: Meta-, Ortho- and Paraavulavirus, includes Newcastle disease virus, also known 
as avian paramyxovirus 1, which poses a problem to the poultry industry worldwide. The 
subfamily Rubulavirinae, which is divided into Ortho- and Pararubulavirus, is known for 
mumps virus, which causes respiratory tract disease in children. The biggest subfamily 
is the Orthoparamyxovirinae, which consist of eight genera, including the Respirovirus, 
the Henipavirus and the Morbillivirus. Like mumps virus, human parainfluenza-3 (HPIV-
3) of the Respirovirus causes respiratory diseases in children. Hendra and Nipah viruses 
from the genus Henipavirus have horses and pigs as intermediate hosts, respectively, 
and cause lethal infection in humans. Measles virus (MV) from the genus Morbillivirus 
infects and causes immune suppression in humans and non-human primates. Canine 
distemper virus (CDV) and peste-des-petits-ruminants virus (PPRV) from the same genus 
infect and cause mortality of various carnivores and small ruminants, respectively. 
Phocine distemper virus (PDV) and cetacean morbillivirus (CeMV) are morbilliviruses 
that cause morbidity and mortality in sea mammals. Another member of the same 
genus, rinderpest virus, was successfully eradicated in 2011, making it the second virus 
to be eradicated in the history of mankind to date. The family Paramyxoviridae is closely 
related to the family Pneumoviridae, which members include the respiratory syncytial 
viruses and the metapneumoviruses (Figure 1) (2).

1
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Figure 1. The phylogenetic tree of the families Paramyxoviridae and Pneumoviridae. The 
Paramyxoviridae family consists of several genera Avulavirus, Rubulavirus, Respirovirus, 
Henipavirus and Morbillivirus. In 2016, the genera Pneumovirus and Metapneumovirus were 
no longer members of the Paramyxoviridae family but instead included into a new family 
Pneumoviridae. Figure is created by R. D. de Vries, with adaptation.

Morbillivirus
According to the International Committee on Taxonomy of Viruses, the genus 
Morbillivirus to this date consists of seven viruses: the now-eradicated rinderpest virus, 
the prototype MV, CDV, PPRV, CeMV, PDV and feline morbillivirus (2, 3). All viruses are 
pleomorphic with sizes ranging from 150 to 600 nm and phylogenetically closely related. 
Additionally, RNA from a novel morbillivirus was detected in neotropical vampire bats 
and novel paramyxovirus RNAs distantly related to morbilliviruses were found in bats 
and small rodents. Despite the presence of RNAs in these animal samples, the infectious 
viruses themselves are still to be discovered (4).

Genome organisation and virion structure
Typical of paramyxoviruses, the morbillivirus RNA genomes span between 15,700 and 
16,000 nucleotides and contain six transcription units, which are flanked by a leader 
region at the 3’ end and a trailer region at the 5’ end (Figure 2A). Each transcription 
unit consists of a start sequence, one or more open reading frames (ORFs) and a stop 
sequence. The polymerase of paramyxoviruses functions both as a transcriptase 
and a replicase, and uses a single promotor on the negative strand for a stop-start 
transcription (5).

The first transcription unit contains an ORF that encodes the nucleoprotein (N). The 
polymerase of paramyxoviruses occasionally dissociates from its template, resulting in 
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transcription gradient with different levels of transcription of different genes. Since N 
is the most promoter-proximal transcription unit, its mRNA is present in the cytoplasm 
most abundantly. The protein folds and protects the viral RNA genome, a combination 
that, together with other proteins, forms the ribonucleoprotein (RNP) complex. Because 
one N protein binds six nucleotides, the number of nucleotides of a morbillivirus genome 
will always be a multiple of six. This feature is called the “rule of six” (1).

Downstream of the N gene is the phosphoprotein (P) gene. Unlike other morbillivirus 
transcription units, the P gene gives rise to multiple gene products. The P gene produces 
the P, V, or C protein. The P protein is a part of the RNA-dependent RNA polymerase 
(RdRp) complex. The C protein is translated from an overlapping reading frame in the P 
gene and is thought to function as a virulence factor. The C protein may also play a role 
in balancing the transcriptase and replicase functions of the RdRp complex. Translation 
of the V protein starts at the same start codon as the P protein, and the first 231 amino 
acids of the protein are identical to those of P. However, co-transcription RNA editing 
adds an extra non-templated G residue at a slippery sequence at position 751, leading 
to a frame shift. This results in a different 68-amino acid cysteine-rich C-terminus with 
zinc-binding properties (6). Both C and P proteins have immunomodulatory functions. 
The V protein interferes with the host innate immune responses by inhibiting MDA5 
signalling and nuclear translocation of STAT1 and STAT2, resulting in the inhibition of 
type I and II interferon- (IFN-)mediated transcription (7). Together with the V protein, 
the C protein counteracts the host IFN responses. It also regulates viral RNA synthesis 
and plays a role in the pathogenesis (8).

The matrix (M) protein is the product of the M gene and the most abundant viral protein 
in the virion (9). It is classically thought to line the inner side of the virion membrane 
while interacting with the viral glycoprotein tails (Figure 2B) (10). However, more recent 
studies suggest that the majority of M protein does not line the virion membrane, but 
instead covers the nucleocapsids (Figure 2C) (11). The M protein of MV regulates RNA 
synthesis and assembly by directly interacting with the N protein (12). This interaction 
leads to the migration of the RNP complex to the plasma membrane, allowing further 
association with the viral glycoproteins on the cell surface that leads to the formation 
of a budding site (13, 14).

The transmembrane glycoprotein complex comprises of the trimeric fusion (F) 
protein and tetrameric haemagglutinin (H) protein. The F protein in its prefusion form 
drives viral membrane fusion with the host plasma membrane through irreversibly 
transforming into its post-fusion form. During infection, the proteins are synthesised 
in the cytoplasm and transported to the cell surface, leading to the budding of virus 
particles. The presence of these proteins on the cell surface can also lead to the fusion 
of the infected cell with receptor-expressing neighbouring cells and the formation of 
a multi-nucleated giant cell known as a syncytium (15). The F protein is synthesised in 

1

Total Layout_Brigitta Laksono_V04.indd   13Total Layout_Brigitta Laksono_V04.indd   13 08/12/2021   10:0208/12/2021   10:02



14

Chapter 1

its precursor F0 form and is cleaved by furin in the Golgi compartments into its active 
forms F1 and F2 prior to transport to the host plasma membrane (16). The morbillivirus 
H protein forms a tetramer that consist of dimer of dimers and acts as an attachment 
protein. It binds to protein receptors CD150 (also known as signalling lymphocyte 
activation molecule family member 1 or SLAMF1) or nectin-4 (previously known as 
poliovirus receptor-like protein 4 or PVRL-4) (17-19).

The last gene produces the large (L) protein, which possess the catalytic functions 
required for RNA synthesis, such as ribonucleotide binding, polymerisation and 
polyadenylation. Together with the P protein, the L protein forms the RdRp complex, 
which transcribes viral RNA encapsidated by the N protein (20).

Figure 2. The schematic representations of morbillivirus genome organisation and suggested 
virion structures. The morbillivirus genome consists of six transcription units, containing open 
reading frames that are transcribed in a gradient fashion (A). The genes are flanked by leader 
and trailer regions. The P gene encodes the P, V and C proteins. Classically, the M proteins are 
believed to line the inner membrane of the virus and interact with the glycoprotein complex tail 
(B). However, a recent study suggests that the majority of the M proteins cover the nucleocapsids 
instead (C).

Virus life cycle
Infection of the host cell is initiated through the binding of virion H protein to host 
entry receptor CD150 or nectin-4. The binding triggers a conformational change 
in the H protein, leading to the F protein-mediated fusion between viral and host 
membranes. The fusion allows the RNP complex to enter the cytoplasm. The RdRp, 
which is associated with the incoming viral RNP, initiates primary transcription that 
results in the accumulation of uncapsidated viral mRNAs in the cytoplasm (20, 21). 
The transcription terminates when the RdRp recognises a poly(A) signal at the end 
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of one transcription unit and reinitiates at the 3’ leader sequence of the downstream 
transcription unit. The RdRP continues the transcription until sufficient N proteins have 
been produced to allow encapsidation of new viral genomes. Only then will the RdRp 
switch from transcriptase to replicase function, initiating the generation of positive-
sense antigenomes. These antigenomes further serve as templates for the synthesis of 
negative-sense genomes (9, 21). Immature F and H proteins undergo conformational 
changes and complex formation in the endoplasmic reticulum and Golgi compartments 
before being transported to the plasma membrane. Encapsidated RNP complex interacts 
with the M protein and is transported to the plasma membrane, where it will assemble 
with the mature glycoprotein complexes. The interaction at the assembly point initiates 
viral budding and egress (22). Budding virus particles, however, are not considered as 
the predominant determinant of morbillivirus dissemination in the host. Instead, direct 
cell-to-cell transmission plays a central role in the virus dissemination in the host. The 
replication cycle of a morbillivirus is illustrated in Figure 3.

Figure 3. The schematic representation of morbillivirus replication cycle. Virus binds to cellular 
receptor (CD150 or nectin-4), allowing fusion and entry of viral RNP complex into the host 
cytoplasm. Transcription is mediated by the viral RdRp, which switches from transcriptase to 
replicase function when there are enough N proteins to encapsidate the viral genomic RNAs. 
Interaction of the RNP complex with the M protein induces transport to the host plasma 
membrane, where it further interacts with the mature glycoprotein complex on the plasma 
membrane, inducing viral budding and egress.

1
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Measles virus

Course of infection
Like all morbilliviruses, MV is highly contagious and is transmitted via the respiratory 
route (23). Once the virus is inhaled and a primary target cell is infected, systemic 
spread ensues and clinical signs appear after 9 to 19 days. The prodromal stage starts 
with fever and malaise associated with cough, coryza and conjunctivitis, colloquially 
the three “C’s”. During this stage Koplik’s spots can be observed on the buccal mucosa. 
On the subsequent days, patients develop a maculopapular skin rash that starts 
behind the ears and spreads to the face, trunk and extremities (1, 24). MV infection 
is usually self-limiting, due to the clearance of virus-infected cells by the immune 
system. Recovery is followed by lifelong immunity to measles. In rare cases severe 
measles-associated central nervous system (CNS) complications may develop: acute 
disseminated encephalomyelitis (ADEM), measles inclusion body encephalitis (MIBE) 
or subacute sclerosing panencephalitis (SSPE). MV infection paradoxically also results 
in a transient immune suppression that may last over two years after infection and 
leads to opportunistic infections and increased mortality risks (25). The World Health 
Organisation (WHO) estimated that more than 200,000 people, mostly children under 
five years of age, died of measles and resulting sequelae in 2019 (26).

Entry and attachment cellular receptors
CD150 has been identified as a cellular receptor for MV and is expressed by subsets of 
lymphoid and myeloid cells, including thymocytes, dendritic cells (DCs), macrophages, 
T and B cells, and haematopoietic stem cells (HSCs), (17, 24, 27). Infection of NHPs 
with recombinant MV (rMV) derived from the wild-type Japanese IC323 strain and 
engineered to express a fluorescent reporter protein identified CD150+ lymphocytes and 
DCs as predominant target cells of MV infection in vivo (28). Nectin-4 has been identified 
as another cellular receptor for MV that is expressed by epithelial cells (18, 19). This 
protein is part of the adherens junction complex, which is located at the basolateral 
side of the epithelium, underneath the tight junctions. Nectin-4 is also expressed by 
keratinocytes (29, 30) and brain endothelial cells (31), suggesting a potential role for 
these cell types in the pathogenesis of the characteristic measles skin rash (31-33).

Both CD150 and nectin-4 play crucial roles in the pathogenesis of measles (Figure 4). 
Vaccine and laboratory-adapted MV strains can utilise CD46 as an additional cellular 
receptor in vitro, but this receptor does not seem to play a major role during infection 
with these viruses in vivo (34, 35). The C-type lectins DC-specific intercellular adhesion 
molecule-3-grabbing non-integrin (DC-SIGN) and Langerin, expressed by DCs and 
Langerhans cells, respectively, have been identified as attachment receptors for MV 
(Figure 4). However, these molecules do not mediate MV entry, but are thought to 
“capture” MV particles and facilitate CD150-mediated virus-to-cell fusion of DCs or 
lymphocytes (36, 37).
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Figure 4. MV infects susceptible cells through different mechanisms. The cellular receptor 
CD150 is expressed on different subsets of immune cells (A), while the cellular receptor nectin-
4 is expressed on the basolateral side of epithelial cells (B). Binding to these receptors leads to 
fusion and entry of the viral RNP into the cytoplasm. DC-SIGN, which is expressed by DCs, and 
Langerin, which is expressed by Langerhans cells, allows the virus to attach, but not to enter, 
the cells (C). Receptor-independent mechanism of infection occurs through cell-to-cell spread 
of the RNP complex (D).

Entry
Respiratory epithelial cells have classically been considered as the early target cells of 
MV infection in the respiratory tract. However, the lack of CD150 or nectin-4 expression 
on their apical surface renders this entry mechanism unlikely. NHPs infected with a 
rMV engineered to become unable to recognise nectin-4 (referred to as “nectin-4-
blind” virus) still led to the establishment of systemic infection (38), whereas animals 
infected with an rMV that was engineered not to recognise CD150 (“CD150-blind”) 
failed to develop clinical signs or viremia (39). These findings highlight the importance 
of CD150 during viral entry and discredit respiratory epithelial cells as the primary target 
cells, although it cannot be excluded that receptor-binding modifications have led to a 
generalised attenuation and loss of viral fitness.

In vivo studies with NHPs experimentally infected with rMV expressing enhanced 
green fluorescent protein (EGFP) identified CD11c+ myeloid cells, most likely alveolar 

1
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macrophages and DCs, in the lungs and respiratory submucosa as potential early target 
cells (28, 40, 41). Two mechanisms of MV entry were proposed based on these findings: 
infection of CD150+ cells in the alveolar spaces or binding to dendrites of DC-SIGN+ 
submucosal DCs in the lumen of the respiratory tract, followed by migration to tertiary 
lymphoid tissues, such as the bronchus-associated lymphoid tissue (42), and draining 
lymph nodes (28, 43, 44), where the infection is subsequently amplified by massive 
replication in abundantly present CD150+ B and T cells (28, 45). These potential routes 
of entry are illustrated in Figure 5.

Another possible, but probably less important, route of MV entry is through MV infection 
of myeloid or lymphoid cells in the conjunctiva. The lamina propria of the conjunctiva is 
rich in DCs, Langerhans cells, macrophages, CD4+ and CD8+ T cells and B cells, providing 
a suitable site of replication for the virus (46). This infection and the ensuing MV-specific 
immune response may subsequently lead to prodromal conjunctivitis (47). Beside the 
conjunctiva, MV has been shown to infect human corneal rim epithelial cells ex vivo 
(48). It has been reported that eye protection during contact with measles patients can 
reduce the risk of contracting infection by MV (49).

Invasion of the respiratory tract by bacteria or other pathogens causing damage to the 
epithelial layer could be advantageous for MV entry. MV inoculated onto the apical side 
of well-differentiated ciliated bronchial epithelial cell cultures was reported not to result 
in infection, in contrast to inoculation from the basolateral side of these cells. However, 
wounding of the layer of human bronchial epithelial cells in vitro resulted in numerous 
foci of infection along the lines of the wound, possibly due to the disruption of the tight 
junctions at cell-to-cell contacts and the subsequent exposure of nectin-4 as a cellular 
receptor (48, 50). It is possible that MV can infect the respiratory tract through similar 
epithelial disruption in vivo, either as a result of infection or mechanical damage (48, 
51). However, the highly efficient transmission of MV from infected to naive individuals 
and the susceptibility of every measles-naive human to MV infection suggests that 
infectious predisposition is not a requirement for efficient MV entry.
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Figure 5. The first stage of MV infection: entry of MV into a susceptible host. The virus enters 
the respiratory tract via the air (white arrows in panels C and E), where it binds to DC-SIGN+ 
DCs or infects CD150+ myeloid or lymphoid cells in the mucocilliary epithelium or the alveolar 
spaces. Another potential site of entry is through the conjunctiva, which is rich in DCs and 
CD150+ lymphocytes (panel A). Panels on the right show an enlarged illustration of potential 
entry events. MV particles deposited on the conjunctiva will enter the space between cornea 
and eyelids (A), where they can infect myeloid or lymphoid cells (B). MV particles inhaled into 
the respiratory tract can either infect DC-SIGN+ dendritic cells in the upper respiratory tract, 
with dendrites protruding into the respiratory mucosa (D), or dendritic cells or macrophages in 
the alveolar lumina of the lower respiratory tract (F). The infected immune cells subsequently 
migrate to nearby tertiary lymphoid tissues and draining lymph nodes. Figure is adapted from 
Laksono et al., 2016 (52).

Dissemination
Primary (bone marrow and thymus), secondary (spleen, tonsils, lymph nodes) 
and tertiary (e.g. bronchus-associated lymphoid tissue (BALT) or tissue-resident 
lymphocyte clusters) lymphoid tissues are rich in CD150+ lymphocytes and are major 
sites of MV replication in vivo (28, 43, 45, 53-56). Analysis of lymphoid tissues of 
experimentally infected NHPs showed prominent MV replication in B cell follicles (28, 
43). Multinucleated giant cells or syncytia, known as Warthin-Finkeldey cells, were 
especially observed in lymphoid tissues in the respiratory tract (43, 57-59) and consisted 
of fused B cells (28, 45). In addition to B cells, widespread MV infection of both CD4+ 
and CD8+ CD150+ memory T cells was observed in these tissues.

1
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Viral dissemination is predominantly mediated by cell-to-cell transmission of virus 
(50, 60, 61) (Figure 4). In MV-infected NHPs, infected cells in peripheral tissues were 
mostly interconnected by dendrites (unpublished observations). Widespread infection 
of lymphoid tissues is followed by infection of lymphocytes and DCs in the skin and the 
epithelial submucosa (Figure 6A). Here, infected lymphocytes or DCs transmit the virus 
to the neighbouring nectin-4+ epithelial cells (48, 62, 63) or keratinocytes. Nectins can 
form both homodimers and heterodimers at cell-to-cell junctions, but the heterodimer 
interactions have been shown to be more stable. The disruption of nectin-4 and nectin-
1 heterodimers by MV has been suggested to facilitate viral spread (64). Alternatively, 
MV RNP can be transported from nectin-4+ cells into nectin-1+ cells through transfer of 
cytoplasmic cargo between these cells. This process is known as the trans-endocytosis 
process, in which nectin-1+ cells are able to capture nectin-4-containing membranes 
from the surface of adjacent cells and the nectin-1-nectin-4 complexes follow the 
endocytic pathway (65).

MV spreads systemically to other organs and tissues, such as the gastrointestinal tract, 
kidney, liver and skin through infected circulating CD150+ immune cells (Figure 6B), and, 
in some rare cases, infects endothelial cells, neurons, astrocytes and oligodendrocytes 
in vivo (1, 66). MV infection stimulates the expression and activation of the leukocyte 
integrins lymphocyte function associated antigen-1 and very late activation antigen-4 
(67). These molecules allow adherence of infected migrating cells to the endothelial 
cells and subsequent trans-migration into the tissues (66, 67). Infection of endothelial 
cells with MV in vitro stimulates the production of colony-stimulating factor and thus 
increases the adhesion of granulocytes to infected epithelial cells (68). MV antigens 
were found in the capillary endothelium of lymph nodes and thymus in patients who 
died from the infection (69).

MV can also infect permissive cells through receptor-independent mechanisms (70), 
although these mechanisms are much less efficient than receptor-mediated entry. One 
of the possible mechanisms is through an in-cell infection. This mechanism has been 
identified in allowing Epstein-Barr virus (EBV) spread from infected B cells to epithelial 
cells by internalisation of the EBV-infected B cells into carcinoma cells, resulting in 
activation and transfer of the virus to the carcinoma cells in vitro and in vivo (71). It 
is tempting to speculate that MV-infected lymphocytes can also be internalised by 
receptor-negative cells, leading to infection.
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Figure 6. The second stage of MV infection: systemic dissemination. (A) The MV-infected 
myeloid cells migrate to the draining lymph nodes (white), where they transmit the virus to 
CD150+ lymphocytes (predominantly B cells and memory CD4+ and CD8+ T cells). (B) During 
viremia infected cells enter the circulation and migrate systemically to various organs and tissues 
(green), where the infection is further amplified. Infection of skin-resident immune cells results in 
virus transmission to nectin-4+ epithelial cells (green patches). (C) A few days later, depletion of 
immune cells in lymphoid organs and tissues results in transient immune suppression (grey). MV-
specific T cells infiltrate the skin where they clear the infected cells, which results in the typical 
measles skin rash (red patches). The green bell-shaped curve in the background represents the 
viral load over time. Figure is adapted from Laksono et al., 2016 (52).

Clinical measles starts with the emergence of Koplik’s spots on the buccal mucosa and 
culminates a few days later in the appearance of the maculopapular skin rash (Figure 6C) 
(1). Histological examinations showed that the characteristics of the Koplik’s spots were 
similar to those of the skin rash and they may contain syncytia (72). Despite being one 
of the most prominent symptoms, measles skin rash is not truly understood. It has been 
suggested that the rash results from a viral infection of keratinocytes (73). An alternative 
hypothesis of the pathogenesis of the rash is the infection of the dermal endothelial 
cells with or without the infection of epidermal keratinocytes, which are subsequently 
cleared by the virus-specific host cellular immune response (1, 74). The crucial role of 
the host immune response in the pathogenesis of the skin rash is illustrated by the 

1
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fact that immunocompromised patients often do not develop skin rash following MV 
infection, although the course of an MV infection in these patients is typically severe 
and can be lethal (75).

Although most measles cases resolve without complications, the virus can remain 
persistent and infect the CNS on rare occasions. One of the neurologic complications, 
known as the ADEM, is immune-mediated and has a higher incidence and severity than 
the other complications (~1:1000). Although the induction of this autoimmune response 
is poorly understood, “molecular mimicry” based on structural similarities between 
MV proteins and myelin has been suggested as a pathogenic mechanism (76, 77). The 
disease is hallmarked by demyelination, which results in ataxia, motor and sensory loss 
and mental status changes (78) and can result in death.

A second neurologic complication stemming from systemic MV infection is MIBE. The 
risk of developing MIBE increases when the MV infection occurs in young infants or 
immunocompromised individuals, who are unable to clear the infection. The symptoms 
of MIBE often include mental status changes, focal seizures and occasionally visual or 
hearing loss within one year of acute measles infection or live-virus vaccination (79, 
80). The disease progresses rapidly to coma and death in the majority of patients (76).

A third and very rare neurological complication of measles is SSPE. Symptoms develop 
several years after a normal episode of measles and usually start with a decline 
of school performance and a slight change of behaviour, progressively followed 
by myoclonic seizures, ataxia and death within one to three years (43, 81). SSPE is 
exclusively associated with infections with wild-type MV, and has never been observed 
in association with genotype A vaccine viruses. Where the virus persists and how it 
spreads in the CNS remains unknown. It has been suggested that the virus spreads 
from one neuron to the other through interconnecting processes in vitro and in vivo, 
without the release of infectious particles (81-84). This infection may rely on membrane 
fusion between infected and uninfected neurons, allowing trans-synaptic transmission 
of RNP (43, 85, 86). The RNP consists of genomic viral RNA encapsidated with the 
viral nucleoprotein and associated with the viral polymerase, and is the minimal unit 
of infection. MV-positive oligodendrocytes and astrocytes were also found in the 
white matter of SSPE cases. The virus may spread from one glial cell to another via 
interconnected processes (43). A T461I substitution in the extracellular domain of the 
MV F protein is often found in SSPE cases and has been shown to enhance fusion activity 
in human neuronal cells and primary neuron cultures and the brains of hamsters and 
mice (86-88). In the human neuronal cells, infection resulted in low virus titres and the 
viral genome was transmitted efficiently from infected neurons to adjacent neurons in 
an exclusively cell-to-cell manner (88).
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It is still unclear how MV enters the CNS, however in recent years it has become 
apparent that the blood-brain-barrier allows entry of lymphocytes into the brain (89, 
90). Moreover, it has been shown that the brain even contains lymphatic vessels (91). 
Therefore, infected lymphocytes circulating in peripheral blood during viremia could 
carry the virus into the CNS, where the virus could be transmitted via a yet unknown 
cellular entry receptor or receptor-independent entry mechanisms.

Transmission
The basic reproductive number (R0) reflects the average number of secondary cases 
that would arise when an infectious agent is introduced into a completely susceptible 
population (92). MV is highly infectious, with estimated R0 of 12 to 18 (92). MV is released 
into the air as cell-free or cell-associated virus particles, predominantly by coughing 
(18, 19, 93). In specific cases individual patients have been reported to transmit virus 
to more than 200 new patients (94), often referred to as ‘superspreading’ events (95).

The high infectivity of MV can be attributed to three crucial transmission properties. 
First, measles patients must efficiently shed MV. Tracheo-bronchial epithelial cells 
have been reported to be susceptible to MV infection (19, 43, 62, 63), associated with 
epithelial damage in the bronchi and bronchioles (45, 62). Whereas epithelial cells are 
infected from the basolateral side, budding occurs exclusively at the apical cell surface 
due to sorting signals in the viral glycoproteins. Whilst MV particles produced in the 
lymphoid tissues can rapidly bind to neighbouring CD150+ cells that are highly abundant 
in the environment, MV particles produced by the respiratory epithelial cells will be 
shed into the mucus lining the lumen of the respiratory tract where cells expressing 
MV receptors are scarce. Hence, virions remain in the mucus as cell-free particles, 
and are moved to the upper respiratory tract (URT) by the mucocilliary escalator (62) 
and discharged into the environment by coughing. MV can be transmitted by large 
respiratory droplets (by direct contact) or in small aerosols transported through the 
air over long distances (96). The release of new MV particles from the host into the air 
is illustrated in Figure 7.

1
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Figure 7. The third stage of MV infection: transmission of new MV particles via the air. Nectin-4+ 
epithelial cells in the upper and lower respiratory tract epithelium produce new virus particles 
and release them into the mucus lining the lumen of the respiratory tract (white arrows in panels 
A and C). Epithelial damage in infected lymphoid tissues, such as the tonsils (A), releases virus 
particles produced by lymphocytes into the upper respiratory tract (B). Epithelial damage in 
the lower respiratory tract induces cough (panels C and D), enhancing the discharge of aerosols 
containing MV particles. Figure is adapted from Laksono et al., 2016 (52).

Second, MV must remain infectious until it reaches a new host. Large droplets may 
increase the stability of cell-bound MV particles or cell debris that are expelled from 
the body, allowing the virus to survive long enough until it comes into contact with the 
eyes, nose or mouth of a susceptible person. Alternatively, cell-free virions transmitted 
airborne as small aerosols through a turbulent airflow may survive in air for at least one 
hour, as demonstrated during the outbreaks of measles in a paediatric practice in 1981 
and at an International Special Olympics Games in 1995 (96, 97). One of the factors 
that influence survival of MV in the air is relative humidity: in aerosols, the virus is most 
stable in an environment with humidity below 40% or above 80% (98).

The last vital transmission property concerns the infectious dose of the virus. In NHPs, 
a single 50% tissue culture infectious dose was shown to be sufficient to establish a 
productive infection associated with systemic dissemination (99). However, measles 
patients shed large amounts of virus, resulting in transmission of numerous infectious 
units. The combination of large inoculum and low infectious dose may increase the 
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chance of rapid deposition of virus particles in the respiratory tract of the next host, 
especially in a crowded and poorly ventilated environment (97).

Immune responses
Infection leads to the activation of the innate immune responses. The innate immune 
responses start by recognition of pathogen-associated molecular patterns (PAMPs) 
by pattern recognition receptors (PRRs) in infected cells. Viral PAMPs are nucleic 
acids that are unique to the viruses and not found in uninfected cells, such as double-
stranded RNA (dsRNA) or uncapped single-stranded RNA (ssRNA) with 5’ triphosphate. 
This recognition can take place in endosomes, such as by Toll-like receptor-7 (TLR7), 
or in the cytoplasm, by RIG-I or MDA5. The molecule RIG-I recognises ssRNA with 
uncapped 5’ triphosphorylated ends and short dsRNAs, while MDA5 recognises longer 
dsRNAs. This recognition leads to the interaction with adaptor protein MAVS, the 
activation of the transcription factors IRF-3 and NF-κB and ultimately the transcription 
of pro-inflammatory cytokine genes, such as interferon-ß (IFN-ß) (100). However, 
several viruses, most especially MV, are able to evade the innate immune responses 
by several different mechanisms. Paramyxoviruses regulate the production of type I 
IFN through the interaction between their V protein with MDA5 (100). Recent studies 
have shown that MDA5 acts in concert with RIG-I and their signalling activities are 
controlled through phosphorylation and dephosphorylation by the phosphatase PP1 
(101). Dephosphorylation, and hence activation, of MDA5 by PP1 leads to innate 
immune signalling. MV V protein is able to block PP1 binding to MDA5 and thus prevents 
MDA5 dephosphorylation (102). In DCs, which are the early target cells for in vivo MV 
infection, the virus not only utilises DC-SIGN as its attachment protein but also as a 
trigger for DC-SIGN-mediated activation of Raf-1. This activation leads to inhibition of 
dephosphorylation of MDA5 and RIG-I and their subsequent antiviral responses (103). 
The interaction of the V protein with PP1 also leads to the suppression of IRF3-mediated 
type I IFN induction (102).

Despite the ability of MV to evade the innate immune responses by suppression of 
the induction of IRF3-mediated type I IFN, induction of cytokines and chemokines 
through NF-κB signalling remains important and leads to the recruitment of the 
adaptive immune responses (104). Clearance of infected cells relies strongly on the 
cellular immune responses, MV-specific CD8+ T cells rapidly develop after infection 
(105, 106). CD8+ T cell-depleted NHPs that were inoculated with MV showed a more 
extensive rash, higher viral loads and longer viremia (107). MV-specific antibodies are 
detectable when rash appears and IgM is the first isotype to be detected and followed 
by a switch to IgG2 and IgG3 before entering the memory phase and switching to IgG1 
and IgG4. The avidity of IgG is initially low and gradually increases within months, with 
most antibodies target MV N (9).
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Immune suppression
MV infection results in a transient and profound immune suppression, which leads to 
increased susceptibility to opportunistic infections and increased childhood mortality 
(25). The virus efficiently replicates in lymphoid tissues. Tertiary lymphoid tissues, 
such as BALT and gut associated lymphoid tissues (GALT), are induced by bacterial or 
viral infections that lead to the accumulation and proliferation of lymphocytes and 
the formation of germinal centres. CD11c+ DCs and follicular DCs are present within 
to maintain the structure of these tissues (108, 109). The presence and interaction 
of CD150+ lymphocytes and DC-SIGN+ DCs in these tissues consequently makes them 
the perfect site for MV infection and amplification (28, 45). Since BALT and GALT are 
known to enhance protective immunity against mucosal pathogens, depletion of these 
lymphoid tissues that are present in major entry portals for opportunistic infections 
(the airways and gut) can facilitate infiltration of the mucosa by previously encountered 
viruses or bacteria.

MV infection leads to lymphopenia during its acute phase, in which the number of T and 
B cells, both circulating and lymphoid tissue homing, is extensively decreased (Figure 
6C) (45, 110). Peak numbers of MV-infected cells in lymphoid tissues of experimentally 
infected NHPs coincide with the peak of viremia, rapidly followed by B cell exhaustion 
in the germinal centres (45), as previously also reported in humans (57). The infection 
induces an expansive effector phase, leading to the clearance of MV-infected cells 
by cytotoxic T cells (106) and subsequently a lifelong MV-specific immune response 
(111). Following viral clearance, the number of lymphocytes returns to normal within 
approximately one week. However, while the lymphopenia lasts for a week, the immune 
suppression may last variably from several weeks to up to more than two years (25). 
This led to the initial dismissal of the role of immune cell depletion in causing measles-
induced immune suppression (112). Instead, functional impairment of the immune cells 
has often been proposed to explain the immune suppression. However, there is limited 
evidence that this is the case and it has proven difficult to identify a cell surface receptor 
that mediates suppression of proliferation in immune cells. Reduced proliferative 
responsiveness of peripheral blood lymphocytes to antigenic or mitogenic stimulation 
has also been suggested as a mechanism of measles immune suppression. Although 
this impairment is indeed detected in vitro, measles is associated with dramatic levels 
of lymphoproliferation in vivo (45). Other mechanisms have been proposed to explain 
the nature of the measles-induced immune suppression, such as altered cytokine 
profiles (113-116) or inhibited haematopoiesis (117, 118), but none of these fit with the 
measles paradox: prolonged increased susceptibility to infectious disease and coinciding 
induction of strong MV-specific immune responses.

Based on observations in experimentally infected NHPs, an alternative model is 
proposed to explain measles immune suppression, based on the preferential infection 
and subsequent immune-mediated depletion of CD150+ memory T and B cells, resulting 
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in ‘immune amnesia’ (45, 119). The loss of memory lymphocytes is masked by a massive 
expansion of new MV-specific and bystander lymphocytes, explaining the short duration 
of lymphopenia and yet the long duration of immune suppression. These findings thus 
revive the importance of immune cell depletion as a key mechanism for measles-
associated immune suppression. Mechanisms underlying MV entry, dissemination, 
transmission and immune suppression are illustrated with images from experimentally 
infected NHPs in Figure 8.

Figure 8. Illustration of mechanisms underlying MV entry (A, B), dissemination (C, D), transmission 
(E, F) and immune suppression (G, H) by images collected from experimentally infected 
NHPs. MV-infected cells were detected by immunohistochemical staining (A, C, D, F) or by 
immunofluorescent double-staining (B, E, G). A: infection of a single cell (arrow, likely an alveolar 
macrophage) in the alveolar lumen 3 dpi; B: infection of epithelial cells in the trachea 5 dpi 
(arrow, green = GFP, red = cytokeratin, blue = DAPI); C: infection of myeloid and lymphoid cells in 
bronchus-associated lymphoid tissue (BALT: arrow) 4 dpi; D: low-magnification image of a lymph 
node 9 dpi, with many B cell follicles with large concentrations of MV-infected lymphocytes; E 
and F: MV-infected epithelial cells in trachea (E) or tonsillar tissue (F), where the infection led to 
a major epithelial damage (arrow) in the infected macaques 9 dpi (green = GFP, red = cytokeratin, 
blue = DAPI); G: MV-infected B cells (including Warthin-Finkeldey-type syncytia) in a B cell follicle 
9 DPI (green = GFP, red = CD20, blue = DAPI); H: follicular exhaustion of B cell follicles 11 dpi 
(brown = CD20).

Animal models
Wild-type MV infection is largely restricted to humans and NHPs, leading to the lack 
of adequate small-animal model systems to study the pathogenesis of MV and MV-
associated immune suppression. Despite the availability of some rodent models, 
such as transgenic mice or cotton rats, the pathogenesis and virulence of MV cannot 
be completely represented and hence render the models not ideal for such studies 
(120- 123).

1
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Canine distemper virus
CDV has classically been described to cause disease in domestic and wild dogs. However, 
infections in other carnivores, such as lions and raccoons; herbivores, such as giant 
pandas; or even in NHPs showed that the virus has broader host range than MV or 
other morbilliviruses (124-128). Unlike measles, distemper often leads to mortality due 
to the obliteration of host lymphocytes and subsequent severe immune suppression. 
Distemper also more often causes CNS infection and complications (23). However, 
distemper presents similar symptoms to measles, such as fever, rash and lymphopenia. 
This makes CDV an intriguing substitute of MV in the study of morbillivirus pathogenesis, 
especially because the use of NHPs in the study of MV pathogenesis has presented 
ethical and practical difficulties. Recombinant CDVs, either attenuated or virulent, 
have been developed in ferret models to study the pathogenesis of morbillivirus and 
morbillivirus-induced immune suppression (123, 129).

Thesis outline
Despite the goals set out by WHO to eliminate measles by 2020 in five out of six 
regions in the world, the increase of vaccine hesitancy and the lack of understanding 
of the impact of measles as a serious disease highlight the importance of excellent 
collaboration among the public health, education and communication sectors. To help 
conveying the message that measles is not an innocent childhood disease and that 
vaccination is important, this thesis explores the various features of the pathogenesis 
of measles, measles immune suppression and measles-related sequelae.

Chapter 2 explores the susceptibility and permissiveness of human lymphocytes, 
especially B cells, to in vitro MV infection. The ability to disseminate systematically 
and the dual-tropic nature of MV makes the virus a threat to the different organs and 
tissues, such as skin and brain. Chapter 3 focuses on how MV infection can lead to the 
appearance of measles rash. The dermis is rich in tissue-resident lymphoid and myeloid 
cell clusters, which are highly susceptible to MV, while the epidermis is comprised of 
keratinocytes, which express nectin-4. In Chapter 4, the neurotropism of MV and CDV 
in primate and carnivore ex vivo brain infection model was explored. Unlike CDV, MV 
infection rarely leads to CNS complications. However, the development of an ex vivo 
brain model has allowed us to compare the neurotropism of these two viruses and 
observe the surprisingly high number of MV-infected brain cells in primate – just as 
high as the number of CDV-infected brain cells in carnivore.

In Chapter 5, the mechanism of measles-associated immune suppression during a 
measles outbreak in the Netherlands was explored. This study highlights the role of 
lymphocytes, especially B cells, in the pathogenesis of measles and measles immune-
suppression. Memory T cells and naïve and memory B cells are highly susceptible to in 
vitro MV infection and are the main target cells during in vivo infection. The infection 
leads to the loss of these cells after measles, which is subsequently masked by the 
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development of other subsets of lymphocytes with immature or immunoregulating 
property. To further study the measles-associated immune amnesia, a good animal 
model that represent the disease progression and outcome in humans is required. 
In Chapter 6, we explored the morbillivirus-associated immune suppression in a 
ferret model using a recombinant CDV based on a non-adapted wild-type-based 
strain expressing a fluorescent reporter protein. The virus retained its tropism to 
lymphoid, myeloid and epithelial cells and was not as neurovirulent as its recombinant 
predecessors described in published studies. The infection led to the presentation and 
development of symptoms much like those observed in measles in humans. However, in 
the majority of infected animals the immune system was fully overwhelmed, preventing 
development of a virus-specific immune response and explaining the high case-fatality 
rates.

In conclusion, measles is not an innocent childhood disease. The effect of systemic MV 
infection lasts longer after the recovery from the disease and clinical symptoms. The 
loss of circulating memory lymphocytes after measles, in combination with the loss of 
tissue-resident myeloid and lymphoid cells in different organs and tissues, serves as 
collective evidence that the danger of measles has been grossly misunderstood and 
underestimated.

1

Total Layout_Brigitta Laksono_V04.indd   29Total Layout_Brigitta Laksono_V04.indd   29 08/12/2021   10:0208/12/2021   10:02



Total Layout_Brigitta Laksono_V04.indd   30Total Layout_Brigitta Laksono_V04.indd   30 08/12/2021   10:0208/12/2021   10:02



Chapter 2
In vitro measles virus infection of human 
lymphocyte subsets demonstrates high 

susceptibility and permissiveness of both naive 
and memory B Cells 

Laksono BM, Grosserichter-Wagener C, de Vries RD, Langeveld SAG, Brem MD, 
van Dongen JJM, Katsikis PD, Koopmans MPG, van Zelm MC, de Swart RL. 

J Virol. 2018 Mar 28;92(8):e00131-18.

Total Layout_Brigitta Laksono_V04.indd   31Total Layout_Brigitta Laksono_V04.indd   31 08/12/2021   10:0208/12/2021   10:02



32

Chapter 2

Chapter 2: What types of immune cells get infected by measles virus?
Measles virus is known to infect immune cells, but what types of immune cells can get infected 
and where are these cells located?

How did we investigate this?
We took the immune cells from the blood and the tonsils of healthy human donors and 
inoculated the cells with measles virus. After 1 day, we checked the types of the infected 
cells using a method called flow cytometry.
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What did we find?
We found that different types of immune cells can be infected by measles virus. One of the 
major groups of immune cells is the lymphocytes, which consist of T and B cells. These cells 
can be found everywhere, such as in the blood, in some tissues called the lymph nodes and 
even in organs like lungs and spleen.

Among the T cells, the virus prefers to infect memory T cells. These cells remember previous 
encounters with different pathogens and protect the body from re-infection. Meanwhile, 
among the B cells, the virus infects almost all subtypes: naive, memory and even plasma B cells. 

What is our main conclusion?
The immune cells are there to protect our body from invaders. They patrol the body and will 
warn the body of imminent dangers. Measles virus, however, infiltrates the body by infecting 
and killing these cells. The body becomes an easy target for other pathogens because it is left 
mostly unprotected. This is how the measles virus suppresses the immune system.

2
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Abstract

Measles is characterised by a transient immune suppression, leading to an increased risk 
of opportunistic infections. Measles virus (MV) infection of immune cells is mediated 
by the cellular receptor CD150, expressed by subsets of lymphocytes, dendritic cells, 
macrophages, and thymocytes. Previous studies showed that human and non-human 
primate memory T cells express higher levels of CD150 than naive cells and are more 
susceptible to MV infection. However, limited information is available about CD150 
expression and relative susceptibility to MV infection of B cell subsets. In this study, we 
assessed susceptibility and permissiveness of naive and memory T and B cell subsets 
from human peripheral blood or tonsils to in vitro MV infection. Our study demonstrates 
that naive and memory B cells express CD150, but at lower frequencies than memory 
T cells. Nevertheless, both naive and memory B cells proved to be highly permissive to 
MV infection. Furthermore, we assessed the susceptibility and permissiveness of various 
functionally distinct T and B cells, such as helper T (TH) cell subsets and IgG+ and IgA+ 
memory B cells, in peripheral blood and tonsils. We demonstrated that TH1TH17, plasma 
and germinal centre B cells were the most susceptible and permissive subsets to MV 
infection. Our study suggests that both naive and memory B cells, along with several 
other antigen-experienced lymphocytes, are important target cells of MV infection. 
Depletion of these cells potentially contributes to the pathogenesis of measles immune 
suppression.

Importance

Measles is associated with immune suppression and is often complicated by bacterial 
pneumonia, otitis media or gastroenteritis. Measles virus infects antigen-presenting 
cells and T and B cells, and depletion of these cells may contribute to lymphopenia 
and immune suppression. Measles has been associated with follicular exhaustion in 
lymphoid tissues in humans and non-human primates, emphasising the importance 
of MV infection of B cells in vivo. However, information on the relative susceptibility 
of B cell subsets is scarce. Here, we have compared the in vitro susceptibility and 
permissiveness to in vitro MV infection of human naive and memory T and B cell 
subsets isolated from peripheral blood or tonsils. Our results demonstrate that both 
naive and memory B cells are more susceptible and permissive to MV infection than T 
cells. Highest infection levels were detected in plasma cells and germinal centre B cells, 
suggesting that infection and depletion of these populations contribute to reduced 
host resistance.

Keywords: measles; tropism; immunosuppression; pathogenesis; immune amnesia
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Introduction

Measles virus (MV) is an enveloped virus with a single-stranded negative-sense RNA 
genome that belongs to the family Paramyxoviridae, genus Morbillivirus. This highly 
contagious virus is transmitted via the respiratory route and causes systemic disease in 
humans and non-human primates (NHPs). Measles is characterised by fever, cough, and 
skin rash (130, 131). Hallmark of the disease is a transient immune suppression, which 
leads to increased susceptibility to opportunistic infections (25). Common complications 
include bacterial pneumonia, otitis media or diarrhoea. Despite the availability of safe 
and effective live-attenuated vaccines (132), measles remains an important cause of 
global childhood mortality. In 2016, more than 85,000 people, mostly children below 
the age of five, died due to measles and its sequelae (133).

Measles virus is an intrinsically dual-tropic virus that uses two different cellular entry 
receptors (134). Infection of immune cells is mediated by CD150, a member of the 
signalling lymphocytic activation molecule (SLAM) family. CD150 is expressed by subsets 
of T and B cells, dendritic cells (DCs), macrophages, thymocytes, and haematopoietic 
stem cells, and mediates entry and dissemination of MV (27, 135, 136). Infection of 
epithelial cells is mediated by nectin-4 and is considered of crucial importance for virus 
transmission (18, 19).

Measles is not only associated with immune suppression, but also with a paradoxical 
immune activation (111, 137). Uncomplicated measles in children with a functional 
immune system is typically a self-limiting disease, and recovery is attributed to strong 
MV-specific immune responses that confer life-long immunity. Lymphopenia is common 
during the acute stage of measles and lasts for about one week, whereas immune 
suppression can last for several weeks, months or even years (25, 45, 110). Shortly 
after clearance of MV-infected cells by the host cellular immune response, the numbers 
of circulating lymphocytes return to normal. Based on these observations a model 
was postulated to explain measles-induced immune suppression: pre-existing CD150+ 

memory lymphocytes are depleted during MV infection, resulting in a temporary 
immunological amnesia. The depletion of CD150+ cells is masked by the expansion of 
MV-specific and bystander lymphocytes (45, 138).

MV also infects and replicates in B cells (55, 57, 58, 139-141). Studies in humans and 
NHPs have shown that MV infects B cell follicles in lymphoid tissues and causes follicular 
exhaustion during and shortly after the peak of viremia in humans and macaques (43, 
45, 57, 58, 142). For a successful viral infection, cells must be accessible, susceptible, 
and permissive. Susceptible cells express receptors on the cell surface that allow 
entry of the virus while permissive cells can support viral replication (143). Multiple 
subsets of B cells are known to express and up-regulate the expression of CD150 on 
their cell surfaces upon maturation, development, and differentiation (45, 144), but 
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their relative susceptibility to MV has not yet been described. Given the importance 
of CD150 in MV infection and the lack of complete understanding of the interaction 
between MV and specific lymphocyte subsets, we investigated the relative susceptibility 
of human peripheral blood and tonsillar T and B cell subsets to in vitro MV infection. 
We demonstrate that both naive and memory B cells are susceptible and permissive 
to in vitro MV infection.

Results

Lower frequency of CD150+ cells in peripheral blood B cells than in T cells
We determined the frequencies of T and B cells and their subsets (as defined in Table 
1) in peripheral blood mononuclear cells (PBMC) of healthy adult donors (Fig. 1A-D), as 
well as frequencies of cells expressing CD150 in each of these populations (Fig. 1E-H). 
Previous studies have shown that CD4+ and CD8+ memory T cells expressed higher levels 
of CD150 than their naive counterparts (45, 142). Consistent with these findings, we 
found that within the CD4+ and CD8+ T cell subsets, more memory than naive T cells 
expressed CD150 (Fig. 1F-G). B cells contained fewer cells that expressed CD150 (Fig. 
1E), and, in contrast to T cells, the frequencies of CD150+ cells in the naive B cell subset 
were significantly higher than in the memory subsets (Fig. 1H).

Table 1 Definition of peripheral blood and tonsillar lymphocyte subsets*

Subset name Definition

T cells CD3+

CD4+ T cells CD3+TCRγδ-CD4+CD8-

Naive cells CD3+TCRγδ-CD4+CD8-CD45RA+CCR7+CD27+

Memory cells

Tcm CD3+TCRγδ-CD4+CD8-CD45RA-CCR7+CD27+

Temro CD3+TCRγδ-CD4+CD8-CD45RA-CCR7-

Temra CD3+TCRγδ-CD4+CD8-CD45RA+CCR7-

TFH CD3+TCRγδ-CD4+CD8-CD45RA-CXCR5+

TH1 CD3+CD4+CD8-CD45RA-CD25lowCCR6-CXCR3+CCR4-

TH2 CD3+CD4+CD8-CD45RA-CD25lowCCR6-CXCR3-CCR4+

TH1TH17 CD3+CD4+CD8-CD45RA-CD25lowCCR6+CXCR3+CCR4-

TH17 CD3+CD4+CD8-CD45RA-CD25lowCCR6+CXCR3-CCR4+

Treg CD3+CD4+CD8-CD45RA-CD25highCD127-/low

CD8+ T cells CD3+TCRγδ-CD4-CD8+

Naive cells CD3+TCRγδ-CD4-CD8+CD45RA+CCR7+CD27+

Memory cells
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Table 1 [Continued]

Subset name Definition

Tcm CD3+TCRγδ-CD4-CD8+CD45RA-CCR7+CD27+

Temro CD3+TCRγδ-CD4-CD8+CD45RA-CCR7-

Temra CD3+TCRγδ-CD4-CD8+CD45RA+CCR7-

B cells CD19+

Transitional CD19+CD21highCD24+CD27-CD38+

Plasma cells CD19+CD21highCD24-CD27+CD38+

GC cells CD19+CD21highCD24-CD38high

Naive cells CD19+CD21highCD38lowCD27-IgM+

Memory cells

IgM+/non-csm cells CD19+CD21highCD38lowCD27+IgM+

IgM-only cells CD19+CD21highCD38lowCD27+IgM+IgD-

Natural effector CD19+CD21highCD38lowCD27+IgM+IgD+

Csm B cells CD19+CD21highCD38lowCD27-/+IgM-

IgG+ cells CD19+CD21highCD38lowCD27-/+IgM-IgD-IgA-IgG+

IgA+ cells CD19+CD21highCD38lowCD27-/+IgM- IgD-IgA+IgG-

*Tcm: central memory T cells; Temro/Temra: CD45RO+/CD45RA+ effector memory T cells; TFH: 
folicullar helper T cells; Th: helper T cells; Treg: regulatory T cells; non-csm: non-class-switched 
memory; Csm: class-switched memory; GC: germinal centre

Higher frequency of MV-infected cells in peripheral blood B cells than in T cells
Next, we evaluated the permissiveness of the T and B cell subsets described above to 
in vitro MV infection. MV dissemination in vivo is mostly mediated by direct cell-to-
cell transmission of virus. To mimic this process, freshly isolated PBMC (n = 6 donors) 
were co-cultured with rMVKSVenus(3)-infected autologous B-lymphoblastoid cell line 
(BLCL) (145). In these experiments, expression of the fluorescent reporter protein Venus 
was used to identify MV-infected cells. We validated these experiments with wildtype 
MV strain MVi/Amsterdam.NLD/19.11 (n = 4) and identified the wildtype MV-infected 
cells using intracellular staining of the virus nucleoprotein (NP). To assess the levels of 
MV-infected cells from the first round of infection, we determined the percentages of 
infected cells after 30 h of co-culture (Fig. 1I-L). In accordance with previous studies 
(45, 142), we found that within the T cell populations MV preferentially infected CD4+ 
and CD8+ memory T cells (Fig. 1J-K). Surprisingly, despite the lower percentage of 
CD150-expressing cells, a higher frequency of MV-infected cells was found among B 
cells than CD4+ and CD8+ T cells (Fig. 1I). Moreover, in B cell populations, despite the 
higher frequency of CD150+ cells within the naive than in the memory cells, there was 
no preferential infection of naive B cells, as all subsets were susceptible and permissive 
to MV infection (Fig. 1L).
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Since autologous BLCL were not always available for co-culture, we also inoculated 
the freshly isolated PBMC with cell-free rMVKSVenus(3) or wildtype MV strain MVi/
Amsterdam.NLD/19.11 at multiplicity of infection (MOI) of 1 in the presence of infection-
enhancing lipopeptide (Fig. 1M). The susceptibility and permissiveness patterns of CD4+ 
and CD8+ memory T cells and B cells were largely reproduced in this cell-free inoculation 
(Fig. 1N-P).

Fig 1 Susceptibility and permissiveness of human peripheral blood T and B cell subsets to 
in vitro MV infection. Human PBMC (n = 10 donors) were gated into CD4+ and CD8+ T cells 
and B cells and further subtyped into naive and memory cells. Frequencies of T cells, B cells, 
and their subsets in blood PBMC (A-D). Frequencies of CD150+ cells within T and B cell subsets 
(E-H). Frequencies of MV-infected PBMC following 30 h co-culture with autologous MV-infected 
BLCL (I-L). Frequencies of MV-infected PBMC following cell-free inoculation (M-P). IgM+m: 
IgM+ memory B cells; CD27-m: CD27- memory B cells; CD27+m: CD27+ memory B cells. Data are 
presented as box plots. * : P<0.05; ** : P<0.01; *** : P≤0.001.

MV preferentially infects tonsillar B cells
PBMC contain a relatively low percentage of B cells (4 – 14%; Fig. 1A). Some B cell 
subsets, including germinal centre (GC) B cells and plasma cells, do not circulate at 
substantial levels. Moreover, MV replicates first and foremost in lymphoid tissues in 
vivo. Thus, we validated our findings using single-cell suspensions from human tonsils, 
of which 42 – 59% consisted of B cells (Fig. 2A). Lymphocyte subsets (Fig. 2B-D) and the 
frequencies of CD150+ cells (Fig. 2E-H) were defined and determined as described for 
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PBMC. CD150+ cells were more frequent within the tonsillar memory CD4+ and CD8+ 
T cells than within their naive counterparts (Fig. 2F-G). Between the tonsillar naive 
and memory B cells, the fractions of CD150+ cells were not significantly different (Fig. 
2H). Upon in vitro cell-free inoculation with MV, B cells had a higher frequency of MV-
infected cells than T cells (Fig. 2I). Still in accordance with previous findings (45), tonsillar 
memory T cells, both within the CD4+ and CD8+ subsets, were preferentially infected 
compared to naive T cells (Fig. 2J-K). Within the tonsillar B cell subsets, this preferential 
infection of naive or memory cells was not observed (Fig. 2L).

Fig 2 Susceptibility and permissiveness of human tonsillar T and B cell subsets to in vitro MV 
infection. Human tonsillar lymphocytes (n = 3 donors) were gated into CD4+ and CD8+ T cells 
and B cells and further subtyped into naive and memory cells. Frequencies of human tonsillar T 
cells, B cells, and their subsets (A-D). Frequencies of CD150+ cells within T and B cell subsets (E-H). 
Frequencies of MV-infected tonsillar lymphocytes following cell-free inoculation (I-L). IgM+m: 
IgM+ memory B cells; CD27-m: CD27- memory B cells; CD27+m: CD27+ memory B cells. Data are 
presented as box plots. * : P<0.05.

Functionally distinct T and B cell subsets have different MV infection levels
Several T and B cell subsets have been described to have distinct functions in the 
immune response to pathogens. We determined the frequencies of CD150+ cells within 
a number of circulating CD4+ T cell subsets: follicular helper T cells (TFH), helper T cells 
(TH1, TH2, TH17, and TH1TH17), and regulatory T cells (Treg) (Fig. 3A), and assessed their 
MV infection levels. TFH is a specific effector helper T cell subset responsible for the 
interaction with B cells in the GC. This population resides in the lymph nodes, although 
a fraction of the cells could be found circulating in blood as well (Fig. 3A). TFH cells 
express various SLAM family members (27). In this study, we observed a median of 52% 
of circulating TFH cells expressed CD150, but only a median of 2 or 6% of TFH cells were 
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infected following BLCL co-culture or cell-free infection, respectively. Other important 
effector subsets include the TH1 and TH2 cells. In accordance with previous studies 
reporting a higher CD150 mRNA level in TH1 than in TH2 cells (146), we found more 
CD150+ TH1 cells (median: 78%) than CD150+ TH2 cells (median: 61%). Despite these high 
percentages of susceptible cells, infection levels were consistently below 20% of the 
respective subsets. Treg cells showed a similar pattern with a median of 65% CD150+ 
cells but less than 25% MV-infected cells. The CCR6+ TH17 and TH1TH17 subsets contained 
the highest frequencies of CD150+ and MV-infected cells within the T cell compartment.

We next assessed the expression of CD150 on further defined circulating B cell subsets: 
transitional, non-class-switched IgM+ memory (IgM-only and natural effector B cells) 
subsets, class-switched CD27-IgM- and CD27+IgM- memory (IgG+ and IgA+) subsets, and 
plasma cells; and also, their MV infection levels. CD150+ and MV-infected cells were 
found in high frequencies among transitional, IgG+ memory, and plasma cells (Fig. 3B).

Studies in macaques inoculated with recombinant MV expressing enhanced green 
fluorescence protein showed that MV-infected cells migrate from the site of inoculation 
into the draining lymph nodes and rapidly infect susceptible lymphocytes, resulting 
in T and B cell depletion in the lymphoid tissues (45). Nonetheless, the susceptible 
subsets of these tissue lymphocytes have only been defined rudimentarily. To gain 
more insight into this, we investigated specific human tonsillar T and B cell subsets 
for their frequencies of CD150+ and MV-infected cells. Similar to the circulating T cell 
population, the highest frequencies of CD150+ and MV-infected cells were found among 
the TH1TH17 subset. Surprisingly, tonsillar Treg cells, when compared to their peripheral 
blood equivalents, had a lower frequency of CD150+ cells but higher frequency of MV-
infected cells (Fig. 3C). Among tonsillar B cell subsets, IgG+ and IgA+ memory cells had 
comparable frequencies of CD150+ cells and MV-infected cells. A specific B cell subset,

known as GC B cells, was present in high numbers in lymphoid tissues, but not in 
circulation (147). Although the frequency of CD150+ cells in this subset was relatively 
low, they had the highest frequency of MV-infected cells (Fig. 3D).

Fig 3 (next page) Susceptibility and permissiveness of specific effector T and B cell cells in 
peripheral blood (n = 10 donors) and tonsils (n = 3). Frequencies of T and B cell effector subsets 
in blood PBMC (A-B) or tonsils (C-D), the frequencies of CD150+ cells within the subsets, and the 
frequencies of MV-infected cells following either 30 h co-culture with autologous MV-producing 
BLCL or cell-free inoculation of MV. Nat. eff.: natural effector; IgM+m: IgM+ memory B cells. Data 
are presented as box plots.
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MV-infected B cells produce infectious virus
Infection of cells with a Venus-expressing recombinant MV can be assessed by 
measuring the percentage of Venus+ cells or by determining the number of infected cells 
capable of transmitting the virus to new susceptible cells. We obtained purified naive 
and memory CD4+ T and B cell subsets from human PBMC by fluorescence-activated 
cell sorting (Table 2) and inoculated each subset with rMVKSVenus(3) at MOI of 3 in the 
presence of infection-enhancing lipopeptide. After 24 h, the infection percentages in 
the sorted subsets were determined by flow cytometry. In accordance with previous 
findings, the frequency of infected cells in CD4+ T cell subsets, defined as Venus+ cells, 
was found lower in sorted naive T cells than in the memory cells. Among the B cell 
subsets, the frequency of infected cells in sorted naive cells was comparable to that of 
the memory cells (Fig. 4A).

Table 2 Definition of sorted peripheral blood and tonsillar lymphocyte subsets*

Subset name Definition

CD4+ TN CD3+CD19-CD4+CD8-CD45RO-CCR7+

CD4+ TM CD3+CD19-CD4+CD8-CD45RO+CCR7-

BN CD19+CD38lowCD27-IgM+

BM CD19+CD38lowCD27+IgM-

*TN: naive T cells; TM: memory T cells; BN: naive B cells; BM: memory B cells

To assess the capability of MV-infected cells to produce new infectious virus particles, 
we assessed the numbers of MV-infected sorted cells that can infect new, susceptible 
cells. MV-infected sorted naive T cells, being the least susceptible subset to MV infection, 
gave rise to a lower number of newly infected cells than memory T cells. Surprisingly, 
despite comparable susceptibility of naive and memory B cells to MV infection, MV-
infected sorted memory B cells generated a higher frequency of infected cells than naive 
cells (Fig. 4B). We verified these findings in sorted tonsillar lymphocytes. Naive T cells 
were less susceptible to MV infection and had a lower frequency of productive infected 
cells than memory T cells. In accordance with their peripheral blood counterparts, 
tonsillar naive and memory B cells were highly susceptible to MV infection (Fig. 4C). 
However, in contrast to circulating B cells, the number of productive infected tonsillar 
naive B cells was as high as that of memory B cells (Fig. 4D). Altogether, these findings 
demonstrate that both naive and memory B cells are susceptible and permissive to MV 
infection, and their infection leads to dissemination of infectious virus.
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Fig 4 Susceptibility and permissiveness (determined by flow cytometry) and number of 
productive infected sorted peripheral blood (A-B) or tonsillar (C-D) naive and memory CD4+ 
T and B cells (determined by virus isolation). Sorted naive and memory B cells retained their 
susceptibility to MV infection despite the absence of other lymphocytes, suggesting that this is an 
intrinsic characteristic of the cells. When these infected cells were co-cultured with susceptible 
cells, it resulted in a high number of newly infected cells. TN: CD4+ naive T cells; TM: CD4+ memory 
T cells; BN: naive B cells; BM: memory B cells. * : P<0.05.

Discussion

In this study, we have directly compared the susceptibility and permissiveness of 
human lymphocyte subsets to in vitro MV infection. Our results were compliant with 
previous observations, in which memory T cells were more susceptible than their naive 
counterparts. Although frequencies of CD150-expressing B cells were lower (in blood) 
or comparable (in tonsils) to T cells, both naive and memory B cells showed substantially 
higher in vitro MV infection levels, suggesting that B cells are more permissive to MV 
infection than T cells. Direct comparison of functionally distinct T and B cell subsets 
identified TH1TH17-cells, plasma cells and GC B cells as highly susceptible and permissive 
subsets to MV infection.

Previous studies have identified alveolar macrophages and DCs as initial target cells of 
MV. These cells migrate to the draining lymphoid tissues, where they come in contact 
with susceptible CD150+ T and B cells (148), resulting in cell-associated viremia and 
viral dissemination to all lymphoid tissues. To understand the impact of MV infection 

2

Total Layout_Brigitta Laksono_V04.indd   43Total Layout_Brigitta Laksono_V04.indd   43 08/12/2021   10:0208/12/2021   10:02



44

Chapter 2

on the immune system, it is important to assess differences in the susceptibility and 
permissiveness of lymphocyte subsets. Although several studies have shown higher 
susceptibility of memory T cells as compared to naive T cells, information on differences 
in susceptibility and permissiveness of B cell subsets was limited.

In this study, we included naive and memory T cell subsets as internal controls to 
validate our in vitro infection model. After we confirmed that memory T cells have higher 
susceptibility than naive T cells to MV infection as previously described, we expanded 
our observations to include T cell subsets with specific effector functions, since their 
depletion may contribute to measles immune suppression. Among these are TFH cells, 
which constitute a major fraction of the lymphoid tissue T cell population and secrete 
cytokines that are critical for induction of B cell proliferation, isotype switching, and 
antibody secretion. Other TH cell subsets, such as TH1, TH2, TH17, TH1TH17 and Treg, have 
also been reported to play crucial effector roles during the immune responses against 
various pathogens (149, 150). Interestingly, we observed a relatively high susceptibility 
and permissiveness of TH17 and TH1TH17 cell subsets. TH17 cells have been reported 
to disrupt the blood-brain-barrier (BBB) and promote the recruitment of white blood 
cells into the central nervous system (CNS), while TH1TH17 cells were demonstrated to 
migrate across the BBB (150). Therefore, it may be speculated that these cells could 
play a role in the occasional spread of MV infection into the central nervous system.

In the lymph nodes, activated B cells interact with antigen-specific TH and TFH cells, 
resulting in the generation of GC, in which the B cells will proliferate and undergo 
somatic hypermutation and class-switch recombination. The surviving B cells will 
differentiate into either memory B cells or plasma cells and leave the GC. Memory B cells 
will circulate as resting B cells until re-activation (151, 152). We observed that plasma 
cells, class-switched memory B cells and GC cells were highly susceptible and permissive 
to in vitro MV infection. The susceptibility of GC B cells to MV infection has been 
highlighted in clinical case studies in the 1970s and 1980s, which have reported dramatic 
improvements in patients with Burkitt’s and Hodgkin’s lymphomas after infection with 
wildtype MV. These diseases are associated with EBV infection (153-155), and some 
studies have strongly suggested that the malignant cells derive from GC B cells (156, 
157). The lymphotropic nature of wildtype MV, together with the high susceptibility 
of GC B cells to MV infection, may thus have contributed to the tumour regression in 
these patients. The susceptibility of these malignant cells is also underpinned by the 
fact that EBV-transformed BLCL are highly susceptible to MV infection in vitro, and have 
been used for virus production and re-isolation purposes (158). Given that B cell follicles 
were depleted in the lymph nodes of humans and NHPs infected with MV, we speculate 
that normal human GC B cells are also highly susceptible and permissive in vivo. The 
depletion of such an important subset may hinder the development of plasma and 
memory B cells. This, in combination with the partial depletion of pre-existing CD150+ 
plasma and class-switched memory B cells, may result in the restriction of humoral 
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immune responses to other pathogens after measles and thus contributing to the 
increased risk of opportunistic infections and other measles-associated complications.

Differences in the efficiency of in vitro MV infection of naive and memory T cells 
can largely be explained by their susceptibility, as determined by differences in the 
frequency of cells expressing CD150. Interestingly, several B cell subsets, including IgG+ 
memory and GC B cells, showed high MV infection levels, despite moderate or low 
frequencies of these expressing CD150. This suggests that differences in the efficiency 
of MV infection in lymphocyte subsets are not solely determined by the expression of 
CD150, but also by differences in host permissiveness to viral infection. We speculate 
that these differences may either be related to differences in host metabolic activity 
or to their innate responses to infection. Further investigations are required to validate 
these observations. In this study, we observed on several occasions that the percentage 
of MV-infected cells was higher than the percentage of CD150+ cells within a specific 
lymphocyte subset. We have previously observed that CD150 expression by PBMC is 
usually detected as a continuous gradient, instead of two clearly separated populations 
of CD150- and CD150+ cells (28). It should be noted that, in the current study, the cut-
off for positivity in the CD150 staining was determined by comparison to an isotype 
control staining, and thresholds were always set conservatively. Thus, although the cells 
that were defined as CD150+ cells are truly positive for CD150 expression, it cannot be 
concluded that the remaining cells are all negative for CD150 expression. Some cells 
with low levels of CD150 expression that did not reach our cut-off for positivity could 
still be susceptible to MV infection.

The susceptibility and permissiveness of naive and memory T and B cells were still 
retained when the cells were sorted from the total lymphocyte population, regardless of 
their origin from blood or tonsil. This suggests that the susceptibility and permissiveness 
to in vitro MV infection is an inherent characteristic of the cells, independent of the 
influence of other cells. We further observed that blood and tonsillar B cells were not 
only infected, but also could give rise to new infected cells. To what extent the infectious 
virus production by B cells contributes to the systemic dissemination of MV in vivo 
remains to be evaluated.

In conclusion, our study has shown that both naive and memory B cells of peripheral 
blood and tonsillar origin were susceptible and permissive to MV infection in vitro and 
gave rise to newly infected cells, indicating their role as important target cells for MV. 
These findings provide new insights into the pathogenesis of measles and measles-
induced immune suppression.
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Materials and methods

Ethics statement
PBMC were obtained from healthy adult donors, and tonsils from children undergoing 
tonsillectomy (Erasmus MC – Sophia Children’s Hospital, Rotterdam, the Netherlands). 
Written informed consent was obtained from donors (for PBMC) or from both parents 
(for tonsils), and the studies were approved by the medical ethical committee of 
Erasmus MC, the Netherlands (MEC-2015-0955 and MEC-2013-093). For experiments 
involving human buffy coats, written informed consent for research use was obtained 
by the Sanquin blood bank.

Cells
Human PBMC were isolated from blood (n = 10 healthy adult donors) by density gradient 
centrifugation. BLCL were established by transformation with Epstein-Barr virus (EBV) 
as previously described (159). BLCL were cultured in RPMI-1640 (Lonza, Belgium) 
supplemented with 10% of foetal bovine serum (FBS; Sigma-Aldrich, USA), 100 IU of 
penicillin/ml and 100 µg of streptomycin/ml (Lonza, Belgium), and 2 mM L-glutamine 
(Lonza, Belgium) (R10F medium).

Tonsillar single cell suspensions were prepared from three different donors as previously 
described (160). Cells were pelleted at 500 g for 5 minutes and resuspended in R10F 
medium.

African green monkey kidney epithelial Vero cells expressing human CD150 (Vero-
CD150) (161) were grown in Dulbecco’s Modified Eagle’s Medium (DMEM; Lonza, 
Belgium) supplemented with 10% of FBS (Sigma-Aldrich, USA), 100 IU of penicillin/
ml and 100 µg of streptomycin/ml (Lonza, Belgium), and 2 mM L-glutamine (Lonza, 
Belgium).

Viruses
Recombinant MV strain Khartoum-Sudan (KS) expressing the fluorescent reporter 
protein Venus from an additional transcription unit in position 3 of the genome 
(rMVKSVenus(3)) is based on a wild type virus isolated from PBMC of a severe measles 
patient in Khartoum, Sudan (162). Virus stocks were generated in BLCL in R10F medium. 
Wildtype MV strain MVi/Amsterdam.NLD/19.11 (genotype D4) was isolated from a 
measles patient in Amsterdam, the Netherlands in 2011. The virus stock was a passage-2 
isolate grown in Vero-CD150 cells and had a titer of 1.6 x 106 TCID50/ml (virus available 
via European Virus Archive goes Global: https://www.european-virus-archive.com). 
Endpoint titration on Vero-CD150 cells was performed to determine the virus titre, 
which was expressed as 50% tissue culture infectious dose (TCID50) per 1 ml and 
calculated as described by Reed and Muench (163).
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MV infection
Freshly isolated PBMC (2 × 106 cells) were either co-cultured with a low number (2 × 
104 cells) of autologous rMVKSVenus(3)-infected BLCL (145) or inoculated with cell-free 
virus at MOI of 1 in the presence of 10 µg/ml PHCSK4, an infection-enhancing synthetic 
lipopeptide (164). The BLCL co-culture is a dynamic system, which allows one MV-
infected BLCL to have cell-to-cell contact with multiple PBMC (145). After 30 h, infection 
levels were determined by flow cytometry.

As no autologous BLCL were available for the tonsil donors, tonsillar lymphocytes (≥ 5 
× 105 cells) were infected with cell-free virus at MOI of 1, in the presence of infection-
enhancing lipopeptide as described above. Infection levels were determined by flow 
cytometry after 24 h.

Cell sorting
PBMC isolated from buffy coats were enriched for B cells by partial depletion of CD14+ 
monocytes and CD3+ T cells using MicroBeads (Miltenyi Biotec). Subsequently, four 
lymphocyte subsets were sorted from the partially-enriched PBMC or tonsils using a BD 
FACSAria II cell sorter (BD Biosciences): the remaining CD4+ naive and memory T cells, 
and naive and memory B cells. Complete lymphocyte subset definitions are listed in 
Table 1. The sorted cells were inoculated with cell-free rMVKSVenus(3) at MOI 3 in the 
presence of infection-enhancing lipopeptide. Infection levels were determined by flow 
cytometry after 24 h and numbers of productively MV-infected cells were determined 
by infectious centre assay.

Flow cytometry
T cells were divided into four main subsets: naive, central memory (Tcm), CD45RA- 
(Temro) and CD45RA+ effector memory cells (Temra). B cells were divided into four 
main subsets: naive, non-class-switched IgM+ memory, CD27-IgM- and CD27+IgM- 
class-switched memory cells. Memory T and B cells were further subdivided into 
different specific subsets. Complete lymphocyte subset definitions are listed in Table 
2. Flow cytometry was performed using Fortessa Cell Analyser or BD FACSCanto II (BD 
Biosciences). The antibodies used in this experiment are listed in Table 3. The threshold 
for CD150 positivity was determined by using FITC-conjugated isotype control: isotype 
background signal was set at 1% and this percentage was subsequently subtracted 
from the percentage of CD150+ cells. For sorted naive and memory CD4+ T and B cells, 
the cells were stained prior to sorting with antibodies listed in Table 3. The infection 
levels were determined by detection of Venus fluorescent signal or detection of 
intracellular MV NP within every lymphocyte subset. Cells infected with wildtype MV 
were fixed and permeabilised with BD Cytofix/Cytoperm Fixation and Permeabilisation 
Kit according to the manufacturer’s instructions (BD Biosciences) and the presence of 
MV NP was determined by intracellular staining with FITC-conjugated monoclonal MV 
NP antibody (MAB8906F; Merck Millipore, USA). Infected cells were fixed with 2% of 
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paraformaldehyde prior to FACS measurement. Data was acquired with BD FACSDiva 
software and analysed with FlowJo software.

Table 3 Flow cytometry antibody and cell-sorting antibody details*

Assay and antigen Antibody clone Fluorochrome Manufacturer

Flow cytometry

CD27 M-T271 BV421 BD Biosciences

IgM MHM-88 BV510 BioLegend

CD38 HIT2 BV605 BioLegend

IgD IA6-2 PerCP-Cy5.5 BioLegend

IgA IS11-8E10 PE Miltenyi Biotech

IgG G18-145 PE-CF594 BD Biosciences

CD19 J3-119 PC7 Beckman Coulter

CD21 B-ly4 APC BD Biosciences

CD24 ALB9 APC-AF750 Beckman Coulter

CD4 OKT4 BV510 BioLegend

CD45RA HI100 BV605 BioLegend

CD28 CD28.2 PerCP-Cy5.5 BioLegend

CD3 SK7 PE BD Biosciences

CCR7 150503 PE-CF594 BD Biosciences

TCRγδ 11F2 PE-Cy7 BD Biosciences

CXCR5 51505 APC R&D Systems

CD8 SK1 APC-H7 BD Biosciences

CD25 BC96 BV421 BioLegend

CXCR3 1C6 BV711 BD Biosciences

CCR6 G034E3 PerCP-Cy5.5 BioLegend

CCR4 L291H4 PE-Cy7 BioLegend

CD127 A019D5 APC BioLegend

CD150 A12 FITC AbD Serotec

MV nucleoprotein 83KKII FITC Merck Millipore

Isotype CLB-203 FITC BD Biosciences
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Table 3 [Continued]

Assay and antigen Antibody clone Fluorochrome Manufacturer

Cell sorting

CD19 J3-119 PC7 Beckman Coulter

CD38 HIT-2 BV605 BioLegend

CD27 M-T271 BV421 BD Biosciences

IgM MHM-88 BV510 BioLegend

CD3 UCHT1 PE BD Biosciences

CCR7 150503 PE-CF594 BD Biosciences

CD8 SK1 APC-H7 BD Biosciences

CD4 RPA-T4 APC BD Biosciences

CD45RO UCHL1 FITC eBioscience

*PerCP: peridinin chlorophyll protein; PE: phycoerythrin; APC: allophycocyanin; FITC: fluorescein 
isothiocyanate; BV: Brilliant Violet; AF: Alexa Fluor

Infectious centre assay
Serial 2-fold dilutions of MV-infected sorted naive or memory lymphocytes were co-
cultured with BLCL (2 × 104 cells/well) in a 96-well round-bottomed plate as described 
previously (165). Fluorescent signal was monitored by UV microscopy after 6 days. The 
numbers of MV-infected cells were calculated as 50% endpoints using the formula of 
Reed and Muench (163).

Statistical analysis
Differences between percentages of CD150+ or infected cells were analysed by paired 
t-test or Wilcoxon signed-rank test.
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Chapter 3: How does measles virus cause skin rash?
Measles virus is a respiratory virus that is able to infect immune cells. But the most well-known 
clinical sign of measles is a red skin rash. So how does the virus infect the skin?

How did we investigate this?
We investigated the types of infected cells in the skin of monkeys. These monkeys had 
been infected with measles virus and developed a skin rash. The samples were collected at 
different time points after infection and we investigated what happened in the skin over time. 
To confirm our observation, we also used human skin samples and skin cells and inoculated 
them with measles virus.
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Fortunately, our body will send specialised immune cells to clear the infection. Cytotoxic T cells 
will contain the infected cells and macrophages will clear the virus from the site. 

What is our main conclusion?
Recruitment of these specialised immune cells happens with the help of the blood capillaries, 
which becomes constricted and swollen. Because the constriction results in the increased 
supply of oxygenated blood, the infection site becomes reddish in appearance. That is how 
measles leads to the appearance of a reddish, swollen skin rash.

What did we find out?
The skin contains many types of immune 
cells. Some of these mostly remain in the 
skin, but others like to travel throughout the 
body via the bloodstream or the lymphatic 
system. 

We found that some of these travelling 
lymphocytes carried measles virus with 
them, and transmitted the virus to other 
cell types in the skin.
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Abstract

Measles is characterised by fever and a maculopapular skin rash, which is accompanied 
by immune clearance of measles virus (MV)-infected cells. Histopathological analyses 
of skin biopsies from humans and non-human primates (NHPs) with measles rash have 
identified MV-infected keratinocytes and mononuclear cells in the epidermis, around hair 
follicles and near sebaceous glands. Here, we address the pathogenesis of measles skin 
rash by combining data from experimentally infected NHPs, ex vivo infection of human 
skin sheets and in vitro infection of primary human keratinocytes. Analysis of NHP skin 
samples collected at different time points following MV inoculation demonstrated that 
infection in the skin precedes onset of rash by several days. MV infection was detected 
in lymphoid and myeloid cells in the dermis before dissemination to the epidermal 
leukocytes and keratinocytes. These data were in good concordance with ex vivo MV 
infections of human skin sheets, in which dermal cells were more targeted than the 
epidermal. To address viral dissemination to the epidermis and to determine whether 
the dissemination is receptor-dependent, we performed experimental infections of 
primary keratinocytes collected from healthy donors. These experiments demonstrated 
that MV infection of keratinocytes is mainly nectin-4-dependent, and differentiated 
keratinocytes, which express higher levels of nectin-4, are more susceptible to MV 
infection than proliferating keratinocytes. Based on these data, we propose a model to 
explain measles skin rash: migrating MV-infected lymphocytes initiate the infection of 
dermal skin-resident CD150+ immune cells. The infection is subsequently disseminated 
from the dermal papillae to nectin-4+ keratinocytes in the basal epidermis. Lateral 
spread of MV infection is observed in the superficial epidermis, most likely due to the 
higher level of nectin-4 expression on differentiated keratinocytes. Finally, MV-infected 
cells are cleared by infiltrating immune cells, causing hyperaemia and oedema, which 
give the appearance of morbilliform skin rash.

Author Summary

Several viral infections are associated with skin rash, including parvovirus B19, human 
herpesvirus type 6, dengue virus and rubella virus. However, the archetype virus 
infection that leads to skin rash is measles. Although all of these viral exanthemata often 
appear similar, their pathogenesis is different. In the case of measles, the appearance of 
skin rash is a sign that the immune system is clearing MV-infected cells from the skin. 
How the virus reaches the skin and is locally disseminated remains unknown. Here, 
we combine observations and expertise from pathologists, dermatologists, virologists 
and immunologists to delineate the pathogenesis of measles skin rash. We show that 
MV infection of dermal myeloid and lymphoid cells precedes viral dissemination to 
the epidermal leukocytes and keratinocytes. We speculate that immune-mediated 
clearance of these infected cells results in hyperaemia and oedema, explaining the 
redness of the skin and the slightly elevated spots of the morbilliform rash.
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Introduction

Measles virus (MV) is a highly contagious enveloped virus with a negative single-
stranded RNA genome that belongs to the family Paramyxoviridae, genus Morbillivirus 
(166). Measles is associated with fever, cough and a characteristic maculopapular skin 
rash (131). MV utilises two cellular receptors to infect its target cells: CD150 and nectin-
4 (17-19). CD150 plays a crucial role during viral entry and systemic dissemination. It is 
expressed on subsets of immune cells, including macrophages, dendritic cells (DCs) and 
lymphocytes. Nectin-4 is crucial for viral transmission to the next host. It is an adherens 
junction protein expressed at the basolateral surface of differentiated respiratory 
epithelial cells and is involved in the maintenance of epithelial integrity (61, 167).

Following entry of MV into the respiratory tract, the primary infection of myeloid 
cells leads to a cell-associated viremia mediated by CD150+ lymphocytes, resulting in 
systemic disease (28, 42, 168). During a clinically silent incubation phase of 7 to 10 
days, circulating MV-infected lymphocytes migrate into various tissues and transmit the 
virus to susceptible tissue-resident CD150+ immune cells and nectin-4+ epithelial cells. 
Basolateral infection of respiratory epithelial cells leads to the apical release of nascent 
virions into the lumen of the respiratory tract (62, 93, 169). Shedding is associated with 
the onset of prodromal clinical signs such as fever and cough (131, 168). Maculopapular 
skin rash and conjunctivitis follow a few days later (168) and are associated with onset 
of MV-specific cellular immune responses (131). Patients with a compromised cellular 
immune system do not develop rash or conjunctivitis, but are at high risk of developing 
severe disease (75).

In histopathological studies of human skin biopsies, measles skin rash is mostly 
characterised by infection and necrosis of keratinocytes and mononuclear cells in 
the epidermis, and multinucleated giant cells located in proximity to hair follicles and 
sebaceous glands (73, 170). It has been postulated that measles rash starts by infection 
of dermal endothelial cells (74). However, these cells neither express CD150 nor nectin-4 
(171, 172). Moreover, we have previously identified MV-infected lymphocytes and DCs 
in the skin of experimentally infected non-human primates preceding onset of skin rash 
(28). Besides CD150+ and nectin-4+ cells, other cells that express DC-SIGN or Langerin 
could play a role in the pathogenesis of measles skin rash, since DC-SIGN and Langerin 
facilitate attachment, but not entry, of MV and thus potentially help in spreading the 
infection in the skin (36, 37).

In order to understand the pathogenesis of measles skin rash, it is important to 
understand both the architecture of the skin and the spatial organisation of cell subsets 
that express either CD150 or nectin-4. The dermis is vascularised and contains several 
subsets of immune cells that express CD150. These include a network of myeloid 
DCs and clusters of tissue-resident CD4+ and CD8+ T cells (173-175). In contrast to the 
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dermis, the epidermis is not vascularised. It mainly consists of keratinocytes, with an 
interdigitating network of Langerhans cells (LCs) and melanocytes (176). The epidermis 
comprises of proliferating keratinocytes at the basal lamina that differentiate towards 
the skin surface. Keratinocytes express nectin-4 and expression levels increase during 
differentiation. It is known that keratinocytes are susceptible to MV infection (177). 
The top layer of the epidermis, the stratum corneum, consists of a layer of dead 
keratinocytes called corneocytes. Interestingly, immune cells and nutrients can only 
reach the epidermis by migration and diffusion, respectively, from the superficial dermis 
through the basal lamina. The pilosebaceous unit begins at the epidermis and extends 
into the dermis, where the surrounding tissue is usually better vascularised. Therefore, 
tissue-resident lymphocytes are often seen in close association with these structures 
(174). Hair follicles are mainly constituted of keratinocytes that express high levels of 
nectin-4 explaining their propensity for MV infection (30).

During viremia, systemic dissemination of MV is mediated by circulating MV-infected 
CD150+ lymphocytes. However, how these cells infiltrate the skin, ultimately resulting 
in skin rash, remains largely unknown. In this study, we aimed to combine existing and 
novel information on MV replication in different target cells in the skin to produce one 
coherent model for the pathogenesis of measles skin rash. We demonstrate that MV 
infection of lymphoid and myeloid cells in the superficial dermis precedes dissemination 
to epidermal leukocytes and keratinocytes, which is followed by onset of the typical 
skin rash.

Results

MV skin infection precedes onset of rash in experimentally infected NHPs
We retrospectively analysed data from cynomolgus macaques (Macaca fascicularis) 
inoculated with recombinant MV (rMV) strains expressing enhanced green fluorescent 
protein (EGFP) (45). Fluorescent spots, indicating the presence of MV-infected cells, 
became detectable in the skin around 8 days post-inoculation (dpi), although skin rash 
only became prominent between 11 and 13 dpi (Fig 1) (40). We previously reported 
that by 9 dpi, i.e. before the onset of rash, lymphocytes and DCs were the predominant 
infected cell types in the skin (28).
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Fig 1. The appearance of MV-infected cells in the skin precedes the appearance of rash. 
Macroscopic evaluation of MV infection in two cynomolgus macaques: animal #38 (a – f) and 
animal #37 ((g – l), table S1 in (45)). (a – c; g – i) Normal light: Rash was prominent at 11 dpi. (d – f; 
j – l) Fluorescence: MV-infected sites (fluorescence) in the skin preceded the rash at 8 dpi and 
diminished around 13 dpi. Dpi: days post-inoculation.

Phenotypic analysis of MV-infected cells in NHP skin tissues
EGFP+ skin tissues were collected from the experimentally infected NHPs sacrificed 
at 9, 11 and 13 dpi. We performed immunohistochemistry on these formalin-fixed 
and paraffin-embedded skin samples and showed co-localisation of EGFP and MV 
nucleoprotein (N) signals in sequential skin sections, which indicated the presence of 
MV-infected cells. Representative images of MV-N+ cells observed at 9, 11 and 13 dpi 
are shown in Fig 2a – f. At 9 dpi, the infected cells were predominantly located in the 
superficial dermis and in some areas the infection had spread to the epidermis (Fig 
2a and d). The infection progressed over time and at 11 dpi more MV-N+ cells could 
be found in the dermis and epidermis, most especially around the hair follicles and 
sebaceous glands (Fig 2b and e). By 13 dpi, MV-N+ cells were no longer found in the 
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dermis and could only be found in hair follicle or superficial epidermis (Fig 2c and f). 
Oedema in the dermis and epidermis could be observed at this time point. Initially, 
infection in the epidermis was predominantly observed as single infected cells near 
dermal papillae and later progressed into multiple-cell infection and, rarely, syncytia 
(S1 Fig) between 9 and 11 dpi.

Fig 2. Infection of NHP skin starts in the dermis and spreads to the epidermis. Representative 
images of immunohistochemical staining of MV-infected macaque skin biopsies collected at 9 
(a and d), 11 (b and e) and 13 (c and f) dpi. (a and d) At 9 dpi, most MV N+ cells could be found in 
the dermal papillae, although a few single infected cells were detected in the basal layer of the 
epidermis. (b and e) At 11 dpi, prominent infection was observed near hair follicles and sebaceous 
glands (arrow). The infection in the epidermis had progressed further in the suprabasal layers 
(arrows). (c and f) The infection in the dermis was no longer detected at 13 dpi. The infection in 
the epidermis had reached the most superficial layers. Scale bars of (a) and (c): 50 µm; Scale bar 
of (b): 100 µm; Scale bars of (d - f): 20 µm. Dpi: days post-inoculation.

To assess the location and the phenotype of MV-infected cells in the skin, we performed 
dual-labelling indirect immunofluorescence (IIF) on these sequential skin sections. CD45+ 
leukocytes were present in the superficial dermis, most especially in or around blood 
vessels, hair follicles and sebaceous glands and, to a lesser degree, in the epidermis. 
Some of these CD45+ leukocytes were CD3+ T cells that were located in the reticular 
dermis, while some others were S100A8/A9-complex+ (MAC387) macrophages that 
were abundantly present in the superficial dermis, especially in or around the blood 
vessels, hair follicles or sebaceous glands. CD31+ endothelial cells of the blood vessels 
were exclusively detected in the dermis. In contrast, cytokeratin+ cells were exclusively 
detected in the epidermis and pilosebaceous units.
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MV-EGFP+ cells could be found as early as 9 dpi in the dermal papillae. These were 
predominantly leukocytes (Fig 3a), mostly T cells or macrophages (Fig 3b – c). Some 
MV-infected cells were present in or surrounding blood vessels (Fig 3d). In some areas 
in which the infection was more progressed the infection had spread to the epidermis, 
even into the most superficial layers (Fig 3e). The MV-infected leukocytes were still 
detectable in the dermis on day 11, sometimes in close proximity to uninfected 
leukocytes, mostly macrophages (Fig 3f – h). These cells clustered close to the dermal 
papillae, where many blood vessels could be found (Fig 3i). Meanwhile, the infection 
in the epidermis had progressed laterally and apically (Fig 3j). We also observed 
keratinocytes at the site of infection expressing S100A8/A9 complex (Fig 3h). By 13 
dpi, the dermis was almost clear of MV-infected cells and was filled with white blood 
cell infiltrates, mostly macrophages (Fig 3k – m). No MV-infected endothelial cells were 
observed at this time point (Fig 3n). Infection in the epidermis had mostly resolved, 
although remaining infected follicular keratinocytes could still be detected (Fig 3o). 
Split and merged multicolour fluorescent images of the insets in Fig 3a – e are available 
in S2 Fig.
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Fig 3 (previous page). Phenotype of MV-infected cells in the dermis and epidermis throughout 
the course of infection. Serial sections of skin (top to bottom) of three macaques (left to right) 
euthanised at three different time points (indicated at the top). The sections were double-
stained with antibodies to EGFP (green) and several cell-specific markers (red), as indicated on 
the left of each row. Dashed lines indicate the basement membrane that separates the dermis 
(Dm) and the epidermis (Ep). MV-infected cells (green) could be observed in the dermis at 9 
dpi. The progression of the infection in the same skin tissue at this time point differed between 
different sites: either MV-infected cells were found strictly in the dermis or the infection had 
spread to the epidermis. (a – e) Representative sequential images of MV infection that had 
progressed to the epidermis at 9 dpi. (a) MV-infected CD45+ leukocytes (inset, arrow) could be 
detected in the superficial dermis. (b) Some of these MV-infected leukocytes were CD3+ T cells, 
which were present in the dermis, mostly in reticular dermis, with speckled GFP signal in their 
cytoplasm (inset, arrow). (c) MV-infected S100A8/A9 complex+ (MAC387) macrophages (inset, 
arrow) were also found abundantly in the superficial dermis. (d) MV-infected cells in the dermis 
were often found in or around CD31+ blood vessels (inset). (e) In the epidermis, MV-infected cells 
were mostly keratinocytes (inset, arrow), although MV-infected non-keratinocyte cells (inset, 
asterisk) were observed in the basal epidermis. (f – j) Representative sequential images of MV 
infection at 11 dpi. (f) MV-infected leukocytes (inset, arrow), which were (g) T cells in the dermal 
papillae (inset, arrow), were in close proximity to (h) uninfected macrophages (inset) and (i) blood 
vessels. (j) The infection in keratinocytes had progressed apically and laterally. MV-infected 
keratinocytes and the surrounding uninfected keratinocytes expressed S100A8/A9 complex at 
this time point. (k – o) Representative sequential images of MV infection at 13 dpi. MV-infected 
cells had mostly disappeared from the dermis at 13 dpi. (k) The dermis and epidermis were filled 
with leukocytes. (l) No T cells could be observed in the dermal papillae. (m) Macrophages were 
present abundantly in this area. (n) At this time point, no MV-infected endothelial cells could 
be observed in the dermis despite their close proximity to (o) some MV-infected keratinocytes 
in the hair follicle (HF) area. Scale bar: 50 µm. Dpi: days post-inoculation.

Dynamics of MV infection in NHP skin tissues
To assess the dynamics of MV infection and the subsequent clearance in the skin, we 
counted the number of EGFP+ cells in five focal infection sites in the NHP skin tissues 
(n = 2 animals per time point) at different time points after infection (S3 Fig). The number 
of MV-infected dermal cells decreased at 11 and 13 dpi. In contrast, the number of 
infected epidermal cells peaked at 11 dpi before decreasing at 13 dpi. We also counted 
the number of CD45+ leukocytes in the dermis and the epidermis of these five focal 
infection sites, and found that these increased from 9 to 13 dpi. In the epidermis, the 
number of CD45+ cells increased at 11 and 13 dpi, indicating infiltration into this tissue 
to clear the infected cells during this period. However, we observed high variation in 
numbers of infected cells in and around foci of infection, both within and between 
animals.

Variation in the progression of infection at different sites suggested that time was not 
the only factor in the pathogenesis of MV skin rash. The location in which MV-infected 
cells were found and the density and mobility of susceptible neighbouring cells at that 
site also seemed to play an important role. We observed MV-infected leukocytes in 
dermal papillae or close to the basal epidermis (Fig 4a). MV-infected T cells could often 
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be found near the dermal papillae around 9 and 11 dpi, but became scarce at 13 dpi 
and could only be observed in the reticular dermis. At this late time point, the MV-
infected T cells were found surrounded by uninfected T cells (Fig 4b). Close interaction 
could also be observed among MV-infected cells with HLA-DR+ antigen-presenting cells 
(APCs), for example through a long, EGFP+ dendrite (Fig 4c). We observed MV-infected 
cells surrounded by or in close proximity to endothelial cells (Fig 4d) at 9 dpi at the site 
where the infection had progressed further. Very rarely, in the same site, we found 
MV-infected CD31+ endothelial cells near other infected cells (Fig 4e). We also observed 
MV-infected cells in the dermis that were negative for markers of leukocytes, APCs, 
endothelial or epithelial cells and appeared to be spindle- or dendritic-like cells (Fig 4f). 
Multicolour fluorescent images of dermis of experimentally infected NHPs are available 
as split and merged images in S4 Fig.

In the epidermis, a number of MV-infected leukocytes were observed at 11 dpi, 
accompanied by infiltration of uninfected leukocytes to the site of infection (Fig 4g 
– i). Many of these were macrophages (S4). Infrequently, some of these MV-infected 
leukocytes were negative for keratinocyte, macrophage and T cell markers (Fig 4j – k). 
These cells were found in close proximity to keratinocytes, which were also positive for 
MV infection (Fig 4k), although keratinocyte infection could still be detected despite 
the absence of MV-infected leukocytes in the observed two-dimensional plane (Fig 
4l). Multicolour fluorescent images of epidermis of experimentally infected NHPs are 
available as split and merged images in S5 Fig.

Fig 4 (next page). Location of MV-infected cells and interaction with proximal cells. (a – f) 
MV-infected cells in the dermis and (g – l) in the epidermis. Dashed line indicates the basement 
membrane that separates the dermis (Dm) and the epidermis (Ep). (a) MV-infected CD45+ 
leukocytes (arrow) in the dermis, especially near the basal layer of the epidermis. (b) MV-infected 
CD3+ T cells (speckled green), although mostly found in the dermal papillae at 9 and 11 dpi, 
were found in reticular dermis at 13 dpi, surrounded by uninfected T cells. (c) MV-infected cell 
in the dermis interacted with HLA-DR+ APC, forming a long EGFP+ dendrite (arrow). (d) More 
often, MV-infected cells (arrow) located around or in blood vessels and, (e) rarely, MV-infected 
endothelial cells (arrow) could be found together with those cells. (f) Spindle- or dendritic-like 
MV-infected cells were negative for all tested cell markers. (g – i) In the epidermis, MV-infected 
leukocytes could be found since 11 dpi, either interacting with (g) other leukocytes or (h) other 
MV-infected epidermal cells. (i) Leukocytes appeared to infiltrate the MV-infected cells in the 
epidermis. (j – k) Serial slides of MV-infected epidermis at 13 dpi. (j) MV-infected leukocytes 
that were (k) negative for cytokeratin marker could be found in the basal layer of the epidermis. 
These cells were in close proximity to infected keratinocytes (k). (l) MV-infected keratinocytes 
in the absence of other infected cells. Scale bars of (a - d), (f), (g) and (j - l): 10 µm; Scale bars of 
(e) and (h - i): 20 µm. Dpi: days post-inoculation.
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Ex vivo MV infection of human skin sheets results in higher infection levels in the 
dermis than in the epidermis
Based on the observations in NHPs, we hypothesised that the dermis is the primary 
target site for MV skin infection. To test this hypothesis, we ex vivo inoculated human 
full skin or enzymatically-separated epidermal and dermal sheets with rMV based 
on a wild-type MV strain Khartoum-Sudan (KS) expressing the fluorescent reporter 
protein Venus from an additional transcription unit in position 3 of the viral genome 
(rMVKSVenus(3)) (102). We observed that Venus+ cells could be detected by inverted laser 
scanning microscopy as early as 2 dpi, with higher infection levels in the dermis than the 
epidermis (Fig 5A). The percentages of emigrant MV-infected cells in the supernatants 
of the skin sheet cultures were determined by flow cytometry. In accordance with the 
observation of Venus+ cells by microscopy, the percentages of MV-infected emigrant 
cells were higher in the dermis and full skin than in the epidermis (Fig 5B).

To confirm this observation, we enzymatically-separated the MV-inoculated full 
skin into epidermis and dermis at 4 dpi. The separated sheets were subsequently 
cultured individually up to 7 dpi. The percentage of emigrant MV-infected cells in 
the supernatants of these separated skin sheet cultures were determined by flow 
cytometry. We observed a trend towards higher percentages of MV-infected emigrant 
cells in supernatants of the separated dermis sheets as compared to their epidermal 
counterparts (Fig 5C).

Previous studies showed that mature LCs are susceptible to MV infection and Langerin 
can act as an attachment receptor, but not entry receptor, for the virus (37). To 
determine whether LCs play a role in MV epidermal infection as initial target cells, 
we performed dual-labelling IIF on human epidermal sheets from healthy donors 
infected with rMVKSVenus(3). We found that despite the abundant presence of LCs in 
the epidermal sheets, none of these were Venus-positive (S6 Fig).

Fig 5 (next page). Ex vivo MV infection of epidermis, dermis or full skin sheets. (a) Representative 
images of MV-infected cells in the dermis and the epidermis. MV+ cells (green) were detectable 
as early as 2 dpi in the epidermis and were present in higher numbers in the dermis than in the 
epidermis. (b) Percentages of emigrant MV-infected cells in supernatants of ex vivo cultured 
epidermis (Ep), dermis (Dm) or full skin (FS) (n = 3 donors) at 2, 4 and 7 dpi, as determined 
by flow cytometry. (c) Ex vivo MV-inoculated full skin sheets were kept in culture up to 4 dpi 
before enzymatically separated into epidermal and dermal sheets. These sheets were further 
kept in individual culture up to 7 dpi. The percentages of emigrant MV-infected cells from the 
supernatants of the separated epidermal and dermal sheets were determined by flow cytometry 
at 7 dpi. All experiments were performed in triplicate. Dpi: days post-inoculation. *, P < 0.05.
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Human primary keratinocytes are susceptible to in vitro MV infection in a nectin-4-
dependent manner
We investigated the susceptibility and the permissiveness of human primary 
keratinocytes from two healthy donors to in vitro MV infection. In agreement with 
previously published data, nectin-4 expression on the cell surface was highest in 
differentiated keratinocytes, as demonstrated by flow cytometry (S7 Fig) (30). To 
determine whether the proliferating and differentiated keratinocytes were susceptible 
to MV infection, we inoculated them with rMVKSVenus(3) or a strain engineered to be 
unable to recognize nectin-4 (the ‘nectin-4-blind (N4b)’ strain rMVKS-N4bEGFP(3)) (62) at 
a multiplicity of infection (MOI) of 1. After 48 hours, we observed higher frequencies 
of fluorescent cells in differentiated than in the proliferating cells (Fig 6a). Infection of 
keratinocytes with the nectin-4-blind MV resulted in low numbers of single infected 
cells.

To assess whether the infected keratinocytes also produced cell-free virus and were thus 
capable of spreading the infection, the supernatant of the MV-infected keratinocytes 
was collected and the titre of cell-free virus in the supernatant was assessed (178). 
Cell-free MV was detectable in the culture supernatant of the infected proliferating and 
differentiated keratinocytes. Virus titres in supernatants of differentiated keratinocytes 
were higher than those in supernatant of proliferating keratinocytes (Fig 6b).
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Fig 6. Susceptibility and permissiveness of proliferating and differentiated human primary 
keratinocytes to in vitro MV infection. (a) Higher numbers of infected keratinocytes (green) were 
detected in differentiated than in proliferating keratinocyte cultures, regardless of MV strain. 
NCI-H358: human broncho-alveolar carcinoma cell line; BLCL: EBV-transformed B-lymphoblastoid 
cell line. Scale bars: 200 µm. (b) Differentiated keratinocytes produced higher number of 
infectious cell-free virus than proliferating keratinocytes. All experiments were done in duplicate. 
HD1 or HD2: primary keratinocyte culture from healthy donor 1 or 2; KS: rMVKSVenus(3); KS-N4b: 
rMVKS-N4bEGFP(3).
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Discussion

The pathogenesis of MV skin rash is not well understood. Here, we aimed to identify 
the cell types involved in MV infection of skin, and the kinetics of viral dissemination 
in relation to onset of rash. Based on our findings, combined with previously published 
observations, we postulate a model that describes the progression of MV skin infection 
and the development of measles rash (Fig 7). The model takes viral tropism, location, 
interaction and motility of the susceptible cells, as well as the virus-specific immune 
responses into account. MV-infected cells enter the superficial dermis through the 
blood vessels and spread the infection to the tissue-resident dermal T cells, APCs and 
spindle- or dendritic-like cells around 7 days after infection. The infection progresses 
several days later to the adjacent epidermal areas, where the virus is transmitted to the 
basal keratinocytes. As basal keratinocytes differentiate apically to the suprabasal layers 
and their nectin-4 expression increases, the virus spreads apically and laterally and the 
infected keratinocytes subsequently form syncytia. Infection of dermal endothelial 
cells was very rare, but not completely absent. We speculate that the infection is 
subsequently cleared around 13 days after infection by infiltrating immune cells, which 
first migrate into the dermis and later into the epidermis.

The dermis contains several potential target cells for MV infection. Due to 
vascularisation, the dermis is filled with CD150+ lymphoid and myeloid cells that traffic 
through or reside in the tissue. CD4+ and CD8+ T cells localize and move differently in 
the skin (179). Slow-moving CD8+ resident memory T cells (TRM) reside in the epidermis 
and hair follicles, while highly motile CD4+ effector memory T cells (TEM) migrate into the 
dermis and recirculate systemically (180). We detected MV-infected T cells in the dermis 
from 9 dpi onward, but never in the epidermis at that time point. Previous studies have 
shown that CD4+ TEM cells are highly susceptible to MV infection (45, 181). Interaction of 
MV-infected T cells with skin-resident APCs may result in further cutaneous spread. T 
cells have been described in human skin to cluster with APCs around appendages, such 
as hair follicles (182-184). We did not observe such T cell clusters in NHPs, most likely 
due to T cell depletion that occurs systemically and peaks around 9 dpi (45). Whether 
this depletion leads to the loss of pre-existing skin-resident memory T cells remains to 
be studied. Additionally, we and others have observed MV-infected T cells and APCs 
around hair follicles and sebaceous glands (73, 185), which are surrounded by nectin-4+ 
epithelial cells (30). The close proximity of these infected cells to the basal keratinocytes 
may lead to the spread of MV infection from the dermis to the epidermis.
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Fig 7. Model for the pathogenesis of measles skin rash. During viremia, MV-infected T cells 
and macrophages migrate to the dermis via the capillaries and interact with (a) tissue-resident 
lymphoid and myeloid cells and epidermal LCs residing near the basal lamina. This interaction 
leads to the infection of surrounding CD150+ tissue-resident immune cells and nectin-4+ epithelial 
cells. Alternatively, MV-infected T cells and macrophages migrate in close proximity to: (b) the 
hair follicle or (c) the sebaceous gland via the capillary, where they infect an aggregate of tissue-
resident T cells and macrophages, and further spread the infection to nearby keratinocytes 
and LCs. Infection of basal keratinocytes leads to lateral and apical spread of the virus to the 
superficial layers of the epidermis. Several days later, (d) hyperaemic responses allow the 
recruitment of MV-specific CD8+ cytotoxic T cells and macrophages, resulting in (e) recognition 
and (f) clearance of the infected cells. Hyperaemia and subsequent oedema are the histological 
correlates of maculopapular erythematous measles rash. The time range given at the top of the 
figure is based on observations from experimentally infected NHPs. Dpi: Days post-infection.

The epidermis consists predominantly of keratinocytes, which express nectin-4 and are 
susceptible to MV infection (177). We were not able to demonstrate the expression of 
nectin-4 in the NHP epidermis due to the lack of cross-reactive antibodies. However, 
in accordance with a previous study, we show primary human keratinocytes express 
nectin-4 and its expression is upregulated upon differentiation (30). We show here 
that nectin-4 expression plays a role in the susceptibility of keratinocytes to in vitro 
MV infection: higher expression of nectin-4 resulted in higher susceptibility. We also 
inoculated primary keratinocytes from a patient affected by ectodermal dysplasia-
syndactyly syndrome (EDSS1, OMIM 613573), an autosomal recessive disorder caused 
by mutations in the nectin-4 encoding gene PVRL4 (30). We observed that despite the 
strongly reduced expression of nectin-4 in this patient, the keratinocytes were still 
susceptible and permissive to in vitro MV infection, albeit at lower levels compared to 
the healthy donors (S8 Fig).

Due to the focal nature of MV skin infection, the progression of MV infection in the 
epidermis varied in different sites in experimentally infected NHPs. At 9 dpi, epidermal 
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infection was predominantly observed as single infected cells in the basal epidermis. 
However, in some sites where the progression of the infection had developed further 
in the suprabasal epidermis into multiple-cell infection and syncytia. Interestingly, we 
also observed expression of S100A8/A9 complex (MAC387) from 11 dpi and 13 dpi in 
the epidermis of experimentally infected NHPs. Although the expression of S100A8/
A9 complex is often restricted to myeloid cells, its induction has also been described 
in hyperproliferative and differentiated keratinocytes, such as during wound healing 
or in psoriasis lesions (186, 187). Although MV infection in the epidermis could be 
observed as early as 9 dpi, the expression of S100A8/A9 complex by keratinocytes 
was only observable at 11 and 13 dpi. Moreover, this complex was expressed not only 
by MV-infected cells, but also the surrounding keratinocytes. In uninfected areas at 
11 and 13 dpi, the keratinocytes were negative for S100A8/A9 complex. Altogether, 
these observations suggest that the expression of S100A8/A9 complex was induced by 
focal MV infection in the epidermis. Focal hyperkeratosis and parakeratosis have been 
reported in measles skin biopsies (73). Whether the expression of this complex leads 
to hyperproliferation and differentiation of keratinocytes in an MV-infected site, and 
subsequently leads to measles-associated hyperkeratosis and parakeratosis remains 
to be determined.

Beside the keratinocytes, another cell type of interest in the epidermis is the LC, a 
subset of DCs. Although we could not observe MV-infected LCs in our human skin 
ex vivo model, LCs are known to be susceptible to MV infection (37, 188, 189). The 
activation status of the cells also determines their susceptibility, since immature LCs are 
not susceptible to MV infection, while mature ones are (37). This offers an explanation 
to why the LCs were not susceptible to MV infection in our ex vivo model: the cells 
might still have been in their immature state. We were not able to identify LCs in 
cynomolgus macaque skin tissues due to the unavailability of cross-reactive antibodies. 
The susceptibility of LCs to MV infection in vivo and their role in the pathogenesis of 
measles skin rash remain to be determined. Additionally, LCs express Langerin that 
can act as an attachment, but not entry, receptor to MV (37) and thus can indirectly 
introduce MV infection to the epidermal keratinocytes by acting as an attachment hub 
for the virus from the dermis. Although we were able to clearly identify APCs and T 
cells in the dermis, we were not able to detect HLA-DR+ or CD3+ cells in the epidermis.

DCs and macrophages occupy the dermis as professional APCs and phagocytes, 
respectively. Macrophages are present in high numbers and are associated with blood 
or lymphatic vessels, while dermal DCs have been found to form clusters with T cells, 
suggesting the presence of an inducible structure of macrophages, DCs and T cells that 
may function as a skin-associated lymphoid tissue (190, 191). In the respiratory tract, 
DCs and macrophages act as Trojan horses during MV infection by spreading the virus to 
the lymphocytes in draining lymph nodes (36, 41, 42, 192, 193). Migrating or patrolling 
MV-infected DCs and macrophages may play the same role in the skin as they do in the 
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respiratory tract. However, these cells may also play a crucial role as innate immune 
cells that inhibit infection. Close communication of MV-infected DCs and macrophages 
with T cells can lead to activation of MV-specific immune responses and subsequently 
to the development of rash. The role of these immune responses in the development 
of rash has been highlighted in immunocompromised patients with MV infection that 
do not develop skin rash (75).

Blood vessels and capillaries run through the dermis. The capillaries penetrate into 
the dermal papillae, from where the distance to the epidermis is minimal, and the 
distribution of the capillary loops differs according to the type of the skin. The capillary 
bed consists of an arteriole, which gives rise to metarterioles and subsequently hundreds 
of capillaries. The capillaries provide the dermis and epidermis with nutrition and 
oxygen, and connect to venous capillarioles and further to a venule. Inflammation due 
to infection may cause prolonged vasodilatation and increased capillary permeability. 
This hyperaemic reaction allows the release of chemokines by skin-resident cells, such 
as memory immune cells and keratinocytes, that leads to the infiltration of various 
immune cells, such as macrophages and lymphocytes. Alternatively, skin-resident cells 
can induce the release of chemokines that leads to hyperaemia. The vasodilatation 
results in swelling, but not leakage, of tissue capillaries with oxygenated blood and 
gives the appearance of superficial reddening of the skin (erythema) and oedema (194). 
Given that measles rash is described as maculopapular (i.e. small with raised bumps) 
and erythematous (i.e. red), and oedema can be observed in MV-infected skin (73), 
we speculate that hyperaemia is responsible for the appearance of the erythematous 
maculopapular rash. Although theoretically it is possible to investigate the presence 
of hyperaemia in our in vivo model by showing an increased number of erythrocytes 
in the cutaneous blood vessels, we could not perform the calculation fairly, since the 
animals were sacrificed by exsanguination.

MV infection in the skin gives a unique appearance of rash compared to other viral 
exanthemata. Rubella rash, for example, has been described as macroscopically 
similar to measles rash, since it gives a pink-reddish “rubelliform” maculopapular rash. 
However, in rubella, viral infection takes place deeper in the dermis, in contrast to 
measles skin infection that occurs more superficially in the dermis and the epidermis. 
Infection of the keratinocytes, which is typical for measles rash, does not occur during 
rubella virus infection (33). In contrast, varicella zoster virus (VZV), as a representative 
of the Herpesviridae family member, has similar target cells in the dermis and epidermis 
as MV, but displays a different type of rash. VZV infects perivascular macrophages and 
DCs as well as keratinocytes, but the infection leads to the appearance of spots that 
turn into itchy blisters (195). Arboviral exanthemata, on the other hand, have a different 
route of infection, but often present overlapping outcomes in the skin. Dengue virus is 
introduced into the body through a mosquito bite and injected into the bloodstream, 
with spillover to the epidermis and the dermis. This spillover causes infection of 
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LCs and keratinocytes. Dengue virus spreads systemically through the infection of 
monocytes and macrophages. The virus also causes vascular leakage through infection 
of endothelial cells, leading to the appearance of minor haemorrhagic lesions (196). 
Although petechial rash is one of the clinical manifestations of dengue virus infection, 
morbilliform rash is also often described during classical dengue fever (197). Altogether, 
these findings, including ours, strongly suggest that the appearance of skin rash is 
closely linked to the viral tropism, the availability and location of susceptible target 
cells and the subsequent immune responses to clear the infection.

In conclusion, our study offers a comprehensive model for the pathogenesis of measles 
skin rash: MV-infected lymphocytes and myeloid cells enter the dermis, where the 
infection spreads to the susceptible cells in the vicinity of dermal papillae, hair follicles, 
sebaceous glands and blood vessels in the superficial dermis. The infection spreads 
laterally and apically to the epidermis in a nectin-4-dependent manner. The infection is 
cleared several days later by infiltrating immune cells, accompanied by the appearance 
of oedema and hyperaemia that give the appearance of an erythematous morbilliform 
rash.

Materials and Methods

Ethics statement
All NHP samples were derived from previously published studies, and no new 
experimental infections were performed (45). Studies involving the use of primary 
keratinocytes were approved by the local ethics committee, and written informed 
consent was obtained from the EDSS1 patient and the healthy volunteers (30). Studies 
using human skin tissue were performed in accordance with the Amsterdam University 
Medical Centres (AUMC) institutional guidelines with approval of the Medical Ethics 
Review Committee of the AUMC, location Academic Medical Centre, Amsterdam, 
the Netherlands, reference number: W15_089 # 15.0103. All samples were handled 
anonymously.

Cells
Culture of normal and EDSS1 primary human keratinocytes was carried out as previously 
described (30). Proliferating keratinocytes were cultured till sub-confluence in serum-
free keratinocyte growth medium (KGM, Invitrogen) containing 0.15 mM Ca2+, and then 
induced to differentiate by culturing for further 3 days in complete keratinocyte culture 
medium composed of a 3:1 mixture of Dulbecco’s modified Eagle medium (DMEM) and 
Ham’s F12 media (Invitrogen) containing 10% of foetal bovine serum (FBS), insulin (5 μg/
ml), transferrin (5 μg/ml), adenine (0.18 mM), hydrocortisone (0.4 μg/ml), cholera toxin 
(0.1 nM), triiodothyronine (2 nM), epidermal growth factor (EGF; 10 ng/ml), glutamine 
(4 mM), and penicillin-streptomycin (50 IU/ml). Epstein-Barr virus- (EBV-) transformed 
B-lymphoblastoid cell line (BLCL) and human broncho-alveolar carcinoma (NCI-H358) 
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cell lines were grown in RPMI-1640 medium supplemented with 10% of FBS, 100 IU of 
penicillin/ml, 100 µg of streptomycin/ml and 2 mM glutamine (R10F medium). Vero cells 
expressing human CD150 (Vero-CD150) were grown in DMEM supplemented with 10% 
of FBS, 100 IU of penicillin/ml, 100 µg of streptomycin/ml and 2 mM glutamine (D10F 
medium) (198). All cells were cultured in a humidified incubator at 37°C with 5% of CO2.

Ex vivo culture of human skin tissues
Residual skin materials were obtained from three adult human donors undergoing 
correctional surgery and stored at 4°C overnight. The skin was shaved using a 
dermatome (0.3 mm, Zimmer Biomet). For the preparation of full skin sheets, which 
consist of dermis and epidermis, the shaved skin was cut into circular sheets (diameter 
approximately 1 cm) using a skin biopsy punch and cultured in IMDM supplemented 
with 10% of FBS, 100 IU of penicillin/ml, 100 µg of streptomycin/ml (Invitrogen), 2 mM 
glutamine and 20 µg/ml gentamicine (Centrafarm) (I10F medium), with the epidermis 
facing upward. The full skin pieces were stored in a 24-well plate in I10F medium. For 
the preparation of epidermal sheets, shaved skin was incubated in I10F medium in the 
presence of 1 U/ml of dispase (Roche Diagnostics) for 1 h at 37°C. The epidermis was 
separated from dermis using a pair of forceps and cut into circular sheets using a skin 
biopsy punch. The epidermal, dermal or full skin sheets were cultured in a 24-well plate 
in I10F medium, with the keratin layer of the epidermis facing upward. Experiments 
were performed in triplicate.

Viruses
All recombinant MV strains used in this study were described previously: recombinant 
MV strain Khartoum-Sudan (KS) expressing the fluorescent protein Venus from an 
additional transcription unit in position 1 or 3 (rMVKSVenus(1) or (3)) (102) was based on 
wild type viruses. An rMVKS expressing EGFP in position 3 of the viral genome engineered 
to be unable to recognize nectin-4 (referred to as the ‘nectin-4-blind (N4b)’ rMVKS-

N4bEGFP(3)) was also included in this study (62). Virus titres were determined by endpoint 
titration on Vero-CD150 cells, and were expressed as 50% tissue culture infectious dose 
(TCID50) per ml calculated as described by Reed and Muench (163).

In vitro MV infection
Adherent primary keratinocytes were either inoculated directly or were treated with 
trypsin-EDTA (0.05%) and inoculated in suspension with the two different rMV strains 
at an MOI of 1. After 2 h, the suspension cells were washed to remove unbound virus 
and seeded onto 24-well plates in complete keratinocyte culture medium. After 48 
h of infection, the cells were observed under an inverted-laser scanning LSM-700 
microscope (Zeiss) and the infection percentages were assessed by flow cytometry.
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Ex vivo MV infection
Full skin pieces, dermal or epidermal sheets were inoculated with cell-free 
rMVKSVenus(3). Briefly, 200 µl of pure virus stock (3.7 × 106 TCID50/ml) was added to 
each well of a 24-well plate, and the skin sheets were added on top of the liquid with 
the epidermis facing upwards. While full skin and epidermal sheets remained afloat, 
dermal sheets tended to sink and both apical and basolateral surfaces were exposed 
to virus. After 2 h at 37°C, I10F medium was added to the wells. The progression of 
infection was observed at 2, 4 and 7 dpi under the inverted laser scanning microscope. 
At 4 dpi, mock- and MV-inoculated full skin sheets were incubated in I10F medium in 
the presence of 1 U/ml of dispase (Roche Diagnostics) for 1 h at 37°C and separated 
into epidermal and dermal sheets. The separated sheets were cultured individually in 
a 24-well plate in I10F medium up to 7 dpi.

Measurement of MV production by infected keratinocytes
Supernatant of MV-infected keratinocytes was titrated into 96-well plates containing 
Vero-CD150 cells (1 × 104 cells/well). The titer of the virus was expressed as TCID50/ml 
and calculated as described above.

Flow cytometry
Flow cytometry was performed using a BD FACSCanto II, unless mentioned otherwise. 
Primary keratinocytes were labelled with nectin-4PE antibody (clone 337516; R&D 
Systems) to assess the expression of nectin-4. Isotype control (IsotypePE, clone 27-35, 
BD Biosciences) antibody was included to assess the level of background staining. 
NCI-H358 cells and BLCL were included as positive and negative controls for nectin-4 
expression, respectively. All cells were fixed with 2% of PFA prior to measurement of 
the percentage of cells expressing the virus-encoded fluorescent protein. Mock-infected 
cells were included as infection control. Supernatants from full skin pieces, dermal 
or epidermal sheets (n = 3 donors) were isolated at 2, 4 and 7 dpi and emigrant cells 
were isolated after undergoing centrifugation. Mock-infected tissues were included as 
infection control. Percentages of MV-infected emigrant cells were measured by flow 
cytometry using a BD FACSLyric. Gating strategy used in the flow cytometry analyses 
is shown in S9 Fig. Data was acquired with BD FACSDiva or FACSSuite software and 
analysed with FlowJo software.

In situ analyses
Immunohistochemistry was performed on one to three formalin-fixed, paraffin-
embedded skin tissues originating from different EGFP+ regions (abdomen, eyelid or lip) 
from experimentally infected NHPs (n = 2 animals per time point) euthanised at 9, 11 and 
13 dpi using monoclonal antibodies directed to MV N protein (clone 83KKII, Chemicon 
(199)) or rabbit polyclonal antibody directed to GFP (Invitrogen). Goat anti-mouse IgG1 
or goat anti-rabbit antibody conjugated with biotin was included as secondary antibody. 
Streptavidin-horseradish peroxidase was added for signal detection. Dual-labelling 
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IIF assays on sequential skin slides of experimentally infected NHPs were performed 
using mouse monoclonal antibodies directed to CD45 (clone 2B11+PD7/26; DAKO), CD3 
(clone F7.2.38; DAKO), CD31 (clone JC70A; DAKO), cytokeratin (clone AE1/AE3; DAKO), 
S100A8/A9 complex (clone MAC387; Abcam), or HLA-DR (clone L243; BioLegend) in 
combination with rabbit polyclonal antibody directed to GFP. Goat anti-rabbit-IgG-Alexa 
Fluor (AF)488 (Invitrogen) and goat anti-mouse IgG-AF594 (Invitrogen) were included as 
secondary antibodies. Formalin-fixed, paraffin-embedded tissues were sectioned at 3 
µm, deparaffinised and rehydrated prior to antigen retrieval. Antigen retrieval for MV 
N protein staining was performed in the presence of 0.1% protease in pre-warmed PBS 
for 10 minutes at 37°C. Antigen retrieval for other stainings was performed in citrate 
buffer (10 mM, pH = 6.0) with heat induction. Sections were incubated with primary 
antibody overnight at 4°C before incubation with secondary and tertiary antibodies. 
For dual-labelling IIF assays, the slides were mounted with ProLong Diamond Antifade 
Mountant with DAPI (Thermo Fisher Scientific) prior to fluorescence detection with 
the inverted laser scanning microscope. Images were obtained using 1 – 2 times frame 
averaging and the pinhole adjusted to 1 airy unit. To quantify EGFP+ and CD45+ cells in 
NHP skin tissues, five high-power Z-stack fields (400 × magnification) containing MV 
focal infection sites were arbitrarily selected per animal per time point (n = 2 animals 
per time point; in total 3 time points). Cell counting to determine the number of EGFP+ 
and CD45+ cells in the NHP skin tissues was performed in Fiji software.

Statistical analysis
Differences between the percentages of infected cells in the human ex vivo epidermal, 
dermal or full skin sheets were analysed by paired t-test.
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Supporting information

S1 Fig. The focal nature of measles skin infection resulted in different progression of 
infection in the dermis and epidermis. 
At 9 dpi, MV infection were mostly found in the dermis of experimentally infected 
NHPs. However, due to the focal nature of MV skin infection, MV-infected cells could 
sometimes also be detected in the epidermis. The progression of epidermal infection 
varied in different sites, ranging from only single-cell to multiple-cell infection. A 
syncytium (ellipse) was observable, albeit rarely, in the epidermis collected at 9 dpi 
stained with haematoxylin and eosin (HE), or with green fluorescent protein (GFP) and 
MV N antibodies, respectively. Scale bar: 50 µm. Dpi: days post-inoculation.

S2 Fig. Phenotype of MV-infected cells in experimentally infected NHP skin tissues 
collected at 9 dpi. 
(a – e) Split and merged multicolour fluorescent images of the insets shown in Fig 
3a – e. The phenotypes of MV-infected (green) cells in the dermis were (a) CD45+ 
leukocytes, (b) CD3+ T cells, (c) S100A8/A9 complex+ (MAC387) macrophages and (d) 
the cells surrounding CD31+ endothelial cells. In the epidermis, two types of MV-infected 
cells could be detected: (e) cytokeratin+ keratinocytes and cytokeratin- cells (asterisk). 
Arrow indicates co-localisation of GFP and specific cell marker. Dashed line indicates 
the basement membrane that separates the dermis (Dm) and the epidermis (Ep). Scale 
bar: 10 µm. Dpi: days post-inoculation.

S3 Fig. Dynamics of MV infection and subsequent clearance in NHP skin tissues. 
Five high-power Z-stack focal infection sites in NHP skin tissues were chosen arbitrarily 
at high magnification. MV-infected cells were observed in different numbers in the 
(a) dermis and (b) epidermis at different time points. The cells in the dermis were 
hardly detectable at 13 dpi. In contrast, more MV-infected cells could still be detected 
in the epidermis at the same time point. The number of CD45+ leukocytes increased 
throughout the different time points in the (c) dermis and (d) epidermis. The number 
of CD45+ leukocytes increased in the dermis from 9 to 13 dpi, and in the epidermis 
between 11 and 13 dpi. Each symbol represents the number of cells counted in one 
infectious focus in one animal. Dpi: days post-inoculation.

S4 Fig. Interaction between MV-infected cells and dermal cells in experimentally 
infected NHP skin tissues. 
(a – c) Representative split and merged multicolour fluorescent images shown in Fig 4. 
(a) An MV-infected CD3+ T cell (speckled green; arrow) was present in reticular dermis 
at 13 dpi, in close proximity to uninfected T cells (red). Merged image is shown in Fig 
4b. (b) Close interaction between an MV-infected cell (green) with an HLA-DR+ APC 
(red), forming a long EGFP+ dendrite (arrow). Merged image is shown in Fig 4c. (c) MV-
infected CD31+ endothelial cells (red; arrows) in close proximity to other MV-infected 
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cells (green). Merged image is shown in Fig 4e. (d) Close interaction between an S100A8/
A9 complex+ (MAC387) macrophage (red) and an MV-infected cell (green) in the dermis. 
Scale bar: 10 µm. Dpi: days post-inoculation.

S5 Fig. Interaction between MV-infected cells and epidermal cells in experimentally 
infected NHP skin tissues. 
(a – c) Representative split and merged multicolour fluorescent images shown in Fig 4. 
(a – b) Sequential slides of MV-infected NHP skin at 13 dpi. (a) An MV-infected CD45+ 
white blood cell (arrow) in the basal epidermis. (b) This cell was negative for cytokeratin 
marker (arrow) and in close proximity to infected keratinocytes (green). (c) MV-infected 
keratinocytes in the absence of other infected cells in the observed two-dimensional 
plane. (d – e) Sequential slides of MV-infected NHP skin at 11 dpi. (d) Infiltrating CD45+ 
leukocytes (red) could be observed in the epidermis. (e) Many of these cells were 
S100A8/A9 complex+ (MAC387) macrophages (red). Arrows in (d) and (e) indicated one 
of the CD45+ S100A8/A9 complex+ macrophages in the epidermis at 11 dpi. Dashed line 
indicates the basement membrane that separates the dermis (Dm) and the epidermis 
(Ep). Scale bars of (a - c): 10 µm. Scale bars of (d - e): 50 µm. Dpi: days post-inoculation.

S6 Fig. MV-infected LCs were not observed after ex vivo infection of human epidermal 
sheets.
LCs (magenta) were present in abundance in human epidermal sheets. MV-infected 
cells (green) appeared at 2 dpi and their number increased by 4 dpi. However, none of 
these infected cells were LCs. Magenta: CD1a; Green: GFP; Blue: DAPI. Scale bar: 200 
µm. Dpi: days post-inoculation.

S7 Fig. Differentiated human primary keratinocytes expressed higher levels of nectin-
4 than proliferating keratinocytes. 
The expression level of nectin-4 increased during differentiation. NCI-H358 and BLCL 
were included as positive and negative controls of nectin-4 expression, respectively.

S8 Fig. Nectin-4 expression and cell-free virus production of human primary 
proliferating and differentiated keratinocytes from an EDSS1 patient. 
Despite the low nectin-4 expression in both proliferating and differentiated EDSS1 
keratinocytes, the cells were susceptible to MV infection. Infection also resulted in 
production of infectious cell-free virus progenies. KS: rMVKSVenus(3); KS-N4b: rMVKS-

N4bEGFP(3). EDSS1: ectodermal dysplasia-syndactyly syndrome.

S9 Fig. Flow cytometry analyses of MV-infected emigrant cells from supernatants of 
ex vivo human skin cultures. 
Gating strategy to determine the percentages of MV-infected emigrant cells in 
supernatants of ex vivo human epidermis sheets, dermis sheets or full skin tissues. 
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Autofluorescent cells were not included in the MV gate. The same gating strategy was 
applied throughout the experiments to all samples collected at 2, 4 and 7 dpi.
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Chapter 4: Can measles virus infect brain cells?
Although most of the time people recover from measles, on rare occasions people develop 
neurological complications because measles virus infects their central nervous system. These 
complications usually occur five to ten years after measles. Still, the estimated incidence rate 
is 1 in 10,000 cases. Canine distemper virus is a close relative to measles virus and causes 
almost similar symptoms. But canine distemper often leads to severe disease and neurological 
complications. Are these viruses really that different?

How did we investigate this?
Dog and ferret brain samples were inoculated with canine distemper virus. Monkey brain 
samples were inoculated with measles virus. We then compared the level of infection. We 
also investigated what types of brain cells got infected by measles and canine distemper virus.
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What is our main conclusion?
Measles virus infects the brain slices of its host species as inefficiently as canine distemper 
virus. Both of them also infect the same types of cells. But since canine distemper virus infects 
so many more immune cells, it is more often able to cause clinically-relevant brain infection 
than measles virus.

What did we find out?
Measles virus can infect monkey brain 
samples just as inefficiently as canine 
distemper can infect dog and ferret brain 
samples.

We also found that these viruses infected 
the same types of brain cells: neurons, 
microglia and oligodendrocytes. Neurons 
are responsible for sending signals to and 
from the central nervous system. Microglia 
clear the brain from potential threats. 
Oligodendrocytes maintain neuronal health 
by wrapping themselves around neurons 
and producing myelin sheath for them. 
Astrocytes, another type of brain cells that 
plays a role in the repair process in the brain 
after infection or trauma, were not infected.

4
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Abstract

Measles virus (MV) and canine distemper virus (CDV) are closely related members of the 
family Paramyxoviridae, genus Morbillivirus. MV infection of humans and non-human 
primates (NHPs) results in a self-limiting disease, which rarely involves central nervous 
system (CNS) complications. In contrast, infection of carnivores with CDV usually results 
in severe disease, in which CNS complications are common and the case-fatality rate is 
high. To compare the neurovirulence and neurotropism of MV and CDV, we established 
a short-term organotypic brain slice culture system of the olfactory bulb, hippocampus 
or cortex obtained from NHPs, dogs and ferrets. Slices were inoculated ex vivo with 
wild-type-based recombinant CDV or MV expressing a fluorescent reporter protein. The 
infection level of both morbilliviruses was determined at different times post-infection. 
We observed equivalent infection levels and identified microglia as main target cells in 
CDV-inoculated carnivore and MV-inoculated NHP brain tissue slices. Neurons were also 
susceptible to MV infection in NHP brain slice cultures. Our findings suggest that MV 
and CDV have comparable neurotropism and intrinsic capacity to infect CNS-resident 
cells of their natural host species.

Keywords: measles virus; canine distemper virus; morbillivirus; organotypic brain slice 
culture; central nervous system; pathogenesis; tropism
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Introduction

Measles virus (MV) and canine distemper virus (CDV) are enveloped viruses with an 
unsegmented negative sense single-stranded RNA genome that belong to the family 
Paramyxoviridae, genus Morbillivirus (166). MV causes disease in humans and non-
human primates (NHPs), while CDV infects a broad range of species, including dogs, 
raccoons, mustelids, lions and even macaques (124, 126, 128, 200-202). Acute measles is 
characterised by fever, cough and maculopapular rash, which are usually resolved within 
a week. Case-fatality rates are low, and morbidity and mortality most often results from 
measles-associated immune suppression (203). CDV infection in their natural hosts, in 
contrast, often leads to severe disease, associated with high case-fatality rates (204). 
Both viruses are also known to cause neurological complications, but CNS infection is 
strikingly much more frequent in canine distemper than in measles.

Morbillivirus-associated neurological complications vary in their disease progressions 
and presentations. Measles inclusion body encephalitis (MIBE) can develop early after 
acute measles in patients with pre-existing immune deficiencies (205, 206). Long-term 
MV persistence and host inability to clear the virus may lead to subacute sclerosing 
panencephalitis (SSPE). SSPE is rare with an estimated incidence rate of 1 in 10,000 
cases, which increases to 1 in 600 in children who had measles under the age of 12 
months (207, 208). Onset of SSPE symptoms usually occurs five to ten years after measles 
(76). SSPE symptoms include behavioural problems and personality changes, seizure, 
cognitive dysfunction and ultimately coma (209). To date, there is no effective treatment 
for SSPE and the disease is always fatal. The case-fatality rate of CDV infection depends 
on the species infected, from 50% in dogs to close to 100% in ferrets, regardless the 
age of the animals (204). CDV often causes acute or subacute meningoencephalitis in 
its natural host species (210, 211), which may be considered a counterpart of MIBE in 
humans. In addition, CDV can cause old dog encephalitis, which is considered the closest 
counterpart to SSPE — the neurological symptoms can appear years after infection 
(212).

Various animal models have been developed to study the pathogenesis of morbillivirus 
brain infection, but most rely on unnatural inoculation routes with laboratory-adapted 
virus strains in animal species that are not naturally susceptible to morbillivirus infection 
(205, 213, 214). In the last decade, ex vivo organotypic brain slice culture has become 
a promising tool to study CNS infection. Unlike immortalised cell lines, brain slices 
maintain cell-cell interactions and tissue structure that closely resemble the in vivo 
situation. Organotypic brain slice cultures were initially developed to study human 
neurological and psychiatric diseases (215, 216). The cultures have also been used 
in morbillivirus infection studies, but exclusively using rodent tissues (82, 217-219). 
Rodents are not naturally susceptible to wild-type MV infection and hence these 
models poorly represent MV-associated CNS infection in humans (205, 213, 214). The 
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organotypic brain slice culture offers a new way to study the tropism of morbilliviruses 
in the CNS, especially in the early stage of the infection (220). Brain endothelial cells, 
neurons and glial cells, for example, have been suggested to be the target cells of 
morbillivirus infection in the brain (220-223).

To study the neurovirulence and neurotropism in the early stage of MV and CDV 
infection, we have used organotypic brain slice cultures of naturally susceptible NHPs, 
dogs and ferrets. We selected olfactory bulb, hippocampal and cortical tissues to be 
included in this study, based on where infected cells have been detected in CDV- and 
MV-infected brains (224-226). The use of recombinant CDV and MV, based on wild-type 
strains and expressing fluorescent reporter proteins, allowed us to sensitively monitor 
the progression of infection and characterise the phenotypes of the infected cells. We 
included the highly neurotropic CDV strain Snyder-Hill (SH), which was passaged in dog 
brains (211); the wild-type CDV strain Rhode Island, which was isolated from a raccoon 
(227); and two MV strains IC323 and Khartoum-Sudan (KS) which were based on wild-
type MV strains (99, 198). We demonstrate comparable infection levels and tropism of 
these morbilliviruses in their natural host species brain slice cultures.

Materials and Methods

Ethical statement
This study exclusively used surplus tissues from animal experiments unrelated to this 
study, and no animals were euthanised specifically for this study. Post-mortem dog 
(Canis lupus familiaris; n = 3; 1 year old) brain tissues were donated by the Faculty 
of Veterinary Medicine in Utrecht University, Utrecht, the Netherlands. Post-mortem 
rhesus macaque (Macaca mulatta; n = 6; 10 – 18 years old) brain tissues were dissected 
and obtained from the Biomedical Primate Research Centre, Rijswijk, the Netherlands. 
Post-mortem ferret (Mustela putorius furo; n = 3; approximately 1 year old) brain 
tissues were donated by the Department of Viroscience, Erasmus MC, Rotterdam, the 
Netherlands.

Tissue collection and transport
Brain was dissected in ice-cold Hank’s balanced salt solution (HBSS) supplemented with 
sucrose (228). A piece of the frontal cortex, hippocampi, and olfactory bulbs was stored 
in Hibernate-A medium (Gibco, A12475-01) during transport at room temperature (215, 
216). Tissues were processed within 2 to 4 hours after euthanasia.

Viruses and cells
All viruses were recombinant (r) viruses expressing enhanced green fluorescent protein 
(EGFP) or Venus as reporter protein from an additional transcription unit within different 
positions (position 1, 3 or 6) of the genome. Two different strains of CDV were included 
in this study: CDV strain Rhode Island expressing reporter protein Venus at position 6 
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of the viral genome (rCDVRIVenus(6); TCID50: 1.7 × 106/ml) (227) and CDV strain Snyder 
Hill expressing EGFP at position 6 of the viral genome (rCDVSHEGFP(6); TCID50: 2.6 × 106/
ml) (211). The rCDVRIVenus(6) is a recombinant virus based on a wild-type virus isolated 
from a raccoon in Rhode Island, while rCDVSHEGFP(6) is a laboratory-adapted, highly 
neurovirulent strain based on a natural CDV isolated from dogs passaged in vivo in 
dog brains. Two strains of MV were included in this study: MV strain Khartoum Sudan 
expressing the reporter EGFP at position 3 of the viral genome (rMVKSEGFP(3); TCID50: 
3.7 × 106/ml), and MV strain IC323 expressing EGFP at position 1 of the viral genome 
(rMVIC323EGFP(1); TCID50: 2.7 × 106/ml). CDV stocks were grown on Vero-dogSLAM 
(VDS) cells, a kind gift from Dr Y. Yanagi (Kyushu University, Fukuoka, Japan) (229). The 
rMVKSEGFP(3) and rMVIC323EGFP(1) were grown on Epstein-Barr virus-transformed B 
lymphoblastoid cell line (BLCL) (99) and Vero-humanSLAM (VHS) cells (198), respectively. 
BLCL were grown in RPMI-1640 (159) and the VHS cells were grown in Dulbecco’s 
modified Eagle medium. All culture media were supplemented with 10% foetal bovine 
serum, 100 IU/ml of penicillin, 100 µg/ml of streptomycin and 2 mM glutamine. VDS and 
VHS cells are Vero cells expressing the dog or human SLAMF1 (signalling lymphocyte 
activation marker family member 1; also known as CD150) receptor.

Brain slice culture
The frontal cortex (approximate dimension of 2 × 2 × 2 cm3), olfactory bulb, and 
hippocampus tissues were cut into 300 µm-thick slices with a McIlwain tissue slicer 
(Oss Life Science Park, the Netherlands). To allow tissues to recover from the mechanical 
damage, the slices were incubated in non-supplemented Hibernate-A medium with 
5% CO2 for 2 h at 37˚C. To assess how long ex vivo brain slices can remain viable upon 
slicing and culturing, uninfected dog, ferret, or rhesus macaque brain slices were kept 
free-floating in culture for 8 days in a 48-well plate in Neurobasal-A medium, which 
contains D-glucose, (Gibco, 10888-022) supplemented with 20 µl/ml B27 (Gibco, 17504-
044), 10 µl/ml glutaMAX, 1 µl/ml gentamycin, and 2 µl/ml HEPES buffer. The brain 
tissues were placed in a mixture of propidium iodide (PI) (0.22 mg/L) and phosphate 
buffered saline (PBS) for 2 minutes and immediately washed 3 times with PBS prior to 
detection of fluorescent signal using an inverted confocal laser scanning microscope 
(Zeiss LSM700). The staining was performed at day 0, 1, 2, 3 and 8 post-slicing and based 
on observation on the number of cell death, the subsequent brain slices were cultured 
for no longer than 3 days. The remaining tissues were inoculated with cell-free viruses 
(200 µl/ well) in a 24-well plate at 37˚C with 5% CO2 for 2 h. Carnivore tissues slices were 
inoculated with rCDVRIVenus(6), rCDVSHEGFP(6), or rMVKSEGFP(3). NHP tissue slices were 
inoculated with rMVIC323EGFP(1), rMVKSEGFP(3), or rCDVRIVenus(6). After inoculation, 
the slices were incubated in a 48-well plate (1 slice per well) with the aforementioned 
Neurobasal-A medium (the slices floated freely in the medium) at 37˚C with 5% CO2 for 
3 days. All inoculated tissues were monitored and scored daily under an inverted laser 
scanning microscope for fluorescent cells. Tissues with Venus+ or EGFP+ cells were fixed 
in freshly prepared, methanol-free 4% PFA for further analysis. Grading of the degree of 
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morbillivirus infection in ex vivo brain slice cultures was performed semi-quantitatively. 
Low level of infection (+) was defined when a single infected cell was observed in one 
brain slice; moderate level (++) when up to 10 infected cells were observed and high 
level (+++) when >10 infected cells were observed.

Indirect immunofluorescence labelling on whole mount brain tissue slices
Phenotypes of infected cells in the brain tissue slices were determined by 
immunofluorescent labelling for neuron-specific marker NeuN, astrocyte-specific 
marker glial fibrillary acidic protein (GFAP), microglia-specific marker ionized calcium 
binding adaptor molecule 1 (Iba1) or oligodendrocyte-specific marker 2

,
,3

,
-cyclic-

nucleotide 3
,
-phosphodiestrase (CNPase). We also stained for ß-3 tubulin (tubIII) to 

identify neurons, but were unable reproducibly stain neurons in all species. Cortex, 
olfactory bulb, and hippocampus slices were washed with PBS and, except for NeuN 
and CNPase stainings, antigen retrieval was conducted by heating the slices at 95˚C in 
citrate buffer for 20 minutes. Blocking was performed in PBS with 10% donkey serum, 
0.5% TritonX-100 and 0.2% gelatine solution. Tissues were first incubated with mouse 
monoclonal anti-human NeuN (Sigma Aldrich, MAB377, 1:250), mouse monoclonal anti-
human GFAP (Sigma Aldrich, G3893, 1:400), or rabbit anti-human Iba1 (Wako, LKG5732, 
1:250). The slices were incubated with primary antibodies overnight at 4˚C in PBS with 
10% of donkey serum, 0.1% of Tween-20 and 0.2% of gelatine solution. After a wash with 
PBS with 0.1% of Tween-20, the slices were incubated overnight at 4˚C with goat anti-
rabbit Alexa Fluor 555 (Invitrogen, A32732, 1:250) or polyclonal goat anti-mouse RPE 
(Dako, R0480, 1:250) in combination with goat anti-GFP FITC (Abcam, ab6662, 1:250). 
Unbound antibodies were washed away with PBS with 0.1% of Tween-20. The tissues 
were incubated with Hoechst 33342 (1:600,000) for 10 minutes prior to detection of 
fluorescent signals using an inverted confocal laser scanning microscope. Anti-human 
NeuN antibody successfully cross-reacted with NHP tissues, but not carnivore ones.

Results

Establishment of an organotypic brain slice culture system from adult ferrets, dogs 
and NHPs
We established an organotypic brain slice culture from adult ferrets, dogs and 
NHPs, based on protocols described in previous studies (215, 216). Olfactory bulb, 
hippocampus and frontal cortex were collected during necropsy immediately after 
euthanasia, placed in medium and cut into 300-µm thick slices. To optimise culture 
conditions, we cultured the free-floating slices up to 8 days. One slice was harvested 
each day and treated with PI to monitor the tissue viability. Under our current protocol, 
the brain slice cultures remained viable for at least 3 days after processing (data not 
shown). Based on this observation, we performed the subsequent morbillivirus infection 
experiment up to 3 days post-inoculation (dpi).
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Organotypic brain slices of ferrets, dogs and NHPs are susceptible and permissive 
to ex vivo morbillivirus infection
To assess whether carnivore brain slices are susceptible to CDV infection, we inoculated 
olfactory bulb, cortex and hippocampal slices (n = 4 per tissue per time point) obtained 
from ferrets (n = 3) or dogs (n = 3) with cell-free recombinant CDV strain RI or SH 
expressing the fluorescent reporter protein Venus (rCDVRIVenus(6)) or enhanced green 
fluorescent protein (rCDVSHEGFP(6)). rMVKSEGFP(3) was included as a control virus in 
these experiments. CDV-infected cells were observed in all brain tissues from 2 dpi 
onwards, a time span which was in accordance with previous observations in CDV-
infected primary tissues (230). Inoculation with rMVKSEGFP(3) resulted in no or limited 
infection in ferret and dog brain slices. Since viral infection in the brain slices was focal 
and varied between tissues and species, we developed a scoring system to assess the 
infection levels. In ferret and, to a lesser degree, dog brain slice cultures, CDV-infected 
cells were present in highest numbers in the olfactory bulb slices (Table 1). Interestingly, 
we found more rCDVSHEGFP(6)-infected cells in ferret brain tissues, especially the 
olfactory bulb, than in dog tissues, despite its high neurovirulence in both ferrets and 
dogs in vivo (211). Based on these observations, we concluded that the carnivore brain 
slices were susceptible and permissive to ex vivo CDV infection.

Table 1. Semi-quantitative grading of infection levels in ferret and dog tissue slices inoculated 
with morbilliviruses. Relative morbillivirus infection levels in olfactory bulb, hippocampal and 
cortex tissue slices from ferrets (n = 3) and dogs (n = 3). -: no infected cells; +: low infection level; 
++: moderate infection level; +++: high infection level (Figure 1). dpi: days post-inoculation.

Host 
species Virus

Olfactory bulb Hippocampus Cortex

1 dpi 2 dpi 3dpi 1 dpi 2 dpi 3 dpi 1 dpi 2 dpi 3 dpi

Ferret

rCDVRIVenus(6) - + ++ - ++ + - + ++

rCDVSHEGFP(6) - +++ +++ - + + - ++ ++

rMVKSEGFP(3) - + + - + + - - +

Dog

rCDVRIVenus(6) - ++ ++ - - - - + +

rCDVSHEGFP(6) - - - - - - - - +

rMVKSEGFP(3) - ++ ++ - - + - + +

To assess whether NHP brain slices are susceptible to MV infection, we inoculated 
olfactory bulb, cortex and hippocampal slices (n = 4 per tissue per time point) obtained 
from rhesus macaques (n = 6) with rMVKSEGFP(3) or rMVIC323EGFP(1) and recorded the 
progression of infection up to 3 dpi. rCDVRIVenus(6) was included as a control virus in 
these experiments. Similar to the observations in CDV-inoculated carnivore brain slices, 
we observed MV-infected cells in primate brain slices from 2 dpi onwards, a time span 
which was in accordance to previous observations of MV infection on primary cells or 
tissues (48, 230) (Table 2). However, in NHP brain slice cultures, highest numbers of 
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infected cells were detected in the cortex. Inoculation with rCDVRIVenus(6) resulted in 
no or limited infection in NHP brain slices.

Table 2. Semi-quantitative grading of infection level in NHP brain slice tissues inoculated with 
morbilliviruses. Relative morbillivirus infection levels in olfactory bulb, hippocampal and cortex 
tissue slices from rhesus macaques (n = 6) -: no cells infected; +: low infection level; ++: moderate 
infection level; +++: high infection level (Figure 1). dpi: days post-inoculation.

Host 
species Virus

Olfactory bulb Hippocampus Cortex

1 dpi 2 dpi 3 dpi 1 dpi 2 dpi 3 dpi 1 dpi 2 dpi 3 dpi

NHP

rMVKSEGFP(3) - ++ ++ - + ++ - ++ +++

rMVIC323EGFP(1) - ++ ++ - + ++ - ++ +++

rCDVRIVenus(6) - + - - + - - + -

Different morphology of morbillivirus-infected cells in organotypic brain slice 
cultures of ferrets, dogs and NHPs
We observed different morphologies of CDV- and MV-infected cells in their respective 
natural host brain slice cultures. Most CDV- and MV-infected cells appeared to be in 
majority round single cells, while some infected cells showed dendrite-like protrusions 
(Figure 1). Interestingly, there was no evidence of disseminated infection in the 
surrounding neuropil of the brain slices, even in tissues inoculated with the highly 
neurovirulent rCDVSHEGFP(6). Rather, some of the infected cells that were detectable 
at 2 dpi could no longer be found at 3 dpi. The disappearance of the infected cells was 
most often observed on slices with only few infected cells per slice.
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Figure 1. Different morphology of morbillivirus-infected cells. Whereas most virus-infected cells 
(green) were round single cells (left column), cells with different morphology were also observed 
in CDV-infected dog and ferret, and MV-infected NHP brain slices (middle and right columns).

Microglia, neurons and oligodendrocytes are the main susceptible cell types to 
morbillivirus infection
To determine the phenotypes of the CDV- or MV-infected cells, we performed dual-
immunofluorescent (IF) staining on the CDV- or MV-inoculated carnivore or primate 
brain slices, respectively. We identified astrocytes, microglia and neurons in carnivore 
and NHP brain slices based on their cellular markers: glial fibrillic acidic protein (GFAP), 
ionised calcium binding adaptor molecule 1 (Iba1) and NeuN proteins, respectively. 
In carnivore brain slices, we only succeeded in identifying GFAP+ astrocytes and Iba1+ 
microglia, due to lack of cross-reactivity of the antibody to carnivore NeuN proteins. 
Venus or EGFP expression co-localised with Iba1 staining in carnivore and NHP brain 
slices (Figure 2), indicating that microglia were infected by CDV and MV. Astrocytes 
were observed in close proximity to virus-infected cells, but were never found infected. 
In NHP brain slices, we observed co-localisation of Venus or EGFP with NeuN staining, 
signifying MV-infected neurons (Figure 3). Oligodendrocytes were also infected by MV 
in these NHP brain slices in all observed tissues (Figure 4). Altogether, our findings show 
that MV and CDV display equivalent intrinsic neurotropism and neurovirulence.
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Figure 2. Microglia, but not astrocytes, in brain slice cultures were susceptible to morbillivirus 
infection. (A) Representative CDV-infected ferret hippocampal slices at 2 days post-infection 
(dpi). Some CDV-infected cells (green, arrows) were microglia (Iba1+ cells; yellow), but not 
astrocytes (GFAP+ cells, red). An Iba1- GFAP- CDV-infected cell (green, arrowhead) was also 
present. (B - C) Representative ex vivo NHP cortex slices. MV-infected cells (green, arrows) 
were mainly microglia (yellow), but not astrocytes (red).

Total Layout_Brigitta Laksono_V04.indd   90Total Layout_Brigitta Laksono_V04.indd   90 08/12/2021   10:0208/12/2021   10:02



91

Morbillivirus infection of organotypic brain slice cultures

Figure 3. Neurons in NHP brain slice cultures were susceptible to MV infection. Representative 
MV-infected (green) NHP neurons (NeuN+; red) in olfactory bulb, hippocampal and cortex slices 
collected at 3 days post-inoculation.

Figure 4. Oligodendrocytes in NHP brain slice cultures were susceptible to MV infection. 
Representative MV-infected (GFP+; green) NHP oligodendrocytes (CNPase+; red) in olfactory 
bulb, hippocampal and cortex slices. Olfactory bulb and cortex slices were collected at 3 days 
post-inoculation (dpi) and hippocampal slice was collected at 4 dpi. In some slices, infected cells 
that were CNPase- were also present, as represented in the cortex slice (arrowhead).
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Discussion

In this study, we inoculated organotypic brain slice cultures with wild-type-based 
recombinant CDV or MV expressing fluorescent reporter proteins to study morbillivirus 
brain infection. Surprisingly, we observed comparable levels of MV and CDV infection 
in brain slices of primates and carnivores, respectively. Moreover, we found that both 
morbilliviruses predominantly infected microglia. Although we could not assess if CDV 
infected carnivore neurons due to the lack of cross-reactive antibodies, we observed MV-
infected neurons in NHP brain slices. We also detected MV-infected oligodendrocytes 
in these NHP brain slices. These cells may also be infected by CDV in dog and ferret 
brain slices, since we also observed the presence of CDV-infected Iba1- GFAP- cells in 
ferret brain slices. The infection of microglia, neurons and oligodendrocytes was in 
accordance to previous observations in in vivo MV and CDV CNS infection (220, 223). 
Interestingly, astrocytes were not susceptible to morbillivirus infection, suggesting 
that at the early stage of morbillivirus CNS infection, these cells are not the primary 
target cells. Altogether, these findings suggest that the intrinsic neurovirulence and 
neurotropism of MV and CDV may be comparable.

We observed differences in the susceptibility of tissues collected from different parts 
of the brain to ex vivo morbillivirus infection. In carnivores, more CDV-infected cells 
were found in the olfactory bulb relative to other tissues. In NHPs, the cortex slice 
cultures tended to harbour higher numbers of MV-infected cells. These tissue-related 
differences may partly be influenced by different distribution and density of susceptible 
cells, especially microglia. In humans, the ratio of glia-to-neuron is higher in cerebral 
cortex than in the cerebellum (231). This high density of microglia in human cortex could 
be similar in NHPs. Whether there is a high density of microglia in the olfactory bulbs 
of carnivore remains to be determined. It is not known if microglia, like macrophages, 
express CD150, although a recent study has reported that the expression of CD150 on 
microglia is inducible (232). CD150, expressed by immune cells and nectin-4, expressed 
on the basolateral side of epithelial cells, are the entry receptors of wild-type MV 
and CDV (17-19). Myeloid cells are considered primary target cells during the early 
stage of morbillivirus infections (42). Microglia arise from the progenitor cells in the 
embryonic yolk sac. They are in close vicinity to neurons and share similar features 
with cells of myeloid origin, which are susceptible to morbillivirus infection. Viremia 
after morbillivirus infection is mostly cell-associated and the infection is predominantly 
disseminated by circulating or migrating infected T and B cells (45, 168). Ferrets infected 
with highly neurovirulent CDV showed that the virus invaded through two distinct 
pathways: via the cribriform plate (by direct infection of the olfactory nerves) or via 
the haematogenous route (the choroid plexus and cerebral blood vessels) (211, 233). 
The haematogenous infection spreads into the CNS through CDV-infected lymphocytes 
and myeloid cells, consistent with the high level of viremia during canine distemper. The 
same route of dissemination into the CNS may be applicable to but less efficient for MV, 
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since the number of MV-infected cells in the circulation is lower than that of CDV (234). 
Based on these observations, in combination with the fact that these immune cells 
can pass the blood-brain-barrier (89, 235), we hypothesise that morbillivirus-infected 
lymphocytes bring the virus into the CNS and can transmit it to microglia. In the majority 
of the cases, the infection is likely controlled by the host immune system. In some 
cases, the virus can obtain the hyperfusogenic mutations allowing it to spread from 
microglia to neuron and subsequently from neuron to neuron. Spread into neurons 
can be facilitated independent of CD150 or nectin-4 by cis-interaction of CADM1 and 
CADM2 on infected neurons, allowing virus transmission to interacting neurons (236). 
Alternatively, spread into neurons can be dependent of nectin-4 through transfers of 
cytoplasmic cargo from infected epithelial cells to nectin-1-expressing neurons (65).

We demonstrate that CDV and MV infection were most prominent in carnivore and 
primate brain slices, respectively. However, we also noticed low levels of infected cells 
in the heterologous brain slices. It has been well-documented that MV can use dog 
CD150 (237), which could potentially explain the observed MV infection of dog and, to a 
lesser extent, ferret brain slices. CDV cannot use human CD150 as a cellular receptor in 
vitro, but has caused outbreaks in NHPs (128, 238) and was shown to be able to use NHP 
CD150 in vitro (239). In vivo inoculation of NHPs with CDV also resulted in productive 
but self-limiting infection, thus showing that CDV in NHPs behaves more similarly to 
MV in NHPs than CDV in carnivores (240). Nevertheless, we observed only low level 
CDV infection in NHP brain slices.

SSPE can take years to develop after recovery from measles, but it is not known exactly 
when MV reaches the brain. In a study of 717 measles cases in children, 95% did not 
show any clinical evidences of encephalitis. However, 344 patients showed abnormally 
slow electroencephalograms during or immediately after the acute phase of the disease 
(241). CNS infection in measles thus may be a more common feature than expected 
and likely is contained before developing or presenting clinical evidence of encephalitis. 
MV RNA has also been detected in the brains of autopsied individuals with no SSPE-like 
CNS complication or history (242, 243). Altogether, these findings indicate that MV can 
potentially invade the CNS more often than previously thought and persist long after 
the acute phase of disease. However, our current organotypic brain slice culture model, 
although permissive, could not sustain MV or CDV infection, thus not allowing us to 
observe the persistence of these viruses in our model. Persistence of MV may lead to 
accumulation of mutations in the matrix (M) or the fusion (F) gene. Hypermutation in 
the M gene results in the lack of virus particle formation while mutations in the F gene 
leads to hyperfusogenicity. In our study, neurons of NHPs were susceptible to ex vivo 
MV infection, but the infection did not spread and, at times, could even not be detected 
the following day, suggesting lytic infection or rapid local innate immune clearance. 
We also did not observe cell-to-cell spread in carnivore brain slice culture inoculated 
with rCDVSHEGFP(6), despite the virus possessing the necessary mutations. Morbillivirus 
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ribonucleoprotein (RNP) complex is transmitted at the synapses, allowing membrane 
fusion to happen only in such area (244). We speculate that synaptic transmission 
between neurons in our ex vivo brain model may be disrupted after slicing, hence 
preventing transneuronal spread of viral RNP complex. The regulation of synaptic 
functions in the CNS is also supported by endocrine hormones, which was absent in 
our organotypic brain slice culture. This may explain the unexpected observation that ex 
vivo infection with the highly neurotropic CDV strain SH was less efficient than infection 
with the wild-type CDV strain RI.

The organotypic brain slice culture model based on tissues from natural host species 
offers a new approach to study the virus entry to the brain. However, the protocol 
does not rule out mechanical trauma and therefore can lead to activation of innate 
immune and repair responses upon handling. We also observed disappearance of 
infected cells over time, but we did not have the means to find out how many non-
infected disappeared upon culturing and whether the disappearance of cells is caused 
by the infection, the culturing condition or normal cell death. In recent years, improved 
organotypic brain culture systems have been developed to ensure prolonged survival 
of the tissues, with significant changes to the classical protocol, which often relies on 
culturing the slices in medium. This classical protocol results in a metabolic switch from 
respiration to glycolysis that consequently can play a role in the long-term viability 
of the tissues. Improvements include the use of low temperature, different culture 
media, reduced slice thickness and CSF-like liquid rather than medium (245). These 
new methods could improve the study of morbillivirus entry and spread in brain slice 
cultures.

In conclusion, our study offers a new perspective on the neurotropism and 
neurovirulence of CDV and MV using organotypic brain cultures obtained from natural 
host species. We found that microglia and neurons are the potential target cells in 
morbillivirus virus CNS invasion and despite the differences in neurovirulence in vivo, MV 
exhibited a surprisingly equivalent level of infection to CDV in the relevant host species. 
We speculate that the higher level of viraemia during CDV infection as compared to MV 
infection leads to a higher chance of viral CNS entry and subsequent complications as 
observed in vivo. Our study also highlights the importance of organotypic brain slice 
culture in obtaining insights into cellular processes during infection in the CNS and as 
a useful supplement to in vivo models.
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Chapter 5: What happens in our body before, during and after measles?
When someone gets measles, they develop fever and coughing. Within a couple of days, they 
also develop skin rash. Eventually they recover and become healthy again and everything 
seems to be peachy and fine. 

But is that true?

How did we investigate this?
To see what happens in the body during 
measles, we collected blood samples, 
nose and throat swabs from unvaccinated 
measles patients. These patients were 
still in the early phase of the infection. 
We investigated what types of cells were 
infected in these patients and how much 
virus was excreted from their noses and 
throats.

To see what happens in the body before and 
after measles, we collected paired samples 
from healthy, unvaccinated children from 
the same community. They never had 
measles before, but they lived in close 
contact with the measles patients. Our first 
blood samples were collected during this 
time. Eventually, they became infected. 
After they recovered from measles, we 
collected the second blood samples. We 
investigated what types of cells were 
present before and after measles.
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What did we find out?
During measles, around five days before the appearance of skin rash, infected memory T cells, 
naive and memory B cells started to appear in the blood of the patients. These patients then 
lost a significant number of their T and B cells.

After measles, the body recovered and the symptoms were gone, but the composition of the 
immune cells in the body changed. The body lost a lot of B cells, especially the memory B 
cells, and some of the helper T cells, but it also gained new memory T cells. To deal with the 
loss of B cells, the bone marrow infused the body with transitional B cells. These cells are still 
immature and will one day develop into new, mature naive B cells.

What is our main conclusion?
Because the body loses their immune cells, the bone marrow re-supplies it with new immune 
cells. But these new immune cells are rather immature and inexperienced, so when the body is 
invaded by a pathogen, these new cells respond slower. This slow response gives the pathogen 
more time to infect the body and that is why we become frequently sick after recovering 
from measles. The loss of memory immune cells after measles is known as immune amnesia.

5
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Abstract

Measles causes a transient immune suppression, leading to increased susceptibility to 
opportunistic infections. In experimentally infected non-human primates (NHPs) measles 
virus (MV) infects and depletes pre-existing memory lymphocytes, causing immune 
amnesia. A measles outbreak in the Dutch Orthodox Protestant community provided 
a unique opportunity to study the pathogenesis of measles immune suppression in 
unvaccinated children. In peripheral blood mononuclear cells (PBMC) of prodromal 
measles patients, we detected MV-infected memory CD4+ and CD8+ T cells and naive 
and memory B cells at similar levels as those observed in NHPs. In paired PBMC collected 
before and after measles we found reduced frequencies of circulating memory B cells 
and increased frequencies of regulatory T cells and transitional B cells after measles. 
These data support our immune amnesia hypothesis and offer an explanation for 
the previously observed long-term effects of measles on host resistance. This study 
emphasises the importance of maintaining high measles vaccination coverage.
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Introduction

Measles virus (MV) is a highly infectious virus that is transmitted through aerosols 
and droplets and causes measles. Measles is characterised by fever, cough and a 
maculopapular skin rash (131). The disease is associated with a transient immune 
suppression and increased risk of childhood mortality for a period of more than 
two years (25, 112). Paradoxically, measles also induces strong cellular and humoral 
immune responses that mediate lifelong protection (246). Despite the availability of 
safe and effective live-attenuated vaccines, measles and its sequelae still cause more 
than 85,000 deaths globally (133). In Europe, a four-fold increase in the number of 
measles cases was reported in 2017, largely due to declining vaccination coverage (247). 
The increase of vaccine hesitancy is a major concern, since it appears to be linked to 
the lack of understanding of the impact of measles as serious childhood disease. To 
reach the goals set out in the Global Vaccine Action Plan, which include elimination of 
measles by 2020 in five out of six regions of the World Health Organization (WHO) (248), 
improvement of public health information, education and communication is crucial. A 
better understanding of the pathogenesis of measles and measles-associated immune 
suppression will help convey the message that vaccination is vital.

MV infects cells after binding to cellular receptors CD150 or nectin-4, expressed on 
subsets of immune cells or the adherens junctions of epithelial cells, respectively (17-
19). In experimentally infected non-human primates (NHPs), MV initially targets myeloid 
cells in the respiratory tract, which act as Trojan horses by transmitting MV to CD150+ 
lymphocytes in lymphoid tissues, leading to viremia and systemic virus dissemination 
(28, 41, 42, 249). Ensuing lymphocyte depletion and follicular exhaustion in lymphoid 
tissues have been described during prodromal measles in both humans and NHPs (45, 
250). In vitro and in vivo studies showed that memory T cells are more susceptible to MV 
infection than naive T cells, due to higher expression of CD150 (45, 251). This difference 
in susceptibility is less pronounced in the B cell lineage, with both naive and memory B 
cell subsets being highly susceptible and permissive to MV infection in vitro (45, 252). 
Based on these findings, we hypothesised that MV causes immunological amnesia by 
infecting and depleting pre-existing memory lymphocytes (45, 119). Consistent with 
this hypothesis, a subsequent epidemiological study found that rates of non-measles 
infectious disease mortality are tightly coupled to measles incidence – with a greater 
mortality rate at higher recent measles incidence. It was concluded that the reduction 
in host resistance following measles infection may extend over a period of more than 
two years (25).

In the Netherlands, a monovalent measles vaccine was introduced into the national 
immunisation programme in 1976. Since 1987, measles vaccine has been offered as 
multivalent measles-mumps-rubella (MMR) vaccine to children at the age of 14 months 
and nine years. Since then, nationwide MMR vaccination coverage has remained close 
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to 95% (253). However, large measles outbreaks among unvaccinated individuals that 
belong to socially and geographically clustered communities still occur occasionally 
(254, 255). In 2013, a measles outbreak occurred largely among the Orthodox Protestant 
community that refuses vaccination on religious grounds, with more than 2,600 cases 
reported(255). This outbreak presented us with a unique opportunity to study the 
pathogenesis of measles-associated immune suppression in natural measles patients. 
Here we show that MV viremia is mediated by infected memory T cells and naive and 
memory B cells. In addition, we show that measles causes significant changes in the 
frequency of circulating lymphocyte subsets, which are still detectable more than a 
month after recovery.

Results

Characterisation of patients with early acute measles
We performed an observational cohort study, and enrolled 26 unvaccinated children 
(ages ranged from four to 13 years old) with clinical signs of prodromal measles into 
Cohort A. A complete set of clinical specimens was successfully collected from 24 
children, of which 23 children experienced laboratory-confirmed measles (Fig. 1a). 
Clinical signs as recorded by the parents included classical measles symptoms like fever, 
conjunctivitis, coughing, sneezing, throat pain and skin rash. More than half of the 
children were also reported to have diarrhoea and/or vomiting (Fig. 1b). Dizziness, ear 
pain, fatigue, nosebleed and mouth sores were also reported, albeit less frequent. In 
17 out of 23 patients, specimens were collected during the prodromal stage of measles, 
i.e. before the onset of rash (Fig. 1b). Total numbers of T and B cells in peripheral blood 
were significantly decreased in the early acute measles patients compared to those of 
age-matched healthy controls, demonstrating measles-induced lymphopenia (Fig. 1c). 
MV infection causes cell-associated viremia, and the virus was isolated from PBMC 
obtained from 22 out of 23 patients (Fig. 1d). In addition, the virus was efficiently shed 
from the respiratory tract, as demonstrated by virus isolation from throat swabs of 20 
out of 23 patients (Fig. 1e) and nose swabs of 21 out of 23 patients (Fig. 1f). Interestingly, 
virus titres detected in nose swabs were higher than those detected in throat swabs 
(P = 0.021) (Fig. 2), and virus shedding on average peaked between two days and 
one day before the onset of rash (Fig. 1e and f). In accordance with the fact that the 
samples were obtained during prodromal or early measles, the majority still contained 
undetectable or low levels of MV-specific IgM antibodies (Fig. 1g, Supplementary Figure 
1). From one of the patients sampled one day after onset of rash, we failed to isolate MV 
from either swabs or PBMC. In this patient, high MV-specific IgM (Fig. 1g) were detected, 
confirming the laboratory diagnosis (Supplementary Figure 1 and Supplementary Data 
1). This patient had already developed a neutralising antibody response (Supplementary 
Data 1, patient A01), explaining our inability to isolate virus from PBMC. Combined, 
these data provide an overview of the clinical and virological characteristics of the early 
stages of natural MV infection in unvaccinated children.
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Figure 1. Cohort A patient information. (A) Number of inclusions, completed samples 
and laboratory-confirmed measles cases of Cohort A. (B) The onset and the duration of 
pathognomonic symptoms of measles experienced by each child as observed and reported 
by the parents. Red line: rash; Black line: fever; Cyan line: conjunctivitis; Dotted line: diarrhoea 
and/or vomiting; Green line: cough; Box: disease. (C) The numbers of T and B cells per 1 µl of 
blood of Cohort A children in comparison with those of age-matched healthy children (n = 23). 
Statistical differences in the absolute numbers of T and B cells in the blood of acute measles 
patients in comparison to age-matched healthy donors were analysed by Mann-Whitney rank 
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sum test. Centre lines of the box plots represent medians. Lower and upper boundaries of the 
boxes represent first and third quartiles, respectively. Lower and upper whiskers represent the 
10th and 90th percentiles of the data, respectively. Dots represent outliers. (D) The number of 
infected cells per one million PBMC and (E – F) infectious MV isolated from throat and nose 
swabs relative to the onset of rash (n = 23 donors). Each red dot represents a unique donor. 
Green shaded area indicates geometric mean of the samples from each time point. (G) The 
presence of MV-specific IgM in plasma of each Cohort A child relative to the onset of rash (n = 23 
donors). Each red dot represents a unique donor. The green shaded area indicates the mean 
of the samples from each time point, the red line indicates the lowest threshold (ratio 1.1) of 
detection for reactive MV-specific IgM as indicated by the manufacturer, and the vertical dashed 
line represents the onset of rash.

Figure 2. MV titres detected in transport medium of throat and nose swabs collected from early 
acute measles patients in Cohort A (n = 23). Centre lines of the box plots represent medians. 
Lower and upper boundaries of the boxes represent first and third quartiles, respectively. 
Lower and upper whiskers represent the 10th and 90th percentiles of the data, respectively. 
Dots represent outliers. Statistical analysis was performed using Mann-Whitney rank sum test. 
*: P < 0.05.

Measles virus tropism during viremia
To determine the phenotype of MV-infected cells in the PBMC collected from early 
acute measles patients in Cohort A, we performed surface staining of lymphocytes 
(Supplementary Table 1) and subsequent intracellular staining with an antibody specific 
to MV-N, followed by flow cytometry. One PBMC sample from Cohort A did not contain 
enough viable cells to allow phenotypic identification. Additionally, in this analysis we 
included PBMC samples collected from 18 children initially enrolled into the second 
cohort of this study (Cohort B) that were later shown to be in the incubation phase of 
measles. MV-infected cells were defined as MV-N+ cells and expressed as a percentage 
out of their respective lymphocyte subset (Supplementary Figure 2). MV-infected 
cells were hardly detected in the naive CD4+ and CD8+ T cell subsets (Fig. 3a and 3c). 
In contrast, MV-infected cells were detectable in the CD4+ and CD8+ memory T cell 
subsets (Fig. 3b and 3d), and in both the naive and memory B cell subsets (Fig. 3e-f). 
The percentages of MV-infected cells on average peaked one day before onset of rash.
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Figure 3. Frequencies of MV-infected lymphocytes during acute measles. (A – F) Frequencies 
of MV-N+ cells in naive and memory lymphocyte subsets relative to the onset of rash (n = 40 
donors). Each red dot represents a unique donor, the green shaded area indicates the mean of 
the samples from each time point, and the vertical dashed line represents the onset of rash.

Prospective sampling of unvaccinated children
It was previously described that MV depletes lymphocytes in experimentally infected 
NHPs, as detected in peripheral blood by lymphopenia and in lymphoid tissues by 
follicular exhaustion (45). In the current study, lymphopenia was confirmed in naturally 
infected measles patients (Fig. 1c), with MV preferentially infecting memory lymphocyte 
subsets (Fig. 3). To assess changes in the composition of lymphocyte subsets before 
and after measles, we enrolled 90 children without clinical signs into Cohort B (Fig. 4a). 
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The first PBMC samples (further termed as pre-measles samples) were collected shortly 
before the start of the Dutch primary school holidays, which lasted for six weeks. Blood 
collection failed in three children and two other children turned out to be vaccinated 
for measles and thus their samples were excluded from the analyses. After the holidays, 
the second blood samples, further termed as post-measles samples, were collected 
from children who had experienced measles (Supplementary Figure 3). Paired blood 
samples were successfully collected from 82 children, aged between six and 13 years 
old during the time of sampling. Some children (n = 5) never developed measles during 
the study period, as proven by the absence of MV-specific antibodies in their second 
blood sample (Supplementary Figure 1f). The other 77 children experienced laboratory-
confirmed measles during the study period, since all pre-measles samples were negative 
for MV-specific IgG and all post-measles samples contained MV-specific IgM and IgG 
(Fig. 4b-c, Supplementary Figure 1 and Supplementary Data 2). Median time between 
pre-measles sample collection and parent-reported onset of rash was 16 days (range 
3 – 98). Parents assessed the severity of the disease: 34 children were reported with 
mild and 43 with severe measles (Supplementary Data 2).

Figure 4. Cohort B patient information. (A) Number of inclusions and number of laboratory-
confirmed measles and non-measles samples collected before and after the measles outbreak. 
White box indicates samples not included in measurement. Red box indicates samples included 
in the identification of MV-infected cells. (B) The levels of MV-specific IgM and (C) IgG in plasma 
of each Cohort B child relative to the onset of rash (n = 77 donors). Each red dot represents a 
unique donor.

Impact of measles on immune cell subsets
After exclusion of children who developed skin rash within ten days after collection of 
the pre-measles samples (n = 18; these samples were used instead for phenotyping of 
MV-infected cells) or within ten days before collection of the post-measles samples 
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(n = 4), and elimination of samples that lacked viability (n = 13), 42 paired PBMC samples 
were available for the assessment of phenotypes and frequencies of lymphocyte subsets 
before and after measles. Total IgM, IgA and IgG levels in the pre- and post-measles 
plasma samples of these 42 donors were comparable (Supplementary Figure 4). We used 
three separate surface marker-staining sets (Supplementary Table 1) and performed 
flow cytometry. As analysis by unsupervised learning (256) showed segregation 
into clusters but did not allow identification of specific phenotypes (Supplementary 
Figure 5), we proceeded with classical gating methods. Frequencies of specific T and 
B cell subsets were determined after gating for viable single cells as described earlier 
(252). We expressed the changes in certain subsets as ratios of lymphocyte subset 
frequencies after and before measles. No changes were observed in the frequency of 
total circulating T cells after measles. However, there was a significant decrease in the 
frequency of CD4+ naive T cells, concomitant with an increase in the frequency of CD4+ 
Tcm cells. In the CD8+ T cell population, a significant increase was observed among the 
Temro cells. In the B cell population, there was a significant decrease in the frequency 
of total circulating B cells, mainly due to the loss of CD27- and CD27+ immunoglobulin 
(Ig) class-switched memory B cells after measles (Fig. 5a and Supplementary Figure 
6). Upon examination of frequencies of functionally distinct T cell subsets before and 
after measles, we found significant increases in the frequencies of follicular helper T 
(Tfh), helper T (Th)2, and regulatory T (Treg) cell subsets after measles. Furthermore, in 
accordance with the high susceptibility patterns to MV infection observed in vitro, Th17 
and Th1Th17 cell frequencies were significantly decreased after natural measles (252). 
We also assessed the frequencies of functionally distinct B cell subsets before and after 
measles and found significant losses of IgG+ and IgA+ memory B cells, accompanied by 
a significant increase in the frequencies of transitional B cells (Fig. 5b). Moreover, the 
changes in lymphocyte subset frequencies were overall more pronounced in children 
with severe than those with mild measles (Supplementary Figures 7 and 8).

Discussion

Measles is associated with immune suppression, leading to increased susceptibility 
to secondary infections. Immune suppression is not only the major driver of measles-
associated mortality in developing countries, but may also explain the previously 
reported association between measles and non-measles infectious disease childhood 
mortality: an effect that extends over two years following the acute stage of the disease 
(25). At the same time, measles also causes immune activation and induces lifelong 
immunity to measles. This apparent contrast is commonly referred to as the measles 
paradox. Although several potential underlying mechanisms have been described in 
literature, there is no consensus about the relative importance of these hypotheses. 
Based on observations from experimentally infected NHPs, we have recently proposed 
the immune amnesia model as a potential explanation for the mechanism underlying 
the measles paradox. In 2013, a large measles outbreak occurred amongst the Orthodox 
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Protestant community in the Netherlands and provided a unique opportunity to study 
measles-associated immune suppression in naturally infected measles patients. We 
performed a prospective cohort study in unvaccinated children and successfully 
collected clinical samples before, during and after measles. MV-infected lymphocytes 
were detected in prodromal and early measles blood samples, and infectious virus was 
recovered from nose swabs, throat swabs and PBMC. We successfully identified the 
phenotypes of infected peripheral lymphocytes during measles and detected significant 
changes in lymphocyte composition after measles.

In Cohort A, parents reported the onset and duration of clinical symptoms, such as 
fever and skin rash. It should be emphasised that the reports have been recorded 
based on subjective observations of the parents and thus must be interpreted with 
caution. Interestingly, more children were reported with coughing than sneezing, and 
coughing was reported to occur several days before or on the day of the onset of rash 
in the majority of children. Coughing, potentially caused by measles-associated damage 
to the respiratory tract epithelium, likely contributes to the highly efficient airborne 
transmission of MV, since it allows MV particles to be expelled as infectious aerosols. 
During this time the highest infectious viral loads were detected in nose swabs. This 
suggests that MV replication in the nasopharynx rather than in the tracheobronchial 
airways contributes to the high infectiousness of measles (19, 43, 63, 257). Taking 
into consideration that the swab samples were diluted in transport medium, the 
actual concentration of infectious virus in the nasopharyngeal mucus must have been 
substantially higher than the titres assessed by our assays.

We were able to determine the phenotypes and frequencies of MV-infected circulating 
lymphocytes during prodromal measles. We found that, in the CD4+ and CD8+ T cell 
populations, memory cells were predominantly infected. In the B cell population, 
both naive and memory cells were infected. These findings are in agreement with 
previous in vitro observations and support our immune amnesia hypothesis (28, 45, 
252). Although the preferential infection of memory T cells by MV can be explained by 
the higher expression of the cellular receptor CD150 on memory T cells compared to 
naive T cells, this is not the case within the B cell populations. The expression of CD150 
is a prerequisite and determines the susceptibility of lymphocytes to MV infection. 
However, the permissiveness to replicate and produce infectious progeny viruses likely 
depends on other intracellular factors, such as activation state or cellular metabolism. 
In this case, we have previously shown that B cells have higher permissiveness for MV 
than T cells (252).

A recent study investigating the phenotype of in situ MV-infected cells in fatal measles 
cases identified macrophages and dendritic cells as predominant infected cells (258). 
This observation fits well with pathological observations in experimentally infected 
NHPs, in which MV-infected myeloid cells were detected both early and late after 
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measles. In contrast, MV-infected lymphocytes were detected at a high frequency 
both in peripheral blood and in lymphoid tissues for only a short period (28, 45). We 
speculate that MV infection of lymphocytes is more cytolytic than infection of myeloid 
cells. In this study, we did not detect MV-infected myeloid cells in peripheral blood. 
The only myeloid cell population present in substantial numbers in peripheral blood 
are monocytes, which do not express CD150 and are not susceptible to MV infection 
(28). Dendritic cells, which proved to be susceptible to MV infection in NHPs and fatal 
measles cases (28, 258), are present in peripheral blood in low numbers which does not 
allow meaningful analysis of MV infection by flow cytometry. It is important to note 
that, in NHPs, the frequencies of MV-infected cells in lymphoid tissues were consistently 
higher than those detected in peripheral blood (28, 45). The similarity of both the 
frequencies and phenotypes of MV-infected cells in PBMC of natural measles patients 
to those previously observed in NHPs justify the translation of these observations from 
animal model studies to natural measles in humans.

Analysis of the composition of T cell subsets before and after measles showed a 
decreased frequency of CD4+ naive T cells and increased frequencies of CD4+ Tcm 
and CD8+ Temro. Other memory T cell subsets showed both increased and decreased 
frequencies, without a consistent pattern. This observation fits well with our immune 
amnesia model, in which depletion of infected memory T cells is masked by the 
expansion of newly generated and phenotypically similar MV-specific and bystander 
T cells (45, 119). Similar to observations in experimentally infected NHPs, the balance 
between depletion and expansion may be expected to vary among donors. Since the 
changes in T cell subset frequency can be caused by antigen activation or homeostatic 
turnover (25, 45), further investigations of the fate of pre-existing antigen-specific 
lymphocyte subsets after measles are required.

We further assessed the changes in the frequencies of functionally distinct T cell 
subsets. Although γδT cells have been reported to expand in the presence of MV or 
MV-infected cells(259), we did not observe any significant changes in this subset in 
our study. We observed a significant increase in the frequency of circulating CXCR5+ 
Tfh cells after measles. CXCR5 allows T cells to localise to B cell follicles and germinal 
centres to support B cell differentiation. However, since lymphocyte depletion and 
follicular exhaustion have been reported in the lymph nodes of experimentally 
infected NHPs, the increase of these circulating Tfh cells after measles is likely due 
to expansion of new migratory populations. Circulating Tfh and Th2 cells were the 
least susceptible among the functionally distinct T cell subsets to in vitro MV infection 
(252). This low susceptibility might have allowed the cells to survive and expand during 
and following infection in vivo, thus providing support to B cells to differentiate into 
antibody-producing plasma cells. In contrast, circulating Th17 and Th1Th17 were the 
most susceptible subsets to in vitro MV infection and accordingly their frequencies 
decreased significantly after in vivo MV infection (252). Treg cells are responsible for 
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suppression of T cell responses after immune activation and elevated Treg cells have 
been observed in acute measles patients compared to healthy controls (260). We 
showed that Treg cells were indeed increased in frequency after measles. However, 
whether this population remains high for a prolonged time and contributes to transient 
measles-induced immune suppression remains to be determined.

We found that peripheral B cells, especially those belonging to the class-switched 
memory subsets, were significantly reduced in frequency after measles. This loss was 
more prominent in the IgG+ memory B cells than in their IgA+ equivalents, most likely due 
to the higher susceptibility of IgG+ memory B cells to MV infection (252). Accompanying 
the loss of memory B cells after measles was a significant influx of transitional B cells. 
Transitional B cells represent recent bone marrow emigrants in the circulation that will 
develop into mature naive B cells and have a reduced proliferation capacity (261). We 
speculate that the expansion of this subset reflects a compensation for depletion of 
pre-existing memory B cells.

The mechanism underlying measles-induced immune suppression has never been 
truly understood. Altered cytokine profiles, bystander lymphocyte apoptosis and 
lymphocyte infection and depletion are a few of various proposed models to explain the 
mechanism (112, 119). However, available studies have not provided clear discrimination 
between the direct effect of MV infection on the lymphocyte population and the 
host responses to infection and lymphopenia after measles in vivo. In this study, we 
offer a new perspective on host responses to natural measles. MV infection causes 
lymphocyte depletion, with memory T and B cells being the most severely affected. 
Observations from bone marrow transplant recipients and HIV patients showed that 
newly generated T cells had a short life span due to spontaneous apoptosis, and these 
cells had a significantly decreased mitogenic activity (262-264). Highly proliferating 
PBMC and apoptotic uninfected lymphocytes have been isolated from the blood of 
acute measles patients and reduced responsiveness to mitogen stimulation has been 
reported, suggesting that similar cells are present after measles (265, 266). B- and T 
cell receptor sequencing studies are required to determine whether the new emerging 
lymphocytes have similar antigen specificity to the lost ones.

Our study has a number of limitations. We observed a substantial level of biological 
variation in the changes in lymphocytes subset frequencies, with increases in some 
subjects while decreases were seen in others. We believe that our study contained a 
sufficient sample size to allow statistical analysis of the results and, despite individual 
variation, interpret changes as mediated by measles. Our study was limited to three time 
points (before, during and after measles). Although additional follow-up samples could 
have provided more insight in the longevity of measles-associated immune suppression, 
this would have increased the risk of non-compliance resulting in a loss of statistical 
power. Observational studies in healthy children are difficult, especially in terms of 
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obtaining medical ethical clearance and informed consent and assent. Moreover, at the 
moment of preparation of our clinical study protocol, data suggesting that measles-
associated immune suppression might continue for more than two years were not yet 
available. Thus, we did not see any reasons to justify additional sampling points. Another 
study limitation is the absence of baseline haematological and biochemical data for 
each sampling. This would have required collection of additional blood tubes, which 
we believe would have reduced the willingness of parents and children to participate 
in our study.

In conclusion, our study shows that measles viremia in prodromal measles patients is 
mediated by MV-infected memory T cells and naive and memory B cells. We also show 
that measles has an impact on circulating lymphocyte subsets that lasts more than 
a month after recovery from the disease. These results offer an explanation for the 
observed long-term effects of measles on host resistance and underline the importance 
of maintaining measles vaccination coverage.

Methods

Ethical statement
Unvaccinated children aged four to 17 years old at the moment of sampling, without a 
history of natural measles, were recruited by distributing invitation letters and patient 
information forms via three Orthodox Protestant schools with low vaccination coverage 
(<20%) in the Netherlands. Children with chronic disease or immune suppression due to 
medication were excluded from participation. Despite the availability of free vaccination 
in the Dutch public healthcare system, the parents of our study participants refused 
all vaccinations on basis of religious grounds. They continued to do so in the face of an 
ongoing measles outbreak. No additional measures or interventions were available to 
prevent MV infections. Some patients developed complications, such as otitis media or 
pneumonia, and visited their general practitioners for treatment. However, none of the 
study participants required hospitalisation due to severe measles. An investigator and a 
research nurse visited the responding parents at home to provide them with additional 
explanation of the study. Clinical specimens were collected after verbal assent was 
obtained from participants younger than 12 years old or written informed consent from 
participants aged 12 years and older. Written informed consent from both parents was 
always obtained. The study protocol was approved by the medical ethical committee of 
Erasmus MC, the Netherlands (MEC-2013-302, CCMO register NL45323.078.13/2, see 
[http://www.toetsingonline.nl] and Supplementary Data 3).

Clinical specimens
Children aged four to 13 years old (n = 26) in the prodromal phase or early stage of 
acute measles were enrolled into Cohort A. Complete sample sets were successfully 
collected from 24 children, of which 23 had laboratory-confirmed measles. Each sample 
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set included throat and nose swabs (regular flocked swabs, COPAN Diagnostics Inc., 
USA) collected into 2.5 ml of virus transport medium and a single venous blood sample 
collected in a 10-ml heparin vacutainer tube (257). Swab samples were homogenised 
using a vortex for one minute, and viral transport medium aliquots were frozen at 
-80°C. Cohort B included 90 children without clinical signs of measles, from whom 82 
complete sample sets were successfully collected. Each sample set included paired 
blood samples collected in a 10-ml heparin vacutainer tube. A research nurse recorded 
parent-reported clinical signs and degrees of disease severity following telephone 
interviews. After laboratory tests, 77 children were confirmed to have measles between 
collection of the paired samples.

Blood sample processing
In Cohort A, absolute counts of CD3+ T cells, CD19+ B cells and CD16+/CD56+ natural killer 
cells in whole blood samples (50 µl) were determined by flow cytometry using Trucount 
tubes (BD Biosciences, USA) (267). Identical data collected from age-matched healthy 
donors (n = 23) (268, 269) were included as controls. Peripheral blood mononuclear 
cells (PBMC) were isolated from heparinised blood samples of both cohorts. The tubes 
were centrifuged at 1,200 g for 15 minutes followed by collection of plasma. Plasma 
was heat-inactivated for 30 minutes at 56°C, and subsequently aliquots were frozen at 
-20°C. Following centrifugation, cell pellets were reconstituted with phosphate buffered 
saline and subjected to density gradient centrifugation. PBMC were washed and frozen 
in RPMI-1640 medium (Lonza, Belgium) supplemented with 20% of foetal bovine serum 
(FBS) and 10% dimethyl sulfoxide at -135°C.

Cell culture and virus isolation
Vero cells expressing human CD150 (Vero-hCD150) were a kind gift from Prof Yusuke 
Yanagi, Kyushu University, Japan. The cells were grown in Dulbecco’s Modified Eagle’s 
Medium (DMEM; Lonza) supplemented with 10% FBS, penicillin, streptomycin and 
L-glutamine (D10F medium) (270). A human B-lymphoblastoid cell line (BLCL) was 
cultured in RPMI-1640 medium supplemented with 10% FBS, penicillin, streptomycin 
and L-glutamine (R10F medium) (99). The cell line was generated in-house by Epstein-
Barr virus-transformation of PBMC of a healthy adult donor. Human melanoma Mel-JuSo 
cells transfected with the full length MV-Edmonston fusion (F) or hemagglutinin (H) 
genes (Mel-JuSo-F or Mel-JuSo-H)(271) were grown in R10F medium. Virus isolations 
were performed by inoculation of Vero-hCD150 cells or BLCL with PBMC or virus 
transport medium from swab samples in two-fold serial dilutions (eight replicates per 
dilution). Viral cytopathic effects were monitored over a period of three to seven days 
and a virus titre was calculated by determining the 50% endpoint using the formula 
of Reed and Muench (272). One of the virus isolates (MVi/Dodewaard.NLD/29.13; 
genotype D8) was used for full genome sequencing as described previously (GenBank 
accession number: MG912592 [https://www.ncbi.nlm.nih.gov/nuccore/MG912592])
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(273). This isolate is available via the European Virus Archive [https://www.european-
virus-archive.com].

MV-specific antibody detection
MV-specific IgM was detected using the Measles IgM capture EIA kit (Microimmune, 
UK). Results are expressed as a ratio of the optical density of the test sample over 
that of a reference sample (cut-off for positivity is 1.1). MV-specific IgG was detected 
using an in-house indirect MV IgG enzyme-linked immunosorbent assay (274). Briefly, 
high-binding 96-well flat-bottomed plates were coated with beta-propiolactone-
inactivated MV antigen (strain Edmonston) in PBS, and incubated with plasma diluted 
1:300 in buffer containing PBS, 0.05% Tween-20, 5% milk and 1% rabbit serum. Specific 
antibodies were detected using horseradish peroxidase-labelled rabbit anti-human 
IgG antibody (1:4,800; DAKO, Denmark, cat. no. P0214) and tetramethylbenzidine as 
a substrate. Results are shown as extinction at 450 nm with a reference filter of 620 
nm. Each sample was measured in duplicate. MV F and H protein-specific IgM and IgG 
antibody levels were detected by flow cytometry (271). Briefly, trypsinised cells were 
incubated with plasma samples diluted 1:100 in PBS supplemented with 3% FBS, and 
bound antibodies were detected using a FITC-labelled polyclonal rabbit-anti human IgG 
conjugate (1:50; DAKO, cat. no. F0315). Fluorescence was measured on a BD FACS Canto 
II flow cytometer, and results are shown as geometric mean fluorescence expressed in 
arbitrary fluorescence units (AFU). Virus neutralising antibodies were detected using a 
fluorescent focus reduction neutralisation assay (274). Briefly, Vero-hCD150 cells were 
seeded in a 96-well flat-bottomed plate in R10F medium 4 days prior to the experiment. 
Serial dilutions (22 – 29, each dilution was tested in duplicate) of the heat-inactivated 
plasma samples were prepared with recombinant MV strain Edmonston expressing EGFP 
(1:1) and incubated for 1.5 h at 37°C. The plasma-virus mixture was then transferred 
to the 96-well plate containing Vero-hCD150 cells. After incubation for 4 h at 37°C, 
fusion inhibitory protein (Bachem, Heidelberg, Germany) was added to each well to a 
final concentration of 0.2 mM to prevent cell-to-cell fusion. The cells were incubated 
at 37°C for another 2 days, after which they were washed with PBS and fixed with 2% 
paraformaldehyde in PBS. Single fluorescent cells were counted automatically using 
an ImmunoSpot S6 analyser (CTL, Bonn, Germany) and the 50% focus reduction titre 
was determined. Results were expressed in international units per ml using the WHO 
3rd international reference serum for measles (NIBSC, South Mimms, United Kingdom).

Flow cytometry
Frequencies of infected cells and lymphocyte subsets in PBMC were determined by flow 
cytometry using a Fortessa Cell Analyser (BD Biosciences). PBMC were thawed on the day 
of measurement and washed twice with Iscove’s Modified Dulbecco’s Medium (IMDM; 
Lonza) supplemented with 10% FBS (I10F medium). The cells were incubated in I10F 
medium supplemented with 50 U/ml benzonase (Merck Millipore, USA) for 30 minutes 
prior to centrifugation and suspension in PBS with antibodies for flow cytometry. In 

5

Total Layout_Brigitta Laksono_V04.indd   113Total Layout_Brigitta Laksono_V04.indd   113 08/12/2021   10:0208/12/2021   10:02



114

Chapter 5

Cohort A, an multicolour staining was performed to identify MV-infected lymphocyte 
subsets (see Supplementary Table 1) (252). Viable cells were identified using LIVE/DEAD 
Fixable Dead Cell Stain kit with Aqua fluorescent reactive dye (Life Technologies, USA). 
The presence of MV nucleoprotein (MV-N) in the cells was detected by intracellular 
staining with a monoclonal MV-N antibody conjugated with FITC (clone 83KKII; Merck 
Millipore), using a fixation and permeabilisation kit according to the manufacturer’s 
instructions (BD Biosciences) (252). Antibody dilutions and catalogue numbers used 
in this study are available in Supplementary Table 1. MV infection levels within each 
lymphocyte subset were assessed by detection of cells expressing MV-N and shown 
as percentages. In Cohort B, three, separate multicolour stainings were performed to 
identify T and B cell subsets, as specified before (Supplementary Table 1) (252, 267, 275). 
Viable cells were identified using Fixable Viability Stain 520 (BD Biosciences). All gating 
strategies used for analyses in this study are shown in Supplementary Figure 9 – 12.

Statistical analyses
The statistical differences in the absolute number of T and B cells in the blood of acute 
measles patients in comparison to age-matched healthy donors and the statistical 
differences in virus titres of throat and nose swabs were analysed by Mann-Whitney 
rank sum test. The ratio of lymphocyte subset frequency before and after measles was 
calculated as the frequency of the subset after measles divided by the frequency of the 
same subset before measles. Ratio ‘1’ indicates no changes, while ratio ‘>1’ indicates 
increase and ratio ‘<1’ indicates decrease in lymphocyte subset frequency after measles. 
Statistical differences in frequencies of lymphocyte subsets before and after measles 
were analysed by two-tailed paired t-test or Wilcoxon signed-rank test. *P < 0.05, **P 
< 0.01, ***: P ≤ 0.001. Each measurement in this study was performed once, unless 
mentioned otherwise.

Code availability
Software used for unsupervised analysis of flow cytometry data (Supplementary Figure 
5), including R base packages and Rphenograph, have been previously published(256). 
Linking scripts used to process the data have no access restrictions and are available 
upon request.

Supplementary Information accompanies this paper at 
https://doi.org/10.1038/s41467-018-07515-0.
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Measles virus (MV) is a member of the family Paramyxoviridae, genus Morbillivirus. Like 
most morbilliviruses, it is highly contagious and transmitted through the air. Although 
the symptoms of measles, such as fever, cough and skin rash, appear innocent, the 
infection leads to a much grimmer consequence that lasts years after recovery. This 
thesis presents in details how a morbillivirus, such as MV, infects immune cells, spreads 
to different tissues and organs and how such infection can lead to the development of 
skin rash, brain infection and transient immune suppression.

The past and present of measles
Since several centuries Before the Common Era, measles virus (MV) has been circulating 
among the human population (288). Measles in the past was considered as one of 
the most life-threatening diseases, in children and adults alike (289-291). Since the 
introduction of live-attenuated measles vaccines in the 1960s and the establishment 
of the Expanded Programme on Immunisation (EPI) by the World Health Organisation 
(WHO) in the 1970s, the global incidence of measles was drastically reduced and millions 
of lives are saved each year. However, measles in the modern world is increasingly 
regarded as an innocent childhood disease and this misconception starts to lead to 
the increase of vaccine hesitancy and the decline of vaccination coverage. In Europe, a 
four-fold increase in the number of measles cases was reported in 2017 (247). A better 
understanding of the pathogenesis of measles will help to convey the message that 
sustained vaccination coverage is vital.

MV entry
The highly infectious MV is transmitted by aerosols and small droplets. Respiratory 
epithelial cells are not the initial targets of the virus, because nectin-4 is only expressed 
at the basolateral side (48, 292, 293). Inoculation of non-human primates (NHPs) with 
wild-type recombinant MV (rMV) expressing enhanced green fluorescence protein 
showed that myeloid cells in the respiratory submucosa and the lungs are the initial 
target cells in an MV infection, suggesting that measles starts through the infection of 
CD150+ alveolar macrophages or the binding to DC-SIGN+ submucosal DCs in the lumen 
of the respiratory tract (Figure 1A – B) (28, 40-42, 294). An alternative route of entry 
is via the conjunctiva, which contains susceptible CD150+ myeloid and lymphoid cells. 
Eye protection during contact with measles patients reduces the risk of MV infection, 
suggesting that MV can use the ocular route to enter the host (49). Simultaneous 
intranasal, intratracheal and ocular administration of rCDV expressing different 
fluorescence reporter proteins to ferrets resulted in multicolour viremia, showing that 
morbilliviruses are able to enter the host at different anatomical locations, as long as 
susceptible myeloid or lymphoid cells are accessible (234).

Local and systemic dissemination of MV
MV infection spreads as infected cells migrate to bronchus-associated lymphoid tissues 
or draining lymph nodes (Figure 1C – D) (42, 43). In addition to migrating MV-infected 
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cells, MV can be carried by DC-SIGN+ DCs and use these cells as a “Trojan horse” to reach 
the draining lymph nodes. Through cell-cell interactions, MV spreads to susceptible 
CD150+ lymphocytes in the tissue-associated lymphoid tissues. CD150 is abundantly 
expressed in T cells, with higher expression in memory cells than in the naive cells. In B 
cells, the dichotomy is less prominent, since both naive and memory cells express high 
levels of CD150, as we showed in Chapter 2. As a consequence, memory T cells and 
naive and memory B cells are predominant target cells for MV infection in the lymphoid 
tissues (45, 168, 295). The large number and the close interaction of susceptible myeloid 
and lymphoid cells in the draining lymph nodes allows rapid dissemination throughout 
the tissues (42). Newly MV-infected lymphocytes subsequently leave the lymphoid 
tissues and disseminate systemically, leading to a cell-associated viremia (Figure 1E 
– F), and spread the infection to other tissues and organs, such as peripheral lymph 
nodes, thymus, bone marrow, spleen, gastrointestinal tract, kidney, liver and skin. 
The mobility of MV-infected cells, the accessibility of organs to those cells and the 
availability of susceptible cells in different organs are important factors during the 
systemic dissemination of MV.

Prodromal phase of measles
During systemic dissemination, early acute measles patients exhibit coughing and fever, 
sometimes accompanied by diarrhoea and/or vomiting and conjunctivitis, and become 
lymphopenic. Patients are highly contagious during the prodrome, and infectious virus 
can be isolated from throat and nose swabs, with higher virus titres found in the nose 
than in the throat, as we showed in Chapter 5 (168). Respiratory epithelial cells become 
infected at this stage, through contact between MV-infected lymphoid or myeloid cells 
in the respiratory submucosa and nectin-4 on the basolateral side of these epithelial 
cells (Figure 1G). MV ribonucleoprotein (RNP) complexes can be trafficked laterally 
in the respiratory epithelium through F-actin rings, demonstrating direct cell-to-
cell transmission of MV (167, 296). MV infection of the epithelial cells subsequently 
leads to the production of new virus particles at the apical cell surface. The new virus 
particles are then released into the mucus that lines the lumen of the respiratory tract. 
Simultaneously, epithelial damage in the bronchi and bronchioles induces coughing. 
Combined with the lack of nectin-4 expression at the luminal surface of epithelial cells, 
this results in unimpeded expel of infectious virions in large droplets or small aerosols 
(Figure 1G) (43, 63).

Symptomatic phase of measles
The emergence of skin rash marks the beginning of clinical measles. In Chapter 3, we 
studied the interaction of MV-infected myeloid and lymphoid cells with skin-resident 
myeloid and lymphoid cells in the dermal papillae or near hair follicles or sebaceous 
glands, where blood vessels and capillaries are abundantly present (Figure 1H) (28, 73, 
185). The infected cells enter the dermis through the circulation. Infection in the dermis 
is disseminated to the keratinocytes in the epidermis and the virus spreads apically 
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and laterally in a nectin-4-dependent manner (297). In experimentally infected NHPs, 
MV-infected cells were present in the dermis at the peak of viremia (~9 days post-
inoculation) and the infection continued to spread to the epidermis the following days 
(297). At this time point, MV-specific IgM antibodies can be detected, demonstrating 
expansion of MV-specific lymphocytes (Figure 1I) (99). Maculopapular skin rash 
appears around 11 days post-inoculation, during which inflammatory responses and 
mononuclear cell infiltration are detected in the dermis and epidermis (Figure 1J). The 
appearance of the erythematous, morbilliform skin rash possibly originates from the 
appearance of oedema and hyperaemia as a response to MV infection and the ongoing 
antiviral immune responses in the skin. The importance of the host immune response 
in the pathogenesis of measles skin rash is demonstrated by the absence of skin rash 
in immunocompromised patients (75).

Recovery phase of measles
The majority of MV-infected cells either die due to infection or are cleared by MV-
specific CD8+ T cells (106, 276). New lymphocytes, either MV-specific or freshly recruited 
from the bone marrow, soon become available in lymphoid tissues and peripheral 
blood and the number of lymphocytes recovers to normal levels (Figure 1K). During 
recovery, new epithelial cells and keratinocytes proliferate and differentiate to make 
up for the losses (Figure 1L), as also shown in Chapter 3. Although recovery is often 
without complications, rare but severe measles-associated central nervous system 
(CNS) complications may occur: acute disseminated encephalomyelitis (ADEM), measles 
inclusion body encephalitis (MIBE) or subacute sclerosing panencephalitis (SSPE). 
ADEM happens during the recovery phase and is immune-mediated, possibly caused 
by molecular mimicry based on similar structure between MV proteins and myelin 
(77). MIBE occurs in young infants or immunocompromised patients after several days 
or months after acute measles or vaccination (206). SSPE is a rare complication that 
can appear several years after a regular measles episode, with the highest incidence 
in children who experienced measles before the age of one (298). How MV spreads 
to and within the CNS remains unknown, although recent studies have shown that 
hyperfusogenic viral complexes can mediate CD150- and nectin-4-independent viral 
entry. This hyperfusogenicity is caused by amino acid substitutions in the ectodomain 
of the MV fusion (F) glycoprotein, which are reported in SSPE and MIBE cases (88, 
244, 299). Another recent study also describes the transfer of cytoplasmic cargo, 
including infectious materials, from cell to cell through nectin-1-nectin-4 interaction. 
Consequently, nectin-4+ epithelial cells can transfer infectious MV RNP to nectin-1+ 
primary neurons (65). Spread into neurons can also be facilitated independent of CD150 
or nectin-4 by cis-interaction of cell adhesion molecule 1 and 2 (CADM1 and CADM2) 
on infected neurons, allowing virus transmission to interacting neurons (236). To date, 
there is no treatment for measles-associated CNS complications and hence MV infection 
in the CNS will ultimately result in death.
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The study of pathogenesis of MV infection in the CNS in vivo is not without hindrance, 
especially because most of the studies rely on less relevant animal models. In Chapter 4, 
we showed the comparable infection levels of MV and its close relative the neurovirulent 
canine distemper virus (CDV) in an ex vivo organotypic primate and carnivore brain 
slice culture model. Studies reported that some measles patients showed abnormally 
slow electroencephalograms during or immediately after the acute phase, while others 
reported the presence of MV RNA in the brains of autopsied individuals with no SSPE-
like CNS complication or history (241). Altogether, our and others’ findings indicate that 
MV can potentially invade the CNS more often than previously thought and persist long 
after the acute phase of disease.

MV genomic RNA has been reported to persist in experimentally infected NHPs up to 
50 days post-inoculation in peripheral blood mononuclear cells (PBMC) and 71 days 
post-inoculation in lymph nodes. The decline of the RNA in blood occurred in three 
phases: a rapid decline due to clearance of infected cells (10 – 14 days post-inoculation), 
a transient increase up to 10-fold (14 – 24 days post-inoculation) and a slow decrease 
to undetectable levels (24 days or more after inoculation). This indicates that MV might 
persist in the host for much longer than generally recognised (300, 301). Persistence of 
MV RNA has also been reported in naturally MV-infected Zambian children up to four 
months after the onset of skin rash (302).

Measles-associated immune suppression
Several mechanisms have been proposed to explain measles-associated immune 
suppression, such as suppression of lymphocyte proliferation, altered cytokine profiles, 
apoptosis of bystander lymphocytes, and infection and depletion of pre-existing 
CD150+ DCs and lymphocytes (119). Based on the preferential MV infection of memory 
lymphocytes in experimentally infected NHPs, we proposed immune amnesia as a 
mechanism of measles-associated immune suppression (45). The preferential tropism 
of MV for memory lymphocytes was confirmed in human PBMC collected from naturally 
infected early acute measles patients, which we reported in Chapter 5. Moreover, in 
paired PBMC samples collected from unvaccinated children before and after measles 
there was a significant reduction in the percentages of circulating memory T and B 
cell subsets (168). In Chapter 5, we showed that this reduction was detectable more 
than a month after recovery. This depletion may not only affect the adaptive immune 
cells. A new study showed that some innate, memory-like peripheral blood and hepatic 
mucosa-associated invariant T cells (MAIT) cells and invariant natural killer T (iNKT) cells 
isolated from human peripheral blood express CD150 and hence are also susceptible to 
MV infection. This infection leads to apoptotic death of the cells (303). Simultaneously, 
MV infection led to the loss of pre-existing antibodies in the plasma isolated from 
the same paired samples, most likely due to MV infection and depletion of long-lived 
plasma cells in the bone marrow (281). Accordingly, B cell receptor sequencing of the 
memory B cell pool from the paired PBMC samples showed reduction of pre-existing B 
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cell memory clones, which were not reconstituted after measles (283). The combined 
loss of memory T and B cells and, ultimately, pre-existing antibodies through the loss 
of long-lived plasma cells, causes immune amnesia (Figure 1M – N).

In Chapter 5, we also showed that the significant reductions in the frequency of some 
circulating lymphocyte subsets after measles is accompanied by increased frequencies 
of others. The most interesting subsets that increase in relative size after measles are 
transitional B cells, which are bone marrow emigrants with reduced proliferation 
capacity, and regulatory T cells, which are responsible for suppression of T cell responses 
after immune activation (168, 260). B cell receptor sequencing of naive B cells from 
the paired PBMC samples revealed incomplete recovery of the genetic composition 
of naive B cells with signatures of immunological immaturity, consistent with the 
observed influx of transitional B cells in these paired samples (283). The masking effect 
by newly generated cells, such as transitional B cells and regulatory T cells, complicates 
the observation of measles-associated immune suppression, since there is no clear 
discrimination between the direct effect of MV infection on the lymphocyte population 
and the host responses to infection and lymphopenia (Figure 1O).

Measles-associated immune amnesia offers a new perspective to explain the reported 
increase of non-measles infectious disease morbidity and mortality following measles 
infection. A correspondence from 1948 described how whooping cough developing 
during measles was likely to be more severe, while measles developing during whooping 
cough had no effect on the severity of either disease (304). Accordingly, a model-based 
inference on parallel historical records of measles and whooping cough mortality and 
morbidity from three different eras showed an increase in susceptibility to whooping 
cough following recent measles virus infection (305). A 2015-2016 measles epidemic 
in Mongolia resulted in ten times higher infant measles mortality rate in 2016 than in 
2015, most likely due to other respiratory virus infections such as influenza B (306) or 
respiratory syncytial virus (RSV) (307). Indeed, children are more likely to suffer from 
non-measles infectious diseases, especially upper respiratory infections, which may 
last several years after recovery from measles (25, 280). Increase of hospitalisation 
within the first year after recovery from measles was also reported in several cohort 
studies (280, 308).

Vaccination of NHPs with vaccine strain-based rMV expressing a fluorescent reporter 
protein did not result in systemic replication and viremia, and instead resulted in 
high levels of protection from wild-type MV infection (274). Consistent with this 
finding, no overall change in antibody repertoire was observed in measles-mumps-
rubella vaccinated children (281). Altogether, these observations signify that measles 
vaccination does not lead to immune amnesia, but rather protects the host from it (309).
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Figure 1. The pathogenesis of measles. Schematic representation of the course of MV infection. 
The green bell-shaped curve in the background of the top panel represents the viral load over 
time. MV enters the upper (A) or lower respiratory tract (B) by infecting CD150+ or binding 
to DC-SIGN+ dendritic cells (DCs) or alveolar macrophages. These infected cells migrate to 
bronchus-associated lymphoid tissues (C) or draining lymph nodes (D) to spread the infection 
further to susceptible lymphocytes. MV-infected CD150+ lymphocytes, mostly CD4+ memory 
T cells, disseminate the infection systemically either through the circulatory system (E) or the 
lymphatic system (F). Infection of respiratory epithelial cells from the basolateral side, combined 
with epithelial damage, leads to the release of infectious MV particles into the lumen of the 
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respiratory tract (G). Infection of dermal myeloid and lymphoid cells is followed by the spread of 
the infection among epidermal keratinocytes in a nectin-4-dependent manner (H). MV-specific 
lymphocytes start to expand to clear the infection (I). Hyperaemia of the skin capillaries leads to 
the recruitment of MV-specific lymphocytes and activated macrophages to infected skin areas 
and, together with oedema, gives the appearance of erythematous, morbilliform skin rash (J). 
Upon recovery, loss of lymphocytes is partly masked by the expansion of newly generated cells 
(K). Skin rash disappears and the epidermis is cleared of infection (L). The patient is protected 
against clinical measles for life. However, due to the loss of pre-existing lymphocytes and long-
lived plasma cells (M) and, consequently, pre-existing antibodies (N), the patient becomes 
susceptible to other infectious diseases, especially respiratory infectious diseases. (O) The 
schematic representation of lymphopenia and changes in the composition of lymphocyte 
populations before and after measles. The lymphotropic nature of MV leads to the infection 
and depletion of CD150+ pre-existing lymphocytes, but the long-term loss is masked by the rapid 
generation of MV-specific cells and the expansion of new cells due to homeostatic responses. (P) 
The types of cells infected by MV over time. Myeloid cells act as initial target cells and “Trojan 
horses” by transporting virus to CD150+ cells in lymphoid tissues. Lymphocytes play a major 
role in systemic dissemination, while respiratory epithelial cells are crucial in viral transmission. 
The dermal myeloid and lymphoid cells and the epidermal keratinocytes are responsible for the 
appearance of skin rash. MV-infected cells are mostly cleared by MV-specific immune cells but 
some lymphocytes still harbour MV RNA long after recovery from measles.

Animal models
The current knowledge regarding the pathogenesis of measles owes much to in vivo 
studies in NHPs, which are naturally susceptible to MV infection. They are the ideal 
animal model to study measles pathogenesis. MV infection of New World monkeys 
can lead to severe or even lethal outcomes, deeming them unsuitable as animal model 
(310, 311). However, in a recent study on squirrel monkeys (Saimiri sciureus), a New 
World species, closely reproduced clinical symptoms of measles in humans (312). 
Rhesus (Macaca mulatta) and cynomolgus macaques (Macaca fascicularis) present 
similar clinical symptoms and virological, immunological and pathological outcomes to 
those in humans and thus have been commonly used as an animal model for measles 
(313). Despite the similarities, the two macaque species still differ in their clinical 
presentation. Rhesus macaques have been reported to develop a more distinct skin 
rash and conjunctivitis than cynomolgus macaques (55, 313, 314). The use of NHPs as 
laboratory animals also raises ethical concerns and is becoming progressively more 
strictly limited. Nonetheless, the availability of cross-reactive reagents makes macaques 
the ideal animal for in vivo measles studies. Furthermore, the use of rMVs based on wild-
type strains expressing a fluorescent reporter protein allows the thorough observation 
of viral tropism, disease kinetics and pathogenesis.

CDV, a close relative to MV, can also be used as an alternative to study the pathogenesis 
of MV in vivo, especially in ferret (Mustela putorius furo) models. Ferrets are not only 
naturally susceptible to CDV, but their respiratory tract also resembles that of humans. 
Recombinant CDVs (rCDVs) expressing a fluorescent reporter protein are available 
for the study of pathogenesis of morbillivirus infection in vivo. In Chapter 6, we used 
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a rCDV based on a non-adapted wild-type strain isolated from a naturally infected 
raccoon in a ferret model and showed that the virus retained the natural tropism 
to lymphoid, myeloid and epithelial cells. Although the virus was less neurovirulent 
than previously described rCDVs, the infection still resulted in high case-fatality rates. 
Rational attenuation of the virus is the next step to better represent disease progression 
and outcome of measles in ferrets.

Measles during the COVID-19 pandemic
In 2019, the newly emerged Severe Acute Respiratory Coronavirus 2 (SARS-CoV-2) 
caused a coronavirus disease 2019 (COVID-19) outbreak in Wuhan, China. In 2020, 
WHO declared a pandemic and various nonpharmaceutical prevention measures were 
taken throughout different countries to control the spread of the virus, including the 
implementation of social and travel restrictions and partial or full lockdowns. Studies 
from different countries showed that the implementation of lockdowns also leads to 
the dramatic decrease in a number of common respiratory viral infections (315-318). 
Up to June 2021, only a few measles cases were reported to European Centre for 
Disease Prevention and Control. This is a contrast to more than 100,000 measles cases 
reported in Europe in 2019, just before the pandemic (26). Although this significant 
reduction in number of measles cases seems to be a benefit from the implementation 
of pandemic-related measures, it is also feared to be merely a temporary halt of the 
problem. Worldwide vaccination campaigns have been interrupted due to the pandemic 
and childhood vaccination coverage in several countries has decreased (319, 320), which 
may lead to a soaring number of vaccine-preventable diseases, especially caused by 
MV, once the restrictions and measures are lifted.

In 2017, Indonesia launched the world’s largest vaccination campaign against measles 
and rubella. Although the first phase of the campaign turned out to be a massive success, 
the second phase was interrupted, mainly by natural disasters in different islands in 
2018 (321). The pandemic in 2020 has brought yet another hurdle to the national 
vaccination programme, since access to healthcare has become obstructed, especially 
in rural areas. To worsen the blow, information regarding health and healthcare during 
the pandemic is drowned in the sea of misinformation, inflamed further by social media, 
thus increasing public distrust towards the government and public health officials. If 
the government does not change their strategy to gain the public trust, the number of 
common childhood viral infection cases, including MV infections, may increase sharply 
in the near future, especially since a pandemic-fuelled baby boom is to be expected. 
Communication between the government and the public must be improved to protect 
the new generation from future outbreaks.

Indonesia has 34 provinces with more than 200 million inhabitants and more than 650 
different languages, excluding dialects and subdialects. Although Bahasa Indonesia is 
adopted as the national lingua franca, different local languages are still actively used. 
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One strategy that the government may adopt to gain the public trust is to increase 
diversity and inclusivity in their offices, especially in policy making, science, public 
health and healthcare settings. Providing written and verbal information in local 
languages can be the first step in closing the distance between the government and 
the public. Ensuring better access to higher education and employment for people 
with different cultures and backgrounds will further increase the public trust and allow 
the government to communicate and reach out to local communities more efficiently.

Vaccination programmes against COVID-19 have started globally in 2021 and, in 
Indonesia, the vaccination is, to date, mandatory. The number of COVID-19 cases 
soared, especially after the Eid holiday in May 2021, despite the mandatory vaccination 
and the ban on mudik (a homecoming travel during or before major holidays). By end 
of June 2021, the number of children that contracted COVID-19 has almost tripled 
since May 2021, especially in children below five years old. If there are no changes in 
regulations or prevention measures, soon enough herd immunity will be reached in 
Indonesia through natural infections, although at the cost of so many lives. To make 
matters worse, there is a looming threat: an increase of measles cases and subsequently 
other infectious diseases following recovery from measles in the near future, since the 
pandemic measures have hampered the national childhood vaccination programme 
and measles is still endemic in Indonesia. Immunity against COVID-19 that has been 
painstakingly achieved may thus be at risk due to measles-associated immune amnesia 
and re-vaccination may even be required. Future studies are thus necessary to evaluate 
whether memory immune responses to COVID-19 will be suppressed or lost following 
measles.

Along with the increase of COVID-19 vaccination coverage and ‘pandemic fatigue’, 
countries start to open their borders and allow international travels, which will increase 
the risk of importation of MV from an endemic country, such as Indonesia, into other 
countries where measles cases are rare. All countries should therefore stay vigilant and 
not only focus on COVID-19 measures, but also prepare for other infectious diseases to 
prevent various outbreaks in the near future (322). Prevention of measles outbreaks 
may subsequently lead to a reduction in non-measles morbidity and mortality in the 
longer run.

The future of measles
While it is correct to conclude that one would only need to suffer measles once 
because the virus induces strong immune responses that will protect for a lifetime, 
it is at the same time incorrect to assume that the disease is resolved upon recovery 
and disappearance of symptoms. Our studies described in this thesis have shown that 
the immune cells play a paradoxical role in the pathogenesis of morbillivirus infection, 
including measles: the strong and specific lifelong protection that the immune cells offer 
comes at the cost of their own demise during the virus infection, leading to a transient 
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immune suppression. Measles-induced immune suppression leads to increased risks of 
childhood morbidity and mortality for a period of more than two years (25, 280). This 
highlights that measles is not an innocent childhood disease and that communication 
among scientific researchers, public health and the general public must be improved 
to maintain high vaccination coverage if measles were to be eradicated in the future.
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Chapter 8

English

Measles remains a global problem to this date. The number of measles cases increased 
over the past few years despite the availability of a safe and effective vaccine, in part 
due to the increase in vaccination hesitancy worldwide. Although the symptoms of 
measles, such as fever, cough and skin rash, may seem harmless, measles virus infection 
can lead to severe complications, such as pneumonia. The virus is transmitted via 
the air, but its primary target cells are cells of the immune system, particularly the 
memory immune cells. Measles virus infection leads to depletion of these cells, causing 
immune suppression after recovery from measles. Paradoxically, immune cells are also 
responsible for controlling and clearing the infection. Upon recovery, individuals are 
protected from measles for a lifetime.

To study the paradoxical role of immune cells in measles virus infection, we investigated 
which subsets of immune cells are targeted by the virus (Chapter 2). We inoculated 
peripheral blood and tonsillar mononuclear cells with recombinant measles virus 
expressing a green fluorescent reporter protein. With multicolour flow cytometry, we 
identified different subsets of lymphocytes and found that naïve and memory B cells, 
beside memory T cells, are highly susceptible and permissive to measles virus infection.

By infecting these highly motile immune cells, the virus is able to spread throughout 
the body and infects various organs and tissues, such as the skin and the brain. It 
has been postulated that measles rash starts by infection of endothelial cells in the 
dermis, but these cells do not express the cellular receptors that facilitate measles virus 
infection. In Chapter 3, we combined observations and expertise from pathologists, 
dermatologists, virologists and immunologists to understand how measles virus reaches 
and disseminates in the skin. We showed how infected immune cells enter the dermis 
and spread the infection to the epidermis. The infection is cleared several days later 
by infiltrating immune cells. The retention of excess fluid and the dilatation of blood 
capillaries in the skin lead to a reddish morbilliform rash.

Measles virus can also infect the central nervous system and cause neurological 
complications, such as subacute sclerosing panencephalitis. Unlike other morbilliviruses, 
measles-associated neurological complications only occur rarely, which complicates the 
study of measles virus neurotropism and neurovirulence. In Chapter 4, we developed 
an ex vivo brain infection model for measles virus and canine distemper virus. Canine 
distemper virus is a close relative of measles virus and is known to cause neurological 
complications in various wild and domestic animals alike. We found that measles virus 
and canine distemper virus have an equivalent neurotropism and neurovirulence in 
their respective host species.
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In 2013, a measles outbreak occurred in the Netherlands, largely among the Orthodox 
Protestant community that refuses vaccination on religious grounds. This outbreak 
presented us with a unique opportunity to study measles-associated immune 
suppression in naturally infected patients (Chapter 5). We collected clinical samples 
from unvaccinated children before, during and after measles. We were able to 
determine that memory T cells and naïve and memory B cells were predominantly 
infected by measles virus. We also found that, among others, the frequency of memory 
B cells in circulation was reduced after measles. This loss was compensated by an influx 
of transitional B cells, which represent recent bone marrow emigrants that will develop 
into mature naïve B cells. Through this study, we showed that infected memory T cells 
and naïve and memory B cells are responsible for the systemic spread of measles virus 
and the infection has an impact on peripheral blood lymphocytes that last more than 
a month after recovery from measles.

To further study the measles paradox, a representative disease model system is needed. 
We refined an animal model in ferrets using canine distemper virus (Chapter 6). Despite 
the important differences between canine distemper virus and measles virus, canine 
distemper virus infection in this model led to the infection and depletion of immune 
cells, especially T and B cells, as observed in measles virus infection. Although the virus 
used in this study was less neurovirulent than previously described recombinant canine 
distemper virus strains, the infection still resulted in high case-fatality rates. Rational 
attenuation of the virus is thus crucial to better represent the disease progression, 
presentation and outcome of measles in ferrets.

Altogether, this thesis describes how immune cells play a paradoxical role in the 
pathogenesis of morbillivirus infection. The findings presented in this thesis contribute 
to our understanding of measles and measles-associated immune suppression and will 
increase the universal awareness that measles is not an innocent childhood disease.

8
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Chapter 8

Nederlands

Mazelen is een zeer besmettelijke infectieziekte en wereldwijd een belangrijke oorzaak 
van kindersterfte. De ziekte wordt veroorzaakt door het mazelenvirus, dat behoort 
tot de groep van de morbillivirussen. Ondanks de beschikbaarheid van een veilig en 
effectief vaccin is de prevalentie van mazelen de afgelopen jaren toegenomen, mede 
door verminderde vaccinatiebereidheid. Symptomen van mazelen als koorts en 
huiduitslag lijken ongevaarlijk, maar een infectie met het mazelenvirus kan ook leiden 
tot longontsteking of ernstige neurologische complicaties. Het mazelenvirus wordt 
via de luchtwegen overgedragen en infecteert vooral cellen van het immuunsysteem. 
Infectie van de geheugenscellen van het afweersysteem veroorzaakt immuunsuppressie. 
Tegelijkertijd reageert het immuunsysteem met een sterke afweerreactie tegen het 
mazelenvirus waardoor geïnfecteerde personen na herstel levenslang beschermd zijn 
tegen mazelen. Deze gelijktijdige verzwakking en activatie van het afweersysteem wordt 
wel de ‘mazelen paradox’ genoemd.

In hoofdstuk 2 hebben we de gevoeligheid van verschillende soorten witte bloedcellen 
voor infectie met het mazelenvirus vergeleken. We hebben B cellen en T cellen uit 
perifeer bloed en tonsillen geïnoculeerd met een recombinant mazelenvirus dat een 
groen fluorescerend eiwit maakt. Met behulp van flow cytometrie vonden we dat, naast 
de geheugen T cellen, ook naïeve en geheugen B cellen zeer vatbaar zijn voor infectie 
met het mazelenvirus. Door het infecteren van deze witte bloedcellen is het virus in 
staat zich via de bloedbaan door het lichaam te verspreiden en meerdere organen en 
weefsels te infecteren, waaronder de huid en de hersenen.

De rode huiduitslag is een karakteristiek klinisch verschijnsel na infectie met het 
mazelenvirus, maar het mechanisme dat hieraan ten grondslag ligt is nog grotendeels 
onbekend. In Hoofdstuk 3 laten we zien hoe geïnfecteerde witte bloedcellen via de 
bloedbaan de dermis bereiken en de infectie verspreiden naar de epidermis. Na enkele 
dagen wordt de infectie geklaard door infiltrerende T cellen. Het vasthouden van 
overtollig vocht en het verwijden van haarvaatjes heeft een rode huiduitslag tot gevolg.

Het mazelenvirus kan ook het centrale zenuwstelsel infecteren en neurologische 
complicaties veroorzaken zoals subacute scleroserende panencephalitis (SSPE). Deze 
neurologische complicaties zijn gelukkig erg zeldzaam terwijl ze in dieren, na infectie 
met nauw aan mazelen verwante dierlijke morbillivirussen, veel vaker voorkomen. 
Om dit verschil te begrijpen, hebben we in hoofdstuk 4 voor mazelenvirus en canine 
distempervirus (CDV, de veroorzaker van de hondenziekte) een ex vivo infectiemodel 
in hersenweefsel ontwikkeld. Onze bevindingen laten zien dat zowel het mazelenvirus 
als CDV een vergelijkbaar vermogen hebben om hersenweefsel van hun respectieve 
gastheersoorten te infecteren. Mogelijk is het risico op infectie van het centraal 
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zenuwstelsel na natuurlijke infectie met name afhankelijk van de infectiegraad in cellen 
van het afweersysteem.

In 2013 vond in Nederland een mazelenuitbraak plaats onder voornamelijk Orthodox 
Protestante gemeenschappen die vaccinatie weigeren op religieuze gronden. Deze 
uitbraak was een unieke kans om mazelen-geassocieerde immuunsuppressie in 
natuurlijk geïnfecteerde patiënten te onderzoeken (hoofdstuk 5). We verzamelden 
klinische materialen van ongevaccineerde kinderen voor, tijdens en na infectie. We 
vonden dat voornamelijk geheugen T cellen en naïeve geheugen B cellen werden 
geïnfecteerd door het mazelenvirus.

We vonden ook dat de frequentie van geheugen B cellen in het bloed verlaagd was na 
mazeleninfectie. In deze studie konden we laten wij zien dat geïnfecteerde geheugen T 
cellen en zowel naïeve als geheugen B cellen verantwoordelijk zijn voor de systemische 
verspreiding van het mazelen virus en dat tot meer dan een maand na herstel van 
mazelen er hierdoor veranderingen meetbaar zijn in witte bloedcel populaties.

Voor het bestuderen van mazelen in proefdieren werden in het verleden vooral apen 
gebruikt. Mogelijk kan een infectiemodel met CDV in fretten gebruikt worden als 
alternatief. In hoofdstuk 6 laten we zien dat inoculatie van fretten met CDV leidt tot 
infectie en depletie van cellen van het afweersysteem, voornamelijk T en B cellen zoals 
waargenomen tijdens mazelenvirus infectie in mensen. Een belangrijk verschil met 
mazelen is dat CDV hoge sterfte veroorzaakt in fretten en het virus zal daarom verzwakt 
moeten worden om het diermodel meer op mazelen in de mens te laten lijken.

Samenvattend wordt in dit proefschrift beschreven hoe cellen van het afweersysteem 
een paradoxale rol spelen in de pathogenese tijdens infectie met morbillivirussen 
als het mazelenvirus en CDV. De cellen dragen direct bij aan de verspreiding van het 
virus maar spelen ook een belangrijke rol in het opruimen van geïnfecteerde cellen. 
Deze bevindingen dragen bij aan ons begrip van mazelen en mazelen-geassocieerde 
immuunsuppressie en zullen hopelijk bijdragen aan het besef dat mazelen geen 
onschuldige kinderziekte is.
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Bahasa Indonesia

Penyakit campak masih menjadi masalah kesehatan dunia, meski penyebarannya dapat 
dicegah dengan vaksin yang aman dan ampuh. Jumlah kasus campak terus meningkat 
selama beberapa tahun terakhir, terutama karena semakin meningkatnya keraguan 
masyarakat terhadap vaksinasi. Gejala campak, umumnya berupa demam, batuk dan ruam 
kulit, memang tampak tidak berbahaya, namun infeksi virus campak dapat mengakibatkan 
komplikasi berat seperti radang paru-paru. Walau virus campak disebarkan melalui 
udara, sel yang menjadi target utama infeksi virus ini adalah sel darah putih, terutama 
sel memori. Sel-sel yang terinfeksi ini kemudian mati dan musnah, sehingga kekebalan 
tubuh melemah bahkan setelah penderita sembuh dari campak. Di saat bersamaan, 
sel darah putih berperan penting dalam proses penyembuhan karena merekalah yang 
mengendalikan infeksi dan melindungi individu seumur hidup dari serangan ulang campak. 
Fenomena paradoksal ini kemudian dikenal sebagai ‘Paradoks Campak’.

Untuk mempelajari peran sel imun yang paradoksal dalam infeksi virus campak, kami 
menyelidiki jenis sel imun yang menjadi target virus tersebut (Bab 2). Kami menginokulasi 
sel imun yang diisolasi dari darah dan amandel dengan virus campak yang dimodifikasi 
secara genetik. Sel-sel yang terinfeksi virus ini akan memendarkan cahaya hijau jika 
terpapar cahaya biru berkat rekombinasi genetik. Dengan teknik sitometri multiwarna, 
kami dapat membedakan beragam jenis limfosit dan mengidentifikasi jenis limfosit yang 
sangat rentan terinfeksi virus campak. Jenis-jenis limfosit yang sangat rentan terhadap 
infeksi tersebut adalah sel B naif dan memori, serta sel T memori.

Dengan menginfeksi sel-sel imun yang sangat motil ini, virus campak dapat dengan mudah 
menyebar ke seluruh tubuh dan menginfeksi berbagai organ dan jaringan, seperti kulit 
dan otak. Infeksi sel endotel di lapisan dermis pada kulit dipercaya sebagai penyebab 
munculnya ruam merah saat campak, namun sel endotel tidak memiliki reseptor yang 
dapat memfasilitasi infeksi. Dalam Bab 3, kami mengombinasikan pengamatan dan 
keahlian dari pakar patologi, dermatologi, virologi dan imunologi untuk mempelajari 
bagaimana virus campak mencapai dan menyebar di kulit. Kami berhasil menunjukkan 
bagaimana sel imun yang terinfeksi virus campak mencapai dermis melalui peredaran 
darah dan kemudian menyebarkan infeksi ke epidermis. Infeksi ini kemudian dihentikan 
beberapa hari kemudian oleh sel-sel imun yang sehat. Penimbunan cairan dan 
pembengkakan pembuluh kapiler akibat reaksi peradangan di kulit akhirnya menimbulkan 
ruam merah morbilliformis.

Virus campak juga dapat menyerang sistem saraf pusat dan menyebabkan komplikasi 
neurologis, seperti subacute sclerosing panencephalitis. Berbeda dari virus-virus morbilli 
lainnya, komplikasi neurologis campak sangat jarang terjadi. Hal ini menyulitkan penelitian 
yang berhubungan dengan tropisme dan keganasan virus campak pada sistem saraf. 
Dalam Bab 4, kami mengembangkan sebuah model ex vivo untuk mempelajari infeksi otak 

Total Layout_Brigitta Laksono_V04.indd   182Total Layout_Brigitta Laksono_V04.indd   182 08/12/2021   10:0208/12/2021   10:02



183

Ringkasan

oleh virus campak dan virus distemper anjing. Virus distemper anjing adalah kerabat dekat 
virus campak dan penyakit distemper sering kali menyebabkan komplikasi neurologis 
pada berbagai hewan liar dan peliharaan. Kami menemukan bahwa virus campak memiliki 
tropisme dan keganasan yang sama seperti virus distemper anjing saat menginfeksi otak 
spesies inang.

Pada tahun 2013, wabah campak terjadi di Belanda, terutama di komunitas Protestan 
Ortodoks yang menolak vaksinasi dengan alasan agama. Wabah ini menjadi kesempatan 
yang unik bagi kami untuk mempelajari mekanisme penekanan ketahanan tubuh pada 
pasien campak (Bab 5). Kami mengumpulkan sampel klinis dari anak-anak komunitas 
Protestan Ortodoks yang tidak pernah divaksin sebelum, saat dan setelah mereka terkena 
campak. Kami kembali menemukan bahwa sel T memori, serta sel B naif dan memori, 
adalah sel-sel yang paling utama terinfeksi virus campak. Kami juga menemukan bahwa 
jumlah sel B memori dan berbagai sel limfosit lainnya pada peredaran darah berkurang 
setelah campak. Musnahnya sel-sel ini dikompensasi dengan asupan sel B transisi dari 
sumsum tulang ke peredaran darah. Sel B transisi merupakan sel emigran baru yang kelak 
akan berkembang menjadi sel B naif. Melalui penelitian kami, kami menyimpulkan bahwa 
sel T memori, serta sel B naif dan memori, yang terinfeksi virus campak berperan dalam 
penyebaran virus ke seluruh tubuh dan infeksi tersebut berdampak negatif terhadap 
populasi limfosit di peredaran darah. Dampak yang ditimbulkan oleh infeksi ini dapat 
berlangsung hingga lebih dari satu bulan setelah sembuh dari campak.

Untuk mempelajari Paradoks Campak lebih lanjut, sebuah model yang dapat 
merepresentasikan penyakit campak dengan tepat sangat diperlukan. Kami 
menyempurnakan sebuah model infeksi dengan menggunakan cerpelai yang diinokulasi 
dengan virus distemper anjing yang direkombinasi secara genetik (Bab 6). Meski banyak 
perbedaan antara virus distemper anjing dengan virus campak, virus distemper anjing 
menginfeksi dan memusnahkan sel-sel imun, terutama sel T dan B, seperti virus campak. 
Virus yang kami gunakan dalam penelitian ini juga tidak ganas menyerang sistem saraf 
pusat seperti virus-virus distemper anjing rekombinasi yang pernah digunakan dalam 
penelitian-penelitian lain. Akan tetapi, infeksi virus ini tetap menyebabkan tingkat 
kematian yang tinggi pada cerpelai. Oleh karena itu, virus ini perlu dilemahkan lebih 
lanjut dengan pendekatan yang rasional agar dapat merepresentasikan perkembangan, 
presentasi dan konsekuensi penyakit campak pada cerpelai dengan lebih baik.

Akhir kata, melalui disertasi ini, kami menunjukkan bagaimana sel-sel imun memainkan 
peran yang paradoksal dalam perkembangan penyakit akibat infeksi virus morbilli, 
terutama virus campak dan virus distemper anjing. Kami berharap penemuan-penemuan 
yang disajikan dalam disertasi ini dapat memperdalam pengetahuan kita mengenai 
campak dan bagaimana virus campak melemahkan sistem kekebalan tubuh, sehingga 
timbul kesadaran umum bahwa campak bukan sekedar penyakit anak kecil yang tidak 
berbahaya.

8
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