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Figure 1. Trp2/Kb-specific CD8+ T cells in pre-immune wild-type (WT) and Dct-/- mice share a naı̈ve phenotype while showing modest differences in

frequency and tetramer staining. (A) Tetramer enrichment was performed to enumerate Trp2/Kb-specific CD8+ T cells per mouse. Median tetramer

fluorescence intensity (MFI) was used to estimate the avidity of enriched Trp2/Kb-specific (B) or B8R/Kb-specific cells (C). (D) CD44/CD122 expression of

Trp2/Kb-specific cells. (E) CD69 expression of Trp2/Kb-specific cells. (F) PD-1, CTLA-4, LAG3, and TIM3 expression of Trp2/Kb-specific cells. (G) CD5

expression of Trp2/Kb-specific cells. Data are compiled from three independent experiments in A and D. Individual experiments are shown in B and C;

results are representative of other experiments. The graphs in (E, F, and G) represent individual experiments with four mice per group. Squares indicate

male animals. **p<0.01 by unpaired t test.
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Figure 1—figure supplement 1. Generation of Dct-/- mouse model by deleting exons 2 through 6. (A) The intact Dct gene is shown schematically with

eight exons (E1–E8) in green and large intronic regions shown in yellow. The Hurwitz lab designed a new knockout model, which involved deleting

exons 2 through 6 and inserting a neomycin gene. Primers used for screening prospective clones are represented by blue arrows. (B) Stained agarose

gel showing the polymerase chain reaction (PCR) screening of candidate mouse embryonic stem cell (mESC) clones for homologous recombination

events. In this example, the 5’ arm is being interrogated with primers 5-Arm-In-F and Linker-R1. ‘HR’ indicates a band of the appropriate size, 2907 bp,

that is indicative of homologous recombination. ‘+’ is a positive control using the cloning construct. ‘WT’ is genomic deoxyribonucleic acid (DNA) from

a wild-type mouse that is negative for homologous recombination. (C) Chimeric mice were generated and interbred, producing pups that were white

(W), slate (S), or black (B). The slate phenotype is expected for Dct-/- mice. (D) Pups were screened by PCR for the presence of exons 1 through 7. Black

pups retain all exons of Dct in their genome, whereas slate pups retain lack exons 2 through 6 and are knockouts for Dct. White pups are albino and

are a byproduct of generating chimeric mice.
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Figure 1—figure supplement 2. Additional analysis of the Trp2/Kb-specific population and cells specific for other melanocyte epitopes in pre-immune

mice. (A) Tetramer staining of pre-immune lymphocytes (enriched fraction, gated on live, dump-negative CD8+ T cells). Dual tetramer staining was used

to facilitate more accurate gating on antigen-specific cells. CD44 and CD122 staining of pre-immune Trp2/Kb-specific cells from a wild-type (WT) mouse

(B) and a Dct-/- mouse (C). (D) The median fluorescence intensity is plotted for the indicated markers in Trp2/Kb tetramer-positive cells; each graph

represents an individual experiment. (E) Bulk RNA sequencing of Trp2/Kb-specific CD8+ T cells from pre-immune wild-type (WT) and Dct-/- mice was

performed; differentially expressed genes were not identified between WT and Dct-/- samples as shown by the volcano plot. (F) Quantification of

CD8+ T cells specific for a Db-restricted Trp2 epitope and an epitope from tyrosinase-related protein 1 (Trp1) in pre-immune mice reveals a similar or

slightly lesser number of cells in mice expressing antigen (WT mice) relative to those that do not. Samples used for tetramer enrichment of Trp1/Db-

specific cells were obtained from shipped samples; accordingly, these data likely underestimate the precursor frequency. Squares indicate male

animals. PC, principal component. **p<0.01 by one-way ANOVA with Sidak’s multiple comparisons test.
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Figure 2. Differences in the magnitude of the response to Trp2 immunization in wild-type (WT) and Dct-/- mice.

Mice were primed with TriVax (50 mg each of Trp2 and B8R peptides; A–E). The number (A) or percent (B) of

splenic Trp2/Kb or B8R/Kb-specific cells was assessed at day 7. (C, D) The tetramer fluorescence intensity of splenic

Trp2/Kb-specific cells was compared. (E) Gating for dual Trp2/Kb tetramer-positive CD8+ (samples were not

enriched for Trp2/Kb-specific cells). (F) The frequency of the indicated splenic population expressing PD-1 is

shown. Data in A and B are compiled from more than three experiments. Data in C–F are representative of three

or more similar experiments. Squares indicate male animals. *p<0.05, ****p<0.0001 by unpaired t test (C) or one-

way ANOVA with Sidak’s multiple comparisons test (A, B, F).
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Figure 2—figure supplement 1. Additional phenotyping and functional analysis of Trp2/Kb-specific cells at day 7

after TriVax. The median fluorescence intensity of (A, B, D) or frequency of cells expressing (C, D) the indicated

marker are shown for Trp2/Kb tetramer-positive cells from the spleens of mice treated with TriVax (intravenous or

intraperitoneal administration) containing Trp2 peptide 7 days prior. (E) Splenocytes harvested at this time point

were stimulated for 6 hr with Trp2 peptide and stained for cytokine production (intracellular stains) and CD107a

expression (antibody added prior to stimulation). Squares indicate male animals. Data represent individual

experiments with three to six mice per group. *p<0.05, **p<0.01, ***p<0.001 by unpaired t test.

Truckenbrod et al. eLife 2021;10:e65615. DOI: https://doi.org/10.7554/eLife.65615 6 of 22

Research article Immunology and Inflammation

https://doi.org/10.7554/eLife.65615


A B

C

W
T

D
ct
-/
-

0

25

50

75

100

P
e
rc

e
n
t 
o
f 
T
rp

/K
b
+

Double negative

CD69+

CD69+ CD103+

CD103+

D
W

T

D
ct
-/
-

105

106

107

108

N
o
. 
T
rp

2
/K

b
 t
e
tr

a
m

e
r+

Spleen

    n.s. 

(p = .07)

W
T s

pl
ee

n

D
ct
-/
-  s

pl
ee

n

W
T s

ki
n

D
ct
-/
-  s

ki
n

0

100

200

300

400

P
D

-1
 M

F
I

n.s. n.s. D
ct
-/
-

***

****

W
T s

pl
ee

n

 s
pl
ee

n

W
T s

ki
n

D
ct
-/
-  s

ki
n

0

200

400

600

800

1000

T
rp

2
/K

b
 t
e
tr

a
m

e
r 

M
F

I 
(P

E
)

W
T

D
ct
-/
-

1

10

100

1000

N
o
. 
T
rp

2
/K

b
+

 /
 2

 c
m

2
 s

k
in

 

Skin

n.s.

Figure 2—figure supplement 2. Analysis of Trp2/Kb-specific cells in the skin of wild-type (WT) and Dct-/- mice at day 7 after TriVax. Mice were treated

with TriVax containing Trp2 and B8R peptides (100 mg each) and sacrificed at day 7. An ~2 cm2 piece of skin from the flank of each mouse was shaved,

collected, and processed to a single-cell suspension; spleens were also collected. (A) The number of Trp2/Kb-specific cells in the piece of skin (left) or

spleen (right) are shown. For Trp2/Kb tetramer-positive cells, the tetramer median fluorescence intensity (MFI) (B), PD-1 MFI (C), or frequency of cells

expressing CD69/CD103 (D) are displayed. Squares indicate male animals. Data represent two compiled experiments (A) or individual experiments (B–

D). ***p<0.001, ****p<0.0001 by unpaired t test. Welch’s t test was used to compare the number of splenic Trp2/Kb-specific cells in A (p=0.07).
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Figure 2—figure supplement 3. Response to infection with Listeria monocytogenes strain expressing Trp2

(LmTrp2). Mice were infected with a recombinant LmTrp2. The percent (A) or number (B, C) of splenic Trp2/Kb-

specific cells was assessed at the indicated day. (D) Day 7 splenocytes were stimulated for 4–6 hr with Trp2

peptide and intracellular staining was performed to assess cytokine production. Data in A, B, and D are

representative of three similar experiments; data in C represent individual experiments with two to five mice per

group. Squares indicate male animals. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by unpaired t test.
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Figure 3. Wild-type (WT) Trp2/Kb-specific cells exhibit cell-intrinsic tolerance. (A) We performed negative

enrichment for CD8+ T cells from WT or Dct-/- donors and transferred bulk CD8+ T cells into congenically distinct

WT or Dct-/- recipients. One day later, mice were immunized with TriVax (100 mg of Trp2 and B8R peptide). Donor

and endogenous cells were collected from the spleens of recipient mice on day 7 following immunization and

assessed for the percent (B, C) and number (D, E) of Trp2/Kb-binding cells. Data in B–E were compiled from three

or more experiments. Squares indicate male animals. **p<0.05, ***p<0.001, ****p<0.0001 by one-way ANOVA

with Sidak’s multiple comparisons test. Endog, endogenous; recip, recipients.
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Figure 3—figure supplement 1. Response to infection with Listeria monocytogenes strain expressing Trp2

(LmTrp2) after adoptive transfer. (A,B) CD8+ T cells from pre-immune wild-type (WT) (A) or Dct-/- (B) donors were

negatively enriched and bulk CD8+ T cells were transferred into congenically distinct WT or Dct-/- recipients. One

day later, mice were infected with LmTrp2. Donor and endogenous cells were collected from the blood of

recipient mice on day 7 following infection and assessed for Trp2/Kb tetramer binding. Data represent individual

experiments with two to five mice per group. ****p<0.0001 by one-way ANOVA with Sidak’s multiple comparisons

test. Endog, endogenous; recip, recipients.
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Figure 4. Wild-type (WT) Trp2/Kb-specific cells are capable of an initial response to Trp2 similar to that of Dct-/- cells. WT and Dct-/- mice received

intravenous injections of TriVax with 200 mg Trp2 peptide. Tetramer enrichment was used to enumerate Trp2/Kb-specific cells and assess their

phenotype at the indicated time points following immunization (A–C, E). The ratio between the mean experimental PE median fluorescence

intensity (MFI) of Trp2/Kb-specific cells in WT mice relative to Dct-/- mice is plotted in D, with each symbol representing one experiment comprising

two to five individual mice. Data are compiled from three or more experiments in A, C, and D. Representative flow plots from 1 day four experiment

are shown in B, and the same representative day four experiment is shown in E. Squares indicate male animals; the dotted line indicates the average

naı̈ve precursor frequency from the spleen and lymph nodes. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 by one-way ANOVA with Sidak’s multiple

comparisons test (performed on log-transformed data in [a]).
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Figure 4—figure supplement 1. Tetramer staining kinetics and response to peptide immunization. WT and Dct-/- mice received intravenous injections

of 200 mg Trp2 peptide as part of TriVax (A) or alone (C–E). (A) Histograms of tetramer staining for Trp2/Kb-binding cells at the indicated day after

TriVax. (B) Histogram and quantification of tetramer staining for B8R/Kb-binding cells at day 7 after TriVax with B8R peptide are shown as a control. (C–

E) Tetramer enrichment was used to enumerate Trp2/Kb-specific cells and assess their phenotype at the indicated time points following peptide

injection; males are indicated by square symbols. Data from representative experiments at each time point are shown in (A). Data in C–E are compiled

from multiple experiments. ***p<0.001, ****p<0.0001 by one-way ANOVA with Sidak’s multiple comparisons test.
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Figure 5. Wild-type (WT) Trp2/Kb-specific cells show proliferative defects in the early effector phase. Trp2/Kb-specific CD8+ T cells were isolated from

WT and Dct-/- mice on day 3 after TriVax and submitted for scRNA-seq. After initial processing, the WT and Dct-/- datasets were merged and further

Figure 5 continued on next page
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Figure 5 continued

analyzed. (A) Uniform manifold approximation and projection (UMAP) representation of gene expression from merged datasets determined using

Seurat; each dot represents one cell. Clusters are indicated by color. (B) Cells from the Dct-/- sample are shown on the left and cells from the WT

sample on the right using the same UMAP (generated from merged data) shown in Figure 6A. (C) The most differentially expressed genes between

Groups A and B (see Figure 6A); histone genes and other genes associated with proliferation are indicated. A positive average log-fold change value

indicates higher expression in Group A. (D) Cell cycle analysis indicates the cell cycle phase for each cell on the UMAP plot (merged dataset). (E) Pie

charts show the frequencies of cells within cluster 0 in each stage of the cell cycle (left: Dct-/- sample, right: WT sample). (F) Expression of CD25 (Il2ra)

by cell is indicated on the clusters by color.
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Figure 5—figure supplement 1. scRNAseq analysis of Trp2/Kb-specific cells at day 7 after TriVax. Wild-type (WT) and Dct-/- mice were treated with

TriVax (50 mg Trp2), and Trp2/Kb-specific cells were isolated at day 7 and submitted for scRNA-seq. After initial processing, the WT and Dct-/- datasets

were merged and further analyzed. (A) Uniform manifold approximation and projection (UMAP) representation of gene expression from merged

datasets determined using Seurat; each dot represents one cell. Clusters are indicated by color. Cells from the Dct-/- sample are shown on the left and

cells from the WT sample on the right using the same UMAP projection (generated from merged data). (B) Dot plot showing the expression of genes

associated with activation, functionality, anergy, or exhaustion by sample and cluster.
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Figure 5—figure supplement 2. Gene set enrichment analysis (GSEA) of day 3 single-cell data and response of wild-type (WT) and Dct-/- Trp2/Kb-

specific cells to IL-2C. (A) GSEA plots show enrichment of the following gene sets in Group A: Myc targets, MTORC1 signaling, G2M checkpoint, E2F

Figure 5—figure supplement 2 continued on next page
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Figure 5—figure supplement 2 continued

targets. (B) Enrichment between clusters and a dataset of genes involved in IL-2 signaling is indicated by color. (C) Dot plot showing the expression of

genes associated with activation, functionality, anergy, or exhaustion by sample and cluster. (D, E) WT and Dct-/- mice were immunized with TriVax (D)

or infected with Listeria monocytogenes strain expressing Trp2 (LmTrp2) (E) and treated with PBS or IL-2C on day 5. Trp2/Kb tetramer-positive

splenocytes were enumerated on day 7 after priming/infection. Squares indicate male animals. **p<0.01, ***p<0.001 by one-way ANOVA with Tukey’s

multiple comparisons test. IL-2C, IL-2 complex.
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Figure 6. Wild-type (WT) Trp2/Kb-specific cells are unable to mediate efficient anti-melanocyte activity. (A) WT mice were monitored for vitiligo after

receiving 50,000 Trp2/Kb-specific cells from WT or Dct-/- donors primed with TriVax 7 days prior; recipient mice received TriVax (100 mg Trp2) on the day

of transfer and were treated with dinitrofluorobenzene (DNFB) (left flank) 6 days later. No cell transfer controls (not shown in schematic) received TriVax

Figure 6 continued on next page
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Figure 6 continued

and DNFB but no transferred cells. (B) Recipient mice were bled on day 6 after transfer and TriVax; the number of transferred Trp2/Kb-positive cells per

mL blood is shown. (C) Kaplan-Meier curve of vitiligo development; mice were considered to have vitiligo when they first had a vitiligo score of two that

was sustained. Mean group vitiligo scores over time are shown in (D), with a dotted line indicating definite vitiligo. Data in C and D are compiled from

three experiments with 4–10 mice per group. Data in B are compiled from two experiments with 4–10 mice per group. ****p<0.0001 by unpaired t test

(B), log-rank survival analysis (C), or two-way ANOVA followed by Tukey’s multiple comparisons test (D).
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Figure 6—figure supplement 1. Vitiligo scoring metric and correlation between the average vitiligo score and the number of transferred Trp2/Kb-

specific cells. (A) Vitiligo scoring metric used to quantify the degree of vitiligo. (B, C) Examples of vitiligo. (D) Average vitiligo score per mouse (days 0–

93) relative to the number of transferred Trp2/Kb tetramer-positive cells on day 6 after transfer and TriVax boost. Two compiled experiments are shown.

Simple linear regression was used to fit a line and assign R2 and p-values.
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Figure 6—figure supplement 2. Vitiligo development and skin infiltration in P14 mice receiving cell transfers from wild-type (WT) or Dct-/- donors. Rag-

positive P14 T cell receptor (TCR) transgenic mice were monitored for vitiligo after receiving 50,000 Trp2/Kb-specific cells from WT or Dct-/- donors

primed with TriVax 7 days prior; recipient mice received TriVax (100 mg Trp2) on the day of transfer and were treated with dinitrofluorobenzene (DNFB)

Figure 6—figure supplement 2 continued on next page
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Figure 6—figure supplement 2 continued

(left flank) 6 days later. No cell transfer controls received TriVax and DNFB but no transferred cells—the low-grade vitiligo observed in those mice

presumably coming from P14 T cells that also rearranged endogenous TCRs or tissue damage that did not require antigen-specific T cell responses. (A)

Kaplan-Meier curve of vitiligo development; mice were considered to have vitiligo when they first had a vitiligo score of two that was sustained. Mean

group vitiligo scores over time are shown in (B), with a dotted line indicating definite vitiligo. Flank skin (~2 cm2) previously treated with DNFB (left) or

vehicle (right) was collected from mice sacrificed at day 11 or 12 after cell transfer and processed to a single-cell suspension. The number of transferred

Trp2/Kb tetramer-binding cells is shown in (C). (D) The frequency of transferred Trp2/Kb tetramer-binding cells expressing CD49a and PD-1. The

tetramer median fluorescence intensity (MFI) of transferred Trp2/Kb tetramer-positive cells in the skin and spleen is presented in E. Data in A and B

represent one experiment with four to five mice in the WT and Dct-/- transfer groups and two mice in the no cell transfer group. Data in C and D

represent two experiments with three to seven mice per group; data in E represent one experiment with seven mice per group.
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