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Introduction
The programmed death 1 (PD-1) pathway has been found to play a crucial role in tumor-induced immu-
nosuppression in melanoma, lung cancer, renal cell cancer, and other malignancies and is an increasingly 
exploited therapeutic target (1–6). PD-1 blockade aims to restore antitumor immunity by impeding inter-
actions of  the PD-1 receptor expressed by tumor-reactive T cells with PD-1 ligands (e.g., PD-L1/B7-H1/
CD274) expressed by tumor cells (7, 8). Clinical trials with PD-1 and PD-L1 blockade have demonstrated 
promising therapeutic responses in patients with advanced malignancies, including melanoma (1–3, 6). 
Recently, two anti–PD-1 monoclonal antibodies (pembrolizumab and nivolumab) have been approved by 
the US FDA for the treatment of  patients with metastatic melanoma (MM) and metastatic non–small-
cell lung cancer, and nivolumab was also approved to treat patients with advanced (metastatic) renal cell 
carcinoma (3–5, 9). However, clinical outcomes with immune checkpoint agents remain quite variable, 
with some patients achieving durable responses, others experiencing early disease progression followed 
by later tumor reduction, and some showing no benefit (1, 3). In addition, radiologic responses are often 
unpredictable, kinetically heterogeneous, and do not follow traditional response criteria. Analysis of  the 
time to response to pembrolizumab in reported clinical trials indicates that, although most responses 
occur by week 12, some responses may also occur late in the course of  treatment and were observed as 
late as 36 weeks (10). In addition, 8% to 10% of  patients experienced pseudoprogression, with a ≥25% 
increase in tumor burden that was not confirmed as progressive disease on subsequent imaging, and these 
patients still had favorable clinical outcomes (10, 11). Because of  the unconventional response patterns 
seen with immunotherapeutic agents, alternative methods of  evaluating tumor response/progression have 
been implemented, including the immune-related response criteria (12) and the practice of  confirming 
disease progression on subsequent scans, provided that the patient is clinically stable and maintaining 
a good performance status. Nevertheless, it is unclear what ultimately separates responders from nonre-
sponders, and there are no definitive criteria by which to identify patients who may ultimately benefit from 
these immunotherapies. In addition, the optimal duration of  therapy with PD-1 pathway blocking agents 
remains yet to be determined.

Immune checkpoint therapy with PD-1 blockade has emerged as an effective therapy for many 
advanced cancers; however, only a small fraction of patients achieve durable responses. To date, 
there is no validated blood-based means of predicting the response to PD-1 blockade. We report 
that Bim is a downstream signaling molecule of the PD-1 pathway, and its detection in T cells is 
significantly associated with expression of PD-1 and effector T cell markers. High levels of Bim in 
circulating tumor-reactive (PD-1+CD11ahiCD8+) T cells were prognostic of poor survival in patients 
with metastatic melanoma who did not receive anti–PD-1 therapy and were also predictive of clinical 
benefit in patients with metastatic melanoma who were treated with anti–PD-1 therapy. Moreover, 
this circulating tumor-reactive T cell population significantly decreased after successful anti–PD-1 
therapy. Our study supports a crucial role of Bim in both T cell activation and apoptosis as regulated 
by PD-1 and PD-L1 interactions in effector CD8+ T cells. Measurement of Bim levels in circulating T 
cells of patients with cancer may provide a less invasive strategy to predict and monitor responses 
to anti–PD-1 therapy, although future prospective analyses are needed to validate its utility.
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Given this variability in response and the desire to extend the long-term benefits of  novel immuno-
therapeutic agents to more patients, there is an increased need for the development of  biomarkers that can 
predict treatment outcomes, thereby ensuring that these expensive new treatments, which may have signifi-
cant toxicities, are offered to the patients who are most likely to benefit. While tumor-associated PD-L1 
expression has been proposed as a potential biomarker of  response to anti–PD-1 therapy (13), durable 
responses have been observed in patients with PD-L1– tumors, calling into question the clinical utility of  
PD-L1 expression alone as a predictive biomarker (5, 14, 15). Furthermore, the heterogeneity of  PD-L1 
expression limits its use as a predictive biomarker for PD-1 blockade (16). Therefore, since PD-1 per se is 
the actual therapeutic target of  anti–PD-1 therapy, here we developed an individualized predictive strategy 
to identify patients who are most likely to respond based on biomarkers reflecting the sensitivity of  their 
tumor-reactive PD-1+CD8+ T lymphocytes to PD-1 blockade.

In this report, we show that measurement of  Bim (BCL-2-interacting mediator of  cell death) as a PD-1 
downstream signaling molecule can be used to predict and monitor T cell responses to anti–PD-1 ther-
apy in melanoma patients. Since we cloned PD-L1 (17) and found that tumor-associated PD-L1 mediates 
tumor immune evasion (8), our group has been working on dissecting the molecular mechanisms of  the 

Figure 1. Bim upregulation in tumor-reactive CD8+ T cells is dependent on PD-1 and PD-L1 interaction. (A) Higher Bim expression (mean fluorescence 
intensity [MFI], mean ± SD) by PD-1+CD11ahiCD8+ T cells isolated from B16 melanoma tumors. (B) Higher frequency of Bim+ cells among PD-1+CD8+ T cells 
isolated from B16 tumors of WT and Bim KO mice. (C) Lower Bim expression by CD8+ T cells isolated from B16 tumors in PD-1 KO mice than WT mice. 
Data in A–C were analyzed using Mann-Whitney U test, *P < 0.05, **P < 0.01. (D) Bim expression by CD8+ T cells isolated from WT and PD-L1 KO breast 
tumors. Data are from 3 to 5 mice per group and are representative of 2 independent experiments. Data were analyzed using a paired 2-tailed Student t 
test, *P < 0.05. (E) PD-1 antibody (G4) or control IgG reduced Bim levels (MFI) in PD-1+CD11ahiCD8+ T cells in PD-L1 WT, but not in PD-L1 KO, tumor tissues. 
Data were analyzed via 1-way ANOVA with a Newman-Keuls multiple comparison test, *P < 0.05.
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PD-L1/PD-1 pathway in T cell dysfunction. Recently, we indicated that PD-L1 limits the entry of  effector 
CD8+ T cells into the memory pool by upregulating Bim, a proapoptotic molecule, in primed CD8+ T cells 
in vivo and in vitro (18). Furthermore, we showed that PD-L1 deficiency or blockade dramatically reduced 
Bim levels in effector CD8+ T cells and decreased T cell apoptosis (18), suggesting that Bim, a molecule 
known to play a crucial role in the physiologic deletion of  self-reactive immune cells (19), is also an under-
lying mediator of  PD-L1–induced T cell apoptosis (8). Based on these observations, we examined whether 
the interaction of  PD-1 with PD-L1 is directly involved in Bim upregulation in patients with advanced can-
cer and whether PD-1 blockade reduces Bim levels in tumor-reactive CD8+ T cells. We further translated 
our preclinical studies to evaluate Bim in the clinical setting as a biomarker to predict and monitor patient 
responses to anti–PD-1 therapy.

Results
Bim is a PD-1 downstream signaling molecule in tumor-reactive CD8+ T cells. We previously demonstrated that the 
ligand of  PD-1, PD-L1, is responsible for the upregulation of  Bim in activated CD8+ T cells in vivo (18). To 
further investigate whether PD-1 is directly involved in Bim upregulation in tumor-reactive CD8+ T cells, 
we isolated tumor-infiltrating lymphocytes (TILs) and measured the expression of  Bim in PD-1+ tumor-re-
active CD8+ T cells identified by their high expression of  CD11a (20). Both PD-1 and CD11a have been 
established by us and others as an identifier of  tumor-reactive CD8+ T cells in mouse and human melanoma 
systems (20, 21). As shown in Figure 1A, CD11ahi tumor-reactive CD8+ T cells, isolated from B16 mouse 

Figure 2. Bim upregulation is 
associated with PD-1 expression 
in melanoma patients. (A) A 
representative histogram shows 
Bim expression among subsets 
of CD8+ T cells in the peripheral 
blood of metastatic melanoma 
(MM) patients. Tn, naive T cells. 
(B) Frequency of Bim+ cells (%, 
mean ± SD) among PD-1+CD11ah-

iCD8+ T cells from peripheral 
blood of MM patients (n = 29) 
and healthy donors (n = 20). (C) 
Increased expression of Bim in 
PD-1+ cells compared with that in 
PD-1– cells among CD11ahiCD8+ T 
cells in the peripheral blood of MM 
patients (n = 26) but not in healthy 
donors (HD, n = 20). (D) A positive 
correlation between Bim and PD-1 
levels in CD11ahiCD8+ T cells of MM 
patients (n = 26). (E) Costaining of 
PD-1 and Bim in melanoma tissues. 
The yellow arrow indicates Bim and 
PD-1 double-positive tumor-infil-
trating lymphocytes, blue arrow 
indicates PD-1 single-positive 
tumor-infiltrating lymphocytes. 
The inset is an enlarged image of 
cells indicated by arrows. Isotype 
control of Bim antibody was 
used with anti–PD-1 together in 
the right panel. Original magni-
fication, ×400. Data in B and C 
were analyzed by nonparametric 
Mann-Whitney test, **P < 0.01. 
Data in D were analyzed by Pear-
son correlation test.
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melanoma tumors, were divided into PD-1+ and PD-1– subsets. Bim expression was higher in the PD-1+ 
subset than in the PD-1– subset. To validate the specificity of  Bim antibody, we injected B16 tumor cells into 
Bim KO mice and measured comparable tumor growth among WT mice and Bim KO mice (Supplemental 
Figure 1; supplemental material available online with this article; doi:10.1172/jci.insight.86014DS1). We 
then isolated TILs from tumors to examine and compare Bim levels between PD-1+CD8+ and PD-1–CD8+ 
T cells among WT and Bim KO mice. As shown in Figure 1B, the percentage of  Bim+ cells was higher in 
PD-1+CD8+ T cells than in PD-1–CD8+ T cells in WT mice (P < 0.01), according to the gating of  Bim+ cells 
based on the staining of  Bim KO CD8+ T cells with anti-Bim antibody or staining of  WT CD8+ T cells 
with isotype control Ig protein. Taken together, our data suggest that Bim can be specifically identified in 
tumor-reactive PD-1+CD8+ T cells.

To test whether PD-1 contributes to higher Bim expression, we injected (PD-L1+) tumor cells into PD-1 
KO mice and WT mice to compare Bim expression by CD8+ TILs. As shown in Figure 1C, CD11ahiCD8+ 
TILs expressed lower levels of  Bim in PD-1 KO mice than in WT mice (P < 0.01). To examine whether 
tumor-associated PD-L1 contributes to Bim upregulation in tumor-reactive CD8+ T cells, we isolated TILs 
from mice implanted with WT and PD-L1 KO mouse breast tumors. PD-L1 KO mouse breast tumors were 
established from NeuT mice backcrossed into PD-L1 KO mice (H. Dong et al., unpublished model). In 
the absence of  PD-L1, tumor cells induced less Bim in tumor-reactive CD11ahiCD8+ T cells than in WT 
tumors that have intact PD-L1 expression (Figure 1D). In addition, treatment with anti–PD-1 blocking 
antibody significantly reduced Bim levels in tumor-reactive PD-1+CD11ahiCD8+ T cells in PD-L1 WT, but 
not PD-L1 KO, tumor tissues in vivo (Figure 1E). Taken together, our results suggest that Bim upregulation 
in tumor-reactive CD8+ T cells is dependent on PD-1 and PD-L1 interaction.

Bim upregulation is correlated with PD-1 expression in melanoma patients. To examine whether Bim upreg-
ulation is a consequence of  PD-1 and PD-L1 interaction in patients with cancer, we compared Bim lev-
els (mean fluorescence intensity [MFI]) in tumor-reactive peripheral blood CD8+ T cells from patients 
with MM (newly diagnosed) to antigen-experienced CD8+ T cells from healthy donors based on their high 
expression of  CD11a (20, 22). Tumor-reactive CD8+ T cells were identified by their expression of  PD-1 
(23) and CD11a in the peripheral blood of  melanoma patients (20). We found that the PD-1+CD11ahi 
population expressed the highest level of  Bim relative to other subsets of  CD8+ T cells from patients with 
melanoma (Figure 2A). As shown in Figure 2B, the percentages of  Bim+ cells among PD-1+CD11ahiCD8+ 
T cells were 2.4-fold higher in the peripheral blood of  MM patients than in healthy donors (P < 0.01). To 
examine whether Bim upregulation is associated with PD-1 expression, we compared Bim levels between 
PD-1+CD8+ T cells and PD-1–CD8+ T cells in melanoma patients. As shown in Figure 2C, Bim levels were 
significantly higher in tumor-reactive PD-1+CD8+ T cells than in PD-1–CD8+ T cells isolated from MM 
patients (P < 0.01). In addition, Bim levels were positively correlated with PD-1 levels in tumor-reactive 
CD11ahiCD8+ T cells in this cohort of  melanoma patients (Figure 2D, P < 0.01, R = 0. 65). In contrast, 
there was no difference in Bim levels between the PD-1+ and PD-1– subsets in CD8+ T cells of  healthy 
donors (Figure 2C), although some antigen-experienced CD11ahiCD8+ T cells from healthy donors also 
express PD-1 (24). Interestingly, we observed that some, but not all, PD-1+ TILs expressed Bim within 
melanoma tumor tissues (Figure 2E), implying a functional diversity of  PD-1+ T cells with respect to their 
engagement with ligands in the tumor microenvironment. The specificity of  the Bim antibody used for 

Figure 3. Bim upregulation negatively affects the 
survival of melanoma patients. (A) The optimal 
cut-off point of Bim levels was defined as the 
mean Bim levels (mean fluorescence intensity 
[MFI]) of healthy donors (n = 10) plus 2 SD, i.e., 
15.4 + 10.5 × 2 = 36.4 (Bim MFI). This cut-off point 
of Bim MFI is closer to the mean Bim MFI (39.1) 
of melanoma patients (n = 19). (B) The survival 
curve of melanoma patients with high (n = 11) or 
low (n = 8) Bim levels in their tumor-reactive CD8+ 
T cells (P = 0.006). Data in B were analyzed using 
log-rank (Mantel-Cox) test.

http://dx.doi.org/10.1172/jci.insight.86014
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tissue staining was validated by preblocking with Bim protein (Supplemental Figure 2). Consistent with our 
preclinical work (18), these clinical studies indicate that Bim upregulation is dependent on PD-1 expression 
by tumor-reactive CD8+ T cells in patients with MM.

Bim upregulation has a negative impact on survival of  patients with MM. Given the proapoptotic role of  Bim 
in activated CD8+ T cells (25, 26) as a consequence of  PD-1 interaction with PD-L1 expressed by tumor 
cells, Bim upregulation may exert a negative impact on the clinical outcome of  cancer patients. To that 
end, we compared overall survival in a cohort of  patients with newly diagnosed unresectable MM who 
did not receive anti–PD-1 therapy and in whom we measured Bim expression in PD-1+CD8+ T cells. Since 
Bim expression by PD-1+CD8+ T cells was identified in both healthy donors and MM patients (Figure 2C), 

Figure 4. Bim upregulation in effector CD8+ T cells. (A) Positive correlations between Bim and granzyme B (n = 19) or T-bet (n = 26) levels in CD11ahiCD8+ 
T cells of melanoma patients. (B) High Bim and PD-1 expression in IFN-γ–producing CD8+ T cells stimulated with PMA and ionomycin. (C) Tumor anti-
gen-specific effector (IFN-γ+) CD8+ T cells have higher expression of Bim and PD-1 than noneffector (IFN-γ–) cells. Data in A and B were analyzed by Pearson 
correlation test. Data in C are from 4 MM patients per group and are representative of 2 independent experiments, *P < 0.05 (2-tailed unpaired t test). 
(D) Frequency of PD-1+CD11ahi cells among CD8+ T cells within B16 tumor tissues of WT and Bim KO mice (n = 9). The right-sided graphs show percentages 
of CD8+ T cells in tumor-infiltrating lymphocytes. (E) Frequency of IFN-γ–producing CD8+ T cells from tumor tissues of WT and Bim KO mice (n = 8). The 
background production of IFN-γ was shown in spleens of naive mice. Data in D and E were analyzed by Mann-Whitney U test, *P < 0.05, **P < 0.01.

http://dx.doi.org/10.1172/jci.insight.86014
https://insight.jci.org/articles/view/86014#sd
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we defined high Bim levels as above the mean level of  Bim (MFI) plus 2 SD (i.e., 36.4) of  healthy donors 
(Figure 3A); this Bim level was also closer to the mean Bim MFI (39.1) of  melanoma patients. As shown 
in Figure 3B, melanoma patients with higher Bim expression (>36.4 MFI, n = 11), had significantly shorter 
survival compared with patients with lower Bim (≤36.4 MFI, n = 8; 9.7 vs. 20 months, P < 0.05). Since we 
measured Bim levels before any treatment, we postulated that Bim upregulation in PD-1+CD8+ T cells neg-
atively affects survival in advanced melanoma. These data also provided a rationale to test whether patients 
with different levels of  Bim expression would respond differently to anti–PD-1 therapy.

Bim identifies PD-1+ tumor-reactive CD8+ T cells with effector function. Bim is a proapoptotic molecule that 
contributes to the deletion of  most active effector CD8+ T cells at the contraction phase of  a T cell response 
(19, 27, 28). To examine whether Bim is a regulator of  apoptosis in tumor-reactive effector CD8+ T cells in 
patients with melanoma, we examined the association of  Bim with effector CD8+ T cell markers, T-bet, a 
transcription factor of  effector CD8+ T cells (29), and granzyme B, a functional molecule of  effector CD8+ 
T cells (30). Interestingly, Bim expression had a significantly positive association with T-bet and granzyme 
B among circulating PD-1+ tumor-reactive CD8+ T cells in melanoma patients (Figure 4A). These results 
suggest that Bim upregulation is a unique feature of  PD-1+CD8+ T cells with effector function. Next, we 
examined whether CD8+ T cells at their effector phase, i.e., upon activation or antigen stimulation, express 
higher Bim or PD-1 than in the resting phase. First, we stimulated CD8+ T cells with PMA and ionomy-

Figure 5. PD-1 blockade decreases Bim expression induced by PD-L1 in human CD8+ T cells. (A) PD-L1 fusion protein induced Bim upregulation in 
preactivated human CD8+ T cells analyzed in vitro by flow cytometry. (B) Western blotting shows increased expression of Bim isoforms (EL, extra long; L, 
long; S, short) in CD8+ T cells stimulated with PD-L1 protein compared with control protein. The full unedited gel is shown in Supplemental Figure 4. (C) 
Frequencies of expression of some Bcl-2 family proteins in primary human CD8+ T cells stimulated with PD-L1 or control fusion proteins. Lines indicate 
each individual donor (n = 8). Data in A and C were analyzed using a Mann-Whitney U test, **P < 0.01. (D) Percentages (mean ± SD of 3 donors) of Bim+ 
cells in CD8+ T cells stimulated with PD-L1 mutants. The red line indicates the percentage of the Bim+ population induced by WT PD-L1. Stars indicate 
critical sites in human PD-L1 for binding to PD-1. (E) PD-L1–induced downregulation of AKT activation and phosphorylation of Bim. (F) Dose-dependent 
blocking effects of anti–PD-1 antibody (MIH4) on Bim levels (mean fluorescence intensity [MFI]) induced by PD-L1. (G) Two versions of humanized anti–
PD-1 antibodies (Ab-1 and Ab-2) decreased Bim expression induced by PD-L1 in human CD8+ T cells. Data are from 6 donors per group and are representa-
tive of 2 independent experiments.

http://dx.doi.org/10.1172/jci.insight.86014
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cin to initiate T cell activation. Among IFN-γ–producing CD8+ T cells, we found higher Bim and PD-1 
expression than in non-IFN-γ–producing cells (Figure 4B), suggesting that activated T cells with effector 
function indeed express higher levels of  Bim and PD-1. Besides PMA and ionomycin, which induce anti-
gen-independent T cell activation, we measured the expression of  Bim and PD-1 in effector CD8+ T cells 
that were stimulated by tumor antigens. CD8+ T cells isolated from melanoma patients were stimulated 
with melanoma antigens (MART-1 and gp100). Tumor antigen-specific effector CD8+ T cells were identi-
fied by their production of  IFN-γ. As shown in Figure 4C, Bim and PD-1 expression was dominant in the 
IFN-γ–producing population compared with the non-IFN-γ–producing population.

To confirm the role of  Bim in T cell activation and effector function, we examined and compared the 
generation and function of  tumor-reactive CD8+ T cells among WT and Bim KO mice. A lower frequency 
of  tumor-reactive (PD-1+CD11ahi) CD8+ T cells was generated in tumors of  Bim KO mice than in WT 
mice, although the total percentage of  CD8+ T cells increased in tumors of  Bim KO mice (Figure 4D). 
Additionally, tumor-reactive CD8+ T cells in Bim KO mice produced less IFN-γ than in WT mice (Figure 
4E). This defect of  IFN-γ production in Bim KO mice seems to be tumor-related, because both WT and 
Bim KO CD8+ T cells isolated from spleens of  naive mice produced comparable baseline levels of  IFN-γ 
upon ex vivo stimulation (Figure 4E). Taken together, our results suggest that Bim is required for CD8+ T 
cell activation in order to generate effector cells, and Bim upregulation could be a sign for activated CD8+ 
T cells with effector function.

PD-1 blockade decreases Bim expression induced by PD-L1 in human CD8+ T cells. Anti–PD-1 therapy is 
aimed at blocking the interaction of  PD-1 and its ligands in order to restore T cell function or rescue T 
cells from death. Since Bim upregulation is a consequence of  PD-1 and PD-L1 interaction, this suggests 
that anti–PD-1 blocking antibody may be able to reduce PD-L1–induced Bim upregulation in T cells. We 
previously reported that PD-L1 stimulation enhances apoptosis of  T cells activated by TCR stimulation 
(18). Using a similar approach, we established an in vitro system to induce Bim upregulation by PD-L1 
in human activated CD8+ T cells. PD-L1 dramatically increased Bim levels in preactivated CD8+ T cells, 
as analyzed by flow cytometry (Figure 5A). In addition, PD-L1–induced upregulation of  Bim was con-
firmed by Western blotting (Figure 5B). To explore whether other proapoptotic or antiapoptotic proteins 
change along with Bim in human T cells upon PD-L1 stimulation, we measured the expression of  each 

Figure 6. Changes of Bim levels predict responses to anti–PD-1 therapy in melanoma patients. (A) Bim levels (frequency [%] and mean fluorescence intensity 
[MFI]) among PD-1+CD11ahiCD8+ T cells at baseline in melanoma patients with progressive diseases (n = 7) and responders (n = 6). (B) Percentages of changes in 
the frequency of Bim+ cells among PD-1+CD11ahiCD8+ T cells at 12 weeks after anti–PD-1 (pembrolizumab) therapy of the same cohort of patients as in B. Data 
in A and B were analyzed by nonparametric Mann-Whitney test, *P < 0.05, **P < 0.01; error bars, median with interquartile ranges. (C) Imaging of metastatic 
melanoma (red arrows) in one patient with pseudoprogression at 12 weeks after anti–PD-1 therapy. (D) The changes of Bim levels (% and MFI) among circulat-
ing PD-1+CD11ahiCD8+ T cells of this patient at baseline and 12 and 16 weeks after PD-1 therapy.

http://dx.doi.org/10.1172/jci.insight.86014
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proapoptotic (Bim, Bad, and Bax) and antiapoptotic (Bcl-2 and Bcl-xL) molecule in human primary CD8+ 
T cells stimulated with or without PD-L1 fusion protein in vitro. As shown in Figure 5C, although PD-L1 
stimulation individually increased the expression of  proapoptotic (Bim, Bad, and Bax) and antiapoptotic 
molecules (Bcl-xL) compared with the control protein, only Bim changes reached statistical significance 
(P < 0.05). In contrast, Bcl-2 was expressed by most of  CD8+ T cells and did not change upon PD-L1 
stimulation. To further confirm that Bim overexpression in human primary CD8+ T cells by PD-L1 pro-
tein is dependent on the interaction with PD-1, we screened a number of  PD-L1 mutants for their ability 
to stimulate Bim upregulation in human CD8+ T cells. We found that PD-L1 mutants at Q66A, M115A, 
and R125A markedly disrupted the ability of  PD-L1 to induce Bim upregulation (Figure 5D). Since these 
3 amino acids reside at sites that are critical for PD-L1 binding to PD-1 (31), our data confirmed that 
Bim upregulation induced by PD-L1 is via PD-1/PD-L1 interaction. We previously reported that PD-L1 
regulates Bim expression through suppression of  AKT activation in mouse CD8+ T cells (18). To examine 
whether a similar mechanism applies to human CD8+ T cells, we measured phosphorylated AKT in human 
CD8+ T cells upon PD-L1 stimulation. As shown in Figure 5E, PD-L1 stimulation reduced phosphorylated 
AKT levels compared with control protein stimulation, suggesting a mechanism similar to PD-L1–medi-
ated AKT suppression, as in mouse CD8+ T cells. Since AKT activation enhances Bim phosphorylation 
leading to Bim degradation (32), we measured the levels of  phosphorylated Bim after PD-L1 stimulation. 
Interestingly, PD-L1 decreased phosphorylated Bim in human activated CD8+ T cells (Figure 5E). Our 
results suggest that PD-L1–induced Bim upregulation may be a result of  decreased degradation of  Bim via 
suppression of  AKT activation by PD-L1 and PD-1 interaction in T cells.

To test whether Bim upregulation induced by PD-L1 could be blocked by anti–PD-1 antibody, we 
screened several commercial available mouse anti-human PD-1 antibodies for their blocking effects and 
found one anti–PD-1 antibody clone (MIH4) that markedly blocked Bim upregulation induced by PD-L1 
in a dose-dependent fashion (Figure 5F). Additionally, we tested the blocking effects of  two humanized 
monoclonal antibodies against human PD-1 currently being used in clinical practice in patients with MM 
and lung cancer. Both antibodies demonstrated blocking effects in Bim upregulation induced by PD-L1 in 
human activated CD8+ T cells (Figure 5G) at the same dose (10 μg/ml). Taken together, our results indicate 
that PD-1 interaction with PD-L1 leads to upregulation of  Bim in human activated CD8+ T cells and PD-1 
blockade reduces Bim expression induced by PD-L1.

Bim levels identify responders to anti–PD-1 therapy in MM. Based on our preclinical evidence that Bim 
levels reflect the degree of  PD-1 interaction with PD-L1 in tumor-reactive CD8+ T cells, we next tested 
whether Bim could be used as a noninvasive monitoring or predictive biomarker to evaluate T cell 
responses in patients with cancer undergoing treatment with an anti–PD-1 monoclonal antibody. Among 
the 38 patients with melanoma who received anti–PD-1 (pembrolizumab) therapy on an expanded access 
program (see the Methods section), we identified 13 evaluable patients who had an unequivocal radio-
graphic objective tumor response (6 patients) or progression (7 patients) at the first tumor assessment at 
12 weeks and for whom we had baseline and 12-week peripheral blood samples available (Supplemental 
Table 1). As high Bim levels would predictably lead to increased T cell apoptosis, we initially hypothesized 
that patients with high Bim expression would be resistant to PD-1 blockade. On the contrary, we found 
that patients who experienced clinical benefit (either a complete response [CR] or partial response [PR]) 
after 4 cycles of  anti–PD-1 therapy had a higher frequency of  Bim+PD-1+CD8+ T cells in the peripheral 
blood and higher Bim MFI at baseline compared with patients with radiographic progression (Figure 6A 
and Supplemental Table 2). In addition, the frequencies of  Bim+PD-1+CD8+ T cells decreased signifi-
cantly after the first 3 months of  treatment in all responders compared with progressors (Figure 6B and 
Supplemental Table 2), including two patients who were found to have pseudoprogression at 12 weeks 
(progression on PET scan without CT correlate in one case and with negative biopsy in another case). 
In one patient described below, we measured a dramatic decline in the percentage of  Bim+CD8+ T cells 
at 12 weeks (after 4 doses of  anti–PD-1 therapy), while the PET scan showed progressive disease in the 
spleen (red arrow, Figure 6, C and D). Before the PET scan eventually confirmed improvement in the 
fluorodeoxyglucose-avid lesions at the same site (red arrow, Figure 6C) at 36 weeks, we identified further 
decline in Bim levels (both in percentages and MFI) in circulating tumor-reactive CD8+ T cells at 16 weeks 
after initial PD-1 therapy (Figure 6D). Our results suggest that measurement of  Bim levels could be used 
to monitor objective responses to anti–PD-1 therapy, especially in patients who might have radiographic 
pseudoprogression of  disease.
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In contrast to patients with pseudoprogression, 5 of  7 patients who experienced radiographic disease 
progression had increased Bim levels at 12 weeks (range, 12%–137%) and discontinued therapy either imme-
diately or at the next tumor assessment at 24 weeks. Two patients with radiographic disease progression 
at week 12 were found to have a decrease in Bim levels by 5% and 33%, respectively. The patient with a 
minimal change in Bim levels (–5%) ultimately experienced unequivocal tumor progression at 24 weeks and 
discontinued therapy. The patient with a more substantial decrease in Bim (–33%) was found to have isolated 
central nervous system progression at 12 weeks, with stable extracranial disease, and was continued on anti–
PD-1 therapy for more than 12 months after completion of  whole-brain radiation therapy. Taken together, 
our results suggest that measuring Bim levels in tumor-reactive CD8+ T cells could be used to a priori select 
patients who may derive clinical benefit from anti–PD-1 therapy and monitor responses during treatment.

Discussion
Here, we report that Bim is a downstream signaling molecule of  PD-1, which reflects the degree of  PD-1 
interaction with its ligand PD-L1 in tumor-reactive effector CD8+ T cells. While the mechanisms of  T cell 
apoptosis induced by tumor-associated PD-L1 are not clearly identified, our results suggest that upreg-
ulation of  Bim as a result of  PD-1/PD-L1 interaction may contribute to the deletion of  tumor-reactive 
PD-1+CD8+ T cells. On the other hand, we demonstrate that Bim could also be used to identify effector 
CD8+ T cells that are under the regulation of  the PD-1 pathway. We show that the increased frequen-
cies (percentages) of  Bim+PD-1+CD8+ T cells in a subset of  patients with MM reflect the presence of  
an increased number of  effector CD8+ T cells responsive to PD-1 blockade and may ultimately predict 
response to therapy. In the current study, we found that patients who experienced clinical benefit (patients 
with CR, PR, or stable disease) after 4 cycles of  anti–PD-1 therapy had a higher frequency of  Bim+ cells 
among PD-1+CD11ahiCD8+ T lymphocytes in the peripheral blood at baseline compared with patients 
with radiographic progression. We hypothesize that this is likely due to an abundant PD-1 interaction with 
its tumor-associated ligand PD-L1. Indeed, our findings are in agreement with previous reports of  worse 
survival (33), yet higher objective responses to anti–PD-1 therapy, in patients with PD-L1+ tumors (9, 34), 
with higher PD-L1 expression levels capturing the most PD-1–responsive population (35). The question 
remains of  whether there is a threshold of  Bim upregulation in individual T cells that would distinguish 
PD-1–expressing T cells, which have become committed to cell death, from those that have yet to fully 
engage their apoptotic machinery and could theoretically be reversed to be functionally engaged.

While the proapoptotic activity of  Bim during lymphocyte development and termination of  the 
immune response is well described (28), our studies suggest that Bim could also have a bifunctional role 
in regulating both T cell death and activation. We found a positive association between expression of  Bim 
and effector-related molecules (T-bet and granzyme B) in circulating tumor-reactive PD-1+CD8+ T cells 
in melanoma patients (Figure 4A) and showed that Bim is upregulated in the effector CD8+ T cells upon 
tumor antigen stimulation ex vivo (Figure 4B). In addition, we indicate that Bim is required for generation 
of  functional tumor-reactive effector CD8+ T cells in vivo (Figure 4, D and E). These results could explain 
why circulating T cells with high levels of  Bim, although they are prone to apoptosis, are still detectable 
in the peripheral blood of  cancer patients. Indeed, the increased levels of  Bim in PD-1+CD8+ T cells from 
patients with MM may reflect a recent encounter with the relevant tumor antigens. Our results are in agree-
ment with reports of  reduced effector function in Bim-deficient T cells in response to self-antigen or allo-an-
tigen stimulation (36, 37). In addition, recent studies suggest that effector T cell–derived IFN-γ is a primary 
inducer of  PD-L1 expression in the tumor microenvironment (38). However, the mechanism by which Bim 
participates in T cell activation is not completely understood and warrants further investigation. It is possi-
ble that Bim could either compete with Bcl-2 or Bcl-xL in forming a complex with the inositol triphosphate 
receptor on the endoplasmic reticulum to modulate Ca+2 release (36) or contribute to phosphorylation of  
PLCγ, a key step in TCR signaling pathway for T cell activation (37).

Moreover, it is still unclear how effector T cells with high levels of  Bim balance T cell activation or 
apoptosis, and this process could be dependent on the immunological context. Our results and those of  
others collectively suggest that Bim upregulation is a result of  TCR stimulation in effector cells (refs. 39, 40, 
and Figure 4B). A potential mechanism for effector lymphocytes to tolerate high levels of  Bim is to increase 
Bcl-2 (40). Actually, high levels of  Bim and Bcl-2 have been identified in a subset of  murine effector CD8+ 
T cells with a long life span following infection, and Bcl-2 depletion leads to a significant loss of  this popu-
lation (40). However, Bim upregulation by TCR stimulation alone may not be able to exceed the threshold 
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needed to initiate apoptosis, at least in the circulating blood. Once tumor-reactive T cells are exposed to 
their antigen at the tumor site, they interact with PD-L1 abundantly expressed by the tumor cells, and this 
process could further increase Bim and tip the balance in favor of  T cell apoptosis (8). This hypothesis is in 
agreement with our findings regarding the ability of  PD-L1 to increase Bim but not Bcl-2 or Bcl-xL (Figure 
5C). Therefore, circulating tumor-reactive PD1+CD8+ T cells with high levels of  Bim are virtual effector 
cells en route to tumors; they are not dying because they have not yet engaged PD-L1 in the systemic cir-
culation, but they will eventually undergo apoptosis if  they encounter PD-L1 expressed at the tumor sites.

Interestingly, a potential prognostic/predictive role of  Bim in malignant cells, but not in T cells, has 
been proposed in some solid cancers, such as EGFR mutant lung cancer. Recent studies have shown that, 
in cells dependent upon mutant EGFR signaling for survival, EGFR kinase inhibition reduces Bim levels 
through Bim dephosphorylation. In these studies, the enhanced proapoptotic activity of  Bim seems to be 
required for tyrosine kinase inhibitor–induced cell death. Among patients with EGFR mutant non–small-
cell lung cancer included in the randomized phase III EURTAC trial (41) comparing erlotinib with chemo-
therapy, high Bim expression in the tumor was identified as a marker of  longer progression free survival 
and overall survival (42, 43).

Similarly, our results provide a strong rationale for the use of  PD-1 blockade in patients with high levels 
of  Bim because of  their high risk of  death and the presence of  an increased target CD8+ T cell population 
that contains potentially reversible tumor-reactive (PD-1+CD11ahi) CD8+ T cells. Since high Bim levels are 
associated with tumor-reactive CD8+ T cells with effector function, our findings also imply that tumor-reac-
tive CD8+ T cells at their effector phase may represent the T cell population that is most sensitive to PD-1 
regulation. High Bim expression may identify a population of  effector cells in which PD-1 has engaged 
PD-L1. Thus, the high frequency of  Bim+CD8+ T cells in responders to anti–PD-1 therapy (Figure 6A) not 
only suggests that responders may harbor more tumor-reactive effector CD8+ T cells than nonresponders, 
but also that these cells may be more sensitive to the regulation of  PD-1. In these patients, the higher fre-
quency of  Bim+CD8+ T cells suggests that they have an increased number of  effector cells that have been 
recently primed by relevant tumor antigens and can be rescued by PD-1 blockade to augment the antitumor 
immune response. On the other hand, the lower frequency of  Bim+CD8+ T cells in nonresponders (Figure 
6A) suggests either the availability of  fewer effector cells or decreased tumor antigen stimulation; in either 
case, PD-1 blockade was not able to make a significant impact in this clinical context. Interestingly, after 12 
weeks of  treatment, the frequency of  Bim+CD8+ T cells decreased dramatically in the responders (Figure 
6B), suggesting less stimulation with tumor antigens or with tumor-associated PD-L1 likely due to tumor 
regression. Interestingly, patients who experienced pseudoprogression at the time of  the first tumor assess-
ment had a decreased frequency of  peripheral blood Bim+CD8+ T cells and decreased Bim MFI at 12 weeks 
compared with baseline (Figure 6, C and D), suggesting a consistency of  peripheral T cell Bim levels and an 
ultimate tumor response to anti–PD-1 therapy. We also noted that more PD-1+CD11ahiCD8+ T cells were 
retained in the peripheral blood after 4 cycles of  therapy in the group of  patients who experienced objective 
responses (patients with CR or PR) compared with patients with no clinical benefit, although the change 
was not statistically significant (Supplemental Table 2).

Although PD-1+ tumor-reactive CD8+ T lymphocytes were the main effector cells expressing high lev-
els of  Bim in the tumor microenvironment, we also identified high Bim expression in NK cells but not in 
CD4 T cells (Supplemental Figure 3). Since most of  NK cells isolated from tumor tissues, but only a small 
percentage of  NK cells isolated from the spleen, expressed Bim, our results imply that NK cells may also 
be subject to the regulation mediated by the PD-L1/PD-1 pathway within the tumor immune milieu. The 
clinical implication of  Bim expressed by tumor-associated NK cells is interesting; it suggests that the innate 
immune response to tumors could be a new target for immune checkpoint therapies, which warrants fur-
ther investigation. Indeed, understanding how to precisely manipulate PD-1 and its receptors may provide 
unique opportunities for designing novel combinatorial therapies.

Limitations of  our study include the relatively small cohort of  patients and the fact that only one anti–
PD-1 antibody (pembrolizumab) was used clinically. Therefore, we are currently prospectively evaluating 
larger cohorts to determine the threshold for Bim upregulation in individual T cells that would distinguish 
PD-1+CD11ahiCD8+ T cells that have become committed to cell death from those that have yet to fully 
execute their apoptotic machinery. Similarly, future work is focusing on defining to what degree a reduction 
of  Bim levels could theoretically be achieved by PD-1 blockade. Since our study mainly focused on the 
changes of  Bim levels in circulating PD-1+CD11ahiCD8+ T cells, what degree the changes in the peripheral 
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blood correlate with those in the tumor tissue is still an open question. In addition, future studies are war-
ranted to evaluate whether Bim could be used in the monitoring of  other tumor types with respect to their 
responses to anti–PD-1 therapy.

In conclusion, our findings indicate that measurement of  Bim levels (frequency and MFI) in tumor-reac-
tive PD-1+CD11ahiCD8+ T cells in the peripheral blood of  patients with MM may be a less invasive and more 
sensitive strategy to monitor or possibly predict responses to anti–PD-1 therapy. Our results are clinically 
significant because the discovery of  biomarkers of  sensitivity is vital for informing clinical decision-mak-
ing, not only in selecting those patients with MM (and possibly other malignancies) who are most likely to 
benefit from the immunotherapy, but in identifying those patients with late therapeutic responses, thereby 
exposing fewer patients to inadequate treatments and their associated toxicities and costs. In addition, a 
great advantage of  our approach lies in the ease of  serial peripheral blood testing as compared with repeated 
invasive tissue biopsies.

Methods
Detection of  human tumor-reactive CD8+ T cells. Peripheral blood mononuclear cell (PBMC) samples were 
collected from patients with melanoma. Antibodies for CD8, CD11a (HI111), PD-1 (EH12.2H7) were 
purchased from BioLegend and IFN-γ (4S.B3) was purchased from eBioscience. The tumor antigen spec-
ificity of  CD11ahiPD-1+CD8+ T cells was confirmed by staining with HLA-A2/MART-1 tetramer. The 
function of  human tumor-reactive CD8+ T cells was measured by intracellular staining for IFN-γ. Briefly, 
lymphocytes were incubated with MART-1 and gp100 (Mayo Clinic Peptide Core) at 1 μg/ml of  each or 
PMA (50 ng/ml)/ionomycin (500 ng/ml) for 5 hours. After incubation, cells were stained for surface mark-
ers followed by intracellular staining for IFN-γ. To enrich tumor antigen-specific CD8+ T cells, PBMCs of  
melanoma patients were incubated with antigen peptides for 1 week in complete RPMI medium containing 
human IL-2 (10 U/ml, Proleukin, Mayo Pharmacy) before functional analysis.

Measurement of  intracellular proteins in tumor-reactive CD8+ T cells. Following cell surface staining for 
CD11a and PD-1, CD8+ T cells were incubated with purified anti-mouse CD16/32 antibody for blocking 
nonspecific binding of  immunoglobulin to Fc receptors. To detect intracellular Bim, granzyme B, or T-bet, 
cells were incubated with Fixation Buffer (BioLegend), followed by permeabilization using permeabiliza-
tion wash buffer (Biolegend). Anti-Bim rabbit monoclonal antibody (clone C34C5; catalog 2933), anti-Bax 
(D2E11, 5023), anti-Bad (D24A9, 9239), anti–Bcl-2 (50E3, 2870), anti–Bcl-xL (54H6, 2764), and appropri-
ate isotype control (rabbit [DA1E] monoclonal Ab IgG XP) were purchased from Cell Signaling and were 
added into cells and incubated for an hour. After staining, cells were washed 3 times with washing buffer 
before analysis. FITC- or PE-conjugated secondary antibody to rabbit IgG was used for flow cytometry 
assay. At least 100,000 viable cells were live gated on a FACSCailbur of  FACSCanto instrument (BD Bio-
sciences). Flow cytometry analysis was performed using FlowJo software (Tree Star). Bim expression was 
presented by frequency of  Bim+ cells among tumor-reactive CD8+ T cells or Bim levels (MFI) in tumor-re-
active CD8+ T cells.

Costaining of  PD-1 and Bim in human tumor tissues. Paraffin-embedded tissue sections were cut into 5-μm 
sections and deparaffinized. After antigen retrieval, sections were washed in running distilled H2O and 
wash buffer. Sections were blocked for 5 minutes with Endogenous Peroxidase Block (Dako S2001) and 
washed and blocked for 5 minutes in Background Sniper (Biocare Medical BS966L). Slides were incu-
bated overnight at 4°C in rabbit anti-human Bim (Cell Signaling 2933s, clone C34C5) monoclonal antibody 
diluted 1:100 in DaVinci Green Antibody Diluent (BioCare Medical PD900L). Sections were washed and 
incubated for 15 minutes each in rabbit probe and rabbit polymer AP (Mach 3 Rabbit AP Polymer Detec-
tion Kit, BioCare Medical M34533L). Sections were visualized using Warp Red Chromogen (BioCare 
Medical WR806H) for 5 minutes. Subsequently, sections were incubated for 5 minutes in 80°C Citrate Buf-
fer (Dako S2369), pH 6, rinsed in wash buffer, and incubated in Background Sniper for 5 minutes. Mouse 
monoclonal anti-human PD-1 (Abcam ab52587, clone NAT105) was applied to sections at 1:400 dilution 
and incubated for 1 hour at room temperature. Sections were washed and incubated for 10 minutes each 
in mouse probe and mouse polymer HRP (Mach 3 Mouse HRP Polymer Detection kit, Biocare Medical 
M3M530L) and visualized for 1 minute in DAB (Biocare Medical BDB2004L). Sections were counter-
stained with hematoxylin and coverglass mounted with Permount.

Patient population and study design. Patients with histologically confirmed unresectable MM who were 
eligible to start therapy with the anti–PD-1 monoclonal antibody pembrolizumab under an expanded 
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access program (MK-3475-030, NCT02083484) were offered participation in an IRB-approved biomarker 
substudy at our institution (IRB 430-00). Eligibility criteria for enrollment in the expanded access program 
included progression on prior ipilimumab therapy and on BRAF inhibition therapy if  BRAF mutant, age 
over 18 years, Eastern Cooperative Oncology Group performance status of  0 to 2, adequate organ function, 
and life expectancy ≥3 months. Patients with previously treated brain metastases had to be clinically stable. 
Major exclusion criteria were active infections or autoimmune diseases or receiving systemic immune sup-
pressive therapy or live-virus vaccines. Patients were treated with pembrolizumab 2 mg/kg i.v. over 30 min-
utes every 3 weeks. Peripheral blood was collected at baseline, prior to initiation of  anti–PD-1 therapy, and 
at the time of  first radiographic tumor assessment at 12 weeks for all patients. Subsequently, every effort 
was made to further collect peripheral blood samples at each subsequent radiographic tumor evaluation for 
patients continuing on anti–PD-1 therapy. Radiographic tumor assessment was done per clinical practice 
with the choice of  imaging left at the discretion of  the treating physician.

Bim upregulation in human primary T cells. Human preactivated CD8+ T cells were purified from PBMCs 
that had been incubated with PHA-L (Sigma-Aldrich, 5 μg/ml per 106 cells) for 48 hours. To induce Bim 
upregulation, preactivated CD8+ T cells were incubated with plate-bound PD-L1 (B7-H1) fusion protein 
(R&D Systems) or control fusion protein in the presence of  anti-CD3 antibody. Human PD-L1 mutant pro-
teins were purchased from BPS Bioscience. After 24 hours of  stimulation with PD-L1, cells were harvested 
and analyzed for intracellular Bim expression using flow cytometry or Western blotting assay. To block 
PD-1/PD-L1 interaction-induced Bim upregulation, preactivated CD8+ T cells were incubated with 10 μg/
ml of  mouse anti-human PD-1 antibody (clone MIH4, eBioscience, special order for functional grade-puri-
fied version) or humanized antibody to PD-1 (Keytruda or Opdivo, Mayo Clinic Pharmacy) for 20 minutes 
before culture with PD-L1 fusion protein.

Mice, cell lines, and reagents. Female C57BL/6 and BALB/c mice were purchased from Taconic Farms 
and were used at an age of  12 weeks. PD-1 KO C57BL/6 mice were provided by L. Chen (Yale University, 
New Haven, Connecticut, USA) with the permission of  T. Honjo (Kyoto University, Kyoto, Japan). The 
Bcl2l11–/– (Bim KO) mice on a C57BL/6 background were purchased from Jackson Laboratory. Mice were 
maintained under pathogen-free conditions and used at 8 to 12 weeks of  age. PD-L1 WT or KO tumor cells 
were isolated from WT breast cancer NeuT mice provided by L. Pease (Mayo Clinic, Rochester, Minne-
sota, USA) or from PD-L1 KO NeuT mice (Mayo Clinic, Rochester, Minnesota, USA). B16 or B16-OVA 
murine melanoma cells were provided by R. Vile (Mayo Clinic, Rochester, Minnesota, USA). All cell lines 
were free of  Mycoplasma contamination (Mycoplasma Detection kit; Roche Diagnostics). Tumor cells were 
cultured in RPMI 1640 medium (Cellgro) with 10% FBS (Life Technologies), 1 U/ml penicillin, 1 μg/ml 
streptomycin, and 20 mM HEPES buffer (all from Mediatech).

TIL analysis. C57BL/6 mice (5 mice per group) were inoculated subcutaneously with 5 × 105 B16-OVA 
tumor cells, and BALB/c mice (5 mice per group) were inoculated subcutaneously with 1 × 105 PD-L1 WT 
or PD-L1 KO breast tumor cells. Once tumors were established (day 7–10 after tumor injection), tumor 
tissues were removed and incubated in digestion buffer (RPMI medium containing 5% fetal bovine serum, 
0.02% collagenase IV, 0.002% DNase I, and 10 U/ml of  heparin) for 40 minutes followed with isolation of  
lymphocytes. To block the PD-1 pathway, on day 9 after B7-H1 (PD-L1) WT or KO breast cancer cells were 
injected into BALB/c mice, mice were treated with intratumoral injection of  anti-mouse PD-1 antibody 
(clone G4, Mayo Clinic Antibody Core Facility) or control IgG (catalog BP0091, BioXcell) at 20 μg 3 times 
for a 3-day interval. On day 2 after last treatment, TILs were isolated for analysis of  Bim levels (MFI) in 
PD-1+CD11ahiCD8+ T cells.

Statistics. Nonparametric Mann-Whitney test was used to compare baseline frequencies of  Bim+ 
cells among PD-1+CD11ahiCD8+ T cells and Bim MFI in patients who had disease control (CR or PR) 
compared with those who had progressive disease at 12 weeks and to compare percent change at first 
radiographic tumor evaluation (12 weeks) in patients who had CR/PR compared with those who had 
progressive disease. Change in tumor burden at 12 weeks was assessed by investigators using RECIST 
1.1. For patients undergoing fluorodeoxyglucose-PET scanning, assessment of  tumor progression was 
done per existing RECIST guidelines. The correlation of  Bim with PD-1, granzyme B, and T-bet was 
analyzed by Pearson correlation test. Data are presented as mean ± SD. The differences in Bim levels or 
IFN-γ production and percentages of  effector cells between 2 animal groups were mainly analyzed by 
2-tailed Mann-Whitney U test. Paired 2-tailed Student’s t test was used to compare the difference of  Bim 
levels between WT and PD-L1 KO tumors growing at the same host mice. All statistical analyses were 
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performed using GraphPad Prism software 5.0 (GraphPad Software Inc.). A P value of  less than 0.05 was 
considered statistically significant.

Study approval. The Mayo Clinic Animal Care and Use Committee approved all animal experiments. 
Human blood leukocytes were acquired from anonymous donors, who had consented for blood donation, 
from the Blood Transfusion Center at Mayo Clinic. All patients provided signed informed written consent, 
and the study was approved by the Mayo Clinic Rochester IRB.
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