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Prion protein alters viral control and
enhances pathology after perinatal
cytomegalovirus infection

Dubravka Karner 1, Daria Kvestak1, Paola Kucan Brlic1, Maja Cokaric Brdovcak1,
Berislav Lisnic1, Ilija Brizic 1, Vanda Juranic Lisnic1, Mijo Golemac2,
Jelena Tomac2, Astrid Krmpotic2, Esma Karkeni3, Valentina Libri3,
Sebastien Mella 3, Giuseppe Legname 4, Hermann C. Altmeppen 5,
Milena Hasan3, Stipan Jonjic 1 & Tihana Lenac Rovis 1

Cytomegalovirus (CMV) infection poses risks to newborns, necessitating
effective therapies. Given that the damage includes both viral infection of
brain cells and immune system-related damage, here we investigate the
involvement of cellular prion protein (PrP), which plays vital roles in neuro-
protection and immune regulation. Using amurinemodel, we show the role of
PrP in tempering neonatal T cell immunity during CMV infection. PrP-nullmice
exhibit enhanced viral control through elevated virus-specific CD8 T cell
responses, leading to reduced viral titers and pathology. We further unravel
the molecular mechanisms by showing CMV-induced upregulation followed
by release of PrP via the metalloproteinase ADAM10, impairing CD8 T cell
response specifically in neonates. Additionally, we confirm PrP down-
regulation in human CMV (HCMV)-infected fibroblasts, underscoring the
broader relevance of our observations beyond the murine model. Further-
more, our study highlights how PrP, under the stress of viral pathogenesis,
reveals its impact on neonatal immune modulation.

With no effective vaccine available1, human cytomegalovirus (HCMV)
continues to infect approximately 83% of the global population, with
prevalence ranging from 60% to 90% in Europe2. While primary
infection in adults often goes unnoticed, HCMV can invade the fetal
brain, resulting inpermanent neurological impairments suchasmental
retardation, vision, and hearing loss3. In this regard, HCMV remains the
leading cause of congenital infections, affecting approximately 7 out
of every 1000 children, occurring during pregnancy or in the first few
weeks after birth4,5. Regrettably, available antiviral drug options6 are
limited due to potential risks to the developing child, and recent
longitudinal cohort studies have revealed that treatments, including
ganciclovir and valganciclovir, do not provide enduring benefits7,8. To

study congenital CMVdisease, we have successfully utilized a perinatal
infection model in experimental mice, as HCMV is strictly species-
specific9,10. While mouse CMV (MCMV) cannot pass the placenta, the
brains of newborn mice are developmentally equivalent to 2nd tri-
mester human fetuses11. Thus, in the model employed here, we infect
newborn mice on day 1 after birth to mimic congenital infection in
humans. In this setting,MCMV reaches the brain and causes numerous
developmental sequelae reminiscent of those observed in congenitally
infected human newborns12–14. Most of the damage is believed to be
caused by anoverreactive immune response, which, while essential for
sufficient viral control, can also lead to tissue damage due to excessive
inflammation15. Accordingly, it has been shown that anti-inflammatory
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drugs can reduce abnormalities and alleviate brain damage in infected
newborn mice13,16. However, the precise underlying factors and con-
tributions that determine the occurrence and severity of damage in
this context remain elusive17.

Extensively studied due to its devastating role in incurable and
transmissible neurodegenerative prion diseases18,19, the cellular prion
protein (PrP) is a membrane-anchored protein for which recent insights
have revealed to serve dual functions in immune privilege: modulating
inflammation to prevent immunopathology anddirectly protecting cells
against inflammation-induceddamage (reviewed in ref. 20). Notably, PrP
is highly expressed in immunologicallyprivileged sites, such as thebrain,
and its phenotypic effects become evident in the presence of stress and
inflammation21–24, including viral challenges25–30. Studies involving PrP
knockout mice (KO) have reported several phenotypes31, with some
related to immune cell functions (reviewed in refs. 32,33). However,
certain functions attributed to PrP based on the analysis of specific KO
mouse lines could not be replicated in others31,34,35. This discrepancy is
primarily due to the influence of Prnp-flanking genes in different KO
strains. Nevertheless, PrP has been implicated in hematopoietic cell
development36 and binding to/interacting with multiple extracellular
and transmembrane ligands37,38. It is expressedon the surfaceof immune
cells where it affects their function32,39–44, cytokine responses23,24,45 and
immunological synapses43,46–50. Additionally, PrP can bind to immune
cells, suggesting its interaction with immune receptors51–53. With
its involvement in various aspects of inflammation and the lack
of comparable studies investigating the immunobiology of PrP during
the developmental phase of the immune system, particularly in the
context of early viral infection, understanding the impact of PrP on
congenital HCMV infection requires comprehensive investigation.

To investigate the impact of PrP on the immune system and
its potential for immune silencing, we utilized the relatively novel
PrnpZH3/ZH3 mouse strain, a unique and strictly co-isogenic model with
C57BL/6J mice, which possesses a specific knockout of the PrP-
encoding gene (Prnp) without affecting other genes that could
potentially influence immune responses35. A fraction of PrP mole-
cules is constitutively released (shed) from cells by the metallopro-
tease ADAM1054–56. Our findings identified soluble PrP as a negative
regulator of CD8 T-cell response upon MCMV infection, with PrP KO
neonates exhibiting increased effector functions of virus-specific
CD8 T cells, leading to improved viral control in various organs,
including the brain, without significant tissue damage or inflamma-
tion. Additionally, we provide a detailed description of the molecular
mechanism by which CMV infection causes increased ADAM10-
mediated release of PrP from infected cells, a previously unexplored
aspect. Interestingly, binding of soluble PrP to CD8 T lymphocytes
and the attenuated control of CMV were specific to newbornmice, as
no similar observations were documented in adult mice. This study
unveils the immune-regulatory function of PrP in congenital CMV
infection, shedding light on the molecular and immunological
mechanisms underlying viral burden in the developing brain during
acute infection.

Results
PrP KO neonates exhibit lower MCMV titers attributed to
improved control of acute infection by CD8 T cells
In a well-established model aimed at gaining a deeper understanding
of brain damage during congenital CMV infection, newborn C57BL/6J
mice (WT) are intraperitoneally infected with MCMV9,10. To assess the
impact of PrP on infection consequences and immune response, we
conducted a comparative analysis between WT and PrnpZH3/ZH3 mice,
which are strictly co-isogenic C57BL/6J PrP KO mice that lack only a
small portion of the Prnp gene, while other flanking genes potentially
affecting immune responses remain unaltered35. Given that MCMV is
detectable in the brain between 7 and 17 days post infection (dpi), with
the most significant neurodevelopmental changes occurring between

8 and 10 dpi14, we examined virus titers at 8 and 14 dpi (Fig. 1A).
Notably, a statistically significant difference in viral titer within the
brain was observed on day 14.

Next, we focused on day 14 pi, when the difference in viral titers in
the brains of PrP KO andWT neonates was statistically significant. The
analysis of other organs also revealed significantly lower MCMV titers
in the PrP KO pups on day 14 (Fig. 1B). Again, no significant difference
observed on day 8 (Fig. S1A). We concluded that the immunological
effects of PrP absence in the context of congenital MCMV infection are
not limited to the brain. In contrast, the amounts of virus in adult WT
and PrP KOmice, where the virus reaches organs other than the brain,
did not show significant differences, leading us to conclude that the
effect is specific for neonates (Fig. S1B).

We have shown previously that, in mice infected upon birth, virus
peaks in the brain between days 10 and 14 and is undetectable by day
21, congruent with the recruitment of CD8 T cells to the brain14. Next,
we depleted CD8 T cells to determine whether these cells could
account for the observed difference. Depletion of CD8 T cells resulted
in an increase in virus titer in the brains of PrPKOmice to a level similar
to thatmeasured inWT animals (Fig. 1C). Thesefindings supported the
hypothesis of an improved control of MCMV by CD8 T lymphocytes in
the absence of PrP. We observed the same in the spleen and liver,
indicating that CD8 T cells are indeed the major cause of differences
observed between PrP KO andWTmice. In contrast, the differences in
the salivary glands were abolished only partially, in accordance with
the dependence on CD4 T cells for virus control in the salivary glands57

(Fig. S1C). We therefore compared CD8 T cell effector functions and
observed a stronger capacity of CD8 T cells from PrP KO mice to
produce the antiviral cytokines IFNγ and TNFα (Fig. 1D, E).

In MCMV infection, CD8 T cells respond to several epitopes,
developing virus-specific conventional and inflationary CD8 T cells.
The presence of conventional T cells specific for the viral M45 or M57
epitopes indicates the early acute phase of infection, typically occur-
ring between days 10 and 2014. Based on the titers observed at 14 dpi,
we specifically examined this time-point and observed a significantly
higher frequency and number of M45 and M57 tetramer-positive CD8
T cells in PrP KO neonates (Fig. 1F–H). Conversely, no difference was
observed in adult mice regarding MCMV-M45 tetramer-positive and
MCMV-M57 tetramer-positive CD8 T cells, which correlates with the
absence of variation in viral titers (Fig. S1D). The scarcity of CD8 T cells
infiltrating WT newborn mice brains during the early days post-
infection when infected cells are still detectable by immunohistology
(IH) prompted others to use IH for either CD8TorMCMVdetectionon
a single slide9,12,14,58,59. In PrP KO mouse brains, we show CD8 T cell
infiltration among infected cells (Fig. 1I left) and a CD8 T cell coloca-
lization with an MCMV-infected cell (Fig. 1I right). However, due to the
limited occurrence of such events, we refrain from making quantified
comparisons. As another indicator of the enhanced functionality of
CD8T cells derived fromMCMV-infected PrP KOmice, we assessed the
cytotoxic potential of CD8 T cells by stimulating splenocytes with
MCMV-specific peptides. Flow cytometry analysis further confirmed
our conclusions, as it revealed an increased expression of CD107a and
an enhanced secretion of granzyme B by the PrP KO cells (Fig. S1E).

Collectively, our data indicate the importance of PrP in modulat-
ing the CD8 T cell response and influencing viral control duringMCMV
infection in neonatal mice.

MCMV-infected PrP KO neonates display a distinct CD8 T cell
transcriptome, increased proliferative potential and heightened
cytokine production
To gain a deeper understanding of the differences between CD8 T cell
populations in PrP KO and WT mice, we employed single-cell RNA
sequencing (scRNA-Seq) (Fig. 2A–D).

In uninfected mice, both genotypes were characterized by the
presence of cluster 0, representing naїve cells expressing the markers
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Sell+ (CD62L+) and IL7r+ (CD127+)60 (Fig. 2B, C). InMCMV-infected PrP
KOmice cluster 1 emerged as the dominant group, represented by the
highest number of cells, while cluster 2 prevailed in MCMV-infected
WT mice (Fig. 2C, D). Notably, cluster 2 (WT) exhibited the expected
profile associated with the effector and contraction phase (CD62L-
IL7r-KLRG1 +CX3CR1+), indicative of short-lived effector cells61, while
cluster 1 (PrP KO) displayed an intriguing combination of markers
(CD62L-IL7r-KLRG1-CX3CR1-), deviating from the usual response to
MCMV infection60. Furthermore, our flow cytometry analysis con-
firmed the observed differences in marker expression between the

characteristic PrP KO and WT clusters at the protein level (Fig. 2E).
Finally, it is worth highlighting the marker KLF2, which is the only one
present in the dominant clusters of naïve and WT infected mice
(clusters 0 and 2), but not in PrP KO (cluster 1) (Fig. 2B). Considering
that this transcription factor is downregulated in effector T cells as a
response determined by the affinity of T cell antigen receptor (TCR)62,
this could speak in favor of a higher efficiency of CD8 T lymphocytes
from PrP KO mice to clear MCMV.

The functional role of PrP in antigen-driven interactions with
T cells hasbeenobserved in various experimental systems (reviewed in
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ref. 33). To assess the impact of PrP on the initial antigen presentation,
we employed Maxi transgenic mice, which have TCR transgenic CD8
T cells specific for the immunodominant MCMV epitope M38316-323

63.
Bone marrow was collected from C57BL/6J or PrP KO mice to obtain
bone marrow-derived dendritic cells (BMDCs). In vitro comparison of
the priming efficiency of infected BMDCs from C57BL/6J and PrP KO
mice did not show any notable differences (Fig. 2F), indicating that the
observed differences are T cell-intrinsic and not dependent on the
priming capacity of antigen-presenting cells. We tested differences in
adult (6 weeks) and young Maxi mice (20 days) but did not observe
differences in priming via PrP + or - BMDCs in any case. In conclusion,
CD8 T lymphocytes in WT and PrP KO mice exhibit distinct tran-
scriptome profiles, and PrP KOmice show improved control of MCMV
infection.

Clearance of PrP from the surface of infected cells is observed in
MCMV and HCMV infections across all analyzed cell types
Although generally considered optimal for studying antigen pre-
sentation, BMDCs exhibited relatively low levels of PrP on their sur-
face. During the examination of the dendritic cell line DC2.4 to identify
more pronounced membrane expression of PrP, we discovered a
striking influence of CMVon surface PrP levels (Fig. 3A). Here, we show
that MCMV caused disappearance of PrP from the surface of infected
cells. To determine if this regulation is a widespread phenomenon, we
initially confirmed it in BALB/c mouse embryonic fibroblasts (MEF)
(Fig. 3B). Subsequently, the same downregulation of PrP was observed
in MCMV-infected C57BL/6J MEF cells, immortalized NIH/Swiss
embryo fibroblasts NIH 3T3, endothelial SVEC4-10 cells, and murine
neuroblastoma Neuro-2a (N2a) cells (Fig. 3C). Furthermore, the
downregulation of surface PrP was also evident in human foreskin
fibroblasts (HFF), primary cells highly susceptible to HCMV infection
(Fig. 3D). Building upon these observations, we then turned our
attention to unraveling the molecular mechanisms underlying the
CMV-induced modulation of PrP levels in infected cells.

PrP is known to be stress-inducible, and our next-generation RNA
sequencing dataset64 fittingly indicated PrP induction upon MCMV
infection (Fig. 3E, left). The RT-qPCR data indicated a robust tran-
scriptional upregulation in the early time points (between 3 and 12 h)
and sustained induction compared to uninfected cells (between 12 and
30h post-infection) (Fig. 3E, right). Using flow cytometry and immu-
noblotting, we indeed observed an increase in total PrP levels at 6 h
post-infection (hpi). However, as the infection progressed to 24 hpi,
infected cells exhibited significantly reduced PrP levels compared to
uninfected controls (Figs. 3F, S2). To unravel the dynamics of PrP at the
plasma membrane of infected cells, we conducted surface staining
analysis byflowcytometry. Notably, a decline in surface PrP expression
was already noticeable at 6 hpi, reaching its lowest level at 24 hpi
(Fig. 3G). These results indicate that surface PrP is lost from the plasma
membrane under the influence of infection, despite induction at both

transcript and protein levels. Hence, our subsequent focus was to
uncover the fate of PrP in MCMV infected cells.

In addition to investigating the dynamics of PrP during MCMV
infection, at this point, it was crucial to explore the potential role of PrP
in the initial infection of cells (as it could have a significant impact on
our in vivo data), potentially leading to weaker infection and lower
virus titers in tissues lacking PrP (Figs. 1, 2). To thoroughly explore this
aspect, we conducted analyses using MEFs derived from PrP KO mice
and N2a cells lacking PrP. Encouragingly, our findings confirmed that
MCMV is capable of infecting cells independently of the presence of
PrP (Fig. S3).

CMV-induced removal of PrP leads extends beyond the cell
surface, leading to the progressive loss of cell-associated PrP
during the course of infection
To first ensure the reliability of our observations regarding the dis-
appearance of PrP in MCMV-infected cells (Fig. 3), we conducted
additional experiments using multiple PrP-directed antibodies, in
addition to our in-house-generated antibody tomouse PrP (moPrP.03,
Fig. 3F). This comprehensive approach allowed us to strengthen the
validity of our findings and to confirm the stark drop of PrP levels in
infected cells (Fig. 4A). Furthermore, consistent reductions in PrP
amountswere observed in lysates of different cell types upon infection
(Fig. 4B) indicating that this phenomenon is not limited to a single cell
type. Confocal microscopy analysis further supported our observa-
tions, revealing a significant decrease in the abundance of PrP in N2a
cells following MCMV infection (Fig. 4C). For HCMV-infected cells,
confocal microscopy with human PrP and HCMV markers IE1 or
UL56.07 illustrates a clear reduction in PrP expression, confirmed by
immunoblot in HFF cells (Figs. 4D and S4). Collectively, these findings
show the substantial reduction of PrP in infected cells, prompting
further inquiries into the fate and underlying mechanisms governing
its removal.

We first examined whether virus-induced loss of PrP occurs
through classical cellular protein degradation pathways. However,
neither a proteasome inhibitor (lactacystin) nor the lysosomal degra-
dation inhibitor (leupeptin) showed any significant rescue of PrP levels
in infected cells (Fig. 4E). To confirm that the loss of PrP in virus-
infected cells is not a non-specific phenomenon, we performed a
poliovirus receptor (PVR) protein immunoblot in parallel, which
showedno loss of PVR (Fig. 4F). Furthermore, to address thepossibility
that PrP could be hidden/remained in cell lysate pellets, we utilized a
buffer with increased SDS concentration, which confirmed the overall
‘loss’ of cellular PrP (Fig. 4G). The only cell pathway inhibitor that
prevented the loss of PrP caused by MCMV was brefeldin A, which we
used as a positive control (Fig. 4H). Brefeldin A, known to inhibit the
sorting of newly synthesized proteins, retained newly synthesized PrP
within the cell and impaired surface exposure. These findings suggest
that mature PrP is not degraded through conventional pathways,

Fig. 1 | Lower MCMV titers in PrP KO newborn mice due to enhanced viral
controlmediated byCD8T cells. AViral titers in the brain of congenitally infected
C57BL/6J and PrP KOmice at 8 and 14 days post-infection (dpi); dpi 8 (n = 5); dpi 14
(n = 6). B Viral titers in spleens (n = 6; both groups); livers (C57BL/6J n = 7; PrP KO
n = 3), and salivary glands (n = 5; both groups) at 14dpi.CBrain viral titers inMCMV-
infectedanimalswith andwithoutCD8T cell depletion at 14dpi (C57BL/6Jn = 6; PrP
KOn = 6; C57BL/6J αCD8 n = 8; PrP KOαCD8 n = 8). Production of IFNγ and TNFα in
CD8 T cells from spleens (D; C57BL/6J n = 8, PrP KO n = 7) and livers (E; C57BL/6J
n = 8, PrP KO n = 7) of congenitally infected animals at 14 dpi determined by flow
cytometry staining after a 4 h incubation in the presence of Brefeldin A.
FRepresentative dotblots (second lowest signal in thegroup) showing liverMCMV-
M45 tetramer staining, quantified in Fig. 1G. G Frequency of MCMV-M45 tetramer-
positive CD8 T cells in the liver of congenitally infected animals at 14 dpi; (C57BL/6J

n = 5; PrP KO n = 4); H Frequency (%) and total number (#) of MCMV-M45 (n = 6;
both groups) andMCMV-M57 (C57BL/6 J n = 5; PrP KO n = 8) tetramer-positive CD8
T cells in the spleen of congenitally infected animals at 14 dpi.
I Immunohistochemical staining of CD8 T cells (CD8 antigen) and MCMV infected
nuclei (IE1 antigen) in the brain of congenitally infected PrP KO mice at 14 dpi.
Nuclei were visualized with DAPI. Images were acquired using a Leica TCS SP8
confocal microscope and edited with LAS X software. Scale bar represents 50μm
(left panel) and 25μm (right panel). Biological replicates: A (7), B ( ≥ 2), C–E (2),
F, G (2), H (2–4) and I (1). Titer values for individual mice are shown, with median
values indicated by horizontal bars. DL detection limit. Statistical analysis was
performed with GraphPad Prism using the two-tailed Mann–Whitney (U) test. Data
on graphs are shown as mean± SEM with p-values indicated. Source data are pro-
vided as a Source Data file.
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Fig. 2 | Phenotypic and functional differences of PrP KO CD8 T cells revealed
through scRNAseq analysis and functional assays. A–D scRNAseq analysis of
CD8 T cells harvested from spleen tissue of MCMV-infected and naїve PrP KO and
C57BL/6J mice. To obtain a purified population, CD8 T cells were FACS-sorted as
FVD-CD45+CD3+CD19-CD8+.AUMAP visualization of CD8 T cell scRNAseq data with
highlighted Seurat clusters. Clusters 0, 1, and 2 are marked on the UMAP. B Violin
plot displaying cluster-specific gene expression. Clusters 0, 1, and 2 are indicated,
with solid and dotted lines representing the most important genes. C UMAP
visualization of CD8T cell scRNAseq datawith the sample names highlighted.DBar
plot showing the distribution of clusters in the MCMV-infected groups. Clusters 1
and 2 are labeled on the barplot. E Frequency of KLRG1 and CD62L (Sell) positive

CD8 T cells in the spleen and liver of congenitally infected C57BL/6J and PrP KO
mice at 14 dpi by flow cytometry. C57BL/6J mice (n = 8); PrP KO mice (n = 7);
representative of 2 biological replicates. Statistical analysis was performed with
GraphPad Prism using the two-tailed Mann–Whitney (U) test. Data on graphs are
shown as mean± SEM with p-values indicated. F Production of IFNγ in Maxi CD8
T cells upon antigen presentation by MCMV-infected BMDCs derived from the
bone marrow of one female PrP KO mouse or one C57BL/6J mouse. Each symbol
represents the average of a technical duplicate (adults) or a technical triplicate
(young). The x-axis denotes the ratio of dendritic cells (DCs) to CD8 T cells. Source
data are provided as a Source Data file.
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leading us to hypothesize that it might be removed by a direct release
from the plasma membrane.

PrP is cleaved (shed) from the cell surface of MCMV-infected
cells by the protease ADAM10
Next, we sought to investigate the dynamics of PrP removal from the
cell surface in greater detail. We conducted a comparative analysis
between the rate of PrP removal from the cell surface (Fig. 5A left) and
the rate of removal of PrP protein labeled with antibodies shortly after
the onset of infection (Fig. 5A right). In the first case (left), we mon-
itored the classic downregulation of PrP on the surface, reflecting its
steady state as observed previously. In the second example (right),
however, our focus shifted away from tracking the newly synthesized
PrP reaching the surface. Instead, we aimed to understand the fate of
PrP already present on the plasma membrane. As anticipated, we
observed a notably accelerated removal of PrP already present on the
plasma membrane in infected cells (Fig. 5A right). This was further
confirmed through confocal microscopy, where the absence of PrP-
antibody complexes was observed in infected cells (Fig. 5B). While it is
known that PrP-directed antibodies can modulate the internalization
of PrP protein65, these findings emphasized the need to investigate the
underlying mechanisms by which the virus eliminates PrP located on
the plasma membrane itself.

Endogenous proteolytic shedding of PrP is performed by the
metalloprotease ADAM1054,55. Previous studies have shown that HCMV

reduces the expression of TIMP3, an endogenous inhibitor of both
ADAM10 and ADAM17, resulting in increased ADAM17-mediated clea-
vage of substrates66. To investigate the impact ofMCMVon TIMP3 and
ADAM10, we reanalyzed a previous RNA-Seq dataset comparing
MCMV-infected andmock-infectedMEF cells67. Only TIMP3 transcripts
were significantly downregulated in infected cells (Fig. S5). This con-
firms that both MCMV and HCMV have the same effect on decreasing
TIMP3 RNA expression, which could result in increased activity of
ADAM proteases. To further validate the involvement of ADAM10-
mediated shedding in PrP removal during CMV infection, we treated
N2a cells with the ADAM10 inhibitor GI254023X (GI) prior to MCMV
infection. Indeed, GI-treated N2a cells exhibited reduced capacity to
remove PrP from the cell surface upon MCMV infection (Fig. 5C,
Fig. S6A). We confirmed this finding using an alternative PrP-directed
antibody (POM1 instead of D18, Fig. 5D) and by employing a different
cell type (MEF instead of N2a, Fig. 5E). Additionally, analysis of ADAM-
KO cell line showed that cells lacking ADAM10 exhibited increased PrP
levels on infected cells (Fig. 5F, Fig. S6B). Using the mouse prion pro-
tein (PRNP) ELISA Kit (abx156832), we confirmed that the amount of
PrP gradually started to increase in the supernatants of cells upon
MCMV-infection (Fig. 5G). Finally, we employed a cleavage site-specific
antibody that exclusively detects the shed form of PrP (sPrPG227)
cleaved by ADAM1068 and observed a substantial increase in this
fragment in the supernatant of MCMV-infected cells (Fig. 5H). Collec-
tively, our findings provide strong evidence that ADAM10-mediated

E F

6 h

Mock MCMV Mock MCMV

M
FI

(P
rP

)-
M

FI
(n

eg
.c

trl
.)

A B C

B a lb /c M E F C57BL /6J 
M E F

S V E C 4-10 N IH N 2a
0

500

2000

M
FI

(P
rP

)-
M

F I
(n

eg
.c

trl
.)

Mo
ck

MC
MV

H FF
M ock H C M V

0

2000

4000

6000

M
FI

(P
rP

)-
M

FI
(n

eg
.c

trl
.)

PrP

D

M E FDC2.4
PrP

A ctin

37

26

43

kDa

PrP

G

M
F I

(P
rP

) -
M

FI
(n

e g
.c

trl
.)

2 6 2 4
0

500

1000

1500

h .p.i.

0

500

1000

1500

2 4 h
0

5 00

10 00

15 00

20 00

25 00

6 h 2 4 h

Pr
P

ex
pr

es
si

on
(re

ad
co

un
ts

)

0 10 3
0

20

40

60

80

100

10 4 10 5
0

20

40

60

80

100

10 4 10 50

RT-qPCR

MCMV
18h

0

200

800

1000

1200

1400

0

1

2

3

Transcriptome

Mock

MCMV 3h

MCMV 12h

MCMV 30h

RQ
 (

Pr
np

)

M ock

MCMV 3h

No
rm

ali
ze

d 
to

 m
od

e

Mo
ck

Mo
ck

Mo
ck

Mo
ck

MC
MV

MC
MV

MC
MV

MCMV MockMCMV Mock

MC
MV

Mo
ck MC

MV Mo
ck

MC
MV

Mo
ck MC

MV

Mo
ck

MC
MV Mo

ck

MC
MV

Fig. 3 | Upregulation of PrP is followed by its clearance inMCMV-infected cells.
Representative histograms showing PrP levels in mock or MCMV-infected DC2.4
cells (A) or mouse embryonic fibroblasts (MEF) (B) at 24 h post-infection (p.i.) with
a 3 PFU/cell infection-dose. C Surface PrP levels in various murine cells at 24 h p.i.,
with themedianfluorescence intensity (MFI) of the isotypecontrol subtracted from
the MFI of the PrP signal. D Surface PrP levels 48h post HCMV infection in human
foreskin fibroblast (HFF) cells. E PrP gene (Prnp) transcription in mock or MCMV-
infectedDC2.4 cells at 3 and 18 h p.i. (left) and RT-qPCR ofmock orMCMV-infected
N2a cells at 3, 12, and 30h p.i. F Total PrP kinetics during MCMV infection, deter-
mined by intracellular flow cytometry and immunoblot at 6 and 24h p.i.G Surface

PrP kinetics during MCMV infection, determined by surface flow cytometry at 2, 6,
and 24 h p.i. In mouse cell line experiments for flow cytometry, PrP staining was
conducted using the D18 antibody. PrP staining on the surface of HFF was carried
out utilizing the HuPrP.02 antibody. Immunoblot staining was performed with the
MoPrP.03 clone, and actin was used as a loading control. A–G present typical data
illustrating the keyobservations from the respective biological replicates, with data
being repeated as follows:A (2 repetitions);B–D (over 10 times for MEFs, 1–5 times
for other cells); E (1 repetition; technical replicates are shown; transcriptome 3; RT-
qPCR average of two); F, G (2–10 repetitions depending on the technique and
time point).

Article https://doi.org/10.1038/s41467-024-51931-4

Nature Communications |         (2024) 15:7754 6

www.nature.com/naturecommunications


MoPrP.03 W226Antibody: POM1

37

25

kD a

PrP

A ctin

M ock M C M V M ock M C M V M ock M C M V

42

MEF GT1 N2a

PrP

A ctin

M57

M ock M C M V M ock M C M V M ock M C M V
A ctin

M04

M ock M C M V M ock H C M V

M ock H C M V

A B

PrP

A ctin

M ock M C M V M ock M C M V M ock M C M V

NT Lac Leu

37

26

43

E F G H

PrP

A ctin

kD a
+SDS

Mock

M ock M C M V

PrP

A ctin

+BfA

kD a

37

26

43

kD a

37

26

43

37

26

43

kD a

75

90

PrP

A ctin

PVR

Mock

MCMV

MCMVMock
MCMV

Pr
P(

Hu
Pr

P.0
2)

IE
1-

HC
MV

HFF
D

N2a

DA
PI

Ov
er

lay
Pr

P(
D1

8)

C HFF

DA
PI

Ov
er

lay
Pr

P(
Hu

Pr
P.0

2)
UL

56
.07

-H
CM

V

DA
PI

Ov
er

lay

Cell:

Fig. 4 | MCMV induces selective depletion of mature PrP independent of cel-
lular degradation pathways. A, B Immunoblots of PrP in mock or MCMV-infected
lysates at 24h post-infection. Different antibodies were used onMEF lysates (A) or
different cell types were used (B). MCMV-M57 and -m04 were used as markers of
successful infection. C N2a cells, mock- or MCMV-infected, stained for PrP (D18
antibody used). Nuclei visualized with DAPI. D Left: Mock-infected HFF cells
showed membrane PrP expression (clone huPrP.02), while in HCMV-infected cells,
nuclei were stained with anti-IE1 HCMV (clone E13; Argene), with minimal PrP sig-
nals. Both cases utilized the huPrP.02 clone and anti-IE1 HCMV (clone E13; Argene),
both of IgG1 isotype. Right: Independent analysis showed reduced PrP levels
exclusively in HCMV-infected cells, confirmed by UL56.07 antibody recognizing
UL56 protein in the nucleus (arrows).Distinct secondary antibodieswere employed
(anti-IgG1 for huPrP.02 and anti-IgG2b for UL56.07). Nuclei visualized with DAPI.

E Immunoblot of mock or MCMV-infected MEF cells grown in the presence of
lactacystin (Lac) or leupeptin (Leu) at 24h p.i. F Immunoblot of PrP and PVR in
mock- or MCMV-infected MEF cells at 24 h p.i. G Immunoblot of PrP in lysates of
mock- or MCMV-infected cells at 24 h p.i., prepared with a higher concentration of
sodium dodecyl sulfate (SDS). H Immunoblot of PrP in mock or MCMV-infected
MEF cells at 22 h p.i., grown in the presence of Brefeldin A, which was added 4 hpi
and then replenished at 18 hpi. Images (C, D) were acquired using a Leica TCS SP8
confocal microscope and edited with LAS X software. Scale bars: 50μm (C), 10μm
(D); (A–H) present typical data illustrating the key observations from the respective
experimental conditions, with data being repeated as follows: A (2 repetitions);
B (over 10 repetitions per MoPrP.03/MEF); C (3 repetitions);D (2 repetitions); E (3
repetitions); F–H (1 repetition).

Article https://doi.org/10.1038/s41467-024-51931-4

Nature Communications |         (2024) 15:7754 7

www.nature.com/naturecommunications


shedding is an important mechanism by which PrP is removed from
the plasma membrane and released into the supernatant of CMV-
infected cells.

Binding of soluble PrP to CD8 T lymphocytes dampens their
effector function
Having revealed the initial upregulation and subsequent release of PrP
by infected cells, our investigation aimed to explore the potential

relevance of this phenomenon to the enhanced efficiency of PrP KO
neonates in eliminating MCMV (Figs. 1, 2). One possible explanation
might be that soluble PrP, present in WT neonates, binds to CD8 T
lymphocytes and dampens their effector function. To test this
hypothesis, we generated a recombinant PrP-Fc fusion protein and
exposed it to CD8 T lymphocytes, but observed no binding to CD8
T cells (Fig. 6A, E, in naїve mice). Based on these findings, we hypo-
thesized that CD8 T lymphocytes bind PrP protein only in the context
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of infection. In support of this, the analysis of PrP engaging with CD8
T cells from newborn mice at 9, 12, and 14 dpi revealed a significant
increase in PrP binding compared to CD8 T cells from uninfectedmice
(Fig. 6A). In contrast, CD4 T lymphocytes and B lymphocytes did not
show increased binding to recombinant PrP following infection, thus
confirming the CD8 T cell specificity of this phenomenon (Fig. 6B, C).

To assess the impact of PrP binding on CD8 T cells, we incubated
splenocytes isolated from infected neonatal WT mice in the presence
or absence of recombinant PrP and measured their ability to produce
IFNγ and TNFα. According to our hypothesis, we expected that PrP
binding would inhibit CD8 T lymphocytes, aligning with the stronger
activation and improved virus clearance observed in PrP-deficient
mice. Encouragingly, CD8 T lymphocytes isolated from MCMV-
infected WT mice showed impaired cytokine production in the pre-
sence of PrP compared to controls (Fig. 6D). These findings strongly
suggest that the CD8 T cell response to MCMV infection in newborn
mice can be suppressed through the binding of soluble PrP. To fortify
thesefindings, we showed thatCD8T cell inhibition is dose-dependent
on PrP levels (Fig. S7). Furthermore, we demonstrated that binding of
recombinant PrP to CD8 T lymphocytes occurs in cells isolated from
newborn PrP KO mice infected with MCMV, effectively excluding the
possibility of PrP-PrP self-association (Fig. 6E, neonates). Additionally,
we confirmed that the binding of recombinant PrP to these PrP-
deficient cells reduces their functional capacity (Figs. 6F and S8). This
independent confirmation further supports the results presented in
Fig. 6D and extends the impact of recombinant PrP on the functional
capacity of both WT and PrP-deficient T cells. Consistent with the lack
of differences in viral titers among strains, no binding of PrP was
observed on adult CD8 T cells from MCMV-infected mice of either
genotype (Fig. 6E, adults). Additionally, PrP exhibited no functional
effects onnon-bindingTcells, including those fromnaїveor adultmice
(Fig. S9). To further confirm the impact of PrP on the reduction of the
antiviral CD8 T cell response, we adoptively transferred age-matched
Maxi MCMV-specific CD8 T cells into MCMV-infected PrP KO or
MCMV-infected C57BL/6J neonatal mice. IFNγ production by cells
transferred to the PrP KO mice, and therefore in a milieu without PrP,
was significantly higher compared to the IFNγ production by cells
transferred to WT mice. Moreover, incubation of CD8 T cells with
soluble PrP ex vivo suppressed IFNγ production (Fig. S10).

Having established that PrP KO mice show more effective CD8 T
cell clearance of the virus, we investigated whether PrP KO mice dis-
played exacerbated brain pathology due to this enhanced immune
response. Histological analyses monitoring typical brain development
alterations caused by MCMV infection in WT mice did not reveal
similar damage in the brains of PrP KO mice. Notably, in PrP KO mice,
we did not observe the typical increase in the number of microglia
(Fig. 6G), a contributor to brain damage in CMV infection, nor the
characteristic thickening of the cerebellar external granular layer
(EGL), both indicating developmental arrest in infected WT mice
(Fig. 6H)10. The total number of astrocytes, serving as a control,
remained similar between genotypes (Fig. S11). Alteredmorphogenesis

of the brain inMCMV-infectedmice, exemplified by a thickened EGL, is
marked at earlier days post-infection, up today 11. Ourfindings onCD8
T cells binding PrP already at days 9 and 12 (Fig. 6A) were further
supported by monitoring the response to viremia in mice at 9 dpi,
confirming once again an increased number of virus-specific CD8
T cells in PrP KO mice (Fig. S12). PrP KO mice exhibited a more
favorable outcome after brain CMV infection compared to WT,
showing better viral control without indications of stronger immuno-
pathology. In conclusion, our results highlight a significant role of PrP
in shaping the immune responseandpathologyduring acute viralCMV
infection.

Discussion
HCMV is the most common cause of congenital viral infection, with
devastating neurological sequelae resulting from tropism for neural
cells2. Despite ongoing treatments, children affected by symptomatic
congenital HCMV infection still experience poor long-term
outcomes3,7,8. The extent of damage tends to worsen with age, with
the immune system playing a complex and often challenging role in
mediating immunopathology instead of controlling the infection and
limiting tissue damage7,13. Among the immune infiltrates within the
brain, virus-specific CD8 T cells play a key role in virus clearance14. In
our study using MCMV-infected newborn PrP KO mice, we observed
significantly lower virus titers in various organs compared toWTmice,
a reduction dependent on the presence and activity of CD8 T lym-
phocytes. Furthermore, we also report that the ex vivo binding of
soluble PrP to activated CD8 T lymphocytes reduces their ability to
produce IFNγ and TNFα. Previous studies have only shownPrP binding
to NK cells and monocytes51,52 but not to T cells. Single-cell RNA
sequencing revealed significant differences in the CD8 T cell popula-
tions between infected WT and PrP KO neonatal mice. A dominant
CD62L-IL7r-KLRG1-CX3CR1-Klf2- population in PrP KOmice was nearly
absent in WT pups. Finally, in vitro experiments showed that MCMV
infection significantly upregulates PrP expression, followed by
increased shedding of soluble PrP from infected cells via the metallo-
protease ADAM10, likely facilitated by virus-mediated downregulation
of the endogenous ADAM tissue inhibitor TIMP3. We also observed a
similar loss of PrP from the surface of infected cells in our experiments
with HCMV.

The interaction between PrP and CD8 T cells appears specific for
neonatal mice, as neither this interaction nor improved MCMV con-
trol was observed in adult PrP KOmice. Previous studies have shown
that neonatal CD8 T cells respond to infection differently than adult
CD8 T cells. Neonatal cells exhibit enhanced proliferation, rapid
recruitment during infection, a less diverse TCR repertoire, and
differences in the expression of surface markers and receptors
such as CD127, KLRG1, CD62L, and CD27, even when adoptively
co-transferred69–72. Additionally, different expression pattern of
transcription factors driving effector cell differentiation has revealed
several dozen significantly different transcripts73,74. In humans,
umbilical cord blood T cells express lower amounts of inhibitory

Fig. 5 | CMV infection triggers shedding of PrP. Introductory scheme to Fig. 5A, B:
(left) classic detection with anti-PrP antibody after the indicated duration of
infection. PrP expression is induced, and newly synthesized PrP emerges at the cell
surface. All surface PrP found at the chosen time point of infection is detected.
(right) PrP labeled with an anti-PrP antibody at 0 h of infection. At certain hours
post infection, only previously labeled PrP (PrP-Ab complex) is detected using a
secondary antibody. A Flow cytometry analysis of surface PrP in MEF cells labeled
with the D18 antibody prior to a 2-h, 6-h, or 24-h infection. The data is presented as
the percentage of surface PrP relative to the 2 h post-infection time-point (100%).
B Confocal microscopy of N2a cells labeled with D18 antibody prior to infection,
captured 24hpi. C–E N2a and MEF cells mock- or MCMV-infected for 24 h, treated
with or without GI254023X (GI), an ADAM10 inhibitor.CN2A cells stained with D18
anti-PrP antibody, anti-IE1 MCMV infection marker, and DAPI for nuclei

visualization. D N2a cells stained with POM1 anti-PrP antibody, and DAPI. E MEF
cells stainedwithD18anti-PrP antibody, andDAPI.FMEFandMEFADAM10KOcells
mock- orMCMV-infected. 16 hpi cells were stained withD18 anti-PrP antibody, anti-
IE1 infection marker, and DAPI. G Opti-MEM cell medium was harvested from
MCMV-infectedMEF cells at the indicated hpi and analyzed using the Mouse Prion
Protein (PRNP) ELISA kit (Abbexa). HMEF cells were mock- or MCMV-infected and
treated with or without GI in Opti-MEM cell medium. Medium was harvested at
20hpi and subjected to NaDOC/TCA precipitation. Immunoblot performed using
anti-shed-PrP antibody (sPrPG227). Biological replicates: A (2 repetitions for parallel
staining); B (3); C (2);D, E, F (1 repetition each);G,H (2 repetitions each).B–E Leica
TCS SP8 confocal microscope, LAS X software. Scale bars: 25μm (B, D, E), 50μm
(F); NaDOC - Sodium deoxycholate. TCA - Trichloroacetic acid. Scheme created in
BioRender.com.
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receptors compared to adult peripheral blood T cells75,76. There is
also a bias towards a Th2 response in human infants and neonates.
Mechanisms such as suppression byTGF-β and a restricted repertoire
of NK cell receptors in neonatal mice help limit inflammatory
responses77,78, likely supporting colonization with commensals dur-
ing the postnatal period79. In conclusion, a set of regulatory
mechanisms is necessary to suppress the immune response early in

life, and neonatal cells express significantly different amounts of
numerous transcripts and proteins than their adult counterparts,
including those in the surface proteome (reviewed in refs. 73,80). We
hypothesize that PrP binding provides an additional layer of T cell
regulation in neonatal mice, supporting the developing environment
during in utero and postnatal exposure to environmental factors,
including intracellular pathogens.
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The role of PrP in viral infections has been particularly evident in
influenza A infection, as demonstrated by increased pulmonary
inflammation and higher viral titers in PrP KO mice27. Stimulation of
PrP with antibodies induced M2 macrophage polarization, leading to
reduced inflammation and viral titer in mice. Herpes simplex virus
(HSV), an alpha herpesvirus belonging to the herpesvirus family, has
the ability to penetrate the brain, replicate, and occasionally induce an
acute inflammatory response. Notably, HSV is the sole herpesvirus that
has been investigated in PrP KO mice to date, albeit with inconclusive
outcomes29,81. However, all of the aforementioned studies have been
performed on adult animals. By utilizing our well-established perinatal
infectionmodel, we show that the enhanced control of CMV in PrP KO
mice is specifically associated with neonatal infection and was absent
in adult mice. The underlying processes that are fundamentally dif-
ferent, the reason for the binding of PrP to T lymphocytes following
MCMV infection in neonatal mice, and the potential involvement of
other immune components still require further investigation.

PrP is released by ADAM10 and soluble PrP has been detected in
human and mouse serum, suggesting that it might be of physiological
relevance54,55,68,82. The processing of PrP is similar across different tis-
sues, and substantial amounts of PrP are released into the medium by
splenocytes and cerebellar granule cells82. In our study,weobserved an
increased proteolytic shedding of PrP by MCMV-infected cells, parti-
cularly during the initial hours following infection when PrP produc-
tion was heightened. Notably, astrocytes were identified as a source of
soluble PrP in the cerebrospinal fluid during HIV-1 CNS infection83. In
the follow-up study, it was demonstrated that shedding of PrP can
further increase the production of inflammatory mediators, exacer-
bating HIV-associated brain pathology, and it was suggested that tar-
geting PrP shedding could be a potential therapeutic approach to
mitigate the characteristic cognitive impairment observed in
neuroAIDS30. Among the brain-resident cells, astrocytes represent the
predominant cell type infected by HCMV during acute fetal brain
infection84, making them a potential source of soluble PrP. While
quantification inmice is lacking, humanplasma PrP levels range from 5
to 10 ng per ml in healthy donors and exhibit a wide range in various
disorders, from a few hundred nanograms in sera to several micro-
grams per ml in cerebrospinal fluid83,85–87. To contextualize our chosen
PrP concentrations, we referred to a study using a concentration of
10μg/ml for astrocytes in vitro30. Our experiments utilized 2 or 5
micrograms/sample (reported as 5) with a total volume of 200μl,
treating 1,000,000 PBMCs in each sample. Considering PrP-Fc with
approximately 1 active site per fusion protein and an estimated
molecular weight of around 100 kDa (compared to recombinant
PrP’s 20 kDa), our calculations indicated an approximate usage of
6.25μg/ml of PrP per 100 times more cells. Importantly, we showed
a comparable effect even at 10 times lower PrP concentration
(0.5 micrograms of recombinant fusion protein per sample).
Acknowledging potential limitations, we recognize that our in vitro
setup may not perfectly mimic physiological levels. Previous

manuscripts lack discrimination between true shed PrP and overall
soluble PrP. Additionally, immune cells within tissues may respond
differently, facing hyperconcentration of shed PrP on one side and
depletion due to cellular uptake on the other. These considerations
underscore the complexity of in vivo scenarios.

In our long-standing research, we have investigated various
immune ligands regulated by MCMV and HCMV in infected cells. Our
established methodology involves identifying the specific viral reg-
ulator responsible for the observed effects. To assess the involvement
of a specific MCMV gene in PrP regulation, we extensively examined
several dozen viral mutants available in our repository, encompassing
deletions of nearly all non-essential MCMV genes88. Despite this
extensive analysis, none of the genes exhibited a specific impact on the
surface expression of PrP. However, we did observe that viral mutants
lacking the MCMV m154 gene displayed a relatively weaker effect on
the removal of PrP from the cell. It is worth noting that, for our current
study, we did not utilize these specific viralmutants due to the broader
influence of m154 on a range of critical ligands involved in antiviral
immunity, as previously reported in our own publications89,90. Despite
the striking PrP loss from infected cells, which was confirmed to be
facilitated by ADAM10-mediated shedding during infection, ADAM10
blockade could not completely prevent the reduction of PrP surface
levels.

In addition to PrP, ADAM10 plays a role in the cleavage of several
crucial molecules, including Notch, PD-L1, ICOS-L, TACI, EGFR/HER-,
and NKG2D-ligands91,92. Therefore, blocking ADAM10will, for instance,
prevent NK and T cell activation through NKG2D. Based on our find-
ings, simultaneous suppression of PrP shedding is expected to yield a
synergistic effect on T cell activation. While targeting ADAM10 activity
may appear as an attractive therapeutic strategy, considering its
involvement in various cancer types, neurodegenerative diseases, and
immune disorders, caution must be exercised due to potential side
effects associated with its broad substrate spectrum and wide
expression pattern. Given that tested ADAM10 therapies have proven
ineffective, multiple factors, including PrP, must be carefully
studied91,92. Notably, a recent study in Alzheimer’s disease models has
shown promising beneficial effects of pharmacological
ADAM10 stimulation, leading to increased shedding of PrP, a key
neuronal receptor for toxic amyloid-beta peptides, from the plasma
membrane93. It is worth mentioning that CMV is a herpesvirus that,
once acquired, establishes lifelong infection characterized by sporadic
reactivations.The influenceof latentCMV infectiononbrainpathology
is poorly understood94, but recent studies strongly suggest a connec-
tion between herpesviruses and an elevated risk of neurodegenerative
diseases, including Alzheimer’s disease95.

Numerous PrP-directed antibodies and smallmolecules have been
discovered through research focused on unraveling its devastating
role in fatal and transmissible neurodegenerative prion diseases96. To
further expand our understanding and explore the relevance of our
findings, it is crucial to investigate whether PrP or stimulated shedding

Fig. 6 | Soluble PrP binding byCD8T cells from infected newbornmice leads to
reducedcytokineproduction.A–C Frequencies of PrP binding toCD8Tcells, CD4
T cells, andCD19B cells from splenocytes of naïve andcongenitallyMCMV-infected
C57BL/6J mice at indicated days post-infection (dpi); (CD8 T cells − 9 dpi: naive
n = 4, MCMV n = 5; 12 dpi: naive n = 6, MCMV n = 8; 14 dpi: naive n = 4, MCMV n = 6;
CD4T cells − 9 dpi: naive n = 4,MCMV n = 5; 12 dpi: naive n = 5,MCMV n = 4; CD19 B
cells − 9 dpi: naive n = 4, MCMV n = 5; 12 dpi: n = 5, both groups). D Frequencies of
IFNγ and TNFα-positive CD8T cells after incubationwith PrP (PrP-hFc) or irrelevant
protein (PVR-hFc) in the presence of cell stimulation cocktail and protein transport
inhibitors. Splenocytes were harvested from congenitallyMCMV-infected C57BL/6J
mice at 14 dpi (n = 8; both groups).E Frequencies of PrP binding toCD8T cells from
splenocytes of naїve and congenitally MCMV-infected newborn C57BL/6J and PrP
KO mice at 14 dpi (left); or naïve and MCMV-infected adult C57BL/6J and PrP KO
mice at 8 dpi (right) (naïve groups: n = 3 each; newbornMCMV: n = 6; adult MCMV:

n = 4). F Frequencies of IFNγ and TNFα-positive CD8 T cells after incubation with
PrP or an irrelevant protein in the presence of cell stimulation cocktail and protein
transport inhibitors. Splenocyteswereharvested fromcongenitallyMCMV-infected
C57BL/6J mice or PrP KOmice at 14 dpi (n = 6; all groups).G Immunohistochemical
staining of microglia (IBA-1) in brains of naive and congenitally MCMV infected
mice (H) Thickness of the cerebellar external granular layer (EGL) in brains of
uninfected and congenitally MCMV-infected C57BL/6J and PrP KO animals har-
vested at 9 dpi (n = 7 for MCMV PrP KO; n = 5 for other groups). Biological repli-
cates: A–D (≥3), E (2), F (2), G (1) and H (2). Values for individual mice are shown.
Statistical analysis was performed with GraphPad Prism using the two-tailed
Mann–Whitney (U) test (A–F) or two-tailed unpaired t-test (H). Data on graphs are
shown asmean ± SEMwith p values indicated. Source data are provided as a Source
Data file.
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can modulate CD8 T lymphocyte responses and whether its depletion
can lead to activated CD8 T lymphocytes in other relevant models.
Antibodies specifically recognizing shed PrP are already available for
rodent models68, and efforts are underway to characterize analogous
antibodies for the human setting. Moreover, advanced studies are
already exploring the specific influence of yet other PrP-directed
antibodies and ligands on manipulating PrP shedding in a substrate-
specific manner, without affecting the protease ADAM10 or its other
substrates in the body. Notably, several PrP antibodies induce
increased shedding by binding to the mature protein on the cell sur-
face, while one antibody facilitates rapid uptake and degradation of
PrP, effectively eliminating it as a substrate for shedding65. These and
other means of manipulation93 should certainly be tested in virus dis-
ease models, such as ours, where the removal of PrP from cells is
expected to confer benefits without evidenceof causing harm, thereby
opening up new possibilities for therapeutic interventions.

Methods
Mice
Mice were strictly age matched within experiments and handled in
accordance with the guidelines contained in the International Guiding
Principles for Biomedical Research Involving Animals. All mice were
housed and bred under specific pathogen–free conditions at the
Central Animal Facility of the Faculty of Medicine, University of Rijeka
where they were maintained at 22 °C in a 12-h light–dark cycle, and
relative humidity (40–50%). C57BL/6J mice (WT) were obtained from
The Jackson Laboratory. Strictly co-isogenic C57BL/6J-Prnp−/− mice
PrnpZH3/ZH3 (PrP KO)35 were a generous gift from A. Aguzzi. Maxi mice
were a generous gift from A. Oxenius63. The Ethics Committee at the
University of Rijeka and The National Ethics Committee for the Pro-
tection of Animals Used for Scientific Purposes (Ministry of Agri-
culture) approved experiments with laboratory animals (approval
number HR-POK-004). Newborn mice were infected as a whole litter
intraperitoneally (i.p.) with 400 PFU of MCMV prepared in volume of
50 µl on post-natal day 1. 8–10weeks old adultmalemicewere infected
with 2 × 105 PFU i.p. prepared in 500 µl sterile PBS. Viral titers in organs
were determined by standard plaque assay. Virus titers are expressed
as PFUs and correspond to the amount of infectious virus per gram
tissue or per organ. CD8 T cells were depleted by i.p. injection of 50 µg
of anti-CD8 (YTS 169.4, BioXcell) prepared in 50 µl of sterile PBS on
days 4, 7, and 10 post infection. To isolate bone marrow to grow bone
marrow-derived dendritic cells (BMDCs), 6 weeks old adult female
mice were sacrificed, and bone marrow was flushed from tibia and
femur. Maxi mice were sacrificed at 3 weeks of age (noted as “young”)
and 6 weeks of age (noted as “adult”) for harvesting splenic cells used
in the co-cultivation experiments with BMDCs. The investigated
research is not influenced by sex. However, sex is consistently taken
into account and clearly stated for each analysis involving adult mice.
In the case of newborn mice, the analysis was not conducted based on
their sex due to their extremely young age (1 day). Since it was
necessary to compare mice (uninfected, infected, 2 strains) that were
born on the exact same day, selecting one sex was not only deemed
unnecessary but also unfeasible. Nevertheless, in an initial large titra-
tion experiment, sex was recorded for additional verification, and it
was found that sex did not impact virus titer in congenitally infected
PrP KO and C57BL/6J at 14 dpi.

Cells
MEF (mouse embryonic fibroblasts from BALB/c mice, C57BL/6J mice,
PrP KOmice, immortalized ADAM10 KOMEF cells and their respective
WT controls97), N2a (Neuro-2a; murine neuroblastoma cells) SVEC4-10
(a mouse endothelial cell line), NIH 3T3 (mouse embryo fibroblast cell
line) and HFF (human foreskin fibroblasts) were cultivated in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% or 3%
of fetal calf serum (FCS) and 100U/ml of penicillin, 100μg/ml

streptomycin and 2mM L-glutamine10,98. DC2.4 cells (immortalized
dendritic cells from C57BL/6 mouse) were cultivated in Roswell Park
Memorial Institute (RPMI) 1640 medium supplemented with 10% of
FCS and 100U/ml of penicillin, 100μg/ml streptomycin and 2mM
L-glutamine. N2a, SVEC4-10, NIH 3T3, andDC2.4 cells are derived from
the cell data bankof the Faculty ofMedicineUniversity of Rijeka. These
are mouse-derived cell lines and the specific sex of the mice from
which these cells are derived is generally unknown or unspecified.MEF
cells were mixed sex since they were obtained by homogenization of
total embryos 17 days after fertilization. BMDC cells were obtained
from female mice. Opti-MEM (Reduced Serum Media) was not sup-
plemented. To obtain bone marrow-derived dendritic cells (BMDCs),
cells from the bone marrow of C57BL/6 and PrP KO mice were grown
for 7 days in 10% RPMI 1640 supplemented with 20% GM-CSF (fresh
mediumwas added every two days into the flasks, 1ml per 106 cells) to
obtain BMDCs as a floating and loosely attached fraction of derived
cells99. All cells were grown in an incubator that enables conditions of
5% CO2 and 37 °C.

Viruses
Viruses were produced on BALB/c MEFs using an ultracentrifuge
(Sorvall) and titrated by standard plaque assay as described10. In brief,
virus stocks were titrated by serial 10-fold dilution in 48-well tissue
culture plates containing MEF monolayer overlaid with methylcellu-
lose. After incubation for 4 days, plaques were enumerated and plaque
forming units (PFU) per milliliter determined. We used the BAC
pSM3fr-derivedMCMV (C3X), based on theMCMV Smith strain (ATCC
VR-1399) as WT, Δm138-MCMV for immunofluorescence assays and
Δm157-MCMV for adult mice infection. HCMV strain TB40/E was used
for infection of human cells.

Cell treatment
Cells were seeded (1 × 106 cells/10 cm petri dish or 3 × 105 cells/6-well
plate) and infected with the dose of 0.5–3 PFU/cell. The cells were
incubated with virus (30’, 37 °C, 5% CO2), centrifuged (30’, 800 g) and
further incubated. Infection of cells in suspension was carried out by
resuspending cells in viral suspension (107 cells/ml of viral suspension)
and incubating (60’, 37 °C). Cells were treated with Brefeldin A (5μg/
ml, eBioscience), Leupeptin (15μg/ml, Sigma-Aldrich, L5793), Lacta-
cystin (10μM/ml, Sigma-Aldrich, L6785) and GI 254023X in Opti-MEM
(3μM, Merck Millipore). Infection with HCMV was performed as with
MCMV, 0.5 PFU/cell for 48–90 h.

Flow cytometry
Splenic leukocytes were prepared using standard protocols including
mechanical dissociation and brief erythrocytes lysis. To isolate lym-
phocytes from liver, the tissue was mechanically dissociated. A 40%
Percoll/liver homogenate suspension was underlaid with 80% Percoll
in PBS and centrifuged (25’,1050 g). Fixable Viability Dye coupled to
Alexa Fluor 780 was used and Fc receptors were blocked using anti-
CD16/CD32 (clone 2.4G2, produced in-house). Flow cytometric analy-
sis included anti-mouse CD45.2 (104, AlexaFluor700 1:100 or
eFluor506), CD3 (145-2C11, FITC or SuperBright600 1:100), CD8α (53-
6.7, SuperBright780, 1:400), CD44 (IM7, AlexaFluor700, 1:400), CD19
(eBio1D3, PerCP-Cy5.5, 1:800), NK1.1 (PK136, PE-eFluor 610 1:100), CD4
(RM4-5, APC, 1:100), TNFα (MP6-XT22, AlexaFluor488, 1:100 or PE-
eFluor610, 1:80), IFNγ (XMG1.2, PE or eFluor450, 1:100), KLRG1 (2F1,
PE-eFluor610, 1:200 or APC, 1:400), CD62L (MEL-14, PE-Cy7, 1:400)
from Thermo Fischer Scientific. Anti-mouse CD8α (53-6.7, BV786,
1:600) antibodywas fromBDBiosciences. Gating strategy for tetramer
positive populations, cytokine production/cytotoxic potential, PrP
binding to cells, and sorting cells for scRNA-seq is included in sup-
plemental information as Supplemental Fig. S13. To measure cyto-
kines, splenocytes cells were incubated in the presence of Brefeldin A
(10mg/ml, eBioscience). Flow cytometry of cell lines was performed
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with antibodies D18 or D13 (acquired from H.C.A; 1:150). The H-2D(b)-
MCMV-M45-tetramer and H-2K(b)-MCMV-M57-tetramer were
obtained through NIH Tetramer Core Facility (985HGIRNASFI993 and

816SCLEFWQRV824, respectively). Secondary antibodies included goat
α-human FITC (Jackson ImmunoResearch, 1:100) and rat α-human IgG
Fc PE-Cy7 (BioLegend, 1:200). For PrP detection in HFF cells, we used
huPrP.02 clone (1:100) produced in-house. To assess thebinding of PrP
on CD8 T cells, isolated splenocytes were incubated with 5 µg of PrP-
hFc fusion protein or an irrelevant fusion protein (produced in-house)
for 25min. Alternatively, cells were incubated for 4 h in the presenceof
Cell Stimulation Cocktail, along with protein transport inhibitors
(eBioscience), added to the cell medium to measure cytokine pro-
duction in the presence of PrP. Flow cytometry data were acquired
using FACSAriaIIu (BD Biosciences) and analyzed using FlowJo v10
(TreeStar) software. The monoclonal antibodies and proteins gener-
ated in this study, including anti-human PrP (clone HuPrp.02), and the
PrP-long-hFc (hIgG1) fusion protein, have been deposited at the Center
for Proteomics, University of Rijeka, Croatia [https://products.capri.
com.hr/].

Immunoblot
Cell lysates were prepared using RIPA buffer (NaCl 150mM, Triton
X-100 1%, 0.5% Sodium deoxycholate, 0.1% SDS, 50mM Tris-HCl pH
8.0; cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail).
50–100mg of protein lysate was separated by 12% SDS-PAGE elec-
trophoresis. Incubation with primary antibodies was performed
overnight at 4 °C. α-mouse IgG (1:8000) and α-rabbit IgG (1:2000)
HRP-coupled secondary antibody (Jackson Immuno Research) were
incubated at room temperature for 1 h. Supernatants of cells treated
with GI 254023X were collected after 5–24 h of infection and pre-
cipitated with 0.1% Na-DOC and 10% trichloroacetic acid. Primary
antibodies used: MoPrP.03 (1:500), IE1.01 (1:1000), m04.10 (1:1000),
M55.01 (1:500), E1.01/CROMA103 (1:1000), mPVR.13 (1:1000) and
M57.02 (1:1000) (produced in-house), W226, D18 (1:1000) and
sPrPG227 (1:1000) (acquired fromG.L. and H.C.A.). Immunoblot signals
were visualized using Image-Quant LAS 4000 mini-instrument (GE
Healthcare). Cleavage site-specific antibody for the detection of
murine shed PrP (sPrPG227) may be provided by Dr. Altmeppen
(Hamburg, Germany) upon reasonable request. The monoclonal
antibodies generated in this study, including anti-MCMV (clone
m04.10, M57.02, IE1.01, E1.01), anti-mouse PrP (clone MoPrp.03),
have been deposited at the Center for Proteomics, University of
Rijeka, Croatia [https://products.capri.com.hr/].

Immunofluorescence
MEF andN2A cells grownon coverslips were infectedwith 1–3 PFU/cell
of Δm138-MCMV. HFF cells were infected with 0.5 PFU/cell of TB40/E
HCMV for 48 h. Cells were fixed and permeabilized in ice cold
methanol. Antibodies were incubated for 1 h in humid conditions.
Primaryantibodies: IE1.01, UL56.07, andHuPrP.02 (produced in-house,
1:100), D18 (acquired from G.L., 1:150), POM1 (Millipore, 1:100) to
recognize PrP and anti HCMV IE1 (Argene, 1:100). In the antibody
internalization assay, cells were incubated with primary antibodies for
20min in PBS on ice and then washed twice before incubation. DAPI
was used to visualize nuclei. The samples were stained with secondary
antibodies coupled to fluorescein isothiocyanate (FITC, 1:100) or tet-
ramethylrhodamine (TRITC, 1:100) fluorophores. Cell preparations
were imaged using an inverted confocal microscope Leica DMI8
(confocal unit: TCS SP8; Leica Microsystems GmbH, Wetzlar, Ger-
many), equipped with UV (diode 405), Ar 488, DPSS 561, and He/Ne
633 lasers, and with 4 detectors (2 × PMT and 2 ×HyD). An HC PLAPO
CS2 (63×/1.40 oil) oil immersion objective was used. Images (515 × 515
pixels) were acquired using LAS (Leica Application Suite) × software
(Leica Application Suite × 3.5.6.21594), in sequential mode, with pixel
sizes ranging from 481.47 × 481.47 nm to 120.37 × 120.37 nm. Each

experiment was acquired under the same parameters, referencing
control preparations. Adjustments included minimal thresholding
consistently applied to all samples within the same group. No gamma
correction, pseudocoloring, contrast adjustment, or similar modifica-
tionswere applied. Themonoclonal antibodies generated in this study,
including anti-HCMV (clone UL56.07) and anti-human PrP (clone
HuPrp.02), have been deposited at the Center for Proteomics, Uni-
versity of Rijeka, Croatia [https://products.capri.com.hr/].

Histology
For morphometric analyzes of cerebellum, serial sagittal sections
(3 µmthick) were stainedwith cresyl violet (Thickness of the cerebellar
EGLwasmeasured at eight points along the primary cerebellarfissure).
Immunohistochemical staining was performed using anti-mouse-Iba-1
antibody for microglia (FUJIFILM; Wako Chemicals) and GFAP for
astrocytes. Antibody binding was visualized with peroxidase-
conjugated goat anti-rabbit IgG antibody (Abcam), followed with
3,3′-diaminobenzidine (Dako). Slides were counterstained with hema-
toxylin. The liver staining was performed with hematoxylin and eosin.
Histological slides were analyzed with BX 51 microscope (Olympus)
and CellSens Dimension software were used (cellSens Standard V1.14).

qPCR
RNA was extracted from N2A cells using an RNA extraction kit
(NucleoSpin RNA Plus; MN), and cDNA was generated with a reverse
transcription kit (iScript Reverse Transcription Supermix for RT-qPCR;
BioRad). The expression of mRNA was examined by qPCR with a 7500
Fast RealTimePCRmachine 7500 software (v2.3) (ABI). TaqManassays
were used to quantify the expression of Prnp (Mm00448389_m1).
Relative mRNA expression was normalized by quantification of Gapdh
(Mm05724508_g1) RNA in each sample.

ELISA
MEF cells were seeded in a 6-well plate and infected as described in the
Cell treatment section. Supernatants were harvested from MCMV-
infected cells at 6, 12, 18, and 24 h post-infection (from independent
wells). Cells were grown in Opti-MEM medium (Thermo Fisher). The
Mouse Prion Protein (PRNP) ELISA Kit (Abbexa, abx156832) was used
tomeasure the absorbance in samples, with the Opti-MEM absorbance
subtracted as a blank. The absorbancewasmeasured using a TriStar LB
941 multimode microplate reader (Berthold) with the wavelength set
at 450nm and MikroWin2010 software (v5.24).

Statistical analysis
Data are presented asmean ormean ± SEM. Statistical significancewas
determined by either two-tailed Mann–Whitney U test or two-tailed
unpaired t-test using GraphPad Prism v8. A value of p >0.05 was
deemed not statistically significant, if significant p value is denoted in
the figure. Differences between values were considered significant
when *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. In the figure
legends, detailed information is provided regarding the experimental
design, including the number of replicates for each experiment, the
number of animals per group, and other relevant data.

Single cell RNA-sequencing
Splenic leukocytes were prepared from congenitally MCMV infected
and naïve PrP KO and C57BL/6J mice 14 days post-infection using
standard protocols including mechanical dissociation and brief ery-
throcyte lysis. Cells were counted and cryopreserved in fetal bovine
serum (FBS) supplemented with 10% DMSO at −80 °C. Gently thawed
samples were stained with Fixable Viability Dye (FVD) and
fluorochrome-conjugated antibodies and two target populations were
FACS sorted by MoFlo EQ Astrios (Beckman Coulter):
FVD−CD45.2+CD3+CD19-CD8+ T cells and FVD-CD45.2+CD3-CD19-NK1.1+

NK cells.
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For single-cell RNA-seq experiments, the Chromium Next GEM
Single Cell 3’ v3.1 kit (10X Genomics) was used according to manu-
facturer instructions. Each sample was composed of 10,000 freshly
sorted T and NK cells in a ratio of 9:1, respectively. Briefly, the single-
cell suspension was loaded on the 10X Chromium controller to gen-
erate the Gel bead-in Emulsion (GEM). After the encapsulation, cells
were lysed, and the barcoded mRNA was reverse-transcribed. The
generated cDNA was amplified and used to prepare libraries for next-
generation sequencing (NGS). The sequencing was performed on a
Novaseq S4 (Illumina) sequencer aiming at 20k reads/cell.

Sequences and data processing
Genome mapping and count matrix generation were done following
10X Genomics Cell Ranger pipeline (v6.0.1) with the refdata-gex-
mm10-2020-A reference genome. scRNA-seq datasets were processed
using Seurat V3 ((https://satijalab.org/seurat/)) in R (R Core Team
(2022). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL https://
www.R-project.org/.). Cells with more than 10% of mitochondrial gene
fraction, less than 500 detected genes, and less than 1000UMI were
discarded. Based on marker genes expression and singleR annotation,
cells not corresponding to either NK or T-cells were also discarded.
Normalization was performed using the SCTransform Seurat function
with 2500 variable features and a regression on the mitochondrial
fraction. UMAP generation and clustering were performed following
Seurat workflow with the first 30 PC. All 5 samples were merged using
the Seurat merge function. The 2 replicates (PrP-KO-MCMV) over-
lapped completely, suggesting that no corrections or data integrations
was required.

Graphics
BioRender was used to create the respective images, with the licenses
provided as follows: Fig. 5a, b: Agreement Number: ZN272VJ45S; Gra-
phical Abstract: Agreement Number: CG272VK2TH.

Additionally, all graphs were generated in GraphPad Prism (v8),
then exported and imported into Adobe Illustrator CS5 for panel
organization and font adjustment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Single-cell RNA sequencing (scRNA-seq) data generated in this study
have been deposited in the NCBI Gene Expression Omnibus (GEO)
archive platform database under accession code GSE245338. The data
source file, containing rawdata of ex vivo experiments and uncropped
Western blots, is in Excel format and available at https://doi.org/10.
6084/m9.figshare.24290398.v2. Source data are provided with
this paper.

Code availability
The R scripts used for the scRNA-seq analysis will be available in public
repositories by the end of 2024 as part of the Institut Pasteur’s joint
script deposition. Until then, the scripts are available upon request
from Sébastien Mella (sebastien.mella@pasteur.fr) or the corre-
sponding author.
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