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Despite safety concerns regarding the toxicity of tattoo ink, no studies have reported the
consequences of tattooing on the immune response. In this work, we have characterized
the transport and accumulation of different tattoo inks in the lymphatic system using a
murine model. Upon quick lymphatic drainage, we observed that macrophages mainly
capture the ink in the lymph node (LN). An initial inflammatory reaction at local and
systemic levels follows ink capture. Notably, the inflammatory process is maintained
over time, as we observed clear signs of inflammation in the draining LN 2 mo follow-
ing tattooing. In addition, the capture of ink by macrophages was associated with the
induction of apoptosis in both human and murine models. Furthermore, the ink accu-
mulated in the LN altered the immune response against two different types of vaccines.
On the one hand, we observed a reduced antibody response following vaccination with
an messenger ribonucleic acid (mnRNA)-based severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2) vaccine, which was associated with a decreased expression of the
spike protein in macrophages in the draining LN. In contrast, we observed an enhanced
response when vaccinated with influenza vaccine inactivated by ultraviolet (UV) radiation.
Considering the unstoppable trend of tattooing in the population, our results are crucial
in informing the toxicology programs, policymakers, and the general public regarding
the potential risk of the tattooing practice associated with an altered immune response.

immunotoxicology | covid-vaccination | inflammation

Tattooing has become widespread, particularly for young people. According to the latest
studies, it is estimated that globally, almost one out of five individuals have tattoos (1),
with the United States having the highest prevalence with more than 30% of tattooed
individuals (2, 3). During the tattooing process, repeated penetration by needles into the
dermal layer of the skin introduces different types of pigments following a pattern. The
permanence of tattoos is achieved by using pigments that are not readily soluble in bodily
fluids, often formed by a complex mixture of pigment binders, solvents, and additives
(4). While carbon black is the primary pigment used in black tattoos, colored tattoos
typically contain industrial organic pigments originally intended for plastics, varnishes,
or paints (5, 0).

Despite the increasing prevalence of tattooing, the regulation of tattoo inks is less
stringent than that of the pharmaceutical industry or other products intended for human
use. Even though toxicological data may be available for some ink ingredients (7), studies
on in vivo interactions of the ink components and their fate within the body are rare. The
lack of comprehensive regulations has prompted the identification of risks associated with
tattooing and the development of specific information to ensure that individuals can make
informed decisions before undergoing this procedure (8, 9). In Europe, the composition
of the ink has been regulated since 2022 by the “Registration, Evaluation, Authorization,
and Restriction of Chemicals” (REACH) program, which intends to harmonize the leg-
islation through the member states (8, 9). However, the potential health implications of
this form of body art have become a subject of increasing concern (5).

Previous studies have shown that macrophages are the primary cells responsible for ink
uptake in the skin (10). In conjunction with tattooed skin, pigmented and enlarged lymph
nodes (LN) and several adverse immune-related reactions have been reported in tattooed
individuals for decades (11-17). Notably, studies performed in mouse models have shown
the accumulation of tattoo ink in the LN draining the tattoo site, mimicking what has been
observed in humans and primates (18, 19). Despite the central role of the LN in the devel-
opment of appropriate immune responses, the mechanisms and potential consequences
behind the immunological reactions upon tattooing remain unknown. Moreover, many
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concerns regarding complications from vaccination and other med-
ical procedures in tattooed individuals have been raised over the
years, especially during the mass vaccination against severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Although it is
recommended to avoid vaccination on fresh tattoos, no specific
studies have evaluated the impact of tattoos on vaccination efficacy
or the risk of infections associated with tattoos (20).

In summary, this study elucidates the transport and accumula-
tion of tattoo inks in the draining LN, characterizing the inflam-
matory response to tattooing and evaluating how tattooing affects
the humoral immune response to different classes of vaccines, an
mRNA-based COVID-19 vaccine and a UV-inactivated influenza
vaccine. Our work provides a comprehensive analysis of the immu-
notoxicology of tattooing,.

Results

The Lymphatic System Transports Tattoo Ink, Which Accu-
mulates in the Synodical Areas of the Draining LN. We
selected three of the most used colors of ink, black, red, and
green, from one of the major world providers (Intenze) and
confirmed that the composition of the inks was concordant
with the REACH regulation (21) (S Appendix, Table S1). Then,
we set up a mouse model, tattooing an area of around 25 mm”
in the footpad of the mice (Fig. 1 A and E, Upper). Next, we
confirmed by electron microscopy (EM) the presence of ink in
both the epidermis and the dermis of the skin, associated with cells
resembling keratinocytes, macrophages, and the collagen matrix
(SI Appendix, Fig. S14). To evaluate the transport of unretained
ink from the skin area to the draining LN, we surgically exposed
the mouse hindlimb (22) and we performed intravital imaging
following footpad tattooing (Fig. 1B). We observed that the ink
disseminates exclusively via popliteal lymphatic vessels, reaching
an initial peak at 10 min following tattooing (Fig. 1 C and D).
Furthermore, the transport of ink via the lymphatic system was
associated with a prominent accumulation in the popliteal LN
(pLN) observed at 24 h posttattooing (p.t.) for all the tested inks
(Fig. 1 E, Middle). Interestingly, we also observed the presence
of ink in the lumbar LN with two of the tested inks (black and
red), suggesting that unretained ink disseminates further via
the efferent lymphatics (Fig. 1 E, Lower). Next, we performed
confocal microscopy to determine the pLN areas where the
ink pigments accumulate (Fig. 1F). In addition, we measured
the mean fluorescent intensity (MFI) associated with the ink,
observing that at 24 h p.t., there was a significant increase in the
size of the pLN and in the area occupied by the ink, compared
to the PBS-tattooed control (Fig. 1G). Moreover, at this point,
the pigment signal mainly accumulated in the subcapsular and
medullary areas of the LN (Fig. 14). To evaluate the dynamics of
ink pigment accumulation over extended periods, we examined
the presence of pigments at 2 mo p.t., detecting an increase in
the signal in both the popliteal and lumbar LNs (Fig. 1 /~-K and
SI Appendix, Fig. S1B). Furthermore, we observed that ink was also
present in the paracortical area of the LN (S/ Appendix, Fig. S1B).
Remarkably, we observed a similar distribution in all the human
samples from LN biopsies evaluated collected from deidentified
patients who had a tattoo in the LN-drained area at least several

months before the biopsy (S7 Appendix, Fig. S1D).

The Capture of Ink in the LN Is Mainly Associated with Medullary
Macrophages (MM). To evaluate the cell type responsible for the
capture of the ink particles in the sinusoidal areas of the pLN we
performed confocal staining of the main phagocytic populations:
subcapsular sinus macrophages (SSM; CD169+, CD11cdim, and
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F4/80-), MM (CD169+, CD11c-, and F4/80+), and dendritic
cells (DC; CD169-, CD11c+, and F4/80-) at 24 h and 2 mo
p-t. with black (Fig. 2 A and B), red (Fig. 2 C and D), and green
ink (Fig. 2 F and F). Quantification of the images demonstrated
that MM are the primary cell type responsible for the ink particle
uptake, compared to the other two cell types analyzed at an
initial stage and at 2 mo p.t. (Fig. 2 B, D, and F). Furthermore,
we confirmed the identity of these cells by using a transgenic
mouse model expressing the CX3CR1 (SI Appendix, Fig S2A4).
Additionally, we observed that DC can capture some ink. However,
most ink particles were associated with macrophages (Fig. 2 B,
D, and F and SI Appendix, Fig. S2B). Next, we performed resin
embedding of the pLN (Fig. 2 G and H) and analyzed the samples
using transmission EM. We confirmed that most ink particles
were associated with phagocytic cells displaying a macrophage-like
morphology at 24 h p.t. (Fig. 2 H and /). Moreover, we could
observe multiple phagocytic vacuoles containing electrodense
material (Fig. 27). When we evaluated the structure of the same
cells at 2 mo p.t., we observed an increase in the size of the
cells and the amount of ink associated with macrophages in the
medullary region and the formation of giant cells (GCs) with
multiple phagocytic vacuoles containing ink particles (Fig. 2 K'and
L). Interestingly, we confirmed that tattoo ink particles are also
associated with CD68+ or CD163+ macrophages in two biopsies
of LNs from tattooed patients (SI Appendix, Fig. S2 C and F,
respectively) and observed numerous GCs containing ink particles
deposited, showing a similar morphology to the ones described in

the murine model (S7 Appendix, Fig. S2E)

Tattoo Ink Induces the Death of Macrophages. To study the
immune cell dynamics in the draining LN following the arrival
of tattoo ink, we measured the total number of cells in the pLN of
mice by Fluorescence-activated cell sorting (FACS) during the first
5 d following tattooing. We observed a significant increase in the
total number of macrophages during the first six h p.t., with the
red and black ink, which were followed by a significant decrease
at 12 h and 24 h p.t., respectively (Fig. 34 and SI Appendix,
Fig. S3 A, Right). Regarding the green ink, macrophage decrease
was only observed at 120 h p.t. (8] Appendix, Fig. S3 A, Lef?).
Thus, we hypothesized that the observed disappearance might
be associated with the toxicity of the unretained ink particles in
the pLN. Furthermore, we observed by EM that some of the
ink-associated macrophages in the medullary sinuses of the
pLN undergo morphological changes such as the loss of plasma
membrane integrity (Fig. 3 B, Leff) or the formation of blebs
(Fig. 3 B, Right), characteristic of cell death stages (23). Therefore,
to better characterize the mechanism of ink-associated cell death,
we isolated mesenchymal stem cells from the bone marrow of
mice, differentiated them into macrophages, and added different
concentrations of the three inks (87 Appendix, Fig. S3B). First,
we confirm a concentration-dependent uptake of all the inks by
in vitro-cultured macrophages that resembles the one observed
in the in vivo studies (Fig. 3C and SI Appendix, Fig. S3C). Then,
to confirm the presence of ink-induced cell death we cultured
the ink-treated macrophages in the presence of propidium iodide
(PI), a marker of necrosis, and quantified the number of PI" cells
using imageXpress (Fig. 3 D and E). Following this approach, we
observed a significant increase in the number of PI" cells at 12 h
post—ink addition (p.i.a) with the red and the black inks compared
to the control group. However, we could not see any toxic effect
in the samples treated with green ink (Fig. 3E). Moreover, we
confirmed by flow cytometric analysis that all the tested inks
induced different levels of apoptosis (Annexin V*, PI” cells) in
the macrophages during the first 48 h p.i.a. Indeed, the addition
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Fig. 1. Tattoo ink is transported by the lymphatic system and accumulates in the draining lymph node. (A) Graphic representation of the lymphatic drainage
in the tattoo murine model employed. (B) Fluorescence micrograph showing the imaged area located in the calf of the mouse. (C) Representative intravital
2-photon micrographs acquired at 0-, 30-, and 60-min posttattooing with red ink. (D) Quantification of the mean intensity of the red ink autofluorescence inside
the lymphatic and the blood vessels over 60 min following tattooing. Pearson correlation analysis [r = 0.7690, P (two-tailed) = 0.0035]. (£) Snapshots showing
the tattooed area on the mouse footpad and the ink accumulation in the draining LNs at 24 h after tattooing with commercial True Black, Bright Red, or Pure
Green inks. (F) Representative confocal micrographs following the ink distribution in the different areas of the LN at 24 h p.t.: SCS stands for subcapsular sinus;
Fo, B cell follicle; Med, medullary region; IFA, interfollicular area. (G) Violin plot representing the average size of the pLN and the area occupied by ink signal at
24 h p.t. (H) Quantification of the MFI of the inks in the different regions of the LN at 24 h p.t. (/) Snapshots showing the tattooed area on the mouse footpad
and the ink accumulation in the draining LNs at 2 mo after tattooing with commercial True Black, Bright Red, or Pure Green inks. (/) Representative confocal
micrographs following the ink distribution in the different areas of the LN at 2 mo p.t: SCS stands for subcapsular sinus; Fo, B cell follicle; Med, medullary region;
IFA, interfollicular area. (K) Violin plot representing the average size of the pLN and the area occupied by ink signal at 2 mo p.t. (L) Quantification of the MFI of
the inks in the different regions of the LN at 2 mo p.t. In (G and H and K and L), one out of two or more independent experiments is shown. Popliteal lymph node
(pLN); iliac lymph node (ILN). Data are presented as mean + SD or Median and 25th (Bottom) and 75th (Top) percentiles. One-way ANOVA followed by Bonferroni
correction for multiple comparisons. Differences between groups were considered significant with P-value < 0.05 (*P < 0.05, **P < 0.01, and ***P < 0.001).
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Fig. 2. MM capture and retain tattoo ink. (A) Representative confocal micrographs showing the colocalization of black ink with the main phagocytic populations
in the LN at 24 h (Left) and 2 mo (Right) p.t. (B) Violin plot representing the quantification of colocalized voxels of black ink with the major phagocytic populations
in the draining LN at 24 h (Left) and 2 mo (Right) p.t. (C) Representative confocal micrographs showing the colocalization of red ink with the main phagocytic
populations in the LN at 24 h (Left) and 2 mo (Right) p.t. (D) Violin plot representing the quantification of colocalized voxels of red ink with the major phagocytic
populations in the draining LN at 24 h (Left) and 2 mo (Right) p.t. (E) Representative confocal micrographs showing the colocalization of green ink with the main
phagocytic populations in the LN at 24 h (Left) and 2 mo (Right) p.t. (F) Violin plot representing the quantification of colocalized voxels of green ink with the major
phagocytic populations in the draining LN at 24 h (Left) and 2 mo (Right) p.t. (G) Toluidine Blue staining of the pLN at 24 h and 2 mo p.t. ()). Black arrowheads
indicate the presence of ink. (H) Representative EM micrographs of the medullary sinuses at 24 h and 2 mo p.t. (K), showing the presence of macrophages with
multiple ink-containing vacuoles at 24 h (/) and 2 mo p.t. (L). Giant cell (GC); Cell debris (CD); Medulla (Med); Macrophage (Mf). One out of two or more independent
experiments is shown. Data are presented as median and 25th (Bottom) and 75th (Top) percentiles. One-way ANOVA followed by Bonferroni correction for
multiple comparisons (*P < 0.05, **P < 0.01, and ***P < 0.001).
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Fig. 3. Tattoo inkinduces macrophage death. (A) Absolute number of macrophages in the pLN of tattooed animals during the 120 h following footpad tattooing
with black ink. One out of two independent experiments is shown. (B) Representative EM micrographs of ink-captured macrophage-like cells (fake colored in
red). Black arrowheads show signs of distress, such as the loss of plasma membrane integrity and the formation of blebs. (C) Representative cytospin images
showing the capture of black, red, and green ink (ink dilution 1:1,000) by bone marrow-derived macrophages. (D) Representative snapshots of DAPI and Pl stained
macrophages at 6 and 12 h p.i.a. and quantification plot (F) showing the ratio of PI* on DAPI" cells after adding inks. Pearson correlation analysis of black vs. PBS
groups [r = 0.9933, P (two-tailed) < 0.0001], red vs. PBS groups [r = 0.9817, P (two-tailed) < 0.0001], and green vs. PBS groups [r = 0.9739, P (two-tailed) = 0.0002].
(F) Flow cytometric analysis showing the ratio of apoptotic (Annexin V*, PI") and necrotic (Annexin V*, PI") cells at 24 h and 48 h postaddition of black, red, and
green ink compared to the PBS controlled group. Data are presented as mean + SD. One-way (A) or Two-way (F) ANOVA followed by Bonferroni correction for
multiple comparisons (*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).

of red ink was followed by a significant sevenfold induction of =~ mononuclear cells (PBMC) (S Appendix, Fig. S3D), showed

apoptosis at 24 h, while black and green inks induced significant ~ similar trends, in terms of ink capture and ink-induced cell death,
levels of apoptosis at 48 h p.i.a. (Fig. 3F). Importantly, we observed ~ when cultured with all the selected inks (S7 Appendix, Fig. S3 E-H).
that macrophages differentiated from human peripheral blood =~ However, some differences were observed regarding the time of

PNAS 2025 Vol.122 No.48 2510392122 https://doi.org/10.1073/pnas.2510392122 5 of 11


http://www.pnas.org/lookup/doi/10.1073/pnas.2510392122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2510392122#supplementary-materials

Downloaded from https://www.pnas.org by 73.231.113.63 on December 15, 2025 from |P address 73.231.113.63.

6 of 11

death induction. Both black and green inks induced significant
levels of apoptosis already at 24 h p.i.a. (S Appendix, Fig. S3 F
and H, respectively), while the red ink induced necrosis at 24 h,
followed by apoptosis at 48 h p.i.a (S] Appendix, Fig. S3G).

Tattoo Ink Induces an Acute and Long-Lasting Inflammation
in the Draining LN. Considering the relationship between the
induction of cell death pathways and inflammation (24), we
hypothesized that ink-induced macrophage cell death could be
associated with inflammation in the draining LN. Therefore, to
evaluate the swelling of the LN, we estimated the total number of
cells after tattooing with black ink, observing a significant increase
at 48 h p.t., that followed a continuous growth for at least the first
240 h p.t (Fig. 44). We observed similar dynamics in the number of
CD45" cells recruited to the pLN when the tattoo was made with
the red and the green inks (S Appendix, Fig. S44). The significant
increase in the number of cells at 48 h p.t. was further confirmed by
FACS analysis for B, T, Natural Killer (NK) cells, and conventional
DCs, following tattooing with black ink (Fig. 4B), as well as with
red and green inks (57 Appendix, Fig. S4 B and C, respectively). To
further characterize the inflammatory response, we collected the
lymph from the pLN during the first 240 h following tattooing with
black ink, and we measured the levels of inflammatory cytokines
and chemokines at different instances. According to the trend of the
expression observed, we could identify an acute phase, characterized
by the upregulation of the cytokines IL-6, CXCL1, CCL2, and
CCL3, which peak at 6 to 12 h p.t., and return to basal levels after
the first 240 h p.t. (Fig. 4 C, Upper graphs).

Furthermore, we identified a second group of molecules, includ-
ing eotaxin, CXCL13, IL-1a, and CXCLY, characterized by their
long-term expression, which remains significantly elevated during
the first 240 h p.t. (Fig. 4 C, Lower graphs). Additionally, we
observed similar expression patterns when tattooing with both red
and green inks (S7 Appendix, Fig. S4D). To determine whether the
observed inflammation also occurs systemically, we measured the
expression of inflammatory mediators in blood at early (first 5 d)
and late (2 mo) times posttattooing. Interestingly, we found that the
carly peak of inflammation previously described was also detected
systemically, with elevated levels of the inflammatory cytokines IL-6,
TNF-a and IL-1B, and the chemokines CCL2, CXCL9, and
CXCL13, measured in the blood during the first 24 h following
tattooing with all three tested inks (Fig. 4D). The levels of most of
these molecules were only transiently elevated. However, the levels
of the alarmin IL-1a remain elevated in the blood from all tattooed
groups 2 mo after tattooing (Fig. 4D). Further, to characterize the
long-term inflammatory response in the draining LN, we measured
the numbers of B, T, NK cells, and DCs at 2 mo p.t. with black ink
Fig. 4D, observing a significant increase in all the cell types at this
time point, compared with the control groups (Fig. 4£). We could
also observe a tendency to have elevated levels of these cells in ani-
mals tattooed with red and green inks (S Appendix, Fig. S4 E and
F, respectively). Furthermore, we could also detect significantly
elevated levels of the inflammatory cytokines BLC, IL-1a, TNF-a
and IL-1p with black ink tattooing compared to PBS-tattooed con-
trol groups (Fig. 4F). Finally, to evaluate whether the presence of
the ink might be associated with higher cell proliferation in the
draining LNs of tattooed patients, we performed immunohistology
staining with KI-67, which demonstrated areas of cell proliferation
in a LN associated with the area where ink accumulates, compared
to areas without pigment (8] Appendix, Fig. S4G).

Tattoo Ink Alters the Immune Response to Vaccination.

To study the short- and long-term effects of tattooing on the
antibody response following vaccination, we administered the

https://doi.org/10.1073/pnas.2510392122

Pfizer-BioNTech COVID-19 vaccine to mice at two different
time points (2 d or 2 mo) after being tattooed with black, red,
or green ink, and we evaluated the Ig responses against the
receptor binding domain (RBD) of the spike protein. We found
that all tattooed groups showed a significant decrease in the
levels of anti-RBD specific IgG at 10 d postvaccination (p.v.)
(Fig. 5A4). In contrast, only the animals tattooed with red and
green ink showed significantly decreased levels of IgM at 7 d
p-v. (SI Appendix, Fig. S5A). Notably, the deficiency in the anti-
RBD specific IgG responses was maintained in all the groups
that were tattooed 2 mo before (Fig. 5B). However, we could not
observe significant differences in the IgM response (S/ Appendix,
Fig. S5B). To evaluate whether the presence of the ink could
affect the expression of the coronavirus spike protein in the MM,
we performed immunostaining with an ant-spike antibody
followed by FACS analysis at 24 h p.v. in two groups of mice
tattooed 48 h or 2 mo before. We observed that MM from all
tattooed groups showed a tendency to display reduced levels of
expression of the spike protein in the short-term experiments
(Fig. 5B). Furthermore, at 2 mo p.t., the expression levels of
the spike protein were significantly decreased in MM from all
the tattooed groups (Fig. 5D), compared to the control groups.
Additionally, we observed a significant decrease in the expression
of the costimulatory markers CD86 and CD80 in MM at 48 h
and 2 mo p.t, respectively. Specifically, CD86 levels were reduced
in MM across all tattooed groups at 48 h p.t. (Fig. 5 E, Leff), while
CD80 levels decreased in MM of the black and green ink tattooed
groups at 2 mo p.t. (Fig. 5 F, Middle). Conversely, even if the
costimulatory marker MHC-II tended to increase in all tattooed
groups at 48 h p.t., the level declined by 2 mo p.t (Fig. 5 £ and
F, Right). To confirm that decreased antibody response was due to
an ink-dependent impairment of the LN antigen-presenting cells
(APCs), we tattooed one footpad of the mice with black, red, or
green ink, and we administered the Pfizer-BioNTech COVID-19
vaccine in the contralateral one 48 h p.t. As expected, the anti-
RBD specific IgG response was maintained when the vaccine was
administered in the contralateral footpad (S7 Appendix, Fig. S5C).

To evaluate whether the presence of ink could also affect the
immune response in human cells, we differentiated macrophages
from PBMC:s of six healthy donors, added different amounts of the
three tested inks together with the Pfizer-BioNTech COVID-19
vaccine, and coculture them with B and T cells from the same
donors. Interestingly, we observed that the presence of all inks sig-
nificantly reduced the anti-spike-specific IgG produced by B cells
at day nine p.v. with the tested concentrations of ink (S7 Appendix,
Fig. S5D). However, as in the case of the mouse, the levels of IgM
produced were only significantly reduced after treatment with the
red and green inks (S/ Appendix, Fig. S5E). Furthermore, as demon-
strated in the murine model, the presence of black ink in the human
macrophages significantly reduced the capture of the labeled vaccine
(ST Appendix, Fig. S5F), as well as the expression of the spike protein
in these cells (S7 Appendix, Fig. S5G).

While mRNA vaccines, as the Pfizer-BioNTech COVID-19,
require the uptake by host cells to produce the target antigen and
initiate an immune response (25), this mechanism of action is not
true for other kind of vaccines. For this reason, we evaluated the
short- and long-term effects of tattooing on the anti-influenza anti-
body response following vaccination with UV-inactivated A/Puerto
Rico/8/34 strain virus (HIN1). We have previously characterized
the relevance of the inflammatory response for the development of
an effective humoral response in this vaccine model (26, 27).
Notably, we found that black and red ink showed a significant
increase in the levels of anti-influenza specific IgM at 7 d p.v., while
only the red group showed increased anti-influenza specific IgG at
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Fig. 4. Characterization of the inflammatory response induced by tattoo ink in the lymphatic compartment. (A) Time course showing the total number of cells
in the pLN during the first 240 h p.t. (B) Total number of B, T, NK cells, and DCs in the p LN at 48 h p.t. (C) Cytokine and chemokine levels in the draining LN
during the 240 h that follows tattooing with black ink. Heatmap showing the expression of different cytokines and chemokines in the blood at various time
points following tattooing with black (Left), red (Middle), and green ink (Right). (E) Total number of B, T, NK cells, and DCs in the pLN at 2 mo p.t. (F) Expression
of CXCL13, IL-1a, TNF-o, and IL-16, in the pLN at 2 mo following black ink tattooing. In (A-F), one out of two independent experiments is shown. Popliteal lymph
node (pLN). Data are presented as mean + SD. One-way (B and E) or Two-way ANOVA (A and () followed by Bonferroni correction for multiple comparisons
(*P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001).
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Fig. 5. Characterization of the immune response to vaccines after short- and long-term tattooing. (A) Violin plot showing the anti-RDB SARS-CoV-2 IgG titers at
day 10 p.v. in animals tattooed 48 h before. n = 14 for the nontattooed group, n =5 for the PBS group, n = 15 for black and red groups, and n = 7 for the green
group. (B) Expression of coronavirus spike protein on MM at 24 h p.v. in animals tattooed 48 h before. (C) Violin plot of the anti-RDB SARS-CoV-2 IgG titers at
day 10 p.v. in long-term (2 mo) tattooed animals. n = 8 for each group. (D) Expression of coronavirus spike protein at day 10 p.v. in MM in a 2-mo posttattooing
(p.t.) group. (E) Quantification of the expression of the costimulatory molecules CD86, CD80, and MHC-Il in MM at 24 h p.v. in animals tattooed 48 h or 2 mo
(F) before vaccination. (G) Violin plot showing the anti-PR8 IgGM and IgG titers at day 7 and 10 p.v. in animals tattooed 48 h before. n = 5 for the nontattooed
group, n =5 for the PBS group, n = 8 for black and red groups, and n = 5 for the green group. (H) Violin plot showing the anti-PR8 IgGM and IgG titers at day 7
and 10 p.v. in animals tattooed 2 mo before. n = 5 for the nontattooed group, n = 7 for the PBS group and black and red groups, and n = 5 for the green group.
In all graphs, the ratio represents the fold on the vaccinated nontattooed group. Medullary macrophage (MM). Data are presented as median and 25th (Bottom)
and 75th (Top) percentiles or mean + SD. One-way ANOVA followed by Bonferroni correction for multiple comparisons (*P < 0.05, **P < 0.01, and ***P < 0.001).
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10 d postvaccination (Fig. 5G). In contrast, among the mice tat-
tooed 2 mo before only the animals tattooed with red ink showed
significantly increased levels of IgM at 7 d p.v., while both black
and red inks displayed elevated levels of IgG at 10 d p.v. (Fig. 5H).

Discussion

One of the urgent concerns associated with the safety of tattoos
regards the potential redistribution of the unretained ink from the
tattoo site to organs other than the skin and the toxic effect that
the accumulation of these insoluble pigments might have at sys-
temic levels. Previous studies have reported the deposition of pig-
ments in the draining lymph node (dLN) (28-36). Nevertheless,
the contribution that the lymphatic vessels and bloodstream might
play in this process needs to be further studied. Our work suggests
that most unretained ink from the skin disseminates via the lym-
phatic system and accumulates in the medullary part of the dLN
in the initial instances following tattooing. Moreover, we reported
a progressive increase of ink pigment observed in the dLN 2 mo
posttattoo, probably associated with constant draining from the
tattooed site at the skin. This is particularly relevant considering
that the puncturing of dermal blood vessels during the tattooing
process in humans might also contribute to disseminating the ink
via the bloodstream. Indeed, some studies have reported the pres-
ence of tattoo ink systemically associated with Kupffer cells of the
liver, indicating that a blood-borne distribution of tattoo ink
might also occur (37). In addition, the extensive tattooed areas
pose an added risk for the systemic distribution of the ink. Previous
studies have estimated that on average, 2.5 mg/cm” is introduced
into the dermal layer during the tattooing process (13, 33).
Therefore, further studies are needed to evaluate, especially in
people who get large tattoos, the potential correlation between
the size of the tattoo and the accumulation of ink in internal
organs, such as the spleen, liver, and kidney, as well as its patho-
physiological consequences.

Although the adverse effects of tattoo pigment on the skin have
been previously reported (38), the impact of the accumulated
pigments on the immune response is still unknown. In this work,
we have demonstrated that macrophages exposed to different ink
concentrations undergo apoptotic cell death with all the tested
inks. A previous study has pointed out that monocytes and mac-
rophages are the main immune cells involved in ink particle uptake
after tattooing. It has been demonstrated that monocytes undergo
significant alterations during their differentiation into mac-
rophages, which could influence their viability and their sensitivity
to tattoo ink (39). The interaction of ink pigment with mac-
rophages depends on their physicochemical characteristics and
can lead to cytotoxic events, including cell viability perturbation
via apoptosis or necrosis, oxidative stress, and reactive oxygen
species (ROS) generation (40, 41). Furthermore, we have demon-
strated that the ink pigments retained in the medullary region of
the dLN stay associated with the phagocytic populations for
months following tattooing. This is in line with other human
studies in which ink pigments in dLNs were detected years after
tattooing (34). LN macrophages constantly filter the lymph and
are essential for initiating innate immune responses that lead to
the capture and inactivation of lymph-borne pathogens (26,
42-44). The accumulation of ink pigments, especially in the med-
ullary region, is particularly relevant due to the highly phagocytic
ability of these cells, specialized in the clearance of particulates,
pathogens, and dying cells from the lymph and in support of
plasma cell survival (45). Considering the critical role of these cells
in antimicrobial immunity, we hypothesize that tattoo ink pig-
ment accumulation and the observed induction of macrophage
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death by the different types of ink could affect the capacity of these
cells to control the spreading of pathogenic viruses and bacteria
via the lymph, increasing the risk of dissemination. In this direc-
tion, previous studies have demonstrated that LN macrophages
play a critical role in capturing lymph-borne viruses such as vesic-
ular stomatitis virus (VSV), adenovirus, vaccinia virus, and murine
cytomegalovirus (46). Additionally, the depletion of LN mac-
rophages before the VSV challenge led to a significant reduction
in survival and an increase in viral titers found in the brain and
spinal cord of the depleted mice (47). The effect of the presence
of ink in these cells on their antimicrobial function needs to be
further evaluated in future studies.

The activation of the innate immune compartment is most
likely associated with the prominent inflammatory response
described in this study. This reaction in the lymphatic compart-
ment could also be linked with the well-characterized acute
inflammation caused by needles in the skin (48), which might
increase the chances of a dysregulated inflammatory response in
patients who have developed allergic reactions or autoimmune
diseases. Despite a common inflammatory trend observed in all
tested pigments, significant differences were also associated with
the capacity of certain pigments to induce inflammatory media-
tors. The initial acute inflammatory response was probably influ-
enced, both at the cellular and molecular level, not only by the
pigment alone but also by the presence of other ink components,
such as binders, solvents, and additives known to be toxic (4).
These differences stressed the need for a careful evaluation of the
safety profile of each of the chemical components of the tattoo
ink mixture and the implementation of regulations that can reduce
the heterogeneity in inks produced by different companies.

Additionally, different studies have previously associated
chronic inflammation with multiple pathologies, including cancer
(49). In this direction, a recent study has confirmed the association
between tattoo exposure and an increased risk of malignant lym-
phoma (50). Furthermore, the elevated levels of the alarmin IL-1a
in the draining LN were maintained during the first 2 mo follow-
ing tattooing with black ink. Interestingly, we have previously
associated the elevated levels of this cytokine with the initiation
of melanoma metastasis in the LN (51). In addition, the observed
chronic inflammation could also affect the immune surveillance
and response to therapy in some tattooed cancer patients who
undergo immune treatment (52). A recent study analyzed the
usage of checkpoint BRAF/MEK inhibitors in tattooed patients
with melanoma and the consequent adverse granulomatous reac-
tion in the skin, which may be due to the enhanced loss of toler-
ance to tattoo inks (53). Finally, the chronic inflammatory setting
could potentially increase the carcinogenicity associated with
certain pigments or their byproducts, increasing the risk of devel-
oping neoplasia (54). Further studies are needed to identify the
molecular basis of the connection between tattooing and cancer.

During the COVID-19 pandemic, one of the general concerns
of the practitioners was the influence that administering a vaccine
to a tattooed individual might have on developing the antibody
response against the virus (55). To date, no epidemiological studies
have evaluated how the presence of a tattoo may affect the
COVID-19 vaccine efficiency. In this work, we demonstrated that
the presence of tattoo ink crystals, at the site of vaccine adminis-
tration, can modulate the immune response in a vaccine-specific
manner. We showed the negative effect that the accumulation of
ink has on the expression of the spike protein and, ultimately, in
the humoral immune response elicited by the vaccine. Moreover,
especially with red and black inks, we observed that the response
to a UV-inactivated influenza vaccine was enhanced. This suggests
that tattoo-induced inflammation and the presence of ink pigment
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particles at the site of tattoo injection may interact differently with
various vaccine formulations, whose mechanisms of action may
differ, potentially influencing antigen presentation, local inflam-
mation, or innate immune activation. The alteration in the
immune response to vaccines in the animals tattooed with black
ink may be associated with the capacity of carbon black to interfere
with the antigen-processing mechanism in lymphocytic popula-
tions. Conversely, tattoo-induced local inflammation can act as
an adjuvant-like stimulus, enhancing vaccine responses, similar
to aluminum salts activating the NLRP3 inflammasome (56, 57).
This effect, also seen in tattoo-mediated DNA vaccination (58),
may improve the efficacy of inactivated vaccines such as influ-
enza vaccine.

Our results need to be further validated in a human study.
However, different parameters need to be considered, such as the
size and position of the tattoo and the type of ink used by the
study cohort. Moreover, further studies assessing the effect of tat-
tooing on the immune response induced by different vaccine types
or for several diseases are needed to elucidate whether the effect
found with the tested vaccines can be generalized to other classes.
Tattooing might be an added risk for those individuals vaccinated
with attenuated vaccines. Some reports associated with the live
smallpox vaccination program in military service members have
reported smallpox complications in different vaccinated, tattooed
patients (59). Future studies are needed to characterize these
responses in more detail.

The toxicology risk of the components formed by tattoo inks
remains a matter of concern (60). A tattoo ink consists of a mul-
ticomponent mixture of solvents, preservatives, additives, and
nonliquid components like insoluble solid-state pigment particles.
These pigments are responsible for the color of the tattoo. However,
being a complex mixture of chemicals, different ink colors and
suppliers contain different ingredients and impurities that may be
responsible for the specific and heterogeneous cellular toxicity
described. Further analyses are needed to investigate the mecha-
nisms by which such a complex mixture is transported through
the lymphatic system. This includes identifying which chemical
components travel with the lymph and, together with insoluble
pigments, contribute to the observed effects. The lack of regulation
of the chemical component of the tattoo ink mixture is critical
for this kind of analysis in which inks from different suppliers
show a specific blend of ingredients with varying toxicity profiles.
This study evaluated the three most used commercial tattoo ink
colours: black (50%), red (14%), and green (9.1%) (61). The
observed differences in the toxicity effect of the tested inks are
consistent with previous studies that identify red dyes as the most
problematic, often associated with a cutaneous inflammatory
response (62, 63). Red and black pigments are characterized by
an aggregation of particles over time, resulting in larger pigment
foreign bodies. This aggregation of pigments can be critical in
developing local and systemic tattoo complications and can affect
cellular uptake and transportation via the lymphatic system (64).

In summary, this work represents the most extensive study to
date regarding the effect of tattoo ink on the immune response
and raises serious health concerns associated with the tattooing
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practice. Our work underscores the need for further research to
inform public health policies and regulatory frameworks regarding
the safety of tattoo inks.

Material and Methods

Full descriptions of the experimental methods and reagents can be found in
Sl Appendix.

Study Design and Approval. This study aimed to characterize immune responses
to tattoo ink accumulating in draining LNs and to determine how its presence
modulates vaccine response. We used C57BL/6 J, CX3CR1-GFP, and CD11c-
YFP mice, bred under SPF conditions, to examine the distribution and immune
effects of tattoo inks following footpad tattooing. Mice (6 to 12 wk) were tattooed
with commercial inks or PBS control. In selected experiments, BNT162b2 mRNA
vaccines or UV-inactivated influenza A virus strain A/Puerto Rico/8/1934 (H1N1)
were injected into tattooed footpads to assess local effects on vaccine capture
and response. Blood and draining (popliteal and lumbar) LNs were collected
at defined time points for integrated analyses, including two-photon intravital
microscopy, immunofluorescence, EM, flow cytometry, and multiplex cytokine
profiling. Chromatographic methods analyzed the ink composition. To assess
the uptake of ink by immune cells and their subsequent viability, we performed
invitro studies using murine bone marrow-derived and human monocyte-derived
macrophages cocultured with the three different inks. All animal experiments
complied with Swiss Federal Veterinary Service regulations and were approved
(permitTI 58/2021 and Tl 32/2025) by the Cantonal Animal Welfare Committee.
Human blood samples were obtained with informed consent and approval from
the Ethical Committee of Canton Ticino (CD-3428). A comprehensive description
of the experimental procedures and reagents is provided in S/ Appendix.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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