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Abstract

There is increasing evidence of the relevant connection and regulation between the gut and skin 

immune axis. In fact, oral administration of lipoteichoic acid (LTA) from Lactobacillus rhamnosus 
GG (LGG) prevents the development of UV-induced skin tumors in chronically exposed mice. 

Here we aim to evaluate whether this LTA is able to revert UV-induced immunosuppression as a 

mechanism involved in its anti-tumor effect and whether it has an immunotherapeutic effect 

against cutaneous squamous cell carcinoma. Using a mouse model of contact hypersensitivity, we 

demonstrate that LTA overcomes UV-induced skin immunosuppression. This effect was in part 

achieved by modulating the phenotype of lymph node resident dendritic cells (DCs) and the 

homing of skin migratory DCs. Importantly, oral LTA reduced significantly the growth stablished 

skin tumors once UV radiation was discontinued, demonstrating that it has a therapeutic, besides 

the already demonstrated preventive antitumor effect. The data presented here strongly indicates 

that oral administration of LTA represents a promising immunotherapeutic approach for different 

conditions in which the skin immune system is compromised.
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Oral administration of LTA overcomes UVB-induced immunosuppression, through increased 

dendritic cell homing to lymph nodes, the consequent T cell priming and, finally, CD8+ effector T 

cell recruitment to challenged skin. Moreover, LTA is able to reduce the growth of established 

UVB-induced skin tumors.
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INTRODUCTION

Like other compartmentalized organs, the skin is equipped with an immune competent 

system that accounts for the initiation of local and systemic responses. Cutaneous immune 

responses may be affected by other compartmentalized immune locations such as the gut 

associated lymphoid tissue. In this regard, alterations of the gut microbiota as well as 

probiotic consumption influence the outcome of cutaneous immune responses [1]. 

Accordingly, gut resident immune cells sense microorganism through the recognition of 

molecular patterns such as lipoteichoic acid (LTA). This molecule is present in the cell wall 

of Gram-positive bacteria and is a highly immunogenic glycolipid. LTA exerts 

immunostimulatory effects by interaction with Toll-like receptors (TLR), particularly with 

TLR2/6, leading to the activation of NF-κB and AP-1 with subsequent transcription of pro-

inflammatory cytokines and chemokines [2],[3]. Even when this is the conventional LTA-

activated intracellular signaling cascade, LTA has shown to exert different immune outcomes 

depending on the bacterial source [3]–[6]. This could be explained by the variety of LTA 

structures found among bacterial species, including probiotic bacteria.

Ultraviolet (UV) B radiation is considered the most powerful inducer of skin cancer. It 

promotes DNA damage and subsequent mutations that in turn lead to tumor development. In 

the early 70ś Kripke et al. described that UVB is also capable of generating the systemic 

immunosuppression necessary for tumor growth [7]–[9]. UV-induced immunosuppression 

has been extensively studied using cutaneous hypersensitivity reactions (CHS) against 

different haptens, such as oxazolone and dinitrofluorobenzene [10]–[12].
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We have previously demonstrated the effect of LTA from Lactobacillus rhamnosus GG 

(LGG) in the prophylaxis of UVB-induced squamous cell carcinoma (SCC) in chronically 

irradiated mice, when administered orally before UV irradiation. Mice treated with this 

protocol showed an increase in IFN-γ production and in the state of dendritic cells (DCs)-

activation in skin draining lymph nodes (sDLN), suggesting that LTA contributes to a Th1 

bias [13].

Previously, we showed that oral administration of LTA prevents the development of UV-

induced SCC. To address a possible therapeutic effect, we analyzed here the role of oral 

administered LTA in the growth of established UV-induced SCC.

To understand a possible mechanism of the LTA anti-tumor effect, we utilized an established 

model of CHS to evaluate the capability of oral LTA to abrogate the immunosuppressive 

effect of UV and sustain skin innate and adaptive immune responses.

RESULTS AND DISCUSSION

Oral LTA overcomes UV-induced immunosuppression to oxazolone CHS reaction.

The capacity of oral LTA to revert UV-induced immunosuppression was evaluated in an 

experimental model of CHS to the skin sensitizer OXA. As expected, mice that were 

sensitized and elicited with OXA developed a potent CHS reaction compared to untreated 

mice or mice that were UV irradiated prior to OXA sensitization. Importantly, mice that 

were treated with oral LTA before UV radiation and exposed to OXA showed a significant 

increase in ear thickness compared to the OXA treated and UV-irradiated control group (Fig 

1A and suppl. 1A). The previous results were further confirmed by histological analysis of 

the CHS effector site. Mice ears were dissected 48h following elicitation and the intensity 

and characteristics of the cellular infiltrate was analyzed. The ear sections showed intense 

mononuclear cell infiltrate, epidermal hyperplasia in OXA induced CHS, which was 

abrogated by UV radiation (Fig 1B). Importantly, the CHS response was completely restored 

by oral administration of LTA (Fig 1B). The characteristics and quantification of the skin 

cellular infiltrate analyzed by flow cytometry (FACS), showed a high number of CD8+ T 

cells in mice treated with OXA in the absence of UV-radiation. The number of CD8+ T cells 

was significantly reduced in UV irradiated mice, and it was increased by LTA administration 

to a similar extent shown in non-irradiated and OXA treated mice (Fig 1C, D and suppl. 1B 

and D). The number of effector CD4+ T cells was also reduced by UV radiation, but LTA 

was unable to restore their number during the effector phase of CHS (Fig 1C and D).

Together these data demonstrate that oral administration of LTA overcomes the 

immunosuppressive effect of UV in the skin that precludes the development of the efficient 

cellular immune response accounting for CHS reactions.

Given the novel capacity of LTA to revert UV-induced immunosuppression, we further 

investigated whether oral LTA had an effect in the skin inflammatory response during 

sensitization phase of the CHS and in the priming of effector T cells in sDLN.

Friedrich et al. Page 3

Eur J Immunol. Author manuscript; available in PMC 2020 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Oral LTA restores skin inflammation during CHS sensitization by activating DCs and 
priming T cell

The role of LTA to modify the skin inflammatory response to OXA during CHS sensitization 

was analyzed in the abdominal skin of mice UV-radiated or not and, treated or not with oral 

LTA. The intensity and characterization of the cutaneous cellular infiltrate was analyzed by 

H&E and immunofluorescence respectively. Mice treated with OXA in the absence of UV-

radiation showed an increase in epidermal-dermal thickness (Fig 2A). Irradiated mice 

sensitized with OXA showed a significant increase of skin thickness, but this increase was 

significantly lower than that observed in mice treated with OXA in the absence of UV- 

radiation (Fig. 2A and B). Importantly, the epidermal-dermal thickness in LTA treated mice 

was similar to that observed in non-irradiated mice treated with OXA (Fig 2A and 2B) 

andcorrelated with intense inflammatory infiltrate composed by Ly6G+ polymorphonuclear 

cells (PMN) and F4/80+ macrophages (Fig 2C). These results indicate that oral LTA 

increases the skin inflammatory response during the sensitization phase of CHS.

The skin inflammatory response following OXA sensitization supports the T cell stimulatory 

function of skin dendritic cells (sDC) that initiate the adaptive immunity accounting for the 

development of efficient CHS. Conversely, UV-radiation impairs the development of CHS, 

an effect that is reversed by oral administration of LTA.

Therefore, we investigated whether LTA influenced the numbers and phenotype of migratory 

skin migratory DCs (smiDC) and LN resident DCs, in the DLN of OXA sensitized skin in 

the presence or not of UV-radiation. Skin migratory DCs homing in DLN were identified by 

the expression of CD11c and Ia2 high molecules (suppl. Fig 2A). Three subsets of smiDC 

were further analyzed i) EpCam+ CD24high CD103− Langerhans cells (LCs), ii) 

CD103−EpCam−CD24int conventional dermal DCs (dDC), and iii) CD103+EpCam
−CD24high (CD103+dDC), (Fig 3D–G and suppl. Fig 2B and C). The LN resident DCs were 

identified by the phenotype CD11chigh CD8α+CD11b−. The maturation stage of different 

DC populations was assessed by the expression of surface CD86. As previously described, 

following skin UV radiation the percentage of LCs homing in sDLN was significantly 

reduced [14]–[16], and their migration was re-established in mice treated with LTA. 

However, in both experimental variables, the expression of CD86 remained low in those 

cells (Fig 2D). The role of LC in the CHS reaction is still a matter of debate, but it has been 

proposed that LC are, indeed, required for the CHS reaction [17]. However, Noordegraaf et 
al have shown that the presence of LC is critical when animals are sensitized and challenged 

with low doses of OXA (0.5% and 0.25% v/v respectively) while the CHS reaction is 

partially reduced in the absence of LC when animals are sensitized and challenged with high 

doses of OXA (2% and 0.5% v/v respectively)[18]. Conversely, UV irradiation did not affect 

the percentage of conventional dDC in sDLN but slightly reduced CD86 expression on this 

cell population. LTA treatment did not modulate the migratory capacity of conventional dDC 

or their expression of CD86 (Fig 2E). The percentage of CD103+dDC and the expression of 

CD86 were decreased in the sDLN of UV irradiated mice and LTA was unable to revert 

these UV effects (Fig 2F). Of note, the limitations of analyzing cell population percentages 

in sDLN after sensitization have to be taken into account, since the migration of dDC 

appears to be differentially modulated by OXA sensitization. Lymph node resident DCs, 
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showed a slight but significant reduction in CD86 expression after UV radiation. 

Surprisingly, oral administration of LTA increased the expression of CD86 to similar levels 

observed in OXA sensitized non-irradiated mice (Figure 2G). The fact that LN resident DCs 

cells are involved in Ag cross-presentation in the CHS reaction [19], this result suggests that 

the stimulatory effects of LTA in CHS, and its capacity to revert UV-induced 

immunosuppression could be in part mediated by promoting the immune function of LN 

resident DCs.

The role of oral LTA in modulating T cell priming in the context of CHS was assessed by 

quantification of CD4+CD44+ and CD8+CD44+ T cells in the sDLN 96 h after sensitization 

by FACS. As expected, UV radiation significantly reduced the percentage of CD4+CD44+ 

and CD8+CD44+ T cells and oral LTA administration was able to recover the percentage of 

CD4+CD44+ and CD8+CD44+ T cells to similar levels observed in mice that were sensitized 

with OXA in the absence of UV radiation (Fig 2H).

Taken together, we can conclude that oral administration of LTA affects skin innate and 

adaptive immune responses accounting for the development of CHS, overcoming the 

immunosuppressive effect of UV radiation.

Oral LTA reduces UV-induced tumor growth once UV radiation is suspended

To address the clinical relevance of our results, we used a chronic UV-induced SCC mice 

model. Chronic exposure to UV radiation produces cutaneous inflammation and promotes T 

cell priming against transformed epidermal cells. However, as T cells are primed under the 

immunosuppressive effects of UV radiation, the immune system fails to reject the tumor 

[20].

In a previous work we demonstrated the ability of oral LTA to prevent the development of 

UV-induced SSC by treating the animals from the beginning of a chronic irradiation 

schedule. Here, we analyzed the potential therapeutic effect of oral LTA in SSC once tumors 

were already stablished and UV-irradiation suspended. For this purpose, mice were 

chronically irradiated as previously described [13]. Once all mice had at least 5 tumors of 1 

mm diameter, we interrupted UV irradiation and began with LTA oral administration.

Four weeks after LTA treatment mice showed lower number of smaller sized tumors 

(supplementary Fig 2D). The LTA ability to decrease the number of tumors was sustained 

throughout the end of the experiment (week 6) (Fig 3A). However, the effect of LTA to 

reduce the total tumor area was lost after the suspension of the LTA treatment (Fig 3B).

We observed that the kinetics in TN and total tumor area presents three stages: i) from the 

beginning of the treatment to week 2, where LTA had no effect, ii) from week 2 to 4, where 

LTA produced its antitumor effect and iii) when the treatment was suspended, and the effect 

of LTA was lost. Therefore, we analyzed the kinetics of tumor growth during these 3 stages. 

By using linear regression analysis (Fig 3C and D) we observed a highly significant effect of 

LTA on tumor development and growth during the stage 2, with no significant differences in 

stages 1 and 3 (Fig 3E and F). In this context, with tumor cells as the only challenge present 

in the skin, LTA was able to induce the observed antitumor effect. However, it took two 
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weeks of treatment before an effect could be observed. This effect persisted during the 

administration of LTA but was lost after LTA-treatment suspension.

These results show that oral LTA can modulate skin immune responses against complex 

stimuli, like those produced during tumor development, and that the stimulatory effect of 

LTA needs to be persistent to maintain the activity of the immune response. Moreover, we 

here demonstrated that LTA acts not only as a prophylactic agent, but also as a potential 

therapeutic strategy for SCC treatment.

CONCLUDING REMARKS

In the present work we demonstrate that oral LTA can overcome the immunosuppressive 

effect of UV radiation by modulating the skin immune system. Particularly, skin DCs 

activation and T cell priming are involved in this effect. Moreover, LTA prove to be useful 

not only as a prophylactic agent but also as a therapeutic strategy for SCC treatment. 

Altogether, this article contributes to deepen the knowledge on the complex interactions 

between the host and derived probiotic molecules, which have been called 

“probiotaceuticals” [21], and proposes LTA from Lactobacillus rhamnosus GG as a 

promising therapeutic tool for diverse skin conditions where the local immune response is 

being compromised.

MATERIALS AND METHODS

Lipoteichoic acid purification

LTA was isolated as previously described [22]. LTA preparation was tested for purity by 

Western blot, as described previously by Weill [13].

Animal models, general procedures and LTA administration

Female C57BL/6 (The Jackson Laboratory) and Crl:SKH-1-hrBR hairless mice (Charles 

River Laboratories) were used at 8–12 weeks of age. They were housed in quarters with a 

12h light–12h dark cycle and maintained with water and food ad libitum. Twenty-four to 48h 

before radiation procedure, hair from the back of C57BL/6 mice was removed using electric 

clipper and commercial depilatory cream. All radiations were performed as previously 

described [23]. LTA oral administration was performed as previously described [13]. All 

procedures were approved by the University of Pittsburgh Institutional Animal Care and Use 

Committee or, the guidelines established by the Consejo Nacional de Investigaciones 

Científicas y Técnicas (Argentina) and were approved by the Review Board of Ethics of the 

Instituto de Estudios de la Inmunidad Humoral.

In order to obtain single cell suspensions to be analyzed by flow cytometry, organs were cut 

into small pieces, treated with 1.5mg/ml collagenase type IV and 40 μg/ml DNAse I (Sigma-

Aldrich, St Louis, MO) for 90 minutes and filtered through 40 μm cell mesh.

Prevention of the skin UV tolerogenic effect by oral administration of LTA

C57/BL6 mice (n=5/experimental group) received oral LTA or PBS (control) by gavage 

every other day during the complete experimental procedure. Twenty-four hours after the 8th 
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dose, the ear skin was protected, and mice were exposed to one application of 150 mJ/cm2 

of UVB in their shaved dorsal skin for three consecutive days, using an 8 watt 302 nm lamp 

(range 280–350 nm, Ultraviolet Products, Upland, CA, U.S.A.). This dose correspond to 1.5 

minimal erythemal dose and its proven to induce immunosuppression in similar irradiation 

schedules [17],[24]. Twenty-four h after the last radiation dose, animals were sensitized with 

150 μl of 3% w/v oxazolone (OXA) (Sigma-Aldrich) in ethanol (vehicle) on their shaved, 

non-irradiated, lower abdomen. Six days later, the dorsal and ventral sides of the right ears 

were challenged with 1% w/v OXA, or vehicle (control). Ear thickness was evaluated using 

a quick mini digital micrometer (Mitutoyo, Buenos Aires, Argentina) up to 72h. Percentage 

of ear thickness increase was calculated the formula 100 × [(thickness of challenged ear − 

thickness of unchallenged ear)/thickness of unchallenged ear].

For histologic analysis, ears were dissected and skin samples were paraffin embedded, 

sectioned, stained with H&E and analyzed by light microscopy using an Axiostar plus 

microscope (Zeiss, Oberkochen, Germany). Characterization and quantification of the 

cellular infiltrate in effector site by flow cytometry, was performed in cell suspensions of 4 

dissected pooled ears from 2 mice per experimental condition 48h after CHS elicitation, in 

two independent experiments. After Fc blocking, cells were stained with Zombie Aqua 

Fixable Dye (Biolegend, San Diego, CA) for cell viability and labeled with FITC-CD3 (only 

in the second experiment), PE-CD45, PacificBlue-CD8b and APC-CD4 (BD Bioscience, 

San Jose, CA) monoclonal antibodies. The gating strategy used is shown in supplementary 

Figure 1C. Absolute cell numbers were calculated using CountBright™ (Molecular Probes, 

Eugene, OR) according to manufacturer protocols. The results were expressed as cell 

number per ear. Data was acquired on a LSR Fortessa cytometer (BD Bioscence) and 

analyzed with FlowJo® v9 software.

The analysis of the inflammatory infiltrate during CHS priming was analyzed in mouse 

abdominal skin dissected 48h after sensitization. Two abdominal skin samples per mouse 

were obtained dissected, embedded in paraffin and serial sections, were stained with H&E. 

For characterization of leukocyte subsets, skin samples were snap-frozen cryostat-sectioned, 

blocked with 5% goat serum (Sigma-Aldrich) and stained with 1:100 Alexa 555-CD3 Ab, 

Alexa488-Ly6G Ab and Alexa647-F4/80 Ab (BD Bioscience). Nuclei were counterstained 

with DAPI (Molecular Probes). Finally, samples were fixed in 4% buffered neutral formalin 

and mounted. Tissue sections were analyzed using an AxioStar Plus microscope (Zeiss) 

equipped with epifluorescence and a digital camera (AxioCam MRc; Zeiss).

Analysis of dendritic cell subsets was performed by flow cytometry in cell suspensions of 

inguinal skin draining lymph nodes obtained 48h after sensitization. For flow cytometry 

analysis, cells were incubated with Fc receptor CD16/32 Ab (BD Bioscience) and labeled 

with BUV395-CD103, PE-CD24a, FITC-CD11c, PerCPCy5.5-CD11b, APC-CD86, BV605-

CD8α, PECy7-IAb (BD Bioscience) and PacificBlue-EpCAM (PB-EpCam, Miltenyi, 

Bergisch Gladbach, Germany).

Characterization of T cell populations and their activation state was performed in cell 

suspensions of sDLN obtained 4 d after sensitization and labeled with PECy7-CD4, FITC-

CD8b, PacificBlue-CD44 (PB-CD44, BD Bioscience).
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We have adhered to the Guidelines for the use of flow cytometry and cell sorting in 

immunological studies.

LTA treatment in established UV-induced tumors

Crl:SKH-1-hrBR hairless mice were irradiated three times a week with 75 mJ/cm2, as 

previously described [13]. The radiation schedule was suspended once every mouse had 

developed at least 5 tumors of 1 mm diameter, after approximately 4 months of irradiation. 

At that time, mice were separated in two groups and orally administered with LTA or PBS, 

three times each week for a period of 4 weeks. Thereafter oral treatment was suspended, and 

mice were euthanized 2 weeks later. Mice were photographed weekly starting the date of the 

first oral dose until the end of the experiment. The photographs were analyzed with ImageJ 

software (National Institutes of Health), to determine the TN and total tumor area.

Statistical analysis

Results are expressed as means ± 1standard error. Comparisons between two means were 

obtained by Student test and Mann-Whitney post hoc test. More than two means were 

compared by one-way ANOVA and Tukey post hoc test was performed. Graphical and 

statistical analyses were performed with GraphPad Prism 5.0 (GraphPad Software) and 

GraphPad Instat 2.0 (GraphPad Software), respectively. Differences with p<0.05 between 

values were considered significantly different (*p<0.05; **p<0.01, ***p<0.001 y 

****p<0.0001; ns: non-significant differences).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

LTA lipoteichoic acid

LGG Lactobacillus rhamnosus GG
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DCs dendritic cells

CHS contact hypersensitivity

SCC squamous cell carcinoma

OXA oxazolone

TN tumor number

Sdln skin draining lymph node

smiDC skin migratory dendritic cells

LC Langerhans’ cells

dDC dermal dendritic cells

MHCII Major Histocompatibility Complex Class II
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Figure 1. 
Oral LTA overcomes UV-induced immunosuppression to oxazolone CHS reaction. (A) 

Quantitative comparison of the percent of ear thickness increase in BL6 mice skin sensitized 

and elicited with oxazolone 5 d later. The bar diagram depicts ear thickness increase 24 h 

following elicitation phase of the CHS. Groups compared include non-irradiated, and 

vehicle challenged (Control), non-irradiated and challenged with oxazolone (OXA), UV-

irradiated and challenged with oxazolone (UV) or oral LTA-treated, UV-irradiated and 

challenged with oxazolone (LTA). Results are expressed as means±1SE of five mice per 

experimental group in one of two independent experiments. (B) Histological images of one 

representative skin section of mice ears shown in A. H&E X100, insets show the 

characteristics of the leukocyte infiltrate at higher magnification (X 500). (C) Quantification 
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by flow cytometry using CountBright™ fluorescent beads of infiltrating CD4+ (FITC-CD3 

and PerCP-CD4 Ab) and CD8+ (PacificBlue-CD8b Ab) T cell in mice ears. Results are 

expressed as means±1SE of 3 samples composed of 4 pooled ears each in one of two 

independent experiments (D) One representative flow cytometry dot-plot from each 

experimental group of PE-CD45 pre-gated CD4+ and CD8+ T cells quantified in C.

*p <0.05, **p <0.01, ***p <0.001 (One-way ANOVA and Tukey post hoc test).
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Figure 2. 
Oral LTA restores skin inflammation during the CHS sensitization phase through activation 

of DCs and T cell priming in sDLN. (A) Histological images of the sensitization site 

(abdominal skin) dissected 48 h after sensitization with OXA of BL6 mice previously treated 

with oral LTA, UV or oral LTA and UV. The sections from the skin of mice treated with 

OXA show significant thickness increase of the epidermis and dermis (black arrows) and 

intense inflammatory infiltrate compared to vehicle treated control mice (H&E, X 100). 

Insets show the characteristics of leukocyte infiltrate at higher magnification (X 500). (B) 

Comparison of skin thickness of mouse treated as described in A. Mean ± SD of epidermal-

dermal thickness (n=5) measured in skin sections stained with H&E. (C) 

Immunofluorescence images of sections of mouse skin treated as described in A. 
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Polymorphonuclear cells and macrophages are identified by their expression of Ly6G 

(green) (Alexa488-Ly6G Ab) and F4/80 (red) (Alexa647-F4/80 Ab) molecules respectively. 

Cell nuclei were stained with DAPI. IF (X200, insets X500). The dashed white line indicates 

the epidermal-dermal junction. (D-F) Quantification of smiDC and CD86 (APC-CD86 Ab) 

expression in sDLN 48 h after OXA sensitization. Histograms represent control (full gray), 

OXA (red), UV (green) and LTA treated group (blue), (D) Langerhans cells, (E) CD103− 

dermal DCs, (F) CD103+ dermal DCs, (G) resident DCs (BV605-CD8α Ab) CD86 

expression at the same time point in sDLN. Cell abundance results are expressed as mean 

percentages of total smiDC ± SD and CD86 expression results are expressed as mean 

fluorescent intensity ± SD (n=3). (H) CD4+CD44+ (PECy7-CD4 and PacificBlue or PB-

CD44 Ab) and CD8+CD44+ (FITC-CD8b and PacificBlue or PB -CD44 Ab) T cells (Alexa 

555-CD3 Ab) in sDLN 4 days after OXA sensitization in the control (full gray), OXA (red), 

UV (green) and LTA treated group (blue). Bar diagrams are means ± SD (n=4 sDLN / 

group). *p <0.05, **p <0.01, ***p <0.001 (One-way ANOVA and Tukey post hoc test). All 

the data correspond to one of two independent experiments.
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Figure 3. 
Oral LTA reduces UV-induced tumor development once UV radiation is suspended.

(A) The number of tumors and (B) total tumor areas per SKH:1 mouse during the 6 weeks of 

treatment, for the PBS and LTA treated group. The results are expressed as mean tumor 

number or total tumor area ± SD. (C) Time-course analysis in three stages for tumor 

development and (D) tumor growth: Stage 1 absence of effect, Stage 2 anti-tumor effect, 

Stage 3 effect loss after discontinued LTA treatment. For each stage a linear regression was 

performed, and the slopes were compared between experimental groups (E, F). The results 

are expressed as the slope ± SD. *p <0.05, **p <0.01, ***p <0.001; (unpaired Student t-

test). The data correspond to one of two independent experiments (n=8).
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