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ABSTRACT

Measles live attenuated vaccine (MV) induces strong humoral and cellular systemic memory responses
allowing the successful control of measles since decades. MV has also been adapted into a promising
vaccine platform with several vaccine candidates in clinical development. To understand and document
the tissue-scaled memory response induced by MV, we explored the specific induction and persistence of
resident memory T cells (Trm) in the lungs and the liver, two critical targeted tissues for vaccine
development against several diseases. Trm are a subset of non-circulating highly specialized T cells.
They are found at multiple barrier and mucosal sites, conveniently positioned to rapidly react against
pathogens. The induction of Trm in different tissues is therefore critical for vaccine development. We
demonstrated in mice the rapid generation of MV-specific and vectorized antigen-specific Trm in the liver
and the lungs after a single dose, whatever the route of immunization. The intranasal route induced more
Trm in the lungs than other routes, confirming the potential of intranasal vaccine administration of
replicative viral vectors to generate a strong pulmonary immune response. MV-specific Trm cells were
functionally active, with CD8* Trm secreting granzyme B upon in vitro restimulation and CD4* Trm cells
secreting IFN-y and TNF-a. We confirmed in human lymphocytes this tissue tropism by showing an
overexpression of homing receptors directing them to epithelial and inflamed tissues. Vaccination
strategies able to induce Trm cells at key sites represent a promising field to improve current vaccines,
prioritize vaccine platforms and design future vaccines with enhanced protective efficacy.
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Introduction

Live attenuated measles vaccine (MV) is one of the safest and byt with different dynamics, the CD8" response being more

most effective human vaccines. It has protected billions of
children against this highly contagious acute respiratory illness
since its introduction as global mass vaccination, reducing
considerably childhood mortality."*

Measles virus is an enveloped, non-segmented negative
single-stranded RNA virus, belonging to the Morbillivirus
genus of the Paramyxoviridae family. The different vaccine
strains were derived from the wild type Edmonston strain,
empirically obtained by multiple passages in human and
chicken embryo cells. Measles vaccine elicits strong humoral
and cellular memory immune responses providing life-long
immunity. Yet, the basis of measles virus attenuation and
efficacy are not fully understood.” The elicited antibody and
cellular immune responses mature over months.* Protection
against the disease correlates with neutralizing antibody
titers.””” But cell-mediated immunity is essential for measles
protection, as children with isolated agammaglobulinemia
recover from measles® in contrast with individuals with
T-cell deficiencies.” " T cells are known to contribute indir-
ectly to the protection by their collaboration with B cells and
the clearance of viral RNA."* Circulating memory CD4" and
CD8" T cells are detected years after measles immunization,

sustainable over time."*

Little is known about the induction of tissue immunity by
measles vaccine. Particularly, Trm cells are a highly specialized
T cell population that once differentiated remains into the
tissues.'” They are transcriptionally, phenotypically, and func-
tionally distinct from circulating central and effector memory
populations.'® Common features of Trm subset in different
tissues are the downregulation of egress markers like S1IPR1
and CCR7 and the upregulation of CD69 molecule. CD69 is
considered as an early activation marker'” but in the absence
of an ongoing infection, its presence is a hallmark of tissue
residency.'® Trm cells upregulate integrins that promote tissue
retention by interacting with their corresponding ligands on
tissue surface. Depending on tissue location, Trm cells express
different homing tissue markers adapted to their microenvir-
onment (e.g., CD103 and CD49a molecules on epithelial and
lung Trm cells or CD11a on liver Trm cells)."” ' These cells
are found in multiple tissues like the skin, lungs, liver, brain,
genital mucosa, and gastrointestinal tract.*> Due to their pri-
vileged location at pathogen entry sites, they act as a first
defense line before the recruitment of antigen-specific cells
from the circulating blood. CD8" Trm are well described for
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several pathogens. They can release cytotoxic molecules as
granzyme B and perforins, as well as IFN-y and other chemo-
kines activating innate immune effectors and promoting the
recruitment of other cellular types to the infection site.”>**
CD4" Trm are less well described but there is now evidence
that they play a central role in tissue protective immunity,
especially in mucosal sites.”>*® The memory response in
human tissues is hardly assessable. Nevertheless, it is possible
to measure the specific induction of tissue homing markers at
the surface of circulating T cells to map the pattern of migra-
tion of the immune response.””°

The induction of Trm cells by vaccines is a new field of
intense research. Indeed, several studies in mouse and humans
showed that their induction was associated with protection
against respiratory infections.’’ " Other tissues than the
lungs are also targets of interest for the induction of Trm
cells by vaccines. The immune response in the liver, for
instance, is critical for malaria protection’® or to fight hepato-
tropic viruses like hepatitis B** and hepatitis C viruses.** Also,
the skin, the brain, and the mucosal barriers (gastrointestinal
tracts, upper respiratory airways, genital mucosa) are of great
interest. The COVID-19 pandemic revolutionized the field of
vaccinology and revealed a huge quantity of vaccine platforms
that are available for vaccine development. Therefore, it is
important to document the quality, the quantity, the location,
and the duration of the immune responses induced by each
technology to be able in the future to prioritize the vaccine
development regarding the required immune response for
a defined pathogen.

Measles vaccine has been adapted as a replicative viral
vector to deliver foreign antigens for more than 20 years.*!
The very immunogenic and attenuated Schwarz strain offers
the possibility to add foreign gene sequences up to 7 kb in
length in MV genome.*' Importantly, the measles preexisting
immunity has no negative impact on the vector immunogeni-
city against another pathogen.**** This highly versatile plat-
form was used to develop a variety of MV-based vaccine
candidates against different pathogens. The MV-
Chikungunya vaccine was particularly successful in phase 2
clinical trial, and other MV-vaccine candidates are in the
clinical trial pipeline.*> *® We hypothesized that this replica-
tive viral vector could induce a local memory immune
response in several tissues that would be useful to target
pathogens with a specific tissue or mucosal tropism.

The objective of this work was to explore the specific
induction of Trm by measles vaccine in a mouse model. We
aimed at better understanding measles vaccine efficacy and
providing data on the broaden immune responses generated
by measles vaccine platform. We describe the generation of
MV -specific Trm cells in the liver and the lungs 21 days after
a single immunization with MV Schwarz by different immu-
nization routes. Noteworthy, intranasal vaccination induced
a higher proportion of Trm cells in the lungs, whereas the
route of immunization did not modify the Trm response in
the liver. MV specific CD8" and CD4" Trm were functionally
active, secreting respectively Granzyme B and TNF-a/IFN-y.
We further used recombinant MV-malaria*” and MV-SARS-
CoV-2*® vaccine candidates as models to confirm the induc-
tion of specific Trm against vectorized antigens. Finally, we

expanded our results to human primary cells by demonstrat-
ing that measles-stimulated lymphocytes significantly over-
express homing receptors that direct them to epithelial and
inflamed tissues.

Results

Resident memory T cells are induced in lungs and liver
after a single intraperitoneal administration of measles
Schwarz vaccine

To study the ability of MV Schwarz vaccine to induce MV-
specific tissue resident memory (Trm) CD8" T cell responses,
two groups of 6-10 weeks old hCD46"/IFNAR ™~ mice were
immunized intraperitoneally (IP) with a single administration
of 10° TCIDs, of MV Schwarz virus or mock-injected (opti-
MEM medium). Twenty-one days post immunization, the
livers, spleens, and lungs were collected, and lymphocytes
were extracted from the tissues. The surface staining of specific
clusters of differentiation and the use of an MV-dextramer
(DextrMV, H;, 30) allowed differentiating five populations in
the liver: (i) CD8" T cells (CD3* CD8"); (ii) CD8* Trm (CD3*
CD8" CD69" CD62L" CD1la* KLRG1~ CXCR3" CXCR6");
(iii)) MV-specific CD8* Trm (CD3" CD45RA™ CD8* CD69"
CD62L™ CD11a" KLRG1™ CXCR3" CXCR6" DextrMV™); (iv)
CD3*CD8™ T cells; (v) CD3*CD8™ Trm (CD3" CD8~ CD69"
CD62L~ CD11a* KLRG1™ CXCR3" CXCR6"). We also distin-
guished five populations in the lungs: (i) CD8" T cells (CD3"
CD8"); (ii) CD4" T cells (CD3" CD4"); (iii) CD4" Trm (CD3*
CD4" CD44" CD62L~ CD69" CXCR3* CD49"); (iv) CD8"
Trm (CD3" CD8" CD44" CD62L~ CD69" CXCR3* CD49");
(v) MV-specific CD8" Trm (CD3" CD8" CD44" CD62L"
CD69" CXCR3" CD49" DextrMV™).

The liver CD8" T cell population was similar in the immu-
nized and control group, as well as the total CD8" Trm cell
population (Figure 1a). MV-specific CD8" Trm were found in
the liver in the immunized group (p < 0.001 for percentage,
and absolute number of MV-specific CD8" Trm cells).
Regarding the CD4" T cell population, the percentage of
total CD3*CD8” Trm was higher in MV-immunized group
compared to control group (p = 0.0304). There was no specific
dextramer-staining in the panel to reveal the presence of MV-
specific CD4" Trm.

In the lungs (Figure 1b), we observed a significantly higher
relative percentage and absolute number of CD8" Trm cells
(p = 0.0022 for both parameters) in immunized mice compared
to control mice. As expected, only immunized mice had MV-
specific CD8" Trm in the lungs (p = 0.0022 and p = 0.0049 for
percentage and absolute number of MV-specific CD8" Trm
cells). Lung CD4" Trm population was higher in MV-
immunized group compared to control group regarding the
relative percentage (p=0.0247) or the absolute number
(p=0.0151) of CD4" Trm cells.

For the liver and the lungs, we identified Trm populations
by using homing receptor markers expressed predominantly
by liver Trm (CXCR6 and CXCR3) and lung Trm (CD49a and
CD103), and we confirmed the specificity of dextramer stain-
ing by comparing dextramer® H,, 3, cells on control and MV
Schwarz immunized group (Figure 1c-e).



HUMAN VACCINES & IMMUNOTHERAPEUTICS . 3

a)  LiverCD8+ Liver CD3+ CD8- c) Control
N - i ¥ - %Trm in CD3+ CD8- -
%CD8+in CD3+| | %Trm in CD8+ LMy QEChIHERS o 250K =2 Dextr MV
1004 * ] 0
® 100 304 6 <55 7} . 200K -
E — E, 30 d N
. ]
5 s . £ =. =¢= ] & 150K = L
i o K g 20 0 it
5 o % 50 0 100K = A
Fi g
‘ﬂ:‘; o - 104 2 E 2 10{ % 50K E
25 ]
Lol =t 4] 0
o o o W
0 o o{ == o © 0 10
CTRL mMv CTRL Mv CTRL Mv CTRL My CTRL L H22-ao APC
: i CD3+ CD8- Trm in CD3+ CD8-
D8+ Trm in CD8+ Ty in - MV Schwarz
250K =
[ 4 Dextr MV/
— 20000 o ! 1.95
400004 5000 o . +. 100000 -
- o s 3
3 o 100 £ E
£ 4000 S 15000 -
S 300004 £ 75000 L .
€ 2 el X
5 S0 2 10000 : -“7_-.'
Q 200004 501 8 500001 1 i
E 2000 < 50K =
5000 1
100004 1000 * o ® 25000 0
. 01 == d 4
CTRL MV CTRL MV CTRL MV CIRL: (MY GIRE MY 0 10
Hps.50 APC
b)  LungcCD8+ Lung CD4+ d) Control
. P o ;
%CD8+ in CD3+ %Trm in CD8+ %TrmMV in %CD4+ in CD3+ %Trm in CD4+
TrmCD8+ - - :
100 25 xx 20 @ * K
g | — '—|** % | — 300 DEXTR MV
s = 75 = < ¢
. 20 . 5 e o)
8 g * $ 15 1)
s 15 S o (]
G 50 10 o >
® o g 1.0
o o 1]
s €
5 == == & . ;
0 00 ° 0 . 0y 0 10
CTRL MV CTRL MV CTRL MV REE. W CIRE MY Haz.30 APC
cDs+ Trmi TrmMV in CD4+ Trm in CD4+
rm in CD8+ TrmCD8+ MV Schwarz
>k % |;|
50000 — 80 — e |
o 600
s 1 lh) 1200 300K DEXTR MV
E-] 6
£ 40000 5 £ < *
g 3 sev04 p CI)
: o | 4004 o e 800 s (73]
5 30000 % @0
2 2 6e+04 Q
g 200 20 o 400
20000 g .
R RERE RS - L | |em -
CTRL MV CTRL MV CTRL MV CTRL MV CTRL My 0 10
Hzz.30 APC
e) LIVER SPLEEN LUNG SPLEEN
5 _Jco1ss-coisa+ CD186+ CD183+ 5 _Jcpiss-cotese CD186+ CD183+ | CD103- CDA4O+ CD103+ CD4g+ 5 _Jcp10s- Caos CD103+ CD4g+
10 T2 83| 10 E300 192 10 &2 60.3 10 &ms
F : E 4 1
104.= 104-5 10 73 10 1-'I_ Trm CD8
4 = 3 14.8
] 1 3] 3]
8110 8 E 10 3 E - 103 10 :]
>l o 0 : N 1
m CD186+ CD183- CD186- CD183- CD186+ CD183- m CD103- CD49- CD103+ CD49- 4 CD103- CD49- CD103+ CD49-
9 36 162 8 736 300 3 307
- B L L R AL R
o) 4 4 = 4 4
o 0 10 0 10 8 0 10 0 10
CD186 BV711

CD103 PE-Cy7

Figure 1. Induction of tissue resident memory T cells in mice after a single MV Schwarz immunization. hCD46*/IFNAR™~ mice (n = 4-6 per group) were immunized by
IP route with 10° TCIDso of MV Schwarz or were mock-injected (opti-MEM mediumMEM). Twenty-one days post-immunization, lymphocytes were extracted from
organs (liver, lungs, and spleen) and surface markers were stained to identify the different subpopulations. (a) Percentage and absolute number of CD8" T cells,
resident memory CD8* T cells (CD8" Trm), measles-specific Trm (TrmMV), CD3*CD8™ T cells, and resident memory CD3*CD8™ T cells in the liver. (b) Percentage and
absolute number of CD8" T cells, resident memory CD8" T cells (CD8* Trm), measles-specific trm (TrmMV), CD4" T cells, and resident memory CD4" T cells (CD4™ Trm in
the lungs. (c) Representative flow cytometry plots demonstrating the detection of liver mv-specific dextramer H.,_so (gated on CD8"* CD69* KLRG1~ CD62L~ CD11a*
CXCR6* CXCR3™) on control or MV Schwarz immunized mice. (d) Representative flow cytometry plots demonstrating the detection of lung mv-specific dextramer Hy,_3o
(gated on CD8* CD44" CD62L™ CD69" CXCR3* CD49*) on control or MV Schwarz immunized mice. (e) Representative flow cytometry plots showing the specific lung
and liver markers used to define tissue-resident T cell populations. Each data point represents an individual mouse. Data are compiled from two experiments and are
represented as median with IQR (interquartile range). Significant differences between the groups were determined by the two-tailed Mann-Whitney test (*p < .05,
**p < 01, **p < .001).
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These data demonstrate the presence of MV-specific CD8"
Trm in the liver and the lungs after a single intraperitoneal
injection of MV Schwarz vaccine strain and suggest the pre-
sence of MV-specific CD4" Trm in both organs.

The induction of Trm in the liver is independent of the
route of immunization, whereas the intranasal route
induces higher Trm in the lungs

To evaluate the potential impact of the immunization route on
the induction of CD8" Trm in the liver, we immunized
hCD46"/IFNAR™™ mice with 10° TCIDs, of MV Schwarz
virus either intraperitoneally (IP), intravenously (IV), intra-
muscularly (IM), or intranasally (IN). We compared the per-
centage of CD8" Trm in the tissue 21 days post-immunization.

a) Liver CD8" T cell populations

In the liver (Figure 2a), the IM route induced the highest
percentage of CD8" T cells, followed by IP, IV and IN route.
Although, the difference was statistically significant only
between IM and IN route (p=0.0166). The percentages of
CD8" Trm and MV-specific Trm were similar between all
routes of immunization. All mice developed consistent sys-
temic anti-MV responses as shown in Supplementary Table S1.

In the lungs (Figure 2b), the IV route generated a higher
percentage of CD8" T cells compared to the other immuniza-
tion routes, but the difference was statistically significant
(p =0.001) only between IV and IN route. However, the pro-
portion of CD8" Trm cells was significantly increased after IN
route compared to IM, IP, and IV immunization routes
(p=10.0013 for IN vs IM, p=0.0296 for IN vs IP, and
p=0.0106 for IN vs IV). Likewise, the percentage of MV-
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Figure 2. The immunization route differentially affects the induction of CD8" Trm cells in the liver and the lungs. hCD46*/IFNAR™~ mice (n = 4-6 per group) were
immunized by IM, IP, in or IV route with 10° TCIDs, of MV Schwarz. Twenty-one days post-immunization, lymphocytes were extracted from organs (liver, lungs, and
spleen). (a) The percentage of CD8* T cells (CD8"), resident memory CD8" T cells (CD8" Trm) and measles specific Trm (TrmMV) were determined in the liver of
immunized animals. (b) The percentage of CD8*, CD8" Trm, Trm CD49* CD103*, and TrmMV were determined in the lungs of immunized animals. Each data point
represents an individual mouse. Data are compiled from one independent experiment. Data are represented as median with IQR. Significant differences between the
groups were determined by the non-parametric Kruskal-Wallis test. Pairwise comparisons between groups were calculated using Dunn test and p-values were adjusted

applying the Benjamini-Hochberg correction. (*p < .05, **p < .01).



specific Trm was higher in IN group compared to the other
groups (p=0.0032 for IN vs IP, p=0.0201 for IN vs IV).
Interestingly, IN vaccination route generated the highest per-
centage of double positive CD49a" and CD103" CD8" Trm
cells (p =0.0032 for IN vs IM, and p = 0.0201 for IN vs IV).

Overall, these results indicate that all immunization routes
were equally able to generate MV-specific CD8" Trm in the
liver. Nevertheless, the IN route was better at inducing MV-
specific CD8" Trm in the lungs, despite the generation of
a higher CD8" T cell response by IV route.

Measles-specific CD8" Trm cells have cytotoxic properties,
and CD4" Trm secrete TNF-o. and/or IFN-y

To evaluate the functionality of induced CD8" and CD4" Trm
cells, two groups of 6-10 weeks old hCD46"/IFNAR ™~ mice
were immunized intranasally (IN) with a single administration
of 10° TCIDs, of MV Schwarz virus or mock-injected (opti-
MEM medium). We focused on the lungs after IN route of
immunization to get the higher number of Trm necessary for
functional studies. Twenty-one days post immunization, the
lungs were collected, and lymphocytes were extracted from the
tissues and stimulated ex-vivo with MV Schwarz virus at MOI =
1, PMA/Ionomycin or with media only. After MV Schwarz
stimulation, the absolute number of total CD8" Trm cells
(Figure 3a) and MV-specific CD8" Trm cells (Figure 3b) was
significantly higher in MV-immunized group compared to con-
trol group (p =0.0095 and p = 0.013). MV-specific CD8" Trm
cells secreted mainly Granzyme B (Figure 3c) and a lower pro-
portion of cells were polyfunctional and secreted also TNF-a
and/or IFN-y (Figure 3d). However, due to the low number of
cells producing IFN-y and TNF-o, this polyfunctional attribute
should be interpreted with caution. Likewise, total CD8" Trm
also secreted Granzyme B as main cytokine and only a small
portion secreted TNF-a or IFN-y (Supplementary Figure S1).

Regarding CD4" T cells population, there was no significant
difference in the absolute number of activated CD4" CD69"
T cells between immunized and control group. However, the
absolute number of cells expressing at least one cytokine was
significantly higher (p =0.0095) in MV Schwarz immunized
group compared to control group (Figure 4a). Moreover,
CD4" CD69" T cells secreted TNF-a, IFN-y or both cytokines
at the same time (Figure 4b).

These results confirm the cytotoxic potential of generated
MV-specific CD8" Trm cells and the immune activating
potential of CD4" CD69" T cells in mice immunized with
MYV Schwarz strain.

Measles-specific CD8" Trm cells declines over time but are
maintained until 90 days post-immunization

To evaluate the longevity of tissue resident immune responses
and if the route of immunization has an impact on the induc-
tion of functional tissue responses, two groups of 6-10 weeks
old hCD46"/IFNAR ™~ mice were immunized intranasally
(IN) or intramuscularly (IM) with a single administration of
10° TCIDs, of MV Schwarz virus. Ninety days post
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immunization, the lungs were collected, and lymphocytes
were extracted from the tissues and stimulated ex-vivo with
MYV Schwarz virus at MOI = 1, PMA/Ionomycin or with media
only.

MV-specific Trm cells were still found in the lungs after
both routes of administration (Figure 5a). However, the abso-
lute number was small as compared to the one obtained at Day
21. After MV Schwarz stimulation, the absolute number of
CD8" Trm cells producing GrzB was significantly higher in IN
immunized mice (p=0.01) compared to IM immunized
group. There was no difference in TNF-a or IFN-y-
producing cells (Figure 5b). CD8" Trm cells secreted mainly
Granzyme B in IN-immunized mice while IM-immunized
mice secreted mostly TNF-a (Figure 5c¢).

Regarding CD4" T cells population, there was no significant
difference in the absolute number of CD4" CD69" T cells
expressing IFN-y- or TNF-a in IM compared to IN immu-
nized group (Figure 5d). In IN-immunized mice, CD4" CD69"
T cells secreted mostly TNF-o and in IM-immunized mice
either TNF-0 or a combination of TNF-o and IFN-y
(Figure 5e).

Thus, we confirm the maintenance of MV-specific Trm in
the lungs ninety days after a single immunization, even though
the absolute numbers markedly decline over the time.

Immunization with recombinant MV generates Trm
against the vectorized antigens

Next, we assessed if the MV vector platform was able to induce
Trm against vectorized antigens. Trm in the liver are essential
to control malaria and so we used a recombinant MV expres-
sing a Plasmodium berghei fusion antigen (MV-Pbfusion) to
evaluate the induction of Trm by MV vector in the liver.
Pbfusion is composed of four different Pb antigens containing
CD8" T cell epitopes.”” Two groups of hCD46"/IFNAR™~
mice were immunized IP with 10° TCIDs, of MV-Pbfusion
or were mock-injected (opti-MEM medium). The livers were
collected twenty-one days post immunization to evaluate the
memory CD8" T cell responses. As shown in Figure 6a,b, the
immunization with MV-Pbfusion generated both MV-specific
and Pbfusion-specific Trm in the liver as compared to the
control group (p < 0.001 for both). To assess the presence of
CD8" Trm in the lungs, we used a recently developed measles
SARS-CoV-2 vaccine candidate expressing a stable form of the
Spike protein (MV-SARS-CoV-2) that protects mice and
golden Syrian hamsters from intranasal SARS-CoV-2 infec-
tious challenge."® Two groups of hCD46"/IFNAR ™™ mice were
immunized IN with 10> TCIDs, of MV-SARS-CoV-2 or were
mock-injected (opti-MEM  medium). We observed
a significantly higher number of MV-specific Trm
(p=0.0128) and SARS-CoV-2-specific Trm (p =0.0095) in
MV-SARS-CoV-2 immunized mice as compared to the con-
trol group (Figure 6¢,d).

Together these results demonstrate the ability of MV vac-
cine platform to induce the generation of CD8" Trm cells
specific to the vector itself and to an expressed antigen in
two different tissues, the liver and the lungs.
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Figure 3. Cytokine expression profile of CD8* Trm cells. (a) Representative flow plots and graphs showing the CD8* Trm population (gated on CD8* CD44* CD62L~
CD69* CXCR3*) and the absolute number of CD8* Trm cells/lung in MV Schwarz versus control group. (b) Representative flow plots and graphs showing the MV-
specific CD8* Trm population (gated on CD8* CD44* CD62L~ CD69* CXCR3* CD49* CD103*) and the absolute number of MV-specific Trm cells/lung in MV Schwarz
versus control group. (c) Total count of TrmMV/lung producing at least one or more cytokines, total count of TrmMV/lung producing GrzB, IFN-y or TNF-a. Each data
point represents an individual mouse. Data are compiled from one independent ICS experiment at early time point (d21 post-immunization). Data are represented as
mean with standard error. Significant differences between the groups were determined by the two-tailed Mann-Whitney test (*p < .05, **p < .01, ***p < .001). (d)
Proportion of TrmMV producing only one cytokine or a combination of different cytokines in MV Schwarz immunized group (total and individual mice graphs).

Measles vaccine induces the overexpression of homing
receptors in primary human T cells directing them into
epithelial and inflamed tissues

As there is no identified specific marker of circulating pre-
Trm in the blood in humans, we chose to study the
expression of tissue-homing receptors at the surface of
T cells. Indeed, these markers allow the recruitment and
entry into the tissues, where the cells may be differentiated
in Trm. We assessed the expression of ten different

homing receptors (Table 1) at the surface of activated
CD4" and CD8" T cells after in vitro stimulation by UV-
inactivated measles Schwarz virus or UV-inactivated SARS-
CoV-2 Wuhan strain at a MOI of 1. We selected eight
subjects with no previous history of COVID-19 infection
or SARS-CoV-2 vaccination but being vaccinated by
Measles-Rubella-Mumps (MMR) vaccine in childhood.
The UV-inactivated SARS-CoV-2 stimulated samples
served as a control of the expression of homing receptors
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Figure 4. Cytokine expression profile of CD4" cells. (a) Total count of CD4* CD69* T cells, CD4™ CD69* T cells expressing at least one cytokine, CD4™ CD69* T cells
expressing IFN-y or TNF-a per lung in MV Schwarz versus control group. Each data point represents an individual mouse. Data are compiled from one independent ICS
experiment at early time point (d21 post-immunization). Data are represented as mean with standard error. Significant differences between the groups were
determined by the two-tailed Mann-Whitney test (*p < .05, **p < .01, ***p < .001). (b) Proportion of CD4* CD69* T cells producing one cytokine or a combination of

two cytokines in MV Schwarz immunized group (total and individual mice graphs).

in response to an inactivated virus stimulation in vitro,
whereas the measles virus stimulation may engage the
memory specific adaptive response. The unstimulated con-
trol represents the expression of homing markers by
a small amount of preexisting activated CD69" cells circu-
lating at the time of blood collection. The overnight sti-
mulation led to the upregulation of the activation marker
CD69 that serves as a surrogate marker for antigen-
specificity.'” The comparison of the two stimulations
revealed a higher number of MV-specific central memory
CD8" T cells expressing CCR9 and CD186 (Figure 7a), two
chemokine receptors necessary for the entry into respec-
tively the intestinal tract,”* bone marrow,® inflamed tis-
sues and the liver.”® CD186 was also more expressed by
MV-specific naive CD8" T cells and CD4"™ T cells
(Figure 6a,b). Lastly, CD103, a marker of epithelial homing
into the intestine and the lungs was more frequently
expressed by MV-specific naive CD4" T cells (Figure 7b).
There was no significant differentially expressed homing
receptor in effector memory T cells.

These results suggest that measles vaccine Schwarz virus
induces in human a specific T cell tropism for epithelial and
inflamed tissues.

Discussion

Vaccination strategies promoting protective immune
responses at pathogen entry sites are highly desirable. In recent
years, tissue resident memory T cells emerged as a key popula-
tion involved in first line defense against pathogens previously
encountered by the immune system or generated after
vaccination.”* One of the main advantages of the presence of
Trm cells in the tissues is the possibility to neutralize patho-
gens at an early step of the infection cycle and, in some cases,
even providing sterilizing immunity. In general, live attenu-
ated viral vectors are good inducers of Trm cells compared to
inactivated or subunits vaccines.”’ Their replicative property
allows local and distant antigenic presentation to the immune
system and the correct establishment of Trm responses.

The aim of this work was to explore the specific induction
of Trm by live-attenuated measles vaccine (MV) or MV vector.
We demonstrated in IFNAR™™ mice the generation of MV-
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specific and vectorized antigen-specific Trm in the liver and
the lungs after a single IP immunization with measles Schwarz
vaccine or recombinant MV Schwarz vector. By using the
dextramer technology, we confirmed the specificity of the
response, though the number of real Trm is underestimated
by focusing only on one specific epitope that captures around
2.5% of the systemic CD8" T cell response. The use of an
IFNAR™™ mouse model may also lower the magnitude of
Trm induction. Indeed, mice lacking type-I IFN and MAVS
signaling display impaired expansion of CD8" Trm cells in the
lungs and reduction in antigen specific production of gran-
zyme B and IFN-y.% Though this mouse model is necessary to
study live-attenuated measles virus as type-I IFN is the species
barrier and its presence does not allow viral replication.®®
MV-specific Trm were functionally active in this mouse

model, CD8" Trm secreting granzyme B, and CD4" Trm
secreting IFN-y and TNF-a upon in vitro restimulation. The
predominant secretion of granzyme B by CD8" Trm highlights
their cytotoxic potential that may be recall for a fast viral
clearance.”® The rapid release of IFN-y and TNF-a cytokines
by CD4" Trm® may lead to a fast recruitment of auxiliary
immune cells to the infected site, potentiate CD8" T cell
response and enhance in the lungs the alveolar macrophages
response.

We did not perform protection studies. Previous studies
demonstrated the efficacy of MV-based vectors to generate
protective immune responses against a variety of microorgan-
isms at multiple tissue sites.*”**®® The specific involvement of
Trm in protection is not easy to assess but several studies
showed strong evidence of their major contribution to
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Figure 6. Generation of antigen specific Trm after immunization with MV viruses expressing vectorized antigens. (a) Absolute number of MV-specific and Pbfusion-
specific CD8" Trm cells in the liver of mice (n = 4-6 per group, two experiments) immunized IP with 10° TCIDsq of MV Pbfusion or mock-injected (opti-MEM medium),
twenty-one days post immunization. (b) Representative flow cytometry plots demonstrating the detection of liver MV-specific and Pbfusion-specific dextramer (gated
on CD8* CD69™ KLRG1~ CD62L~ CD11a* CXCR6" CXCR3*) on control or MV Pbfusion immunized mice. (c) Absolute number of MV-specific and SARS-CoV-2-specific
CD8" Trm cells in the lungs of mice (n = 4-6 per group) immunized in with 10° TCIDso of MV_SARS-CoV-2 or mock-injected (opti-MEM medium), twenty-one days post
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CD62L~ CD69* CXCR3* CD49") on control or MV SARS-CoV-2 immunized mice. Each data point represents an individual mouse. Data are represented as median with
IQR. Significant differences between the groups were determined by the two-tailed Mann-Whitney test (*p < .05, **p < .01, ***p < .001).

protection, and has been reviewed elsewhere,® also in the
context of vaccine development.”’ Regarding measles infec-
tion, the neutralization titer defined the correlate of protection
but the T cell response is essential’ "' and Trm may play a role
at the portal of entry. However, the goal of our study was
rather to document the versatility of measles to induce Trm
in different tissues for the future development of measles-
vectorized vaccines against several pathogens.

The time requested for the generation of resident memory
immune responses after immunization varies according to the
model being studied but, in some cases, can be noted as soon as
7 days post immunization.”"”"””> In the preliminary data
obtained to prepare our study, a growing number of
MV-specific CD8" Trm cells were observed in the liver at 7,

14, and 21-days post-immunization after a single IP adminis-
tration of MV Schwarz vaccine. There was no difference in the
percentage of CD8" Trm cells after a prime-boost immuniza-
tion at one-month interval, compared to a single immuniza-
tion. This may be explained by the fact that MV Schwarz
vaccine disseminates evenly through mouse tissues and the
administrated dose (10° TCIDs5,) generates a strong immune
response, converting a second immunization dose unneces-
sary. Thus, for practical reason, we harvested organs at twenty-
one days post immunization for this whole study. A key feature
of Trm cells is their long maintenance in the tissues. However,
this maintenance is dependent on multiple tissue-specific sur-
vival signals and not all Trm persist over the long term.”* For
instance, Trm localized in repair-associated memory depots
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Table 1. List of homing receptor markers studied by flow cytometry on human stimulated T cells.

Marker Receptor type Ligand Function Marker-expressing cells Reference
CD197 (CCR7) Chemokine receptor CCL19, CCL21  Entry into secondary lymphoid Naive T cells, memory T cell subsets Brinkman 2013°°
organs
CCR10 Chemokine receptor CCL27, CCL28 Entry into skin tissue CD4+ T cells Tubo 2011,
Sigmundsdottir
200751,52
CD185 (CXCR5) Chemokine receptor CXCL13 Entry into follicles of secondary Follicular helper T cells (Tfh), activated Chu 2019°3
lymphoid organs CD4 T cells
CDw199 (CCR9) Chemokine receptor CCL25 Entry into gut tissue, mucosal tissue T cells Mora 2003°*
Papadakis 2003°°
CD194 (CCR4) Chemokine receptor cCcL17 Entry into inflamed skin tissue CD4+ T cells Campbell 2007°¢
CD196 (CCR6) Chemokine receptor ~ CCL20 Entry into inflamed epithelial tissue, Immature DC, Th17, Tcm and Tem, Ito 2011”7
gut tissue B cells, NKT cells
CD186 (CXCR6) Chemokine receptor CXCL16 Entry into inflamed tissues, liver, T cells, NK cells, NKT cells Tse 2014, Wein
and lungs 2019°%°°
CXCR3 Chemokine receptor CXCLY, Entry into inflamed tissues T cells, NK cells Groom 2019%°
CXCL1o,
CXcLn
CD103 Integrin E-cadherin Entry into epithelial tissues (lung, T cells, DC Mackay 2013,
skin, human liver, gut) Thopam 2018'%¢
CD161 (KLRB1) C-type lectin LLT1 Entry into inflamed tissue, enriched CD4+ and CD8+ T cells, NK cells, NKT Konduri 2020°?
in T cells from gut and liver cells, monocytes, and dendritic cells
a) Activated CD8* T cells b) Activated CD4* T cells
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Figure 7. Expression of tissue homing receptors on MV-specific human T cells. Human PBMCs were unstimulated (M) or stimulated in vitro for 20h with UV-inactivated
measles Schwarz strain (MV) or UV-inactivated SARS-CoV-2 Wuhan strain (W) at an MOI of 1. The expression of ten different tissue homing markers was assessed by flow
cytometry. Cells were gated on antigen-specific T cells (CD69+ activated T cells). CD62L and CD45RO expressions were used to identify naive T cells (CD62L" CD45R0"7),
central memory T cells (Tcm, CD62L* CD45R0™), effector memory T cells (Tem, CD62L~ CD45R0™) and terminally differentiated effector memory T cells (Tgwmpa, CD62L™
CD45R0"). (a) Tissue homing receptors significantly over-expressed by measles-specific CD8* T cells subpopulations. (b) Tissue homing receptors significantly over-
expressed by measles-specific CD4" T cells subpopulations. Each data point represents an individual human sample. Data are represented as median with IQR
significant differences between the groups were determined by kruskal-wallis test, Dunn post-hoc test and a correction for multiple comparisons using the Benjamini—

Hochberg correction (*p < .05 and fdr < 0.2).

(RAMD) are short-lived.””> Live-attenuated measles virus
induce long-term systemic immune memory responses and
we hypothesized that MV-specific Trm are also maintained
in the tissues for a long period of time. Indeed, we found MV-
specific Trm in the lungs ninety days after a single immuniza-
tion. However, the absolute number declined over the time.
The waning of lung Trm cells has been described in other
models of viral infection, such as influenza and RSV.”*”” This
may reflect an expected contraction of the response in the
absence of local antigen stimulus,”® possibly exacerbated by
the absence of type-I IFN in the mouse model.” Indeed,
previous toxicity studies found persistent viral RNA at 22
days in different tissues of hCD46"/IFNAR ™™ mice, espe-
cially lymphoid organs, that disappeared at day 90 post-
immunization.”” Also, memory T cells in the tissues may
include multiple polyfunctional CD8 memory subsets,*
including transient effector memory T cells, even though we
used several specific markers to catch Trm only. Other

immune cell populations could participate to the mainte-
nance of lung Trm cell responses. Alveolar macrophages
were identified as source of local antigen in a model of
vaccination with an adenovirus recombinant vector.®!
Another aspect to consider is the activation of the
ARTC2.2/P2RX7 axis during cell isolation steps, which can
induce Trm and NKT cell death through the formation of
pores in the cellular membrane, thus affecting the outcome of
subsequent functional studies.®* All together, these factors
may explain the observed loss of total and MV-specific
CD8" Trm cells between days 21 and 90 post immunization.

An important consideration for CD8" T cells generation at
the desired target site is the immunization route. Previous
studies showed the relevance of liver CD8" Trm in the protec-
tion against malaria parasite in mice and non-human primates
(NHP) models after immunization with radiation-attenuated
sporozoites (RAS).2*% In both models, IV immunizations
with RAS sporozoites were better inducers of liver functional



CD8" T cell responses compared to IM or subcutaneous (SC)
immunization route. Fernandez et al.*® used a prime-and-trap
strategy based on antigen delivery by dendritic cells (prime)
followed by IV immunization with an adenovirus-associated
virus vector for targeted-antigen expression on hepatocytes
(trap). They demonstrated the generation of liver CD8" Trm
cells after IV immunization, which protected the immunized
animals from an infectious challenge with PbANKA sporo-
zoites. In contrast to these findings, IV immunization was not
superior to other immunization routes using MV-malaria for
liver CD8" Trm induction. A possible explanation is that MV
vector being replicative, it disseminates homogeneously into the
tissues® and develops a significant number of Trm cells inde-
pendently of the immunization route. Interestingly, IN immu-
nization induced a higher number of lungs CD8" Trm cells
compared to IV, IM or IP routes. These results are consistent
with data obtained in other studies using different viral
vectors,”*” " and recently with measles and mumps viral vec-
tors delivering SARS-CoV-2 Spike protein.® This confirms the
importance of the administration route to generate local mem-
ory responses for respiratory pathogens and brings into consid-
eration the use of IN route to generate Trm at the respiratory
tract. However, an important aspect to achieve is the appropriate
delivery of antigens to the lower respiratory tract’"** to properly
stimulate cellular adaptative immune responses in the lungs.
The study of human Trm responses is challenging due
to the limited access to tissue samples. For lung Trm,
a semi-invasive technique, the bronchoalveolar lavage
fluid (BALF) can be used to study airway Trm.’>"> For
liver Trm, some studies were made in liver-transplanted
patients showing that Trm cells can persist in the tissues
even years after the transplant.”*” To bypass this diffi-
culty, the study of homing receptors expressed by human
PBMCs could be a useful tool.’”® A major part of measles
memory T cells is located in the bone marrow’® and the
circulating counterpart may not fully reflect the immune
landscape of measles vaccine-specific memory T cells. Still,
previous studies succeeded at amplifying and stimulating
memory T cells from whole blood years after measles-
mumps-rubella vaccination.'” In our study, we investigated
the expression of ten surface markers on human PBMC
samples after in vitro stimulation with UV-inactivated
measles vaccine (live-attenuated measles vaccination in
childhood) or UV-inactivated SARS-CoV-2 (unvaccinated
individuals with no previous COVID-19, negative control).
A higher expression of CXCR6 and CD103 markers were
observed in MV-specific activated T cells, two core mar-
kers of Trm. CXCR6 plays a role in immunosurveillance
through its interaction with CXCL16 that is expressed by
epithelial cells.®” It has also been described as an important
marker for the recruitment of activated CD8" in the liver.”®
Indeed, its ligand CXCL16 is constitutively expressed by
liver sinusoidal endothelial cells.”” Moreover, CXCR6 has
been described as a homing marker of murine Trm in the
bone marrow.®> In humans, Trm of bone marrow prefer-
entially maintain long-term memory for systemic patho-
gens like measles.”® They are rapidly mobilized after
antigen encounter to generate circulating memory
T cells.'® CD103 interacts with E-cadherin present on
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epithelial cells, and supports tissue retention.’’ It has
been associated with Trm in several tissues (skin, lung,
brain, gut). Additionally, CCR9 marker was also highly
expressed, indicating T cells with a mucosal phenotype.>
These results are in accordance with our mouse findings,
supporting the utility of homing markers as predictors of
lymphocyte tissue migration patterns.

In summary, we demonstrated in mice the generation and
persistence of functionally active resident memory CD8" and
CD4" T cells in the lungs and the liver after a single immu-
nization with live-attenuated measles vaccine or measles
vector, whatever the route of immunization. Upon specific
restimulation CD8" Trm cells secreted Granzyme B and
CD4" Trm cells secreted IFN-y and TNF-a. Confirming
this tissue-tropism in human lymphocytes, measles vaccine
induced an overexpression of homing receptors directing
them to epithelial and inflamed tissues. Lastly, our results
confirm the great versatility of live measles vaccine vector to
generate strong immune responses against a variety of
pathogens for which the induction of tissue memory
responses is needed for protection.

Material and methods
Plasmid construction

The plasmid containing Pbfusion sequence was kindly pro-
vided by Dr. Rogerio Amino (Malaria Infection and
Immunity Lab, Pasteur Institute). Pbfusion contained
a malaria fusion protein expressing four different
Plasmodium berghei antigens carrying CD8" T cell epi-
topes. Primers introducing the restriction sites Fsel and
BssHII to the Pbfusion 5’ and 3’ ends, respectively, were
used to amplify the nucleotides 1-2772 and were subse-
quently cloned into the pTM3-Schwarz plasmid. This plas-
mid coded for the antigenomic sequence of Schwarz
measles vaccine strain and contained an additional tran-
scription unit (ATU) to insert foreign genes between H and
L genes. The complete sequence respected the “rule of six,”
stipulating that the number of nucleotides in the MV
genome must be a multiple of 6. The plasmid sequence
was verified by Sanger sequencing prior to rescue
experiments.

Ethics statement

Mice experiments were conducted following the guidelines of
the Office of Laboratory Animal Care at Institut Pasteur. The
experimental protocol was approved by the Ethic Comity Ile-de-
France — Paris 1 (DAP 210,133). All the experimenters had
a regulatory authorization for animal handling delivered by
the accredited French authorities and accepted by Institut
Pasteur Animal Facility.

The PBMCs used in this study were part of the “Immuno-
Covid Percy” study. Ethical approval of the cohort was given
by the Committee for Protection of Persons engaged in clinical
research Ile de France VIII (CPP 20.05.25) and was registered
in clinicaltrials.gov (NCT04408001). A written consent was
obtained from all participants.
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Cell lines

African green monkey kidney cells (Vero) and HEK293T7-
NP helper cells (stably expressing MV-N and MV-P genes)
were maintained at 37°C, 5% CO, in Dulbecco’s modified
Eagle medium (DMEM) (Thermo Fisher) supplemented
with 5% or 10% heat-inactivated fetal bovine serum (FBS)
(Corning) and 1% penicillin/streptomycin (Thermo
Fisher).

Production and characterization of recombinant viruses

Recombinant viruses were produced by CaCl, transfection of
HEK293T7-NP helper cells using the method described by
Combredet et al.*! Briefly, helper HEK293-T7-NP cells were
transfected with 5 pg of pTM3 Pbfusion plasmid and 0.02 pg
of pEMC-La expressing the MV polymerase L gene. After
overnight incubation at 37°C, the transfection medium was
replaced by fresh medium, and a heat shock was applied for
3h at 42°C and then returned to 37°C. After two days of
incubation at 37°C, transfected cells were transferred to 100-
mm dishes with monolayers of Vero cells. Syncytia that
appeared after 2-3 days of co-culture were singly picked
and transferred onto Vero cells seeded in six-well plates.
Infected cells were trypsinized and expanded in 75 cm* and
then 150 cm? flasks, in DMEM with 5% FBS. To collect
viruses, cells were scraped into a small volume of opti-
MEM medium (Thermo Fisher), lysed by a single freeze-
thaw cycle and cell lysates clarified by low-speed centrifuga-
tion. The infectious supernatant was then collected and
stored at —80°C. Titers of rMVs were determined on Vero
cells seeded in 96-well plates infected with serial tenfold
dilutions of virus in DMEM with 5% FBS. After incubation
for 7 days, cells were stained with crystal violet, and TCIDs,
values were calculated using the Karber method.'”! Virus
growth kinetics of rMVs was studied on monolayers of
Vero cells in six-well plates. Cells were infected with rMVs
at an MOI of 0.1. At various time points post-infection,
infected cells were scraped into 1ml opti-MEM medium,
lysed by freeze-thaw, clarified by centrifugation, and titered
as described above.

MV Schwarz coded for the Schwarz measles vaccine strain
and constituted the backbone of our MV vaccine platform.
MV-SARS-CoV-2 candidate was produced before the study in
our lab and expressed the stabilized pre-fusion form of Spike
protein of SARS-CoV-2 virus.*®

RT-PCR

To verify Pbfusion expression from the rMV construct, total
RNA was extracted from infected Vero cells using the
RNeasy Mini Kit (Qiagen). The ¢cDNA synthesis and PCR
steps were performed using the SuperScript IV One-Step
RT-PCR System (Invitrogen) with primers targeting ATU3,
according to the manufacturer’s instructions. RT-PCR pro-
ducts were verified by Sanger sequencing (Eurofins
Genomics). All primers wused are described in
Supplementary Table S2.

Mice experiments

Transgenic 129 sv mice expressing hCD46" and IFNAR defi-
cient were obtained from the Institut Pasteur animal facility.
These mice have the same MHC haplotype than the classical
C57BL/6 mice: MHC-I (H-2Kb/H-2 Db) and MHC-II (I-Ab)
and they are susceptible to measles virus infection.

Adequate timing to isolate Trm cells is highly variable and
depends on several factors as the model used, the studied
microorganism or the vaccine platform used. We performed
a kinetics experiment to determine an ideal timing to harvest
the organs (7-14-21-days post immunization) after a single
intraperitoneal immunization of 10° TCIDs, of MV Schwarz
vaccine. Using a reduced number of animals (three per group),
we determined that enough number of Trm cells were recov-
ered twenty-one days after one single immunization and the
percentage was not significantly different after two intraper-
itoneal immunizations (Supplementary table S3 and S4). The
presented experiments were all made 21 days post immuniza-
tion, except for the long-term experiment, which was con-
ducted 90 days post-immunization.

To study liver and lung MV-specific resident memory CD8"
T cells, groups of 6 to 10-weeks old mice were immunized
intraperitoneally with 10° TCIDs, of MV Schwarz or media
vehicle (opti-MEM medium). Organs (liver, spleen, and lungs)
were collected to assess the presence of tissue resident memory
CD8" T cells. To evaluate the influence of immunization routes,
groups of 6 to 10-weeks old mice were immunized intraperito-
neally, intramuscularly, intranasally or intravenously with 10°
TCIDso of MV and following organs collection, MV-specific
tissue resident memory CD8" T cells were studied in the liver,
spleen, and lungs. To analyze SARS-CoV-2-specific responses,
groups of 6 to 10-weeks old mice were immunized intranasally
with 10° TCIDs, of MV-SARS-CoV-2 or with media vehicle
(opti-MEM medium). Single cell suspensions were prepared
from the lungs and the spleen and the tissue resident memory
CD8" T cells were assessed.

Organs collection and cells harvesting

Organs were harvested from mice at twenty-one days post-
immunization and single cell suspension were prepared from
liver, spleen, and lungs.

Spleens were collected and homogenized using
a gentleMACS™ Dissociator (Miltenyi). Splenocytes were
passed through a 70 pm mesh and red blood cells were lysed
using the BD Pharm Lyse (BD Biosciences). After two washes
with DPBS 1X (Gibco) 10% FBS (Corning), cells were resus-
pended in a-MEM media containing 10% FBS, 100 U/ml
Penicillin-Streptomycin (Gibco), 10 mm HEPES (Gibco),
1 mm sodium pyruvate (Gibco), 2 mm L-Glutamine (Gibco),
50 uM B-mercaptoethanol (Sigma), and 0.1 mm non-essential
amino acids (Gibco). Cells were maintained at 37°C in 5% CO,
atmosphere until staining.

Livers were perfused via portal vein with 10 ml of saline
sterile solution, then excised and maintained on ice in RPMI
media (Gibco). The tissue was finely chopped and incubated
for 30 minutes at 37°C with Collagenase IV (1 mg/ml, Gibco)
and DNase I (10 U/ml, Roche) prepared in HBSS buffer with



Ca*? and Mg"*(Gibco). The liver tissue was homogenized
using a gentleMACS™ Dissociator (Miltenyi). After enzymatic
treatment, the cell suspension was filtered with a 100 um mesh
and red blood cells were lysed using the BD Pharm Lyse (BD
Biosciences). The samples were centrifuged, and pellets were
resuspended in 35% Percoll solution (Cytiva) in RPMI media
(Gibco). After 30 minutes of centrifugation at 1360 g at room
temperature with no brake, the pellet containing T cells was
washed twice with RPMI 5% FBS and resuspended in a-
MEM media (Gibco) containing 10% FBS, 100 U/ml
Penicillin-Streptomycin (Gibco), 10 mm HEPES (Gibco),
lmm sodium pyruvate (Gibco), 2mm L-Glutamine
(Gibco), 50 uM B-mercaptoethanol (Sigma), and 0.1 mm
non-essential amino acids (Gibco). Cells were maintained
at 37°C in 5% CO, atmosphere until staining.

Lungs were perfused with 20 ml of saline sterile solution
with 10 U/ml of heparin (Sigma). The tissue was homogenized
using a gentleMACS™ Dissociator (Miltenyi) and samples were
filtered through a 70 pm mesh. Single cells suspensions were
obtained using the Lung Dissociation Kit, mouse (Miltenyi)
accordingly to manufacturer’s instructions.

Flow cytometry analysis of mice samples

Two million cells from each organ per mouse were added per
well of a V-bottom 96-well plates and stained as described
below. Antibodies, supplier, clones, and dilutions employed
are detailed in Supplementary Table S5.

To detect specific CD8" T cells we used the dextramer
technology (Immudex). To identify specific-SARS-CoV-2
responses we used a previously described H2-D® restricted
epitope localized on the spike protein sequence: CVNFNFNGL
(Ss38-546)- This immunodominant epitope captures approxi-
matively 20% of the antigen-responding cells in an ELISPOT
assay.'”? For MV specific responses, H2-DP restricted epitope
on Hemagglutinin protein was employed: RIVINREHL
(Hj;_30)- This epitope captures around 2.5% of the total
CD8" T cells in the spleen 10 days after immunization with
wild-type measles virus."”> We confirmed these results by an
ELISPOT assay, where we identified about 2,000 IFN-y-
producing cells per 10° splenocytes after stimulation with
H,, 30 epitope 7 days after a single immunization with MV
Schwarz. To recognize specific-Pbfusion responses we chose
a H2-DP restricted epitope (SCILNNMYF) contained in
Pbfusion construct. We employed APC fluorochrome for
MV dextramer and PE fluorochrome for Pbfusion and SARS-
CoV-2 dextramers.

Liver-derived lymphocytes and splenocytes were incubated
for 10 min with Mouse BD Fc Block (BD Biosciences) and then
stained with MV and/or Pbfusion dextramer for 10 min
according to manufacturer’s instructions. Subsequently, cells
were stained with CD3e FITC (BD Biosciences), CD8a (BD
Biosciences), CD62L BV421 (BD Biosciences), CD69 PE-
CF594 (BD Biosciences), CD11a PE-Cy7 (BD Biosciences),
KLRG1 BV786 (BD Biosciences), CD183 BV605
(BioLegend), CD186 BV711 (Biolegend), and FVS 440 fixable
viability stain (BD Biosciences) for 30 min at 4°C. After wash-
ing, cells were fixed with 2% formaldehyde (Sigma) in DPBS
1X for 15 minutes at 4°C.
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Lung-derived lymphocytes and splenocytes were incubated
for 10 min with Mouse BD Fc Block (BD Biosciences) and then
stained with MV and/or SARS-CoV-2 dextramer for 10 min
according to manufacturer’s instructions. Subsequently, cells
were stained with CD3e FITC (BD Biosciences), CD8a (BD
Biosciences), CD62L BV421 (BD Biosciences), CD69
PE-CF594 (BD Biosciences), CD4 BV786 (BD Biosciences),
CD183 BV605 (BioLegend), CD49a BV71l1 (BD
Biosciences), CD103 PE (BD Biosciences), CD44 APC-
R700 (BD Biosciences), and FVS 440 fixable viability stain
(BD Biosciences) for 30 min at 4°C. After washing, cells
were fixed with 2% formaldehyde (Sigma) in DPBS 1X for
15 minutes at 4°C.

Mouse data were acquired on a FACSymphony (Becton
Dickinson). Data were analyzed using Flow]Jo software
(Becton, Dickinson and Company, version 10.8.1). The gating
strategy and the controls (FMO and isotypes) are shown in
Supplementary Fig. S2A (liver panel) and S2B (lung panel).

Intracellular cytokine staining

Freshly extracted lung-derived lymphocytes from immunized
mice were analyzed by flow cytometry for their capacity to
secrete IFN-y, Granzyme B and TNF-a upon specific stimula-
tion. Cells were cultured in U-bottom 96-well plates (2.0 x 10°
cells/well) in a volume of 0.2 ml complete medium (MEM—
10% FCS supplemented with non-essential amino-acids 1%,
sodium pyruvate 1%, and P-mercapto-ethanol). Cells were
stimulated for 16 h at 37°C with PMA/ionomycin (#00-4970,
ebioscience) as positive control, complete MEM as negative
control, and live attenuated MV-Schwarz virus at an MOI of 1.
Brefeldin A (#B6542, Sigma) at 10 pg/ml was added to the
culture medium 4h after the beginning of the stimulation.
Stimulated cells were incubated for 10 min with Mouse BD
Fc Block (BD Biosciences) and then stained with MV dextra-
mer for 10 min according to manufacturer’s instructions.
Subsequently, cells were stained with CD3e FITC (BD
Biosciences), CD8a (BD Biosciences), CD62L BV421 (BD
Biosciences), CD69 PE-CF594 (BD Biosciences), CD4 BV786
(BD Biosciences), CD183 BV605 (BioLegend), CD49a BV711
(BD Biosciences), CD103 PE-Cy7 (BD Biosciences), CD44
APC-R700 (BD Biosciences), and FVS 440 fixable viability
stain (BD Biosciences) for 30 min at 4°C. After washing, cells
were fixed and permeabilized with BD Fixation/
Permeabilization kit (BD Biosciences) and stained with TNF-
a BB700 (BD Biosciences) Granzyme B PE (BioLegend) and
IFN-y BUV737 (BD Biosciences) for 30 min in the dark.
Mouse data were acquired on a FACSymphony (Becton
Dickinson). Data were analyzed using FlowJo software
(Becton, Dickinson and Company, version 10.8.1). The gating
strategy and the controls (FMO and unstimulated cells) are
shown in Supplementary Fig. S3. As the studied population
was very low (0.1-0.2%), bright fluorophores were used to
detect MV-specificity and the intracellular cytokines. The gat-
ing was first done using FMO then adjusted using positive
controls (PMA/ionomycin stimulated cells) and negative con-
trols (unstimulated samples) from the control group to define
a reasonable P. Finally, the unvaccinated control group defined
the background noise for statistical analysis.
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Isolation of human PBMCs and flow cytometry analysis

Human peripheral blood mononuclear cells were obtained
from whole blood using LymphoPrep Tube (Progen) and
were immediately cryopreserved. After thawing, the cell viabi-
lity (Trypan Blue) was >2%. Cells were resuspended in RPMI
1640 supplemented with 10% FBS (Corning), 100 U/ml
Penicillin-Streptomycin (Gibco), 1 mm sodium pyruvate
(Gibco), 2 mm L-Glutamine (Gibco), 50 pM
B-mercaptoethanol (Sigma), and 0.1 mm non-essential amino
acids (Gibco).

One million cells per individual were added per well in
a U-bottom 96-well plates. Human PBMCs were stimulated
for 20 hours with MV Schwarz UV-inactivated vaccine
strain (MOI of 1), Wuhan SARS-CoV-2 UV-inactivated
virus (MOI of 1) or unstimulated (media culture alone).
Plates were incubated on ice for 15min to stop the stimu-
lation and subsequently transferred to a V-bottom 96-well
plates. Stimulated cells were incubated separately with two
different antibody mix combinations. One plate was incu-
bated with FcR Blocking Reagent for 10 min and stained
with CD3 VioGreen (Miltenyi), CD4 PerCP (Miltenyi),
CD8 APC-Cy7 (Miltenyi), CD45RO BV605 (BD
Biosciences), CD69 VioBright B515 (Miltenyi), CD62L
VioBright R720 (Miltenyi), CD197 VioBlue (Miltenyi),
CCR10 PE (Miltenyi), CXCR5 PE Vio615 (Miltenyi),
CCR9 PE-Cy7 (Miltenyi), CCR4 APC (Miltenyi), Live/
Dead fixable blue (UV 450) (Thermofisher) for 10 min at
4°C. After washing, cells were fixed with 4% paraformalde-
hyde in DPBS 1X for 15 minutes at 4°C.

The second plate was incubated with FcR Blocking Reagent
for 10 min and stained with CD3 VioGreen (Miltenyi), CD4
PerCP (Miltenyi), CD8 APC-Cy7 (Miltenyi), CD45RO BV605
(BD Biosciences), CD69 VioBright B515 (Miltenyi), CD62L
VioBright R720 (Miltenyi), CD196 VioBlue (Miltenyi),
CD186 PE (Miltenyi), CXCR3 PE Vio615 (Miltenyi), CD103
PE-Cy7 (Miltenyi), CD161 APC (Miltenyi), Live/Dead fixable
blue (UV 450) (Thermofisher) for 10 min at 4°C. After wash-
ing, cells were fixed with 4% paraformaldehyde in DPBS 1X for
15 minutes at 4°C.

Human PBMCs data were acquired on a Cytoflex Lx
(Beckman Coulter). Data were analyzed using Flow]o software
(Becton, Dickinson and Company, version 10.8.1). The gating
strategy and the controls (FMO) are shown in Supplementary
Fig. S4A (human PBMCs mix 1) and S4B (human PBMCs
mix 2).

Statistical analysis

Statistical analyses were performed using R (version 4.2.1) and
R Studio (version 2022.07.1 + 554) softwares. The statistical
tests used are indicated in each figure legend.

For mice experiment: when comparing two independent
conditions, the Mann-Whitney-Wilcoxon test was used. For
multiple comparisons, the non-parametric Kruskal - Wallis
test was employed. Then, pairwise comparisons between
groups were calculated using Dunn test and p-values were
adjusted applying the Benjamini-Hochberg correction.
Results were considered significant if adjusted p < 0.05.

For human experiment: to determine MV-stimulated-
induced changes in the expression of homing receptors, we
carried out a univariate analysis for each marker, comparing
both stimulations with the Wilcoxon-Mann-Whitney test.
After calculating p-values for immune parameters in the data-
sets, a correction for multiple comparisons was made using the
Benjamini — Hochberg correction. Immune measures in which
comparison data showed a significant difference at p <0.05
and a false discovery rate fdr < 0.20 were selected.
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