




effector cell–killing activity against SK2.PG tumor cells expressing
both HLA-G and PDL1 (Fig. 6D–G).
In addition, evaluating the role of LILRB1 and PD1 in BiTE

molecule–mediated T cell activation assays, we also performed

MLR assays, comparing the effects of anti-LILRB1 or anti-PD1
alone and in combination on T cell activation. We found that
the combination of anti-PD1 and anti-LILRB1 blockade leads
to significantly increased IFN-g production compared with either

FIGURE 4. LILRB1 expression on CD8+ T cell surface is upregulated by effector cytokines and anti-PD1 blockade. (A) FACS analysis of LILRB1 (left

panel) and PD1 (right panel) expression on the surface of CD8+ T cells upon TCR activation (solid lines). Gray-filled histograms are control CD8+ T cells

without stimulation. (B) Quantitation of the results from (A) across multiple donors (n = 5). (C) Purified human CD8+ TEM cells were activated with anti-

CD3 plus anti-CD28 in the presence of 10 mg/ml recombinant human PDL1 (rhuPDL1, solid lines) or human IgG1 (control, dashed lines). After 48 h,

LILRB1 (left panel) and PD1 (right panel) expression was determined by FACS analysis. Gray-filled histograms are isotype staining controls. (D)

Quantitation results of (C) across multiple donors (n = 3). Representative data shown as mean 6 SD. (E) Human PBMCs were stimulated with rIL-2, IL-15,

or TNF for 48 h (solid lines) and subjected to FACS analysis. Gray-filled histograms represent CD8+ T cells gated from unstimulated PBMCs. (F)

Quantitation of (E) across multiple donors (n = 5). *p , 0.05, Student t test. ns, not significant.
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treatment alone (Fig. 6H, 6I). Taken together, these data indicate
that LILRB1 functions as an inhibitory receptor for a unique
population of PD12 TEFF and suggest that the combination of
LILRB1 and PD1 blockade may be required to mobilize the full
complement of tumor-associated CD8+ T cells to participate in the
antitumor response.

Discussion
BiTE molecules have been shown to activate CD8+ T cells and
enhance CTL function in vitro and in vivo (34). The BiTE Ab
construct showed translating to inhibition of solid tumor growth in

preclinical mouse models (35). However, the ability of BiTE
molecules to effectively treat solid tumors in patients is still under
evaluation. Major challenges associated with applying BiTE

molecules to the treatment of solid tumors are the suppressive
tumor microenvironment and the expression of multiple check-
point inhibitory receptors by tumor-associated T cells that func-
tion to reduce BiTE molecule activity and thus limit their

therapeutic efficacy. For example, the PD1 pathway and the
presence of TGF-b or IL-10 can reduce BiTE molecule–mediated
CD8+ cytolytic T cell–killing activity in vitro (35, 36). Identifying
additional regulatory pathways capable of restricting CD8+ T cell

FIGURE 5. LILRB1 and PD1 are expressed by distinct CD8+ T cell subsets in tumor. (A) Representative FACS plot to show LILRB1 and PD1 expression

on TCR-activated human CD8+ T cells. Percentage of cells in each quadrant is indicated. (B and C) Single-cell RNAseq swarm plots showing the expression

of indicated genes in tumor-infiltrated CD8+ T cell clusters isolated from NSCLC (B) or hepatocellular carcinoma (C). (D) Boxplots of LILRB1 and PD1

gene expression in tumor-infiltrated CD8+ T cell clusters from NSCLC patients. Each dot represents average gene expression from a given patient.

****p , 0.0001, paired Student t test. (E) Representative FACS plots to show LILRB1 and PD1 expression on tumor-infiltrating CD8+ T cells. Numbers

represent percentage of cells in a given quadrant. (F) Quantitation of (E) from 11 NSCLC tumor patients. Percentage of total tumor CD8+ T cells expressing

LILRB1 (in red), PD1 (in blue), or both (in gray) in each tumor.

1084 LILRB1 IS A TUMOR CD8+ T CELL CHECKPOINT DISTINCT FROM PD1

 by guest on Septem
ber 15, 2019

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/


FIGURE 6. Anti-LILRB1 synergize with anti-PD1 to promote CD8+ T cell effector function. (A) Dot plots to show HLA-G and PDL1 expression on established tumor

cells lines. (B) Representative FACS plots to show gating strategy for CCR72 CD8+ T cell sorting from healthy donor PBMCs (left panel) and LILRB1 and PD1 ex-

pression on sorted CCR72CD8+ T cells (right panel). (C) Sorted CCR72CD8+ T cells were incubated with indicated tumor cells in the presence of indicated amount of

MART-1–specific BiTE molecule. Specific cytotoxicity was determined after 45 h. Results shown as mean6SD from triplicated wells and are a representative from three

independent experiments using two healthy donors as the source of CD8+ T cells. Numbers are maximum percentage of specific lysis. (D–F) BiTE molecule–mediated

cytotoxicity of isolated CCR72CD8+ T cells to indicated target cells in the presence of anti-LILRB1 blocking Ab (light gray bars), anti-PD1 blocking Ab (dark gray bars),

combination of anti-LILRB1 and anti-PD1 (black bars), or isotype control Ab (open bars). T cell and tumor cells coculture with no BiTE Ab construct was used as baseline

for specific lysis calculation. Percentage of specific lysis (D), T cell activation represented by CD69 upregulation measured by FACS (E), and perforin production by

Luminex (F) was determined and plotted. Results shown as mean 6 SD of triplicated wells. Data are a representative of three independent experiments using T cells

isolated from two donors. (G) Quantitation of anti-LILRB1 plus anti-PD1 in promoting CCR72CD8+ T cell cytolytic activity. Each dot represents data obtained from an

individual donor. *p, 0.05, paired Student t test. (H and I) Isolated total T cells were cocultured with allogeneic CD11c+ cells in the presence of indicated Abs. After 5 d,

culture supernatants were collected, and IFN-g levels were determined by ELISA. Data are plotted as mean 6 SD. Results is representative of three independent ex-

periments with T cells from two individual donors and CD11c+ cells from three individual donors. *p , 0.05, **p , 0.01, Student t test.
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function is critical for our ability to unlock the full potential of
BiTE molecule therapies and other T cell–targeted approaches in
solid tumors.
In this study we identify LILRB1 as a novel checkpoint in-

hibitory molecule capable of restricting BiTE molecule–mediated
CD8+ T cell effector function. Given the following factors: 1)
LILRB1 is highly expressed by the CD8+ TEMRA subset, which
is the most potent population for BiTE molecule–induced toxicity,
2) LILRB1–expressing CD8+ T cells infiltrate solid tumors, 3)
HLA-G overexpression has been reported in many solid tumors,
and its expression is positively associated with poor prognosis
(37), and 4) LILRB1 blockade increases CD8+ T cell cytolytic
activity in vitro, these findings suggest that blocking LILRB1 may
enhance BiTE molecule–mediated efficacy against solid tumors.
Blocking LILRB1 may be especially important in the context of
HLA-G+ solid tumors, in which LILRB1-mediated inhibitory
signals may be a dominant mechanism restricting cytolytic CD8+

T cell effector function. Similar to previous observations (38), we
find that LILRB1 is coexpressed with perforin and granzyme B
in human CD8+ T cells. We extend these findings by performing
RNAseq analysis on CD8+ T cells that were sorted based on
LILRB1 expression, demonstrating that LILRB1+ CD8+ T cells
preferentially express multiple effector molecules beyond perforin
and granzymes. These data suggest functional specialization of
the LILRB1+ T cell subset for cytolytic activity, a hypothesis
consistent with findings from our BiTE molecule–mediated cy-
totoxicity studies. In addition to marking effector CD8+ T cells
with potent cytolytic activity, we also demonstrate that LILRB1
functions as an immune checkpoint receptor, effectively inhibiting
both Ag-specific CTL cytolytic activity and BiTE molecule–
induced polyclonal activation of effector CD8+ T cells.
Importantly, we find that LILRB1 and PD1 are preferentially

expressed by distinct CD8+ T cell subsets in both tumor tissue
and in healthy donor blood. The nonoverlapping expression of
LILRB1 and PD1 in tumor-infiltrating CD8+ T cells is also ob-
served by single-cell RNAseq analysis in multiple tumor types,
including hepatocellular carcinoma (11), NSCLC (12), and colo-
rectal cancer (39). Although many well-studied inhibitory recep-
tors, such as TIM3 and CTLA-4, are coexpressed with PD1 on
CD8+ TEXH in tumor, LILRB1+ CD8+ T cells are largely devoid of
these inhibitory receptors. These data suggest that LILRB1+ cells
are not subject to the same regulatory pathways as TEXH. Previous
studies have demonstrated that NKR, such as KLRG-1, KLRC-1,
and KIRs, are upregulated during CD8+ T cell differentiation to-
ward an effector phenotype. Further analysis of published single-
cell RNAseq data demonstrated that these NKRs either have low
expression levels on very few CD8+ T cells, such as many KIRs,
or their expression is largely not overlapping with LILRB1, such
as KLRC-1. These findings suggest that LILRB1 is unique in
terms of its expression and function on CD8+ T cells.
The regulation of LILRB1 gene expression is largely unknown

(40). We find that cytokines that promote T cell effector function
(such as IL-2 and IL-15) but not proinflammatory cytokines, such
as TNF-a, increase LILRB1 expression. Interestingly, blocking
PD1 also enhances LILRB1 expression, possibly because of in-
creased IL-2 production by T cells upon PD1 blockade. Interest-
ingly, expression of KLRG-1, another inhibitory receptor that is
highly expressed by subsets of effector CD8+ T cells, is also up-
regulated by IL-2 (41). Thus, LILRB1 upregulation may serve as a
negative feedback regulator for effector CD8+ T cells in response
to signals that boost CD8+ T cell effector function. An implication
of these data is that blocking LILRB1 will be additive/synergistic
with PD1 blockade both by virtue of the ability of this therapeutic
combination to activate two different CD8+ T cell subsets and the

potential for anti-PD1/PDL1 therapy to increase differentiation
and accumulation of LILRB1+ effector T cells, whose activity
would be potentiated by anti-LILRB1.
Our study identifies LILRB1 as an inhibitory pathway that is

highly differentiated from current immune checkpoint inhibitor
combinations and has clear relevance as a therapeutic target capable
of enhancing the efficacy BiTE molecules or other T cell–targeted
approaches that are currently undergoing clinical evaluation.
Moreover, our findings also generate, to our knowledge, new
hypotheses beyond BiTE Ab construct therapy, suggesting that
further characterization of T cell heterogeneity in tumors with
respect to function and expression of inhibitory pathways may
identify orthogonal mechanisms regulating distinct aspects of
the antitumor T cell response, thus representing attractive targets
for combination therapy approaches.
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Corrections

Kim, A., C.-J. Han, I. Driver, A. Olow, A. K. Sewell, Z. Zhang, W. Ouyang, J. G. Egen, and X. Yu. 2019. LILRB1 blockade enhances
bispecific T cell engager antibody–induced tumor cell killing by effector CD81 T cells. J. Immunol. 203: 1076–1087.

Because of errors in the preparation of Fig. 5, several of the swarm plots from Fig. 5B were inadvertently duplicated in Fig. 5C. The
corrected figure is shown below. The figure legend was correct as published and is shown below for reference. Fig. 5 also has been
corrected in the online version of the article, which now differs from the print version as originally published.
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FIGURE 5. LILRB1 and PD1 are expressed by distinct CD81 T cell subsets in tumor. (A) Representative FACS plot to show LILRB1 and PD1 ex-

pression on TCR-activated human CD81 T cells. Percentage of cells in each quadrant is indicated. (B and C) Single-cell RNAseq swarm plots showing the

expression of indicated genes in tumor-infiltrated CD81 T cell clusters isolated from NSCLC (B) or hepatocellular carcinoma (C). (D) Boxplots of LILRB1

and PD1 gene expression in tumor-infiltrated CD81 T cell clusters from NSCLC patients. Each dot represents average gene expression from a given patient.

****p , 0.0001, paired Student t test. (E) Representative FACS plots to show LILRB1 and PD1 expression on tumor-infiltrating CD81 T cells. Numbers

represent percentage of cells in a given quadrant. (F) Quantitation of (E) from 11 NSCLC tumor patients. Percentage of total tumor CD81 T cells expressing

LILRB1 (in red), PD1 (in blue), or both (in gray) in each tumor.
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