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ABSTRACT A key aspect to consider for vaccinal protection is the induction of a lo-
cal line of defense consisting of nonrecirculating tissue-resident memory T cells
(TRM), in parallel to the generation of systemic memory CD8� T cell responses. The
potential to induce TRM has now been demonstrated for a number of pathogens
and viral vectors. This potential, however, has never been tested for recombinant
adeno-associated virus (rAAV) vectors, which are weakly inflammatory and poor
transducer of dendritic cells. Using a model rAAV2/1-based vaccine, we determined
that a single intradermal immunization with rAAV2/1 vectors in mice induces fully
functional TRM at the local site of immunization. The optimal differentiation of rAAV-
induced transgene-specific skin TRM was dependent on local transgene expression
and additional CD4� T cell help. Transgene expression in dendritic cells, however,
appeared to be dispensable for the priming of transgene-specific skin TRM, suggest-
ing that this process solely depends on the cross-presentation of transgene prod-
ucts. Overall, this study provides needed information to properly assess rAAV vectors
as T cell-inducing vaccine carriers.

IMPORTANCE rAAVs display numerous characteristics that could make them ex-
tremely attractive as vaccine carriers, including an excellent safety profile in humans
and great flexibility regarding serotypes and choice of target tissue. Studies address-
ing the ability of rAAV to induce protective T cell responses, however, are scarce.
Notably, the potential to induce a tissue-resident memory T cell response has never
been described for rAAV vectors, strongly limiting further interest for their use as
vaccine carriers. Using a model rAAV2/1 vaccine delivered to the skin, our study
demonstrated that rAAV vectors can induce bona fide skin resident TRM and pro-
vides additional clues regarding the cellular mechanisms underlying this process.
These results will help widen the field of rAAV applications.
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Tissue-resident memory T cells (TRM) are an essential component of the T cell arm of
the adaptive immune memory response toward a large variety of pathogens (1, 2).

TRM can be found in almost all tissues in challenged laboratory mice (3, 4) and in
humans (5, 6), where they naturally serve as sentinels poised to continuously scan the
local tissue for their cognate antigen and rapidly clear infected cells (7). Additionally, by
rapidly secreting proinflammatory cytokines such as gamma interferon (IFN-�), tumor
necrosis factor alpha (TNF-�), or interleukin 2 (IL-2) upon activation, TRM also play a
central role in the orchestration of local secondary immune responses by recruiting and
activating various other actors of innate and adaptive immunity (2, 8, 9).
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TRM have been shown to differentiate in situ from KLRG1� memory precursors under
the control of tissue-derived signals, such as IL-15 or transforming growth factor �

(TGF-�) in the skin (10, 11). The role of local antigen recognition for the development
and maintenance of TRM, however, seems to differ between tissues (12). In the skin, TRM

do not rely on secondary T cell receptor (TCR) signaling events for differentiation and
maintenance (13, 14). Yet antigen-specific skin TRM formation is significantly enhanced
in the presence of cognate antigen (15, 16). The exact nature of the antigen-presenting
cells involved in both the initial priming and an eventual secondary encounter in the
local microenvironment is still unclear and likely differs depending on the nature of the
pathogen and the tissue. A key role for antigen cross-presentation by DNGR1� den-
dritic cells (DCs) has nonetheless been shown in the context of vaccinia and influenza
virus infection (17).

In mice, the induction of TRM in the skin or other nonlymphoid tissues (NLT) has now
been documented following several local viral infections or viral vector immunizations,
including herpes simplex virus (HSV) (18, 19), lymphocytic choriomeningitis virus
(LCMV) (3, 20), murine cytomegalovirus (MCMV) (21, 22), vaccinia virus (VACV) (15, 23),
vesicular stomatitis virus (VSV) (24, 25), influenza virus (26), and West Nile virus (27) as
well as the nonreplicating modified vaccinia Ankara (MVA) strain of VACV (16), human
papillomavirus vectors (HPV pseudoviruses) (28), and adenovirus vectors (29). Such
potential, however, has never been reported for recombinant adeno-associated virus
(rAAV) vectors. rAAVs are nonreplicative but can lead to high levels of transgene
expression in the target tissue. rAAVs further display numerous serotypes and capsid
variants and present a good safety profile in humans, making them attractive vaccine
carriers (30). rAAVs, however, are weakly inflammatory and poor transducers of DCs
(31–33), two unique properties that are not shared with most vectors commonly used
to study TRM induction.

We report here that a single intradermal immunization with a model rAAV2/1 vector
was sufficient to induce potent TRM at the local site of immunization. We additionally
demonstrate that local transgene expression and CD4� T cell help are key for the
optimal priming of transgene-specific skin TRM following rAAV immunization, while
transgene expression in DCs is not required.

RESULTS
Intradermal immunization with rAAV2/1 vector induces transgene-specific skin

resident memory CD8� T cells. We have previously described in detail the generation
of systemic anti-transgene effector (TEM) and central memory (TCM) CD8� T cells
following both intramuscular and intradermal immunization with an rAAV2/1 vector
(34). To further investigate whether intradermal immunization also gave rise to tissue
resident memory CD8� T cell responses at the site of immunization, we used the same
rAAV2/1 vector, which encodes a full-length membrane-bound form of the ovalbumin
model antigen fused to the UTY246 and DBY608 male HY antigen epitopes (rAAV2/1-
mOVA-HY). Intramuscular and intradermal immunization with such an rAAV2/1 con-
struct induces strong OVA257-specific CD8� T cell responses in female mice in the
presence of a concomitant DBY608-specific CD4� T cell response.

As previously published (34), no significant differences could be seen in the fre-
quencies of OVA257-specific CD8� T cells in the peripheral blood of intramuscularly and
intradermally immunized female mice up to 60 days postimmunization (Fig. 1A). Inter-
estingly, a significant OVA257-specific CD8� T cell population could still be detected in
both the dermis and epidermis of intradermally, but not intramuscularly, immunized
female mice by day 60 (Fig. 1B and C), at a time when transgene expression is
undetectable (34). On average, around 104 OVA257

� CD8� T cells could be recovered
per injected ear, representing a 300-fold increase in OVA257

� CD8� T cell numbers
compared to ears of mice injected intramuscularly or to control vector-injected ears.
Importantly, epidermal resident OVA257

� memory CD8� T cells harbored a classical
CD69� CD103� KLRG1� CD44hi CD127low/neg CD62L� Ki-67low resting tissue resident
memory T cell phenotype (Fig. 1D to F). Dermal resident OVA257

� memory CD8� T cells
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also consisted of a majority of CD69� CD103� OVA257
� CD8� T cells (47.2% � 5.0%),

albeit mixed with higher frequencies of CD69� CD103� cells (37.0% � 5.0%) (Fig. 1E).
A small CD69� CD103� OVA257

� CD8� T cell subset (11.7% � 1.8%), putatively circu-
lating effector/memory CD8� T cells, could also be detected in the dermis. Both CD69�

CD103� and CD69� CD103� subpopulations expressed slightly higher levels of Ki-67
(Fig. 1F), suggesting that they might contain more recently activated cells.

Local transgene expression drives transgene-specific skin CD8� TRM differen-
tiation. Recent studies suggest that local antigen expression acts as a key determinant
of TRM differentiation in vivo (15, 16). To assess the role of local transgene expression
in the differentiation of rAAV-induced TRM, we immunized female mice simultaneously
in one ear with an OVA-expressing rAAV2/1 vector and in the opposite ear with a
control rAAV2/1 vector (rAAV2/1-Ctrl) (Fig. 2A). In line with the limited intrinsic inflam-
matory potential of rAAV vectors, no external sign of inflammation could be observed
in the rAAV2/1-Ctrl injected ear [mOVAHY (distal)] throughout the course of the
ongoing systemic anti-OVA immune response. In contrast, a clear swelling of the
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FIG 1 Intradermal immunization with rAAV2/1 vector induces transgene-specific skin CD8� Trm. Skin resident anti-OVA memory CD8� T cells were
analyzed between day 60 and day 70 after immunization in the ears of female mice immunized in the tibialis anterior (i.m.) or ear dermis (i.d.)
with rAAV2/1-mOVA-HY (mOVA-HY) or a control rAAV2/1 vector (Ctrl). (A) Representative dot plots for CD44 and Kb/OVA257 tetramer staining (left)
and frequencies of OVA257

� CD44hi cells in live blood CD8� T cells (right). (B) Representative dot plots for MHC-II and TCR� staining in live
epidermal CD45� cells (left) and CD8� and Kb/OVA257 tetramer staining in live epidermal MHC-II� TCR�� T cells (right) from a female mouse
immunized i.m. (top) or i.d. (bottom) with the mOVA-HY construct. (C) Absolute numbers of live CD45� MHC-II� TCR�� OVA257

� CD8�
� T cells

recovered from the dermis or epidermis of indicated mice. Values are means � SEM (n � 3 Ctrl i.d., n � 3 mOVAHY i.m., and n � 6 mOVAHY
i.d. mice per group, pooled from 2 independent experiments). ns, not significant. *, P � 0.05 (Mann-Whitney test). (D and E) Representative
histograms for CD103, CD69, CD127, CD44, KLRG1, and CD62L expression (black unfilled), compared to an unstained control (gray filled) (D), and
representative dot plots for CD103 and CD69 (E) staining in live CD45� MHC-II� TCR�� OVA257

� CD8�
� T cells isolated from the dermis or

epidermis of female mice immunized i.d. with the mOVA-HY construct. Average frequencies of expressing cells for each individual marker are
displayed as means � SEM (n � 6 mice for CD103, CD69, and CD44 and n � 3 mice for all other markers). (F) Representative histograms for Ki-67
expression (black unfilled) (left), compared to an unstained control (gray filled), and average frequencies of Ki-67-expressing cells in skin resident
OVA257

� subpopulations isolated from the dermis or epidermis of female mice immunized i.d. with the mOVA-HY construct. Values are means �
SEM (n � 6 pools of 3 mice each, pooled from two independent experiments). **, P � 0.01 (repeated measures one-way analysis of variance
[ANOVA], Bonferroni’s test).
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rAAV2/1-mOVAHY injected ear [mOVAHY (local)] could be seen by day 14 (Fig. 2B),
corresponding to the peak of the primary T cell response. Minor residual swelling was
also detected up to day 60.

Mirroring the enhanced swelling, local mOVAHY transgene expression clearly dic-
tated the recruitment of OVA257-specific skin resident CD8� T cells (Fig. 2C). On
average, 33.2 � 5.5 and 22.6 � 4.9 times more OVA257

� CD8� T cells could be detected
by day 60 in the dermis and epidermis, respectively, of the mOVAHY-immunized ear
[mOVAHY (local)] than in the contralateral ear [mOVAHY (distal)]. It should further be
noted that the contralateral rAAV2/1-Ctrl-immunized ears of rAAV2/1-mOVAHY-
immunized mice did harbor a sizeable population of OVA257

� CD8� T cells, ranging
from 3 � 102 to 2 � 103 cells per ear (Fig. 2C). A vast majority of them expressed CD69
and CD103 (Fig. 2D and E), two markers not expressed on blood-circulating OVA257

�

memory CD8� T cells. It is thus unlikely that these cells simply reflect bystander
contamination from blood-circulating effector/memory T cells.

Overall, these results confirm a key role for local antigen expression in the recruit-
ment of transgene-specific TRM. They also highlight distal seeding of a small population
of bona fide transgene-specific TRM independently of local antigen expression or strong
local inflammatory signals.

Intradermal immunization with rAAV2/1 vector induces functional skin CD8�

TRM. TRM-mediated protection against secondary viral challenges relies in part on direct
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lytic activity against infected cells. Additionally, the capacity of TRM to rapidly secrete
proinflammatory cytokines, most notably IFN-�, is essential to activate and recruit other
immune cells at the site of infection (2).

First, we tested the cytokine secretion potential of rAAV-induced CD8� TRM. Sixty
days after intradermal immunization with rAAV2/1-mOVAHY, most isolated dermal and
epidermal OVA257-responsive CD8� T cells were capable of secreting both IFN-� and
TNF-� upon in vitro restimulation with their cognate peptide (Fig. 3A). Among those,
around 10% additionally exhibited IL-2 secretion potential. The polyfunctional profile of
rAAV2/1-induced TRM thus appeared similar to, if not enhanced above, that of draining
lymph node (LN) or splenic resident effector/memory OVA257

� CD8� T cells (Fig. 3B).
To test whether this cytokine secretion potential translated in vivo into rapid recruit-
ment of immune partners at the site of immunization, female mice were coimmunized
with rAAV2/1-mOVAHY (local site) and rAAV2/1-Ctrl vectors (distal site) and 60 days
later were challenged in both ears with either OVA257 or SMCY738 control peptide.
Strong swelling could readily be detected 20 h after OVA257 peptide challenge in the
mOVAHY-immunized ear (local/OVA257) (Fig. 3C). Swelling was maximal 44 h postchal-
lenge and was associated with increased recruitment of CD45� hematopoietic cells
(Fig. 3D), including inflammatory monocytes and neutrophils. Interestingly, OVA257

peptide challenge in the contralateral ear (distal/OVA257) led to reduced yet significant
swelling (Fig. 3C). Notably, a small, albeit significant, recruitment of inflammatory
monocytes could be detected (Fig. 3D). This suggests that even a few hundreds
OVA257

� TRM, as detected at this distal site (Fig. 2C), could have a biological antigen-
specific impact on secondary immune responses. Of note, slight swelling could also be
observed early following SMCY738 peptide challenge in mOVAHY-immunized ears
(local/SMCY738). This could reflect an additional noncognate activation of TRM with local
biological consequences in the presence of high numbers of TRM.

Second, we tested the cytotoxic potential of rAAV2/1-induced skin OVA257
� TRM.

Sixty days after intradermal immunization with rAAV2/1-mOVAHY, a majority of isolated
splenic, lymph node resident, dermal, and epidermal OVA257-responsive IFN-�� CD8�

T cells were capable of mobilizing CD107 at the plasma membrane, a marker of active
degranulation, upon in vitro restimulation with cognate peptide (Fig. 3E and F). These
cells additionally expressed granzyme B (Fig. 3F). It can be noted that epidermal
OVA257

� TRM showed a lower CD107 mobilization potential than dermal or secondary
lymphoid organ resident OVA257

� (Fig. 3F). This, however, is in line with a recent
observation in human lung resident CD69� CD103� CD8� TRM (35). To further assess
how this translated in vivo, female mice were immunized in the ear with an rAAV2/1-
mOVAHY or control (Ctrl) vector and 70 days later were challenged with a secondary
intradermal injection of rAAV2/8-sOVA vector. To control for a potential impact of
circulating effector/memory OVA257

� CD8� T cells, mice were continuously treated,
starting 1 day prior to the secondary challenge, with an S1P receptor agonist, FTY720,
to block T cell egress from lymph nodes. A group of intramuscularly immunized mice,
which harbor similar frequencies of systemic— but not skin resident—OVA257

� mem-
ory T cells (Fig. 1A), was also included in the experiment. Eight days later, an enhanced
IFN-� response (Fig. 3G) and 10-fold-lower level of OVA mRNA expression (Fig. 3H) were
detected in mice preimmunized intradermally with the rAAV2/1-mOVAHY vector com-
pared to those in intramuscularly immunized mice. This result confirms the potential of
locally induced transgene-specific TRM to reactivate in the context of a secondary
challenge and to participate in the killing of infected cells. The FTY720 treatment used
in these experiments, however, did not fully prevent circulating memory CD8� T cell
egress from participating to the local immune response, as seen in intramuscularly
immunized mice (Fig. 3G and H). This unfortunately prevented us from properly
assessing the cytotoxic potential of the low frequency of transgene-specific TRM seed-
ing distal skin sites.

Overall, these experiments nonetheless demonstrate that rAAV vector can induce
the differentiation of fully functional transgene-specific skin TRM at the site of immu-
nization.
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FIG 3 Intradermal immunization with rAAV2/1 vector induces functional skin CD8� TRM. (A and B) Female mice were immunized in the ear dermis
with rAAV2/1-mOVA-HY (mOVA-HY). At day 60, draining lymph node or epidermal or dermal cell suspensions, pooled from 3 individual mice for
each sample, were restimulated in vitro with OVA257 peptide (1 �g/ml) and subsequently stained for IFN-�, TNF-�, and IL-2 production. (A)
Representative dot plots for IFN-� and TNF-� (left) or TNF-� and IL-2 (right) expression in OVA257-stimulated (top) or unstimulated (bottom) live
epidermal CD45� MHC-II� TCR�� CD8� T cells. (B) Relative proportion of single (red)-, double (green)-, and triple (blue)-cytokine-producing
OVA257-stimulated live CD8�

� T cells from the indicated organs (n � 4 pools of 3 mice each, pooled from 2 independent experiments). Analysis
and presentation of distributions were performed using SPICE version 5.35 on background (unstimulated) corrected data. Comparison of
distributions was performed using a Student t test and a partial permutation test as previously described (53). *, P � 0.05. (C to E) Female mice
were immunized in one ear dermis with rAAV2/1-mOVA-HY (local) and in the opposite ear dermis (distal) with a control rAAV2/1 vector. At day
60, mice were challenged in both ears with either OVA257 or unrelated SMCY peptide. (C) Ear swelling at the indicated time point postchallenge.
(D) Absolute number of live CD45� cells (left), CD45� CD11b� Ly6Chi Ly6G� inflammatory monocytes (middle), and CD45� CD11b� Ly6Cint Ly6G�

neutrophils (right) in the ears of mice. Values are means � SEM (n � 6 mice/group, pooled from 2 independent experiments). *, P � 0.05; **,
P � 0.01; ***, P � 0.001; ****, P � 0.0001 (2-way ANOVA/Sidak test [C] and Mann-Whitney test [D]). (E and F) Female mice were immunized in the
ear dermis with rAAV2/1-mOVA-HY. At day 60, draining lymph node or epidermal or dermal cell suspensions, pooled from 3 individual mice, were
restimulated in vitro with OVA257 peptide (1 �g/ml) in the presence of anti-CD107 a and CD107b antibodies (CD107a/b) and subsequently stained
for IFN-� and granzyme B (GrzB) production. Shown are representative dot plots for CD107a/b and TCR� expression in IFN-�� OVA257-stimulated
(red) or total unstimulated (gray) (E) and background (unstimulated group)-corrected frequencies of CD107a/b� (left) and GrzB� (right) cells
among live CD45� MHC-II� CD8� T cells from indicated organs (F). Values are means � SEM (n � 3 pools of 3 mice each). *, P � 0.05; **, P � 0.01
(RM one-way ANOVA, Bonferroni’s test). (G and H) Female mice were immunized i.m. or i.d. with rAAV2/1-mOVA-HY (mOVA-HY) or a control
rAAV2/1 vector (Ctrl). At day 70, all mice were challenged in the ear dermis with rAAV2/8-sOVA and maintained under FTY720 treatment until
the end of the experiment. (G) Absolute numbers of live CD44hi IFN-�� CD8� T cells following in vitro restimulation with OVA257 peptide (1 �g/ml);
(H) OVA mRNA expression in challenged ear 8 days later. Values are means � SEM (n � 6 mice/group, pooled from 2 independent experiments).
**, P � 0.01 (Mann-Whitney test).
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Cross-presentation of skin-targeted rAAV transgene is sufficient to induce
transgene-specific skin resident memory CD8� T cells. All experiments described so
far were performed in female mice. The strong anti-transgene DBY608-specific CD4� T
cell response that can be seen in female hosts significantly boosts systemic anti-
transgene CD8� T cell responses following rAAV2/1 intradermal immunization (34).
Additionally, previous studies have clearly shown that pseudotyped rAAV vector are not
all equal regarding dendritic cell transduction. And this parameter can influence the
resulting direct priming of anti-transgene CD8� T cell responses (32, 33, 36). We thus
tested the impact of both parameters, antigen expression in DCs and CD4� T cell help,
on TRM formation upon rAAV2/1-mediated intradermal immunization.

The addition of four repeats of the miR142-3p target sequence downstream of the
mOVAHY transgene inhibits its expression in DCs (34), in line with the prevalent
miR142-3p expression found in all hematopoietic cells (37). Interestingly, similar num-
bers of skin resident OVA257

� CD8� T cells could be recovered from immunized female
mice with both wild-type (WT) (mOVAHY) and miR142-3p-regulated constructs
(mOVAHY-miR) (Fig. 4A). The phenotype (Fig. 4B and C) and polyfunctionality (Fig. 4D)
of OVA-specific TRM induced by both constructs further appeared indistinguishable.
This demonstrates that in the presence of CD4� T cell help, cross-presentation events
initiated after rAAV vector transduction of nonhematopoietic skin cells are sufficient to
induce the accumulation of bona fide TRM in the skin.

To further test for the role of CD4 T cell help, we used the fact that male mice are
naturally tolerant to male antigens and do not mount a DBY608-specific CD4� T cell
response, as evidenced previously (34). Accordingly, anti-transgene CD8� T cell re-
sponses tracked in male mice in response to rAAV2/1-mOVAHY immunization fully
mimic the responses seen in CD4-depleted female mice (38). Following intradermal
immunization, the absence of CD4� T cell help did lead to a clear reduction in the
number of recovered skin resident OVA257

� CD8� T cells (Fig. 4E). This reduction,
however, appears to fully correlate with the reduced frequency of systemic CD8� T cells
seen in the peripheral blood (Fig. 4E). Furthermore, the absence of CD4� T cell help did
not seem to reproducibly impact the repartition of OVA-specific CD8� TRM between the
dermal and the epidermal layers of the skin as well as their expression of CD69 and
CD103 (Fig. 4E). These results thus suggest that CD4� T cell help mostly regulates the
overall strength of the anti-transgene immune response rather than having a direct
influence on skin TRM differentiation.

Finally, we tested for a possible synergy between cross-presentation and CD4� T cell
help, as previously seen following intramuscular immunization (34). In line with our
observations in female mice, however, circulating and skin resident OVA-specific CD8�

T cell responses against both WT and miR142-3p-regulated constructs appeared to be
similar in male mice (Fig. 4F). This further extends our previous observation that
transgene expression in hematopoietic cells is dispensable for the full induction of
systemic T cell responses in the context of skin targeting with rAAV vectors (34).

DISCUSSION

Targeting the skin allows for the induction of a local line of defense in the form of
tissue-resident memory CD8� T cells (1, 2, 23), a result that we reproduced in this study
in the context of a model rAAV2/1-based vaccine. Of interest, our study additionally
suggested that in situ differentiation of rAAV-induced transgene-specific skin CD8� TRM

follows the same rules—with respect to antigen presentation, CD4� T cell help, or local
antigen—as have previously been described in the context of more inflammatory viral
vectors.

While TRM have been described in many infectious or vaccine models, the impact of
the viral vector itself on the induction of CD8� TRM has not yet been clearly addressed.
Among known differences between rAAV vectors and other viral vectors, a key char-
acteristic is their low inflammatory potential (39, 40). rAAVs are also nonreplicating, and
transgene expression in target tissue is usually only maximal by 2 to 3 weeks (41, 42).
This leads to delayed anti-transgene immune response with initial T cell priming only
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seen by day 5 in the draining lymph nodes (dLNs) (34) and a peak of OVA257
� CD8�

T cells in the spleen, blood, and tissue by day 14 (reference 34 and unpublished
observations). Nonreplicating viral vectors have already been used to induce TRM in the
skin (16) or vaginal mucosa (28, 29), although lower numbers of TRM were reported
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FIG 4 Cross-presentation of skin-targeted rAAV transgene, in the presence of CD4� T cell help, is sufficient to induce
transgene-specific skin resident memory CD8� T cells. (A to D) Female mice were immunized in the ear dermis with
rAAV2/1-mOVA-HY (WT) or rAAV2/1-mOVA-HY-miR142-3pT (miR). Skin resident anti-OVA memory CD8� T cells were
analyzed at day 60 after immunization in the indicated ears. (A to C) Absolute numbers of live CD45� MHC-II� TCR��

OVA257
� CD8�

� T cells (A), representative histograms for CD103, CD69, CD127, CD44, KLRG1, and CD62L expression (B),
and frequencies of CD69� CD103� cells in live epidermal CD45� MHC-II� TCR�� OVA257

� CD8�
� T cells in the dermis or

epidermis of immunized ears (C). In panel B, frequencies of expressing cells for each individual marker are displayed as
means � SEM and compared to an unstained control (gray). Mean�SEM (n � 4 mice per group). (D) Relative proportions
of single (red)-, double (green)-, and triple (blue)-cytokine-producing OVA257 stimulated live CD8�

� T cells from indicated
immunized dermis or epidermis following in vitro restimulation with OVA257 peptide (1 �g/ml). Analysis was performed as
described for Fig. 3B. (E) Female or male mice were immunized in the ear dermis with rAAV2/1-mOVA-HY (WT). Shown are
frequencies of OVA257

� CD44hi cells in live CD8� T cells in the blood (left), absolute numbers of live CD45� MHC-II� TCR��

OVA257
� CD8�

� T cells (middle), and frequencies of CD69� CD103� cells in live CD45� MHC-II� TCR�� OVA257
� CD8�

�

T cells (right) in the dermis or epidermis of immunized ears at day 60 postimmunization. Average fold changes between
male and female mice are additionally displayed above the bars corresponding to each tissue. Values are means � SEM
(n � 5/6 mice per group pooled from 2 independent experiments). *, P � 0.05 (Mann-Whitney test). (F) Female or male
mice were immunized in the ear dermis with rAAV2/1-mOVA-HY (WT) or rAAV2/1-mOVA-HY-miR142-3pT (miR). Shown are
frequencies of OVA257

� CD44hi cells among live CD8� T cells in the blood (left) and absolute numbers of live CD45�

MHC-II� TCR�� OVA257
� CD8�

� T cells in immunized ears (right) at day 60 postimmunization. Values are means � SEM
(n � 4/6 mice per group pooled from 3 independent experiments). *, P � 0.05; **, P � 0.01 (Mann-Whitney test).
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following immunization with MVA than with replicating VACV in the skin (16). In our
hands, the average number of OVA257

� memory CD8� T cells that could be recovered
per injected ear at the late memory stage of the response matched the numbers of TRM

previously reported for the ear at similar time points following VACV infection (16).
Most importantly, OVA257

� memory CD8� TRM recovered at the site of injection
appeared to be fully functional, both at clearing cells infected in the context of a
secondary challenge and at recruiting other components of the immune system.
Comparisons with other studies on skin TRM, however, are hindered by differential
choices of target skin sites. Most studies target the flank skin. In contrast, the mouse ear,
like most human skin, is devoid of panniculus carnosus. It thus represents a better site
for rAAV intradermal immunization, avoiding potential interferences from bystander
rAAV transduction of underlying smooth muscle cells (43, 44).

Another key question that we addressed in this study is whether induction of said
TRM follows rules in the context of rAAV immunization similar to those previously
observed for other viruses. Our unique model allowed us to address three parameters
of the immune response previously linked to TRM induction: CD4� T cell help, cross-
priming, and local antigen expression. Local antigen has been previously described to
boost TRM differentiation in the skin in the context of MVA (16), VACV (15), and HSV (45)
immunization. Following similar principles, rAAV2/1-induced TRM formation appeared
to be maximal at the site of immunization, while only a small number of transgene-
specific TRM could be seen at a distal site receiving irrelevant rAAV2/1 immunization. It
remains to be seen whether multiple immunizations would enhance such distal TRM

formation and favor the induction of broad protection, as previously suggested (23, 45).
A key particularity of rAAV vectors is their limited transduction of professional

antigen-presenting cells (32, 33, 36). We have previously shown that following intrad-
ermal immunization with rAAV2/1 vectors, transgene-derived peptides are cross-
presented both by resident CD8�� and migratory CD103� and CD11b� DCs (34). The
source of antigen, however, differs. Resident CD8�� DCs mostly process antigens from
transduced hematopoietic cells, while migratory DCs also present antigens from trans-
duced nonhematopoietic skin cells. Importantly, these cross-presentation events are
sufficient for the full induction of systemic memory cytotoxic T lymphocyte (CTL)
responses. Our current study now extends this observation to the induction of skin
CD8� TRM. A previous study in the context of vaccinia virus infection in the skin nicely
showed that cross-presentation by DNRG1� DCs, regrouping both resident CD8�� and
migratory CD103� DCs, was required for the full induction of skin CD8� TRM. We now
demonstrate that inhibiting transgene expression in hematopoietic cells does not
impair anti-transgene skin CD8� TRM formation. This result suggests that the sole
cross-presentation of tissue-expressed viral antigen/transgene is not only required but
also sufficient for the induction of skin CD8� TRM. This property is of particular interest
for pseudotyped rAAV vectors with even lower capacities for DC transduction than the
rAAV2/1 vector used in this study (32, 33, 36). The logical follow-up question then
becomes which cell(s) in the skin needs to be transduced by the rAAV vector to drive
optimal local and systemic immunity. While no definite answer exists for this question
so far, it can be noted that the potential to transduce keratinocytes has been described
for some rAAV serotypes (44, 46, 47). However, it appears quite limited (48). More
recently, transgene expression in the sensory neurons of the trigeminal ganglia has also
been reported following intradermal immunization with various rAAV serotypes in the
whiskerpad in mice (49), of which the rAAV2/1 serotype used in our study achieved the
highest level of gene expression.

The last point that we addressed in this study concerns the specific role of CD4� T
cell help in the differentiation of rAAV-induced skin TRM. We showed previously that
CD4� T cell help was necessary for the optimal generation of long-lived systemic
memory T cells following intradermal immunization with rAAV2/1 vectors (34). This also
held true in this study for rAAV2/1-induced skin TRM, in line with recent studies in the
vaginal mucosa (28) or the lung (26). In some models, CD4� T cell help has been shown
to impact CD8� T cell recruitment to the tissue itself (26, 50), although not to vaccinia

Skin Delivery of rAAV2/1 Vaccine Induces Bona Fide TRM Journal of Virology

March 2019 Volume 93 Issue 5 e01334-18 jvi.asm.org 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
24

 O
ct

ob
er

 2
02

2 
by

 1
93

.5
4.

11
0.

61
.

https://jvi.asm.org


virus-infected skin (23). We seldom observed a small reduction in the frequency of
CD103� dermal T cells in some experiments, but these results were not systematically
reproduced in our hands and their impact was minor compared to the reduction in
frequency of OVA257

� T cells already seen in the blood. Our results suggest that CD4�

T cell help directly enhances the level of T cell priming, which impacts the generation
of memory precursors from which both TCM and TRM originate (51).

Overall, our results demonstrate the potential of rAAV2/1 vectors to induce bona
fide skin TRM and also highlight key elements required for the full differentiation of TRM

in this setting. We believe that this study will provide a strong basis to further assess
the protective potential of rAAV-induced TRM and the potential use of rAAV vectors in
vaccine strategies.

MATERIALS AND METHODS
Mice. Six- to 8-week-old C57BL/6JRj mice were purchased from JANVIER LABS (Le Genest Saint Isle,

France), housed under specific-pathogen-free conditions in our animal facility, and handled in accor-
dance with French and European directives.

Plasmid construction and recombinant AAV vector production. mOVA-HY-expressing constructs
and recombinant AAV2/1-pseudotyped vectors were prepared as previously described (38). Briefly, the
mOVA cDNA (52) was fused to sequences coding for the DBY608 and UTY246 epitopes encompassed,
respectively, by 5 N-terminal (Nter) and 15 C-terminal (Cter) amino acids, and 4 Nter and 4 Cter amino
acids of their original protein sequence to ensure normal processing. This construct was further inserted
in a pSMD2 AAV2 plasmid between the human phosphoglycerate kinase (PGK) promoter and a poly(A)
signal to create the pSMD2-mOVA-HY construct. For the pSMD2-mOVA-HY-miR construct, 4 repeats of
the miR-142-3p target sequence (37) were additionally inserted in the 3= untranslated region of the
pSMD2-mOVA-HY plasmid. Two independent lots of both mOVA-HY- and mOVA-HYmiR-expressing
rAAV2/1 vectors were used in this study. Optimal titers for immunization (respectively, 3 � 1010 [Fig. 1A
to E and 4B, D, and F] and 3 � 109 viral genome [vg] [Fig. 1F, 2, 3, and 4A, C, and E]) were determined
for each individual rAAV lot following initial serial dilution experiments, and similar doses were used for
both mOVA-HY and mOVA-HYmiR and control rAAV2/1 vectors in a given experiment. For secondary
challenge experiments, 3 � 109 vg of an rAAV2/8 expressing a secreted form of OVA was injected. The
control vector used throughout this study was an rAAV2/1 vector coding for the Cre recombinase.

Immunizations. For intramuscular or intradermal injection, mice were anesthetized with ketamine/
xylazine and 25 �l of indicated rAAV vector diluted in 1� phosphate-buffered saline (PBS) was injected
into the tibialis anterior or the ear dermis using a 30-gauge RN Hamilton syringe. For peptide challenges,
mice were anesthetized with isoflurane, and OVA257 or SMCY738 peptides (5 �g dissolved in 20 �l of a 4:1
acetone-dimethyl sulfoxide [DMSO] solution) were applied to the dorsal side of the selected ear. The ear
skin was then gently poked with a 27-gauge needle around 10 times. Thickness of the ear pinna was
measured on anesthetized mice with a digital micrometer (Mitutoyo). For FTY720 treatments, mice
received 1 mg/kg of body weight of FTY720 intraperitoneally (i.p.) every 3 days as well as FTY720 in their
drinking water (4 �g/ml) from the day before the secondary challenge until the end of the experiment.

Cell isolation and analysis of cytokine production by T cells. Skin cell suspensions were prepared
by separating the ventral and dorsal sheets of immunized ears and incubating them dermal side down
in 0.5% trypsin–EDTA (Gibco) for 45 min at 37°C. The epidermis layer was then separated from the dermis
layer, and both were cut into small piece and further incubated for 2 h 30 min at 37°C in complete RPMI
medium containing 2.5 mg/ml of collagenase D (Roche) and 10 �g/ml of DNase I (Sigma-Aldrich). The
resulting cell suspensions were then filtered on a 40-�m cell strainer (BD Biosciences) prior to staining.
Lymph node cell suspensions were prepared by mechanically dissociating pooled superficial cervical
(parotid and mandibular; ear draining) LNs in sterile 1� PBS containing 0.1% human serum albumin
(HSA). A maximum of 2 � 106 cells per organ were then directly stained or restimulated for 5 h in vitro
in 2 ml of complete RPMI medium containing 2 �g/ml of brefeldin A (Sigma-Aldrich) and 1 �g/ml of
OVA257 peptide (SIINFEKL; ProteoGenix). For CD107 mobilization assays, monensin (BD GolgiStop; 4 �l
per 6 ml), 0.1 �g of Alexa Fluor 488 (AF488) anti-CD107a (1D4B), and 0.5 �g of AF488 anti-CD107b
(ABL-93) were also added to each well prior to OVA257 peptide stimulation.

Flow cytometry analysis. For peripheral blood lymphocyte (PBL) staining, erythrocytes were first
eliminated by hypotonic shock with BD Pharm Lyse buffer (BD Biosciences). Phycoerythrin (PE) H2-Kb/
OVA257 (SIINFEKL) tetramer (Clinisciences) staining was then performed in 1� PBS containing 0.1% HSA
for 40 min at room temperature. Cell suspensions were further blocked with anti-CD16/CD32 antibody
(2.4G2; BioXcell) for 10 min at 4°C, followed by membrane staining for 15 min at 4°C using a combination
of PE, BV605, BV421, or eFluor450 anti-CD8� (53-6.7), V500 anti-CD4 (RM4-5), fluorescein isothiocyanate
(FITC) anti-CD44 (IM7), PE-Cy7 anti-CD62L (MEL-14), PE-Cy7 anti-CD69 (H1-2F3), peridinin chlorophyll
protein (PerCP)-Cy5.5 anti-CD45.2 (104), V450 anti-CD45 (30-F1), PerCP-Cy5.5 anti-CD127 (A7R34), allo-
phycocyanin (APC) anti-KLRG1 (2F1/KLRG1), Alexa Fluor 647 anti-CD103 (2E7), APC or biotinylated
anti-TCR� (H57-597), PerCP-Cy5.5 anti-Ly6G (1A8), biotinylated anti-Ly6C (AL-21), Alexa Fluor 488 anti-
CD11b (M1/70), and Alexa Fluor 770 anti-major histocompatibility complex class II (anti-MHC-II) (I-A/I-E;
M5/114.15.2). When necessary, a secondary staining step was performed for 15 min at 4°C with FITC or
Qdot 605-coupled streptavidin (Life Technologies). Dead cellswere excluded using the LIVE/DEAD Fixable
Near-IR dead cell stain kit (Life Technologies). For intracellular staining of cytokines, cells were further
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fixed using BD Bioscience Cytofix/Cytoperm buffer (BD Biosciences) according to manufacturer’s instruc-
tions and subsequent staining was performed in eBioscience permeabilization buffer (eBioscience) for
30 min at 4°C using a combination of PE anti-IL-2 (JES6-5H4), PE-Cy7 anti-TNF-� (MP6-XT22), PE-
eFluor610 anti-granzyme B (NGZB), and APC anti-IFN-� (XMG1.2). Ki-67 staining was performed following
cell fixation with the eBioscience Foxp3/transcription factor staining buffer set. Data were collected on
a FACSCanto II or LSR-II Fortessa flow cytometer and further analyzed using FlowJo software v9.9.6 (Tree
Star).

Statistics. All data are shown as means � standard errors of the means (SEM). All statistical analyses
were performed using GraphPad Prism Software version 6 (GraphPad, San Diego, CA). Specific tests used
for each analysis are indicated in the respective figure legends.
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