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A B S T R A C T   

The essential role of tissue-resident memory T cells (TRM cells) in offering protection from recurring infections 
and malignant tumors is becoming increasingly clear. Due to their presence in many barrier tissues, TRM cells are 
ideally located to rapidly respond to re-encountered pathogens. Moreover, a host of studies has shown that the 
quantity of TRM cells correlates with increased survival rates in cancer patients. Therefore, vaccination strategies 
which induce a strong and sustained TRM cell response are particularly promising. In this study we show that this 
response can be induced by employing a prime-boost vaccination strategy using biodegradable poly (D,L-lactide- 
co-glycolide) microspheres (PLGA MS). A subcutaneous prime immunization followed by an intranasal boost 
immunization led to a strong TRM cell response in the lungs of mice 6 days after the boost vaccination. Although 
numbers subsequently declined, TRM cells were still detectable 60 days after vaccination. Functionally, we 
observed that immunized mice were protected from lung metastasis formation and tumor growth in a B16Bl6 
melanoma model. Furthermore, the TRM cells induced by PLGA MS immunization provided protection in an 
infectious model using a recombinant influenza A virus (IAV). Taken together, these results show that the ability 
of PLGA MS to induce a strong TRM cell response further supports their use as a potent vaccine.   

1. Introduction 

The ongoing COVID-19 pandemic has had an enormous impact on 
the world and highlights more than ever the need for effective vaccines. 
High efficacy requires the ability to induce long lasting and functionally 
efficient memory responses. Most currently employed vaccines mainly 
focus on inducing an antibody response, which can be suboptimal in 
several disease settings. The vaccines against influenza virus, for 
example, induce neutralizing antibodies that recognize the surface 
proteins hemagglutinin and neuraminidase (Wong and Webby, 2013). 
However, as these proteins are very prone to mutation due to antigenic 
drift, the influenza vaccine requires a yearly reformulation. In contrast 
to antibodies, the CD8+ T cells response is mainly directed at internal 
virus proteins which are highly conserved (Gotch et al., 1987; McMi
chael et al., 1983). Therefore, more focus is being placed on the devel
opment of vaccines that induce a strong and long-lasting memory CD8+

T cell response (Beura et al., 2018a). Research on memory CD8+ T cells 
in the past has focused on the two main T cell memory subtypes found in 
the blood: central memory T cells (TCM cells) and effector memory T cells 
(TEM cells). TCM cells circulate between lymph nodes (LNs) and the blood 

and are able to proliferate rapidly upon antigen recognition and thereby 
contribute to the new pool of effector T cells (TEFF cells), whereas 
circulating TEM cells circulate between the blood and non-lymphoid 
tissues and are ideally equipped to exert rapid effector functions (Sal
lusto et al., 2004). However, the recent discovery of a non-recirculating 
memory subtype, namely tissue-resident memory T cells (TRM cells), has 
brought great advances to the field (Gebhardt et al., 2009; Masopust 
et al., 2010). TRM cells have been found in barrier tissues, such as skin, 
lung, female reproductive tract, brain, liver, kidney, intestine, salivary 
glands and more recently also in primary and secondary lymphoid or
gans (Anderson et al., 2012; Beura et al., 2018b; Fernandez-Ruiz et al., 
2016; Gebhardt et al., 2009; Jiang et al., 2012; Masopust et al., 2010; 
Schenkel et al., 2014; Wakim et al., 2008, 2010). They represent a very 
heterogeneous population which is strongly influenced by the micro
environment in the tissue of residence (Iijima and Iwasaki, 2015; 
Takamura, 2018). However, across tissues they share a common tran
scriptional phenotype and are often characterized by expression of CD69 
and CD103 (Mueller and Mackay, 2016; Park and Kupper, 2015). Both 
proteins are involved in tissue retention: CD69 blocks expression of 
sphingosine-1-phosphate-receptor 1 (S1PR1) which is required to sense 
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the S1P gradient in LNs and tissues that enables tissue egress (Mackay 
et al., 2015; Shiow et al., 2006). CD103 forms part of the integrin αEβ7 
and thereby promotes tissue retention by binding to E-cadherin on 
epithelial cells (Pauls et al., 2001). Especially at barrier sites, TRM cells 
provide front-line defense against re-encountered pathogens via direct 
effector mechanisms and recruitment of other immune cells from the 
blood (McMaster et al., 2015; Schenkel et al., 2013). Therefore, it is not 
surprising that the presence of TRM cells has been found to correlate with 
a successful response to infectious diseases and increased protection 
from tumor growth (Marceaux et al., 2021; Muruganandah et al., 2018; 
Okła et al., 2021). Furthermore, due to their direct location in the tissue 
and their elevated expression of checkpoint molecules, such as pro
grammed cell death protein 1 (PD-1), TRM cells have been appointed 
ideally placed targets for immunotherapy (Corgnac et al., 2020; 
Edwards et al., 2018; Marceaux et al., 2021). In addition to their resi
dency within the tissue and their ability to respond rapidly upon 
re-exposure to antigen, these cells are also in close contact with 
epithelial cells at risk of malignant transformation (Marceaux et al., 
2021). Many vaccination strategies are thus being developed aimed at 
inducing a long-lasting TRM cell response. 

We and others have established a vaccination strategy based on 
encapsulation of antigens and adjuvants into poly-(D,L-lactic-co-gly
colic) acid microspheres (PLGA MS). These polymers are hydrolyzed in 
aqueous solutions releasing the content, thus efficiently delivering the 
antigens to dendritic cells (DCs) in a targeted manner. PLGA MS can be 
taken up by various types of antigen-presenting cells (APCs) and the 
content can be presented via cross-presentation or MHC class II pre
sentation to activate CD8+ and CD4+ T cells, respectively (Koerner 
et al., 2021; Schliehe et al., 2011). Since complete hydrolysis takes 30 
days in the body, PLGA MS create a depot effect at the site of injection 
which leads to prolonged antigen presentation by DCs (Koerner et al., 
2021). Moreover, encapsulation of antigens into these microparticles 
protects them from degradation (Johansen et al., 2000; Koerner et al., 
2019; Waeckerle-Men and Groettrup, 2005). As antigenic peptides or 
proteins alone are not sufficient to induce a CD8+ T cell response the 
addition of immunostimulatory adjuvants such as cytosine–phosphor
othioate–guanine oligodeoxynucleotides (CpG ODN) or poly
riboinosinic:polyribocitidylic acid (polyI:C) is required. These adjuvants 
need to be coencapsulated into the same PLGA MS to generate a vigorous 
immune response (Schlosser et al., 2008). Due to the excellent 
bioavailability, biodegradability and biocompatibility properties as well 
as the controlled release and low toxicity, PLGA has been licensed by the 
FDA and the EMA for pharmaceutical applications via the parenteral or 
mucosal route (Vasir, 2007). Furthermore, recent work from our group 
has just demonstrated that Riboxxim, a GMP-grade toll-like receptor 
(TLR) 3 /retinoic acid inducible gene I (RIG-I) ligand, is a potent 
immunostimulant that can be used in a clinical setting (Koerner et al., 
2021). Moreover, a number of studies from our group have shown that 
immunization using PLGA MS was able to protect mice from tumor 
growth as well as virus infection (Herrmann et al., 2015; Koerner et al., 
2021; Mueller et al., 2012, 2011). 

In the present study we analyzed the memory CD8+ T cells response 
following a subcutaneous (s.c.) prime – intranasal (i.n.) boost immuni
zation with PLGA MS. We found that memory T cells, especially TRM 
cells, were strongly induced in the lung interstitium and airways and 
while their numbers declined over time, they were still detectable 60 
days after the boost immunization. Furthermore, we were able to show 
that these TRM cells were functional and able to protect mice from tumor 
growth as well as infection with influenza A virus (IAV). Taken together, 
our data show that PLGA MS are efficient antigen delivery systems that 
are capable of inducing a strong, long-lasting local memory response. 

2. Materials and methods 

2.1. Preparation of PLGA MS 

PLGA MS were prepared using 14 kDa PLGA 50:50 carrying hy
droxyl‑ and carboxyl-end groups (Resomer ® RG502H, Evonik Röhm 
GmbH). The antigens Ovalbumin (Ova) (Sigma-Aldrich, 50 mg) or 
M158–66 peptide (peptides & elephants, sequence GILGFVFTL, 10 mg) 
and the TLR ligands CpG oligodeoxynucleotides with a phosphothioate 
backbone (CpG-ODN 1826, Microsynth, 5 mg) as well as polyI:C (Sigma- 
Aldrich, 0.5 mg) were dissolved in 0.5 ml 0.1 M NaHCO3 (aqueous 
phase). For coencapsulation of antigens, such as Ova + CpG, both an
tigens were dissolved together in NaHCO3. 1 g of PLGA was dissolved in 
20 ml dichloromethane (organic phase). The aqueous and the organic 
phase were mixed by ultrasonication and immediately spray dried using 
the Mini Spray drier 191 (Büchi) at a flow rate of 2 ml/min at a room 
temperature of 25 ◦C. The obtained PLGA MS were washed out using 
0.05% poloxamer 188 (Synperonic®F68, Serva Electrophoresis) and 
subsequently collected on a cellulose acetate membrane. The PLGA-MS 
were dried for 48 h in a vacuum drying cabinet at RT and stored at 4 ◦C 
until further use. Immediately before use they were dispersed in PBS by 
ultrasonication. The morphology and size distribution of PLGA MS were 
analyzed by scanning electron microscopy (SEM) (see Supplementary 
Fig. 1). Encapsulation and release kinetics as well as physicochemical 
characteristics for PLGA MS obtained in our laboratory by spray drying 
have previously been described (Herrmann et al., 2015; Koerner et al., 
2021) 

2.2. Animals 

C57BL/6 mice and HLA-A*0201 transgenic mice (AAD mice) were 
originally obtained from Charles River, Germany. AAD mice express a 
recombinant MHC class I molecule consisting of the peptide binding 
region of the human HLA-A*0201 and the CD8 binding domain of the 
murine H2-Dd. Male and female mice were used at 8 - 12 weeks of age. 
All mice were kept in a specific pathogen-free environment on a 12/12 h 
light/dark cycle with ad libitum access to food and water. All experi
ments were approved by the review board of the Regierungspräsidium 
Freiburg (approval numbers: G-17/132, G-18/47, G-19/129, G-20/153, 
G-21/017, G-21/104). 

2.3. Immunization 

For s.c. prime immunization mice received a mixture of 5 mg PLGA 
MS containing CpG with or without the antigen together with 5 mg 
PLGA MS containing polyI:C dissolved in 200 µl PBS into the base of the 
tail. 14 days later mice received an i.n. boost vaccination. For i.n.l im
munization mice received a mixture of 2.5 mg PLGA MS containing CpG 
with or without the antigen together with 2.5 mg PLGA MS containing 
polyI:C in a volume of 50 µl of PBS (25 µl/nostril). To ensure proper 
application of the i.n. vaccine and reduce stress levels mice were anes
thetized with isoflurane (5% in oxygen; CP Pharma). The concentrations 
of the encapsulated antigens and TLR ligands per mouse were as follows: 
Subcutaneous immunizations: Ova (250 µg), M158–66 peptide (50 µg), 
CpG (25 µg) and polyI:C (2.5 µg). Intranasal immunizations: Ova (125 
µg), M158–66 peptide (25 µg), CpG (12.5 µg) and polyI:C (1.25 µg). 

2.4. Treatment with FTY720 

Spingosine-1-phosphate-receptor 1 (S1PR1) inhibitor FTY720 
(Sigma-Aldrich) was added to the drinking water of mice at indicated 
time points. Every 3 to 4 days the drinking water was exchanged with 
fresh water containing a new aliquot of the inhibitor. The concentration 
of the inhibitor was 7 µg/ml, leading to an approximate uptake of 1 mg/ 
kg per day. To confirm the absence of circulating lymphocytes, blood 
was collected from the mice after they were sacrificed and analyzed by 
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flow cytometry staining for CD3. 

2.5. Isolation of murine cells for flow cytometry 

Immediately after sacrifice, blood was collected via heart puncture. 
Thereafter, a bronchoalveolar lavage was performed to obtain the 
bronchoalveolar lavage fluid (BALF). After collection of the spleen, mice 
were perfused using cold PBS to ensure removal of blood from the lungs. 
Spleens were gently mashed through a 40 µm strainer. Lungs were 
digested using the Lung Dissociation Kit, mouse (Miltenyi) and the 
gentleMACS Octo Dissociator with Heaters (Miltenyi) according to the 
manufacturer’s protocol. Briefly, lungs were transferred to a gentle
MACS C tube containing the enzyme mix (2.4 ml 1x Buffer S, 100 µl 
Enzyme D, 15 µl Enzyme A) and digested using the program 
“37C_m_LDK_1′′. Next, samples were filtered through a 70 µm MACS 
SmartStrainer and the C tubes were washed with 2.5 ml of Buffer S to 
minimize cell loss. After a 10-minute centrifugation step at 300 g, the 
supernatant was removed and the pellets were resuspended in FACS 
buffer for further use. All cell suspensions were lysed with erythrocyte 
lysis buffer (155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA) to ensure 
removal of erythrocytes before extracellular staining for flow cytometry. 

2.6. Flow cytometry 

For Tetramer analysis samples were stained with H-2‒Kb 

Ova257–264(SIINFEKL)-Tetramer or HLA-Ax0201 Influenza-M158–66 
(GILGFVFTL)-Tetramer coupled to BV421 (MBL International Corpora
tion, USA) for 30 min at room temperature (RT) protected from light. 
Subsequently, samples were incubated with the extracellular staining 
mix (Alexa Fluor 488-conjugated anti-CD8, BV711-conjugated CD44, 
APC-conjugated anti-CD62L, PE/Cy7-conjugated anti-CD69, PE- 
conjugated anti-CD103, BV605-conjugated CD127 and FVS620) in 
FACS buffer (1x PBS, 2% FCS, 2 mM EDTA) for another 30 min at 4 ◦C, 
before they were washed twice and subsequently analyzed on a BD 
LSRFortessa™ flow cytometer. 

For determination of the T-lymphocyte reduction in the blood of 
FTY720-treated mice, blood samples were incubated with erythrocyte 
lysis buffer for 5 min to lyse erythrocytes. Following a washing step 
samples were stained with FVS780 and FITC-conjugated anti-CD3 in PBS 
for 30 min at 4 ◦C and subsequently washed with FACS buffer. Then 
samples were measured using a BD FACSVerse™ flow cytometer. Data 
was analyzed using FlowJo v10.7.1 software. The following antibodies 
were obtained from Biolegend: CD3 (clone 145–2C11), CD8 (clone 
53–6.7), CD62L (clone MEL-14), CD69 (clone H1.2F3), CD127 (clone 
A7R34). The following antibodies were obtained from BD Biosciences: 
CD44 (clone IM7), CD103 (clone 2E7), FVS620 and FVS780. 

2.7. Tumor cells 

Ova+Luc+ B16BL6 cells were generated by lentiviral transduction of 
luciferase-expressing B16Bl6 cells with cytosolic Ova (amino acids 
51–386). The original cell line B16BL6-luc+/GFP+ was kindly provided 
by Prof. Olaf van Tellingen (The Netherlands Cancer Institute, Amster
dam, The Netherlands). These cells were cultured in DMEM with 10% 
(v/v) FCS (both: Gibco, Thermo Fisher Scientific). To maintain lucif
erase expression, the growth medium was supplemented with 0.4 mg/ml 
G418 Sulfate (Geneticin™, Gibco, Thermo Fisher Scientific). 1 × 106 

Ova+Luc+B16Bl6 tumor cells in PBS were injected intravenously 6, 18, 
30 or 60 days after the i.n. boost immunization. 

2.8. IVIS measurements 

To monitor in vivo tumor growth in C57BL/6 mice measurements 
were performed using the IVIS200® System (Perkin Elmer). Measure
ments were done immediately following the injection of tumor cells and 
every 2–3 days thereafter for 24 days to follow the growth of lung 

metastases. Mice were anaesthetized by inhalation of 2.5% isoflurane 
before D-Luciferin*K (#bc219, Synchem) was injected i.p. at a concen
tration of 150 mg/kg. Bioluminescence was measured with a 20 cm field 
of view, small binning, and 120 s exposure time. Regions of interest 
(ROI) were preset around the signal on pseudo-color luminescent images 
using Living Image® v4.1 Software (Perkin Elmer). The emitted signal 
intensity (photon flux) was integrated over these ROIs and is expressed 
as relative light units (RLU, photons per second per cm2) with the lower 
signal threshold set to 5% of the maximum signal value. Before each 
measurement mice were weighed to monitor their health status. 

2.9. Influenza A virus amplification and infection 

The recombinant Influenza A virus “insOva IAV” was kindly pro
vided by Jonathan Yewdell (NIH, Bethesda, MD) (Dolan et al., 2010). It 
is a rPR8 strain expressing the SIINFEKL peptide in the stalk of NA 
[insOva]. insOva-IAV was amplified in Madin-Darby canine kidney 
(MDCK II) cells. Infection of mice with IAV was done at different time 
points after their boost immunization (6 or 30 days after the boost). Mice 
were anesthetized by inhalation of 5% isoflurane before they were i.n. 
inoculated with 1000 PFU of insOva-IAV. For determination of viral 
titers in the lungs mice were sacrificed 48 h after infection. Lungs were 
removed, weighed and 10 ml PBS added per 1 g of lung tissue. Subse
quently, lungs were smashed through a 40 µm mesh and cell suspensions 
were frozen and thawed to ensure cell lysis and release of the virus. A 
plaque assay was performed to determine viral titers. For observation of 
bodyweight, mice were weighed daily starting from the day of infection. 
Mice were sacrificed once they had lost 20% of the initial bodyweight. 
When mice were euthanized the bodyweight at the endpoint was kept 
throughout the observation period. 

2.10. Influenza a virus plaque assay 

To determine the number of infectious particles in the lungs, a plaque 
assay was performed in 96-well plates as previously described (Herr
mann et al., 2015; Matrosovich et al., 2006). Briefly, MDCK II cells were 
grown to confluence in 96-well plates before they were washed with PBS 
and infected with serial dilutions of the virus-containing samples (lung 
supernatants) in PBS for 60 min at 37 ◦C. After incubation, cells were 
overlaid with overlay-medium [1:1, MEM-medium:2.5% AVICEL® 
-Medium (FMC BioPolymer)] for 24 h. Next, virus-infected cells were 
washed and fixed with 4% Roti-Histofix (in PBS) for 30 min at 4 ◦C. 
Thereafter, cells were stained with a monoclonal antibody specific for 
the IAV nucleoprotein (Serotec) for 1 h at RT, followed by 1 h incubation 
with peroxidase-labeled anti-mouse antibody (DIANOVA) and 10 min 
incubation with True BlueTM peroxidase substrate (KPL, sera care). 
Stained plates were scanned on an Immunospot plate scanner (C.T.L. 
Europe). Viral titers are shown as the logarithm to the base 10 of the 
mean values. 

2.11. Statistics 

Statistical significance for comparison of multiple groups was 
determined by applying one-way or two-way analysis of variances 
(ANOVA) followed by Tukey’s post-hoc tests. The Kaplan–Meier sur
vival analysis was used to estimate statistical significance in overall 
survival distribution between the groups and Log-rank (Mantel–Cox) 
tests were applied to compare survival rates. The p values for experiment 
composites are given in the figure legends. All statistical analyses were 
performed using GraphPad Prism 9.0.0 software (GraphPad Software, 
Inc.). 
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3. Results 

3.1. Prime-boost vaccination is highly efficient at inducing vaccine- 
specific TRM cells in the lung 

While many studies in the past years have investigated the genera
tion of TRM cells following different immunization or infection protocols 
none of these studies have used PLGA MS encapsulating antigens and 

adjuvants. Therefore, we set out to find the most efficient immunization 
protocol to generate a high number of TRM cells in the lung using PLGA 
MS. While prior work has demonstrated that a mucosal route of vacci
nation is more efficient at inducing TRM cells at mucosal sites than a 
systemic one, other studies have found that a combination of mucosal 
and systemic immunization yielded a stronger TRM cell response than the 
mucosal one alone (Cuburu et al., 2012; Nizard et al., 2017; Sandoval 
et al., 2013; Uddback et al., 2016). We thus decided to compare four 

Fig. 1. s.c. prime – i.n. boost vaccination generates highest percentage of vaccine-specific CD8+ TRM cells. 
C57BL/6 mice (n = 5, 5, 5 or 10) received a prime immunization on day 0. Depending on the protocol this was either an i.n. or an s.c. immunization using a mixture 
of PLGA MS containing Ova/CpG and PLGA MS containing polyI:C. For the prime – boost vaccination protocols mice received a boost vaccination on day 14. Lungs 
and spleen were removed on d6 after the last vaccination and analyzed for the presence of vaccine-specific CD8+ T cells by flow cytometry. (A) The percentage of 
SIINFEKL-specific CD8+ T cells (Tetramer+) of all CD8+ T cells is shown for lung and spleen for the different immunization protocols. (B) Percentage of CD8+

Tetramer+ TRM cells (CD62L− CD69+CD127− ) of all CD8+ SIINFEKL+ T cells in the lung. Results are shown as mean ± SD. Statistics: one-way ANOVA with a Tukey’s 
multiple comparisons test. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. (C) Representative flow cytometry plots of the lung after immunization with the s.c. 
prime – s.c. boost (left) or the s.c. prime – i.n. boost (right) immunization strategy showing the percentage of Tetramer+ cells (top) and the expression of CD69 on 
those Tetramer+CD62L− CD69+CD127− cells (bottom). 
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vaccination strategies: “i.n. prime only”, “i.n. prime-boost”, “s.c. pri
me-boost” and “s.c. prime-i.n. boost”. This last strategy has previously 
been shown by our group to induce strong and sustained CD8+ T cell 
responses, however no TRM cells were analyzed in this study (Herrmann 
et al., 2015). To investigate T cell responses induced by the different 
vaccination regimens, lung and splenic lymphocytes were collected and 
analyzed for vaccine-specific CD8+ responses 6 days after the last 
vaccination. Our results show that all three prime-boost immunization 
regimens were able to induce vaccine-specific CD8+ T cells in the lung 
(Fig. 1A). However, the “s.c. prime – i.n. boost” immunization scheme 
resulted in significantly higher percentages of SIINFEKL-specific CD8+ T 
cells in the lung compared to all other strategies. Similarly, the per
centage of CD69+ TRM cells among Tetramer+ (i.e. SIINFEKL-specific) 
CD8+ T cells induced was also highest in the “s.c. prime – i.n. boost” 
vaccination group. Importantly, our results confirmed that an i.n. im
munization was necessary to induce CD69+ TRM cells in the lung as the 
“s.c. prime – boost” strategy failed to induce cells with a TRM cell 
phenotype despite the relatively high number of SIINFEKL-specific 
CD8+ T cells (Fig. 1C). Taken together, our data show that a s.c. prime 
– i.n. boost immunization using PLGA MS is highly efficient at inducing 
TRM cells in the lung. We therefore decided to continue all future ex
periments using this vaccination strategy. 

3.2. PLGA MS-induced CD8+ T cells in the lung are of the TRM cell 
phenotype 

Having established an ideal immunization scheme we next analyzed 
the generation of the different CD8+ T cell subtypes in the lung and 
spleen 6 days after boost immunization (flow cytometry gating strategy: 
Supplementary Fig. 2). SIINFEKL-specific CD8+ T cells were broken 
down into the previously described subtypes: effector T cells (TEFF: 
CD44− ), central memory T cells (TCM: CD44+ CD62L+ CD69− ), effector 
memory T cells (TEM: CD44+ CD62L− CD69− ) and resident memory T 
cells (TRM: CD44+ CD62L− CD69+). Since TRM cells, especially in 
mucosal tissues, often express CD103 we further looked at CD103+ TRM 
cells (Mueller and Mackay, 2016). Lung TRM cells consist of two distinct 
populations: airway TRM, which can be obtained by bronchoalveolar 
lavage (BAL) and interstitial TRM cells, which are obtained by digestion 
of lung tissue (Takamura, 2017). In contrast to interstitial TRM cells, 
airway TRM cells are reported to be poorly cytolytic but able to produce 
antiviral cytokines rapidly after encountering their cognate antigen in a 
model of influenza infection (McMaster et al., 2015). Moreover, the 

number of airway TRM cells has been shown to correlate with the efficacy 
of cellular immune protection in pulmonary infection (Wu et al., 2014). 
Therefore, we decided to analyze both populations of TRM cells. Our data 
revealed that the pool of CD8+ T cells in the lung airways predominantly 
consists of TRM (CD103+ and CD103− ) and TEM cells (Fig. 2). As ex
pected, a similar distribution was found in lung tissue, although the 
percentage of TRM cells among CD8+Tetramer+ T cells was even higher 
compared to the airways. Interestingly, while we were not able to detect 
any effector T cells in the airways, there were some present in the lung 
tissue. As expected, we were not able to detect TCM cells in either lung 
airways or tissue. In the spleen most of the vaccine-specific CD8+ T cells 
represented a TEM cell phenotype, although some TCM cells as well as 
effector T cells were also detectable. Even though the CD8+ T cells 
response was analyzed only 6 days after the boost vaccination, which 
represents the peak of the T cell response, most of the specific CD8+ T 
cells in either of the tissues analyzed already displayed a memory 
phenotype. This is likely due to the fact that the systemic prime im
munization 20 days before already led to the induction of an effector 
response. Moreover, it has been shown that TRM cells (or their pre
cursors) are present in the lung at very early time points after mucosal 
cancer vaccine administration (Nizard et al., 2017). In conclusion, these 
experiments establish that PLGA MS immunization leads to a strong 
induction of TRM and TEM cells in the lung airways and interstitium. 

3.3. Availability of local antigen but not circulating T lymphocytes affects 
SIINFEKL-specific TRM cell formation in the lung following PLGA MS 
immunization 

After activation of lymphocytes in the LN, they are dependent on 
sphingosine-1-phosphate-(S1P)-dependent migration to exit the LN to 
traffic to the inflamed tissue (Matloubian et al., 2004). Treating mice 
with the sphingosine 1-phosphate receptor-1 (S1PR1) agonist FTY720 
(Fingolimod) sequesters circulating T cells within secondary lymphoid 
tissues and thus prevents the migration of circulating lymphocytes into 
peripheral tissues (Brinkmann et al., 2002; Morris et al., 2005). Adding 
FTY720 to the drinking water of mice 2 days before the flow cytometric 
analysis enabled us to study the generation of local TRM cells in the lung 
independently of circulating T cells. To confirm the impaired emigration 
of lymphocytes from secondary lymphoid organs in FTY720-treated 
mice, we first analyzed the frequency of CD3+ T cells in the blood. As 
expected, we observed a significant reduction of circulating CD3+ T 
lymphocytes in the blood of FTY720-treated mice (Supplementary 

Fig. 2. PLGA MS vaccination induces CD8+ TRM cells in lung airway and interstitium. 
C57BL/6 mice (n = 12) were immunized with the s.c. prime – i.n. boost immunization protocol using PLGA MS containing Ova/CpG which were co-administered 
together with PLGA-MS containing polyI:C. 6 days after the boost vaccination the bronchoalveolar lavage fluid (BALF), lung tissue and spleen were collected and 
analyzed by flow cytometry for the presence of vaccine-specific CD8+ T cells. Graphs show the percentage of the different T cell subtypes of total CD8+ Tetramer+

cells. Results are shown as mean ± SD. Teff = effector T cells; Tcm = central memory T cells; Tem = effector memory T cells; Trm = tissue-resident memory T cells. 

A. MacKerracher et al.                                                                                                                                                                                                                        



European Journal of Pharmaceutical Sciences 175 (2022) 106209

6

Fig. 3), confirming that emigration of these cells from lymphoid organs 
into the periphery was inhibited. 

More importantly, there was no significant difference in the forma
tion of CD69+CD103+ TRM cell numbers in mice treated with the in
hibitor (Ova/CpG/polyI:C + FTY720) compared to mice which did not 
receive the inhibitor (Ova/CpG/polyI:C), indicating that these cells were 
seeded in the lung already during the early phase of the vaccination 
response without further input from circulating CD3+ T lymphocytes 
from the blood. 

Another important aspect in the generation of TRM cells is the 
requirement of antigen presence. In this context, it has been shown for 
several tissues, including the skin and the female reproductive tract 
(FRT) that local inflammation, but not local antigen, is required to 
induce TRM cells (Casey et al., 2012; Mackay et al., 2012; Shin and 
Iwasaki, 2012). In the lung the situation seems to be different: without 
local antigen, TRM cells that had been formed, did not persist after res
olution of the inflammation (McMaster et al., 2018; Takamura et al., 
2016). 

Thus, we aimed to determine if local antigen presentation is a pre
requisite for the establishment of a robust lung TRM formation in the 
context of PLGA MS immunization. To this end, we used a prime-boost 
regimen in which mice were s.c. primed with PLGA MS containing Ova 
and the adjuvants (Ova/CpG/polyI:C) followed by the i.n. boost im
munization without the antigen (CpG/polyI:C) on day 14 (“boost w/o 
antigen ± FTY720”) and compared this group with mice receiving an i. 
n. boost immunization containing the antigen (“Ova/CpG/polyI:C ±
FTY720”). 6 days after the boost immunization we analyzed the for
mation of vaccine-specific memory CD8+ T cells in the lung airways, 
lung interstitium and the spleen (Fig. 3). In line with the previously 
mentioned work, our results confirm that while a local boost vaccination 
without antigen clearly induced a slight infiltration of CD8+ T cells into 
the airways compared to mice immunized with empty PLGA MS, 
(Fig. 3A, left graph) it did not lead to the generation of vaccine-specific 
Tetramer+ CD8+ T cells, especially that of TRM cells in either of the sites 
analyzed. In contrast, a strong induction of total vaccine-specific CD8+ T 
cells as well as TEM and TRM cells was observed in the lung airways 
(Fig. 3A) and tissue (Fig. 3B) of mice that received antigen-bearing PLGA 
microspheres both times. Interestingly, also in the spleen the boost w/o 
antigen strategy did not lead to a significant induction of Tetramer+

CD8+ T cells or TEM cells (Fig. 3C). In summary, our results confirm that 
local antigen is required to induce efficient specific TRM cells in the lung 
also in a vaccination approach using PLGA MS. However, when local 
antigen is present even mice that are no longer able to recruit lympho
cytes from the circulation possess a significant number of TRM cells in the 
lung. 

3.4. Immunization with PLGA MS induces a sustained SIINFEKL-specific 
TRM cell response in the lung 

Since the main goal of a vaccine is to induce a long-lasting memory 
response we next longitudinally monitored the magnitude of the 
vaccine-induced memory CD8+ T cell cells in the lung and spleen at 
different time points. Mice that had been immunized with PLGA MS 
according to the “s.c. prime – i.n. boost” vaccination approach were 
sacrificed 6, 18, 30 or 60 days after the boost vaccination and examined 
for the presence of CD8+ memory T cells in the lung. While the numbers 
of all SIINFEKL-specific CD8+ T cells and TRM cells declined in the air
ways (Fig. 4A) and the interstitium (Fig. 4B), there were still specific 
memory CD8+ T cells detectable even 60 days after the boost vaccina
tion indicating that T cell memory did indeed persist. Also in the spleen 
we were able to find specific CD8+ T cells, mainly TEM cells, at this late 
time point however the overall response was lower than in the lung 
(Fig. 4C). Confirming our previous results, no differences were observ
able between mice treated with FTY720 compared to mice that did not 
receive the inhibitor, highlighting that the induced memory response in 
these mice could be maintained locally. It is interesting to note that the 

percentage of SIINFEKL-specific cells of all CD8+ T cells strongly 
declined in the BALF and lung between day 30 and day 60 post boost in 
mice immunized with antigen-bearing PLGA MS treated with or without 
FTY720 (Fig. 4D). On the other hand, in the spleen the decline in 
SIINFEKL-specific CD8+ T cells was gradual. This indicates that most 
specific CD8+ T cells in the lung are lost approximately 1–2 months after 
boost immunization raising the potential need for a further boost im
munization at a later time point. Moreover, we also studied the gener
ation of TRM cells following immunization with PLGA MS encapsulating 
the IAV peptide M158–66 and found similar results further highlighting 
that this strategy is capable of inducing TRM cells specific to various 
antigens (Supplementary Fig. 4). Taken together, we show that the 
vaccine-specific CD8+ T cell memory response in the lung following 
immunization with PLGA MS is maintained over a period of 2 months. 

3.5. TRM cells induced by immunization with PLGA MS protect mice from 
tumor growth 

Having demonstrated that immunization with PLGA MS induces a 
robust population of TRM cells in the lung, we next examined the ca
pacity of these cells to protect mice from tumor growth. For this purpose, 
mice were immunized using the “s.c. prime – i.n. boost” vaccination 
protocol to ensure the induction of a robust memory CD8+ T cell 
response in the lung. 6 days after the boost immunization, at the peak of 
the T cell response, we injected Ova- and luciferase-expressing B16Bl6 
melanoma cells (Ova+Luc+B16Bl6) intravenously. This leads to the 
formation of metastases in the lung which can be tracked in vivo by 
measuring bioluminescence signals following i.p. injection of luciferin. 
In order to decipher the protection offered by the local immune response 
in the lung, we again included a group of mice that was treated with 
S1PR1-inhibitor FTY720. To allow enough time for local memory for
mation but prevent recruitment of circulating cells once tumor cells 
appeared in the lung, we commenced treatment with FTY720 two days 
before the injection of Ova+Luc+B16Bl6 cells. Our results clearly 
demonstrate that at this early time point mice immunized with antigen- 
bearing PLGA MS were strongly protected from tumor growth and 
metastasis formation even without the contribution of circulating CD8+

T cells (Fig. 5A-C). Moreover, we observed that all groups of mice 
immunized with Ova exhibited an induction of TRM cells in the lung as 
well as SIINFEKL-specific CD8+ T cells in lung and spleen (Fig. 5D-F). 
Interestingly, mice that were immunized with adjuvant-containing 
PLGA MS (“CpG/polyI:C”) also benefited from some level of protec
tion compared to mice immunized with empty MS even though pro
tection was not as efficient. Hence, in combination with local antigen 
provided by the tumor cells, inflammation alone was sufficient to induce 
an anti-tumor response. Next, we analyzed the protection offered by the 
local memory response in the lung at later time points. To this end, 
tumor cells were injected on day 18 (Fig. 6A), 30 (Fig. 6B) or 60 (Fig. 6C) 
post boost. While we observed that the protection clearly diminished 
over time, even 60 days after the boost mice were still to some extent 
protected against tumor growth indicating local long-term antitumor 
memory responses: basically no metastases were detected in mice that 
were able to make use of their local as well as their circulating vaccine- 
induced immune response even when the tumor challenge was per
formed 60 days post boost. Mice treated with FTY720 were protected 
from metastasis formation even when tumor cells were injected 30 days 
post boost, but were found to harbor some metastases in their lungs at 
the last time point analyzed (Fig. 6A+B + C, middle graphs). This same 
tendency was also seen for the bioluminescence measurements 
(Fig. 6A+B + C, left graphs). While lower bioluminescence signals were 
obtained in both groups immunized with Ova-bearing PLGA MS 
compared to unprotected mice, this effect grew smaller over time. 
However, there still seems to be some kind of lung resident protection 
since the mice exhibited less tumor formation than mice that had not 
been immunized with antigen-bearing PLGA MS. Interestingly, all 
groups of mice that were immunized with at least the adjuvants 
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Fig. 3. Local antigen is required for induction of Ova257–264-specific CD8+ TRM cells in the lung. 
C57BL/6 mice (n = 12) were immunized with the s.c. prime – i.n. boost immunization protocol using PLGA MS containing Ova/CpG which were co-administered 
together with PLGA MS containing polyI:C. The “boost w/o antigen” groups received antigen-bearing PLGA MS (Ova/CpG/polyI:C) for their s.c. prime immunization, 
but were i.n. boosted with adjuvant-only PLGA MS (CpG/polyI:C). The S1PR1-inhibitor FTY720 was added to the drinking water (7 µg/ml) of the indicated groups 
two days before analysis. Control groups were immunized with either empty PLGA MS or adjuvant-only PLGA MS (CpG/polyI:C) for prime and boost vaccination. 
Absolute cell count of CD8+ cells, CD8+ Tetramer+ cells, TEM cells or CD103+ TRM cells in the BALF (A), lung (B) or spleen (C). (B) Cell numbers in the lung were 
normalized to 150,000 live cells. (C) Cell numbers in the spleen were normalized to 1 × 106 live cells. Results are shown as mean ± SD. Statistics: one-way ANOVA 
with a Tukey’s multiple comparisons test. Only the significant differences between Ova/CpG/polyI:C or Ova/CpG/polyI:C + FTY720 to CpG/polyI:C are shown. *p <
0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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displayed an increase in SIINFEKL-specific CD8+ T cells in lung and 
spleen and TRM cells in the lung compared to the “empty” control mice 
which suggests that inflammation alone strongly induces the formation 
of specific CD8+ T cells as long as the antigen is provided by the tumor 

(Fig. 6A+B + C, right graphs). Consequently, these results illustrate that 
the local memory response generated by prime-boost immunization 
with PLGA MS is capable of inducing protective anti-tumor responses in 
mice. 

Fig. 4. The vaccine-specific memory CD8+ T cell response in the lung persists for up to 60 days. 
C57BL/6 mice (n = 12) were immunized with the s.c. prime – i.n. boost immunization protocol using PLGA MS containing Ova/CpG which were co-administered 
together with PLGA MS containing polyI:C. The S1PR1-inhibitor FTY720 was added to the drinking water (7 µg/ml) of the “Ova/CpG/polyI:C + FTY720” group two 
days before analysis. The control group was immunized with adjuvant-only PLGA MS (CpG/polyI:C). Mice were sacrificed 6, 18, 30 or 60 days after the boost 
immunization. (A-C) Cell count of CD8+, CD8+ Tetramer+, TEM cells or CD103+ TRM cells in the BALF (A), lung (B) or spleen (C). (B) Cell numbers in the lung were 
normalized to 150,000 live cells. (C) Cell numbers in the spleen were normalized to 1 × 106 live cells. (D)% Tetramer+ cells of all CD8+ T cells in BALF, lung and 
spleen. Results are shown as mean ± SD. 
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Fig. 5. TRM cells induced by PLGA MS protect mice from tumor growth. 
C57BL/6 mice (n = 6–8) were immunized with the s.c. prime – i.n. boost immunization protocol using PLGA MS containing Ova/CpG which were co-administered 
together with PLGA MS containing polyI:C. Control groups were immunized with either empty PLGA MS or adjuvant-only PLGA MS (CpG/polyI:C). 6 days after the 
boost immunization Ova+Luc+B16Bl6 melanoma cells were injected i.v. into the tail vain. FTY720 was added to the drinking water (7 µg/ml) of mice in the “Ova/ 
CpG/polyI:C + FTY720” group 2 days before injection of the tumor cells. (A) Total flux of tumor bioluminescence of Ova+Luc+B16Bl6 cells shown as photons/ 
second. Data are presented as mean ± S.D. with dotted lines in corresponding colors demonstrating individual data variances. Statistics: two-way ANOVA with a 
Tukey’s multiple comparisons test. Statistical significances compared to “empty” group. (B) Number of metastases counted in the lung 24 days after injection of 
tumor cells. Statistics: one-way ANOVA with a Tukey’s multiple comparisons test (C) Representative IVIS® images demonstrating tumor growth 24 days after PLGA 
MS boost immunization. Scaling of the bioluminescent pseudo-color code is shown and presented as photons/seconds/cm2/steradian (p/sec/cm/sr). (D-F) Number of 
CD8+ Tetramer+ cells in lung (D) and spleen (F) and CD8+ Tetramer+CD62L− CD69+CD127− TRM cells in the lung (E). Statistics: one-way ANOVA with a Tukey’s 
multiple comparisons test. Results are shown as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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Fig. 6. Immunization with PLGA-MS induces long-lasting protection from tumor growth. 
C57BL/6 mice (n = 9–10) were immunized with the s.c. prime – i.n. boost immunization protocol using PLGA MS containing Ova/CpG which were co-administered 
together with PLGA MS containing polyI:C. Control groups were immunized with either empty PLGA MS or adjuvant-only PLGA MS (CpG/polyI:C). 18 (A), 30 (B) or 
60 (C) days after the boost immunization Ova+Luc+B16Bl6 melanoma cells were injected i.v. into the tail vain. FTY720 was added to the drinking water of mice in the 
“Ova/CpG/polyI:C + FTY720” group 2 days before injection of the tumor cells (7 µg/ml). (left graphs) Total flux of tumor bioluminescence of Ova+Luc+B16Bl6 cells 
shown as photons/seconds. Data are presented as mean ± S.D. with dotted lines in corresponding colors demonstrating individual data variances. Statistics: two-way 
ANOVA with a Tukey’s multiple comparisons test. Statistical significances compared to “empty” group. (middle graphs) Number of metastases counted in the lung 24 
days after injection of tumor cells. Statistics: one-way ANOVA with a Tukey’s multiple comparisons test. (right graphs) Number of CD8+Tetramer+ CD62L−

CD69+CD127− TRM cells in the lung. Results are shown as mean ± SD. Statistics: one-way ANOVA with a Tukey’s multiple comparisons test. *p < 0.05; **p < 0.01; 
***p < 0.001; ****p < 0.0001. 

A. MacKerracher et al.                                                                                                                                                                                                                        



European Journal of Pharmaceutical Sciences 175 (2022) 106209

11

3.6. TRM cells induced by immunization with PLGA MS protect mice from 
influenza infection 

It has long been known that TRM cells are able to offer optimal pro
tection not only from tumor growth but also from infection (Mur
uganandah et al., 2018). Therefore, we analyzed the protective response 
in a model of influenza infection. The induction of a long-lasting TRM cell 
response directed at internal, conserved viral proteins might offer 

heterosubtypic protection from different influenza virus strains and is 
thus a desirable feature of a newly developed vaccine (Gotch et al., 
1987; McMichael et al., 1983). Thus, following our established 
prime-boost immunization scheme we infected mice with the recombi
nant IAV strain expressing SIINFEKL in the stalk of the neuraminidase 
protein (insOva IAV). When mice were infected 6 days post boost, we 
observed a significant reduction in body weight loss compared to control 
mice receiving either “empty” PLGA MS or PLGA MS containing only 

Fig. 7. TRM cells induced by PLGA MS protect mice from influenza infection. 
C57BL/6 mice (n = 7–10) were immunized with the s.c. prime – i.n. boost immunization protocol using PLGA MS containing Ova/CpG which were co-administered 
together with PLGA MS containing polyI:C. Control groups were immunized with either empty PLGA MS or adjuvant-only PLGA MS (CpG/polyI:C). 6 (A-C) or 30 (D 
+ E) days after the boost immunization mice were i.n. infected with 1000 PFU of insOva-IAV. FTY720 was added to the drinking water of mice in the “Ova/CpG/ 
polyI:C + FTY720” group 2 days before infection (7 µg/ml). (A + D) Body weight was measured every day for a period of 13 days and obtained values were calculated 
in relation to the weight on the day of infection. Mice were sacrificed once they had lost 20% of the initial bodyweight. When mice were euthanized the last recorded 
bodyweight at the endpoint was used throughout the observation period. Statistical significances show results for the “Ova/CpG/polyI:C group (green) or the “Ova/ 
CpG/polyI:C + FTY720" group (blue) compared to “CpG/polyI:C" group. Statistics: two-way ANOVA with a Tukey’s multiple comparisons test. (B + E) Kaplan-Meier 
survival curves of mice after infection with influenza. Statistics: Log-rank (Mantel–Cox) tests. (C) Virus titer in the lung of mice that were sacrificed 48 h after 
infection. Statistics: one-way ANOVA with a Tukey’s multiple comparisons test. Results are shown as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p <
0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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“CpG/polyI:C” (Fig. 7A). In line with this observation, mice immunized 
with antigen-bearing PLGA MS were protected from influenza-induced 
death, while in the control groups more than 50% of the mice had to 
be sacrificed due to excess weight loss (Fig. 7B). Mice immunized with 
Ova-containing PLGA MS also exhibited a significantly reduced viral 
titer in the lung 48 h after infection confirming that prime-boost im
munization with antigen-bearing PLGA MS resulted in a more rapid 
clearance of the virus than in control mice (Fig. 7C). Importantly, mice 
that were treated with FTY720 to prevent the recruitment of circulating 
lymphocytes showed no significant difference compared to mice that 
were able to make use of the recruitment of circulating lymphocytes, 
indicating that the locally established immune response in the lung was 
sufficient to avert virus infection. To investigate whether the PLGA MS 
induced virus-specific immune response could also protect against 
influenza virus infection in the long term, we infected mice 30 days after 
the i.n. boost immunization. Our results show that mice immunized with 
antigen-bearing PLGA MS treated with or without the inhibitor FTY720 
exhibited superior protection against respiratory influenza challenge 
compared to control mice, although this protection was not significant 
and not sufficient to prevent virus-induced weight loss and death in the 
majority of mice (Fig. 7D+E). Nevertheless, mice treated with FTY720 
were protected from influenza infection in a similar manner to 
Ova-immunized mice not treated with the inhibitor suggesting that 
protection is mediated by lung resident memory CD8+ T cells and does 
not rely on replenishment from the periphery. In summary, these results 
show that PLGA MS are capable of inducing local memory responses 
sufficient to enhance virus clearance and protect mice from lethal 
influenza challenge at an early time point after immunization. 

4. Discussion 

There is now a plethora of data highlighting the great immunological 
potential of TRM cells. While TRM cells were originally found to offer 
protection from infections, more recent data also showed their essential 
role in antitumor immunity. In line with this, several studies have found 
a correlation of TRM cells numbers and the overall survival rate in 
various tumors (Djenidi et al., 2015; Koh et al., 2017; Komdeur et al., 
2017; Marceaux et al., 2021; Zens et al., 2016). Therefore, the devel
opment of a vaccine that is able to elicit a strong TRM response is very 
desirable. PLGA MS are an ideal candidate for such a vaccination 
strategy as they are approved for application via the mucosal route and 
the requirement for a mucosal application to efficiently generate TRM 
cells has been demonstrated in multiple settings (Cuburu et al., 2012; 
Nizard et al., 2017; Sandoval et al., 2013). Here we confirm that a 
mucosal route of immunization is required for the generation of 
vaccine-specific CD8+ T cells with a TRM cell phenotype. Interestingly, 
we find that the combination of a systemic prime immunization fol
lowed by a local boost induces the highest percentages of total 
vaccine-specific CD8+ T cells as well as TRM cells in the lung. Addi
tionally, this strategy also induces a robust specific CD8+ T cell response 
in the spleen. As it has been suggested that a circulating antigen-specific 
T cell population may be important to back up the local response if 
needed, the simultaneous induction of both systemic and local 
antigen-specific cells with PLGA MS using our immunization strategy is 
very promising (Uddback et al., 2016). 

The release kinetics of encapsulated antigens from PLGA MS have 
shown a characteristic burst release within the first 24 h after admin
istration, followed by continuous degradation of the polymer and a 
concomitant release of the protein or peptide antigen over a period of 
about 30 days. This depot effect prolongs T cell stimulation (Koerner 
et al., 2021). Making use of the controlled and joint release of antigens 
together with adjuvants, PLGA has been broadly used for cancer 
immunotherapy in preclinical settings (Hamdy et al., 2011). Monoclonal 
antibodies targeting immune checkpoint molecules, such as PD-1 or 
Cytotoxic T-Lymphocyte-Associated Protein 4 (CTLA-4), have been 
approved by the FDA and EMA for treatment in different cancers and 

have greatly improved the therapeutic success of cancer immuno
therapy. However, efficient immune checkpoint blockade requires 
pre-existing cancer-specific cytotoxic CD8+ T lymphocytes to be present 
at the tumor site (Ribas and Wolchok, 2018). Recent work from our 
group has demonstrated that PLGA MS were able to induce antitumor 
responses which were synergistically enhanced by immune checkpoint 
blockade (Koerner et al., 2021). Since TRM cells have been shown to 
express high levels of immune checkpoint molecules such as PD-1, they 
have been proposed as ideal targets for immune checkpoint blockade 
therapy (Corgnac et al., 2020; Edwards et al., 2018; Marceaux et al., 
2021). This further highlights the benefits of inducing TRM cells with a 
vaccination strategy. 

In this study we show that a s.c. prime followed by an i.n. boost 
immunization led to a strong memory response in the lung airways and 
interstitium with the majority of cells possessing a TRM cell phenotype. 
In line with prior work, we observed that even though a memory 
response was still detectable at later time points, numbers of TRM cells 
had declined substantially. This is a common theme for lung TRM cells: 
airway TRM, which are especially short-lived, have been found to possess 
a half-life of only 14 days which is likely due to the inhospitable envi
ronment in the airways (Hayward et al., 2020). But also interstitial TRM 
cells are not as long-lasting as TRM cells in other tissues, such as the skin 
where they can persist up to a lifetime in mice (Slütter et al., 2017; Zaid 
et al., 2014). While TRM cells in the skin occupy niches that offer ideal 
conditions for these cells, CD8+ TRM cells in the lung are enriched in 
specific niches created at the site of tissue regeneration after injury 
which have been termed repair-associated memory depots (RAMDs) 
(Takamura, 2018; Takamura et al., 2016). These niches slowly disap
pear with the recovery of the tissue. Since the tissue injury induced by 
immunization with PLGA MS is clearly not as prominent as that induced 
in an infectious or tumorous setting this might offer an explanation for 
the sooner decline in numbers in our vaccination setting. However, prior 
studies have demonstrated that repeated influenza infections were able 
to induce TRM cells that persisted in larger numbers and were resistant to 
apoptosis (Van Braeckel-Budimir et al., 2018). Moreover, we have pre
viously shown that a boost immunization 8 weeks after the prime could 
strongly enhance the CD8+ T cell response (Herrmann et al., 2015). 
Collectively, these results suggest that an additional boost vaccination at 
later time points might be necessary and might lead to a sustained TRM 
cell response. However, it is important to keep in mind that the strong 
decline in TRM cell numbers in the lung in comparison to other tissues 
seems to fulfill a protective function. The main function of the lung 
tissue is gas exchange which might be compromised by the accumula
tion of vast numbers of immune cells (Takamura, 2017). Therefore, the 
benefit of additional boost immunizations to induce a more long-lasting 
TRM cell populations in the lung has to be studied carefully. 

Having validated that immunization with PLGA MS was able to 
induce a strong local immune response in the lung, we went on to 
demonstrate that this local memory response was able to offer protec
tion in a tumor model as well as an infectious model. While we were able 
to demonstrate that the local memory response was clearly capable of 
providing sufficient protection in both disease models at an early time 
point, our data also indicates that the protection provided only by the 
local immune response was not sufficient at later time points. The pro
tective response of mice which were only able to make use of their local 
memory populations started to decline sooner than in those mice that 
were able to additionally make use of the circulating T cell population. 
The observation that both the local as well as the circulating T cell 
populations are required for optimal immune responses has also been 
made by other groups (Nizard et al., 2017). Considering that one of the 
main mechanisms by which TRM cells are known to offer protection from 
reinfection is via recruitment of circulating immune cells, this is not an 
unexpected finding (Schenkel et al., 2013). Nonetheless, even at later 
time points the resident memory response still offered some protection 
compared to unprotected control mice. 

Even despite the fact that TRM cell numbers and protection declined, 
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PLGA MS still offer some great potential. One of the main challenges 
regarding vaccination against influenza viruses is the need for a yearly 
reformulation of the vaccine due to the high mutation rate of the epi
topes recognized by the antibodies which are elicited by the currently 
employed influenza vaccines. This requires the prediction of the most 
likely circulating virus strains a few months before the start of the next 
influenza season. In the case of a mismatch between the vaccine and the 
circulating strain vaccine efficacy is considerably lower (Krammer et al., 
2018). Since CD8+ T cells have been shown to offer heterosubtypic 
protection from influenza virus and PLGA MS are able to induce a strong 
influenza-specific CD8+ T cell response, this suggests that the same 
vaccine formulation could be used for a yearly boost immediately before 
the season circumventing the problem of a potential vaccine – strain 
mismatch. Moreover, we have previously shown that several epitopes 
can be encapsulated into the same PLGA MS further reducing the risk of 
a potential loss of vaccination efficacy due to antigenic drift of the 
influenza virus (Herrmann et al., 2015). 

Taken together, we provide evidence that a vaccination strategy 
using PLGA MS has the capacity to induce a strong TRM response in the 
lung. PLGA-based particles have previously been shown to induce TRM 
cells in the lung that are capable of protecting mice from influenza 
infection (Kingstad-Bakke et al., 2021). Here we were able to confirm 
these results and further show that the induced TRM cells were also able 
to protect mice from tumor growth in a tumor model. Therefore, our 
results further support the use of PLGA MS-based vaccination ap
proaches for immunotherapy and influenza vaccination. 
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