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C A N C E R

MHC proteins confer differential sensitivity to CTLA-4 
and PD-1 blockade in untreated metastatic melanoma
Scott J. Rodig1,2*, Daniel Gusenleitner1, Donald G. Jackson3, Evisa Gjini1, Anita Giobbie-Hurder4, 
Chelsea Jin3, Han Chang3, Scott B. Lovitch2, Christine Horak3, Jeffrey S. Weber5, Jason L. Weirather4, 
Jedd D. Wolchok6, Michael A. Postow6,7, Anna C. Pavlick5, Jason Chesney8, F. Stephen Hodi9*

Combination anti–cytotoxic T lymphocyte antigen 4 (CTLA-4) and anti–programmed cell death protein 1 (PD-1) 
therapy promotes antitumor immunity and provides superior benefit to patients with advanced-stage melanoma 
compared with either therapy alone. T cell immunity requires recognition of antigens in the context of major his-
tocompatibility complex (MHC) class I and class II proteins by CD8+ and CD4+ T cells, respectively. We examined MHC 
class I and class II protein expression on tumor cells from previously untreated melanoma patients and correlated 
the results with transcriptional and genomic analyses and with clinical response to anti–CTLA-4, anti–PD-1, or 
combination therapy. Most (>50% of cells) or complete loss of melanoma MHC class I membrane expression was 
observed in 78 of 181 cases (43%), was associated with transcriptional repression of HLA-A, HLA-B, HLA-C, and 
B2M, and predicted primary resistance to anti–CTLA-4, but not anti–PD-1, therapy. Melanoma MHC class II membrane 
expression on >1% cells was observed in 55 of 181 cases (30%), was associated with interferon- (IFN-) and IFN-–
mediated gene signatures, and predicted response to anti–PD-1, but not anti–CTLA-4, therapy. We conclude that 
primary response to anti–CTLA-4 requires robust melanoma MHC class I expression. In contrast, primary response 
to anti–PD-1 is associated with preexisting IFN-–mediated immune activation that includes tumor-specific MHC 
class II expression and components of innate immunity when MHC class I is compromised. The benefits of com-
bined checkpoint blockade may be attributable, in part, to distinct requirements for melanoma-specific antigen 
presentation to initiate antitumor immunity.

INTRODUCTION
Patients with advanced melanoma derive greater benefit from 
combined treatment with antibodies targeting cytotoxic T lympho-
cyte antigen 4 (CTLA-4) and programmed cell death protein 1 (PD-1) 
than from either antibody alone (1, 2). However, the shared and 
unique biological effects derived from inhibiting the two immune 
checkpoint proteins are still poorly understood. In vitro and pre-
clinical models show that CTLA-4, expressed by T cells, binds mem-
bers of the B7 family expressed by antigen-presenting cells (APCs) 
to inhibit T cell costimulation during the priming and effector phases 
of T cell activation (3, 4). PD-1, expressed by activated T cells, binds 
the PD-1 ligands expressed by tumors and APCs to inhibit T cell 
effector function, a reversible phenotype termed “exhaustion” (5, 6). 
Combined CTLA-4 and PD-1 blockade relieves both inhibitors of 
T cell activity and generally results in superior antitumor activity 
compared with either therapy alone (7–9). However, antitumor 
immune responses remain dependent on T cell recognition of tumor- 
specific antigens in the context of major histocompatibility complex 
(MHC) proteins to affect tumor regression (10–12).

Validation of these mechanisms of action in patients treated with 
therapeutic anti–CTLA-4 and anti–PD-1 antibodies is ongoing. There 
are presently no cellular or protein biomarkers predictive of response 
to anti–CTLA-4 treatment. In contrast, the presence of a T cell 
infiltrate, PD-1+ immune cells, and programmed cell death ligand 
1–positive (PD-L1+) inflammatory and tumor cells in pretreatment 
biopsy samples are indicators of ongoing but exhausted antitumor 
immunity and predict better clinical response and overall patient sur-
vival with anti–PD-1 treatment (13–18). Tumors with a high burden 
of somatic mutations are also associated with better outcomes 
among patients treated with anti–CTLA-4 or anti–PD-1 therapy, 
presumably because of an increased number of neopeptide antigens 
presented by tumor cells to T cells in the context of MHC (19–21).

Emerging data suggest that reduction or loss of proteins associated 
with antigen presentation can be a mechanism to evade antitumor 
immunity after immune checkpoint blockade (22). However, the preva-
lence and significance of altered antigen presentation remain incom-
pletely characterized. We evaluated the expression of MHC class I 
and class II proteins in pretreatment biopsy samples from patients 
treated with ipilimumab (IPI; anti–CTLA-4) followed by nivolumab 
(NIVO; anti–PD-1) (IPI→NIVO), NIVO followed by IPI (NIVO→IPI), 
IPI alone, or concurrent NIVO + IPI in the clinical trial setting. The 
results were correlated with transcriptional and genomic profiles 
available for a subset of the cases and with clinical outcomes.

RESULTS
Expression of MHC proteins in untreated melanoma
Pretreatment biopsies analyzed by immunohistochemistry (IHC) 
with an antibody recognizing all classical MHC class I proteins 
revealed positive membrane staining of all cells in normal skin, 
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Department of Medicine, Memorial Sloan Kettering Cancer Center, New York, NY 
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Fig. 1. Summary of MHC 
class I and MHC class II 
data from the CheckMate 
064 trial. MHC class I and 
MHC class II expression 
is shown in melanoma 
biopsy samples. (A) Double 
chromogenic IHC with anti-
bodies targeting SOX10 
(red coloration) and MHC 
class I (i, iii, v; brown color-
ation) in representative 
cases showing membrane 
staining of all SOX10+ mela-
noma cells (i), subset of 
melanoma cells (iii, scored 
as 50% tumor cell–positive), 
and no melanoma cell–
positive (v; yellow arrow 
indicates PAX5-negative 
lymphocyte with positive 
membrane staining), or 
SOX10 (red coloration) and 
MHC class II (ii, iv, vi; brown 
coloration) in representa-
tive cases showing positive 
membrane staining MHC 
class II in all SOX10+ mela-
noma cells (ii) and no mela-
noma cell– positive (iv and vi; 
yellow arrow in iv indicates 
PAX5-negative lymphocyte 
with positive membrane 
staining). (B) Heat map 
representing the positive 
membrane staining of tu-
mor cells (0 to 100%) for 
MHC class I (row 1) and 
MHC class II (row 2) pro-
teins, the relative RNA ex-
pression of HLA-A, HLA-B, 
and HLA-C (rows 3 to 5, 
respectively), and the pres-
ence and type of alterations 
in HLA, B2M, STAT1, JAK2, 
and JAK1 genes (rows 6 
to 10, respectively) for all 
cases (columns) with avail-
able data in the series. 
The threshold of 50% of 
tumor cells positive for 
MHC class I is indicated 
(red arrow and line). HLA, 
human leukocyte anti-
gen; CN, copy number. (C 
to F) Kaplan-Meier esti-
mates of overall survival 
(OS) by MHC class I and MHC class II expression in baseline biopsy samples according to treatment arms. OS according to expression of MHC class I is divided ac-
cording to the optimum (50%) for the IPI→NIVO arm (C; P = 0.01) and the NIVO→IPI arm (D; P = 0.46). OS according to the expression of MHC class II is divided 
according to the optimum (1%) for the IPI→NIVO arm (E; P = 0.14) and the NIVO→IPI arm (F; P = 0.01). Patients with incomplete biomarker data are indicated 
(solid gray lines). Vertical dashed lines indicate the two critical time points for this analysis: 13 weeks (point of therapy switch) and 25 weeks (initiation of mainte-
nance NIVO). The number of evaluated at-risk patients was 42 for the IPI→NIVO arm and 50 for the NIVO→IPI arm. Median OS (in months) and the HR for OS, with 
the 95% CIs for each, are listed below the curves. NR, not reached.
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including SOX10+ melanocytes (fig. S1A). IHC performed on bi-
opsy samples from patients with advanced-stage melanoma en-
rolled in CheckMate 064 revealed variable expression of MHC 
class I proteins on SOX10+ melanoma cells compared with nonma-
lignant cells within the same tissue before immunotherapy (Fig. 1, A 
and B, fig. S1, and table S1). Malignant cells lacking membrane 
staining included those with only cytoplasmic staining and those 
with no staining. Membrane MHC class I expression on melanoma 
cells ranged from 100 to 0% (median, 70%). Lack of MHC class I 
expression on most of malignant cells (>50%) was observed in 34 of 
92 cases (37%; Fig. 1B).

The percentages of melanoma tumor cells with MHC class I protein 
expression correlated with the percentages of tumor cells displaying 
the independently assessed protein biomarker -2-microglobulin (2M) 
( = 0.74; P < 0.001; nonmalignant cells served as an internal positive 
control for 2M staining; fig. S2A). The distribution of IHC scores 
for MHC class I and 2M suggested that IHC for MHC class I was 
more sensitive than IHC for 2M for detecting positive membrane 
staining and was therefore used for subsequent analyses (fig. S2A). 
Reduced amounts of MHC class I protein expression on melanoma 
cells were also associated with reduced amounts of the MHC class I 
transcripts HLA-A, HLA-B, and HLA-C in the bulk population (P = 
0.007, Wilcoxon rank sum test; Fig. 1B and fig. S2B). Reduced HLA-A, 
HLA-B, and HLA-C transcripts further correlated with reduced B2M 
transcripts across samples ( = 0.8 to 0.87; P < 0.001), consistent 
with coordinately reduced transcriptional expression of these MHC 
class I pathway components.

A stop codon in the coding region of B2M was observed at a low 
allele frequency (6%) for one case with positive membrane staining for 
MHC class I and 2M proteins in >90% of melanoma cells (Fig. 1B). 
There were no mutations in the HLA-A, HLA-B, HLA-C, or B2M genes 
that could explain reduced MHC class I transcript and protein ex-
pression in additional cases. Interferon- (IFN-)–mediated Janus 
kinase (JAK)–signal transducer and activator of transcription (STAT) 
signaling is a potent regulator of MHC class I and class II expres-
sion, and somatic mutations have been reported in JAK1 and JAK2 
in a small number of tumors resistant to immunotherapy (22). We 
found a disruptive in-frame deletion in JAK2 at low frequency (4%) 
in one case with MHC class I protein expression in >90% of cells 
(Fig. 1B). There were no mutations in JAK1, JAK2, or STAT1 that 
could explain reduced MHC class I transcript and protein expres-
sion in additional cases. Together, these data indicate that most or 
complete loss of MHC class I/2M protein expression, likely attrib-

utable to transcriptional down-regulation of HLA and B2M genes, is 
common in advanced melanomas before immunotherapy.

IHC performed with an antibody recognizing all classical MHC 
class II proteins revealed positive membrane staining of cells morpho-
logically consistent with Langerhans cells in normal skin, but no 
staining of SOX10+ melanocytes or keratinocytes (fig. S1K). More 
than 1% of melanoma cells expressed membrane MHC class II in 26 
of 92 cases (28%) from CheckMate 064 (Fig. 1, A and B, and table S1). 
In contrast to MHC class I, the percentage of malignant cells with 
positive staining for MHC class II was generally very low (median, 
10%; range, 1 to 100%) and was concentrated at the inflammatory 
invasive margin of the tumor, consistent with induced local expression 
(fig. S1, L to N).

MHC protein expression and response to checkpoint 
blockade in CheckMate 064
We next examined whether tumor MHC class I or MHC class II 
expression in pretreatment biopsy samples was associated with disease 
progression with single-agent IPI or single-agent NIVO at week 13, 
the time of therapy switch, for patients enrolled in CheckMate 064 
(fig. S3A shows the trial schematic). Reduced tumor MHC class I 
expression (≤30%) identified patients who are more likely to have 
progressive disease than complete response, partial response, or stable 
disease at week 13 after single-agent IPI (P = 0.02, Fisher’s exact test; 
Table 1). No amount of MHC class I expression distinguished pa-
tients with from those without progressive disease at week 13 after 
single-agent NIVO (Table 1). Conversely, MHC class II expression 
(>1%) associated with patients who are more likely to have complete 
or partial responses or stable disease than progressive disease at 
week 13 after single-agent NIVO, although the P value was just out-
side the range of statistical significance (P = 0.0517, Fisher’s exact 
test; Table 1). No amount of tumor MHC class II expression distin-
guished patients with complete responses, partial responses, or stable 
disease from those with progressive disease at week 13 after single- 
agent IPI (Table 1). Given that single-agent therapy for each arm of 
the study was of limited duration (13 weeks), we did not further sub-
divide the response assessment (that is, into complete/partial response 
and stable disease) for these comparisons. The results were highly 
significant when best overall response for the trial was also considered 
(P = 0.03 for MHC class I in IPI→NIVO, P = 0.005 for MHC class II 
in NIVO→IPI; Fisher’s exact test; table S2).

For a small set of patients, matched baseline and week 13 biopsy 
samples were available for comparison (n = 10 for IPI, n = 11 for 

Table 1. Progressive disease at week 13 according to MHC class I and MHC class II thresholds in CheckMate 064. 

Biomarker Optimal 
threshold (%)

Number of patients Proportion with 
low biomarker 

expression and PD

Proportion with 
high biomarker 

expression and PD
Fisher’s exact 

P valueIn analysis Low expression High expression

IPI

 MHC class I 30 42 14 28 1.00 0.64 0.02

 MHC class II 50 42 41 1 0.76 1.00 0.99

NIVO

 MHC class I 30 50 16 34 0.44 0.32 0.53

 MHC class II 1 50 35 15 0.46 0.13 0.05
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NIVO; fig. S4). We did not observe changes in MHC class I or MHC 
class II expression status (high versus low) between baseline and week 13 
samples among patients treated with IPI. We observed changes in 
MHC class I and/or class II status between baseline and week 13 
samples for a minority of patients treated with NIVO (4 of 11), but we 
found no strict correlation between those patients’ status at week 13 
and progressive disease (fig. S4).

When overall survival was examined, low baseline tumor MHC 
class I expression (≤50%) was associated with inferior overall 
survival for patients initially treated with IPI, despite an eventual 
exposure to NIVO for patients continuing in the trial [IPI→NIVO 
treatment arm; hazard ratio (HR), 0.38; 95% confidence interval 
(CI), 0.18 to 0.82; P = 0.01; Fig. 1C]. No amount of tumor MHC 
class I expression, including the 50% threshold (HR, 0.70; 95% 
CI, 0.27 to 1.18; P = 0.46), identified a population with inferior 
overall survival when initially treated with NIVO (Fig. 1D). Con-
versely, baseline tumor MHC class II expression (>1%) was associ-
ated with better overall survival for patients initially treated with 
NIVO, despite eventual exposure to IPI for patients continuing in 
the trial (NIVO→IPI arm; HR, 0.11; 95% CI, 0.02 to 0.83; P = 0.01; 
Fig. 1F). No amount of tumor MHC class II expression, including 
the 1% threshold (HR, 0.50; 95% CI, 0.20 to 1.25; P = 0.14), reached 
statistical significance for predicting the overall survival of patients 
initially treated with IPI (Fig. 1E).

MHC protein expression and response to checkpoint 
blockade in CheckMate 069
To validate the associations between melanoma MHC class expres-
sion and survival in a distinct cohort, we evaluated baseline biopsy 
samples from treatment-naïve patients treated with single- agent IPI 
(with the option of NIVO at disease progression) or concurrent 
NIVO + IPI while enrolled in CheckMate 069 (fig. S3B shows the 
study schematic). Lack of MHC class I expression on most of malignant 
cells (>50%) was observed in 44 of 89 cases (49%; Fig. 2, A and B, 
and table S3). More than 1% of melanoma cells expressed mem-
brane MHC class II in 29 of 89 cases (33%) from CheckMate 069 
(Fig. 2, C and D). Among patients treated with single-agent IPI 
(n = 26), reduced tumor MHC class I expression [at the previously 
defined optimal threshold for overall survival in CheckMate 064 
(≤50%)] was associated with a best overall response of progressive 
disease (P = 0.01; Table 2). Given that most patients received a de-
fined therapy for the course of the trial, we further subdivided the 
best overall responses according to clinical nonresponse (progres-
sive or stable disease) versus response (complete or partial re-
sponse) for comparison. Reduced tumor MHC class I expression 
perfectly predicted a lack of clinical response to IPI (negative pre-
dictive value, 100%; 95% CI, 74 to 100%; Table 2). Although the 
P value was outside the range of significance (P = 0.057; Fig. 2A), 
reduced MHC class I (≤50%) was additionally associated with in-
ferior overall survival after IPI treatment, with visible separation of 
the Kaplan- Meier curves (Fig. 2A), and an HR (0.34; 95% CI, 0.11 
to 1.03) nearly identical to that found for patients initially treated 
with IPI in CheckMate 064 (Fig. 1C). Among patients treated 
with concurrent NIVO + IPI (n = 63), reduced MHC class I ex-
pression was not associated with progressive disease, inferior re-
sponse, or inferior overall survival (Table 2 and Fig. 2B). Positive 
tumor MHC class II expression, which was associated with supe-
rior overall survival among patients initially treated with single- 
agent NIVO before single-agent IPI in CheckMate 064 (Fig. 1F), 

did not identify a group with superior clinical response or superior 
overall survival among patients treated with single-agent IPI or 
concurrent NIVO + IPI in CheckMate 069 (Table 2 and Fig. 2, 
C and D). Thus, these data suggest that robust tumor-specific 
MHC class I expression is essential for response to anti–CTLA-4 
therapy but not to anti–PD-1 or combination therapy, whereas 
tumor-specific MHC class II expression is associated with superior 
response to anti– PD-1 therapy, but not to anti–CTLA-4 or combi-
nation therapy.

Transcriptional signatures of response to checkpoint 
blockade in CheckMate 064
To better define the immunological criteria for response to immune 
checkpoint blockade, we analyzed RNA sequencing (RNA-seq) data 
from freshly frozen biopsy samples obtained during CheckMate 064. 
A 10-gene IFN-–related transcriptional signature (table S4), pre-
viously suggested as predictive of response to the anti–PD-1 agent 
pembrolizumab (23), was significantly higher in baseline biopsy 
samples from patients without progressive disease compared to those 
with progressive disease at week 13 after single-agent NIVO (P = 0.03, 
Wilcoxon rank sum test; Fig. 3A). This association was not observed 
among patients treated with single-agent IPI (P = 0.18, Wilcoxon rank 
sum test; Fig. 3A). Similarly, the IFN- signature was significantly 
higher in baseline biopsy samples from patients without progressive 
disease (complete response, partial response, and stable disease) as 
best overall response compared with patients with progressive disease 
in the NIVO→IPI arm of the trial (P = 0.003, Wilcoxon rank sum test; 
Fig. 3B). This association was not observed among patients in the 
IPI→NIVO arm (P = 0.20, Wilcoxon rank sum test; Fig. 3B).

To independently uncover the immunological determinants of 
immunotherapy response, we examined the RNA-seq data for 770 
immune-associated genes and identified the top 25 differentially 
expressed gene transcripts associated with a lack of progressive 
disease as the best overall patient response in patients receiving 
NIVO before IPI in CheckMate 064 (Fig. 3C). Thirteen of the top 25 
immune transcripts were directly related to IFN- (Fig. 3C). These 
included a cytokine (IFNG), a transcription factor associated with 
IFN- production [TBX21 (Tbet)], markers of adaptive and innate 
immune cells responsible for IFN- production (CD8A, TIGIT, and 
KLRD1), and major gene targets of IFN-–mediated signaling (Fig. 3C) 
(24–26). Six genes identified by this method were shared with the 
independently discovered, pembrolizumab-derived gene signature 
(table S4).

We found that a gene set score derived from the top 25 differen-
tially expressed genes was significantly higher in baseline biopsy 
samples from patients without progressive disease compared with 
those with progressive disease at week 13 after single-agent NIVO, 
as expected (P = 0.004, Wilcoxon rank sum test; Fig. 3A). However, 
we did not find this association among patients receiving single- 
agent IPI (P = 0.26, Wilcoxon rank sum test; Fig. 3A). In addition, 
we found that a distilled 13-gene IFN-–related gene set score was 
significantly higher in baseline biopsy samples from patients with-
out progressive disease compared with those with progressive 
disease at week 13 after single-agent NIVO (P = 0.01, Wilcoxon rank 
sum test; Fig. 3A). We did not find this association among patients 
receiving single-agent IPI (P = 0.24, Wilcoxon rank sum test; Fig. 3A). 
We found similar results when the best overall response of nonpro-
gressive disease versus progressive disease for the full trial was used 
as an end point (Fig. 3B).

 by guest on D
ecem

ber 11, 2018
http://stm

.sciencem
ag.org/

D
ow

nloaded from
 

www.SCIENCETRANSLATIONALMEDICINE.org     18 July 2018     Vol 10 Issue 450 aar3342



8

R E S E A R C H  A R T I C L E

Rodig et al., Sci. Transl. Med. 10, eaar3342 (2018)     18 July 2018

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

5 of 13

C D

MHC class I
Not evaluable/

missing

    HR (95% CI)  

Median OS,
months (95% CI)           

10.3
(2.7, 34.4)

0.34 (0.11, 1.03)

NR

S
u

rv
iv

in
g

 (
%

)
100

80

60

40

20

0
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42

Number at risk

Not evaluable/
missing

12 10 10 7 4 4 4 4 4 3 3 3 2 0 0
14 13 11 11 11 10 10 9 8 8 8 8 8 1 0

21 18 15 15 14 12 11 11 11 11 11 10 10 4 0

Months

IPI (MHC class I)

S
u

rv
iv

in
g

 (
%

)

100

80

60

40

20

0
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42

Number at risk

Not evaluable/
missing

32 26 24 24 22 22 20 19 19 18 17 16 16 4 0
31 26 26 23 23 22 22 21 20 19 17 17 16 4 0

32 30 27 27 24 23 23 23 21 21 21 21 21 2 0

Months

MHC class I
Not evaluable/

missing

    HR (95% CI)  

Median OS,
months (95% CI)             

0.85 (0.42, 1.74)

NR

NIVO + IPI (MHC class I)
S

u
rv

iv
in

g
 (

%
)

100

80

60

40

20

0
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42

Number at risk

Not evaluable/
missing

21 18 15 15 14 12 11 11 11 11 11 10 10 4 0

Months

MHC class II
Not evaluable/

missing

    HR (95% CI)  

Median OS,
months (95% CI)    

10.4
(4.9, NR)

0.44 (0.14, 1.40)

NR

IPI (MHC class II)

S
u

rv
iv

in
g

 (
%

)

100

80

60

40

20

0
0 3 6 9 12 15 18 21 24 27 30 33 36 39 42

Number at risk

Not evaluable/
missing

44 34 32 31 30 29 27 26 26 25 22 21 20 5 0
19 18 18 16 15 15 15 14 13 12 12 12 12 3 1

32 30 27 27 24 23 23 23 21 21 21 21 21 2 0

Months

MHC class II
Not evaluable/

missing

    HR (95% CI)  

Median OS,
months (95% CI)            

31.1
(13.2, NR)

0.61 (0.26, 1.42)

NR

NIVO + IPI (MHC class II)

NR NR

NR NR NR

10  10  9 9 8 8 8 7 6 6 6 6 6 0 0
16 13 12 9 7 6 6 6 6 5 5 5 4 1 0

A B

Fig. 2. Summary of MHC class I and MHC class II data from the CheckMate 069 trial. Kaplan-Meier estimates of OS by MHC class I and MHC class II expression in base-
line biopsy samples according to treatment arm are shown. OS was divided according to the determined threshold for MHC class I (50%) in the (A) IPI arm (P = 0.057) and 
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The number of evaluated at-risk patients was 26 for the IPI arm and 63 for the NIVO + IPI arm. The median OS (in months) and the HR, with 95% CIs for each, are listed 
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IFN- is produced by activated T cells and natural killer (NK) cells 
and directly and potently induces MHC class II expression on tumor 
and immune cells (26). The predictive power of baseline IFN- tran-
scriptional signatures suggested a biological link between IFN- and 
the focal melanoma MHC class II expression that we observed at the 
inflammatory margin for a subset of tumors. Consistent with this, 
we observed a positive correlation between our empirically derived 
IFN- gene set score and baseline melanoma MHC class II protein 
expression across all samples (Kendall’s pairwise correlation  = 0.43, 
P < 0.001; Fig. 3D). The magnitudes of our IFN- gene set score and 
the previously published IFN- signature were positively correlated 
with the number of tumor-associated CD3+, CD4+, and CD8+ T cells, 
known sources of IFN-, and with melanoma PD-L1 expression, a 
known target of IFN- activity (Fig. 3D). Although MHC class I is 
also a target of IFN-, our IFN- gene set was more weakly correlated 
with tumor MHC class I protein expression than the other tissue bio-
markers (pairwise  = 0.19, P = 0.02; Fig. 3D). Together, these data sup-
port the notion that baseline IFN- and markers of IFN-–mediated 
inflammation, including melanoma-specific MHC class II and PD-L1 
expression, are associated with subsequent response to NIVO but 
not to IPI.

Transcriptional signatures of innate immune cells and 
response in CheckMate 064
The top 25 immune transcripts associated with a lack of disease 
progression among patients initially treated with NIVO included 
transcripts expressed by NK cells (KLRD1 and TIGIT) and those 
that stimulate NK cells (IL15, also important for memory CD8+ 
T cells). These data suggested that other baseline effector immune 
cell populations such as NK cells or  T cells may be responsible, in 
part, for IFN- and for response after NIVO among patients with 
loss of melanoma MHC class I expression. To examine this possibility, 
we manually selected a set of lineage-specific gene transcripts to 
comprise an NK cell gene set and a  T cell gene set, respectively 
(table S5). Among patients initially treated with NIVO and who 
achieved a best overall response of complete response, partial response, 
or stable disease, we observed a significantly higher baseline transcrip-

tional signature of  T cells, NK cells, and interleukin 15 (IL-15) 
compared with those with a best overall response of progressive 
disease (P = 0.002, P = 0.01, and P < 0.001, respectively, Wilcoxon 
rank sum test; Fig. 4). This association was not observed among 
patients initially treated with IPI. The associations between best 
overall response and the  T cell and IL-15 signatures were also 
significant for patients initially treated with NIVO and with ≤50% 
tumor MHC class I expression (P = 0.013 and P = 0.0012, respec-
tively, Wilcoxon rank sum test; Fig. 4). IHC for T cell receptor  
(TCR) and CD56 confirmed the presence of  T cells and NK cells, 
respectively, within the tumor microenvironment, including cases with 
low tumor MHC class I expression (Fig. 4).

DISCUSSION
Combination therapy with NIVO and IPI is known to result in superior 
overall survival among patients with advanced-stage melanoma com-
pared with either treatment alone (1, 2). These results are consistent 
with preclinical studies reporting that anti–CTLA-4 and anti–PD-1 
treatment promote T cell immunity through distinct and comple-
mentary mechanisms. However, T cells must nonetheless recognize 
tumor cell antigens in the context of MHC to stimulate an antitumor 
immune response.

We found that the loss of most or all MHC class I protein expres-
sion is very common in melanoma before immunotherapy, occurring 
in 43% of all cases. Attenuated MHC class I protein expression was 
accompanied by a coordinate reduction in 2M protein and HLA-A, 
HLA-B, HLA-C, and B2M transcripts. However, we could not attri-
bute reduced expression of these genes to disruptive somatic muta-
tions. Whether dysregulation of the MHC class I “master regulator” 
such as NLRC5 or, potentially, epigenetic silencing of MHC class I– 
associated genes underlies diminished MHC class I/2M expression is 
under investigation (27–29). Regardless of the mechanism, reduction 
and loss of MHC class I protein expression are common among mela-
nomas before immune checkpoint therapy.

Critically, reduced melanoma MHC class I expression was 
associated with primary resistance to IPI, but not to NIVO. This 

Table 2. Disease progression according to defined biomarker thresholds in CheckMate 069. NPV, negative predictive value; PPV, positive predictive value. 

Biomarker Threshold (%)

 
 

Number of patients

Proportion 
with low 

biomarker 
expression 

and PD

Proportion 
with high 

biomarker 
expression 

and PD

Fisher’s 
exact  

P value

Predictive values 
(response* versus 

nonresponse)

In analysis Low 
expression

High 
expression

NPV
(95% exact CI)

PPV
(95% exact CI)

IPI

 MHC class I 50 26 12 14 0.92 0.43 0.01 100%
(74–100%)

21%
(5–51%)

 MHC class II 1 26 16 10 0.75 0.50 0.23 94%
(70–99%)

20%
(3–56%)

NIVO + IPI

 MHC class I 50 63 32 31 0.31 0.29 0.99 41%
(24–59%)

55%
(36–73%)

 MHC class II 1 63 44 19 0.36 0.16 0.14 50%
(35–65%)

74%
(49–91%)

*Defined as complete response or partial response.
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Fig. 3. Predictive value of defined gene set scores 
derived using RNA-seq data from baseline 
biopsy samples from CheckMate 064. (A) Gene 
set scores and response at week 13 for patients 
treated with NIVO (left) or IPI (right). (B) Gene set 
scores and response for the IPI→NIVO arm (left) 
and NIVO→IPI arm (right). (A) and (B) include gene 
set scores derived from a published IFN- signa-
ture (left box plots) (23), the top 25 differentially 
expressed gene transcripts for distinguishing pa-
tients according to best overall response in the 
NIVO→IPI arm of CheckMate 064 (middle box 
plots), and a curated set of 13 IFN-–related genes 
derived from the 25-gene set (right box plots). 
Response is divided according to progressive 
disease (PD) (red) or nonprogressive disease [com-
plete response (CR), partial response (PR), or stable 
disease (SD); blue]. Statistical comparisons are based 
on one-sided Wilcoxon rank sum tests. (C) A heat 
map shows the relative expression of the top 25 
gene transcripts differentially expressed between 
patients with progressive disease from those with-
out progressive disease as best overall response 
(BOR) using RNA-seq data from baseline biopsy 
samples in the NIVO→IPI arm (P = 0.0002 to 0.01; 
false discovery rates, 0.14 to 0.27). Each column 
represents a sample. Rows represent response at 
week 13 (RESW13I, row 1), best overall response 
(BORI, row 2), and the top 25 differentially ex-
pressed transcripts grouped according to unsu-
pervised hierarchical clustering and color-coded 
to indicate their relative abundance (rows 3 to 27). 
Gene transcripts encoding IFN-, markers of cells 
responsible for IFN-, transcription factors that 
promote IFN- production, or targets expressed 
in response to IFN- signaling are indicated in 
blue and comprise the 13 IFN-–related gene set. 
(D) Pairwise correlations using Kendall’s  between 
indicated protein and transcriptional signature 
biomarkers across all baseline biopsy samples with 
available data. The empirically derived IFN- gene 
set score positively correlates with baseline mela-
noma MHC class II protein expression across all 
samples (Kendall’s pairwise correlation  = 0.43, 
P < 0.001). The IFN- gene set score and the pre-
viously published IFN- signature, respectively, 
positively correlate with the number of tumor- 
associated CD3+ (P < 0.0001 and P < 0.0001), CD4+ 
(P = 0.0012 and P = 0.0005), and CD8+ (P < 0.0001 
and P < 0.0001) T cells and with melanoma PD-L1 
expression (P < 0.0001 and P < 0.0001). MHC class I 
protein expression more weakly positively correlates 
with our IFN- gene set (pairwise  = 0.19, P = 0.02). 
N.S., not significant; #, number.
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association was observed for patients receiving single-agent IPI, 
was not altered with subsequent switch to NIVO in CheckMate 
064, and was validated for patients receiving single-agent IPI until 

disease progression in CheckMate 069. More specifically, the loss 
of MHC class I was highly associated with progressive disease and 
predicted a lack of clinical response (progressive disease or stable 
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Fig. 4. Cell type–specific gene set scores 
and best overall response for patients 
treated sequentially with NIVO→IPI 
or IPI→NIVO in CheckMate 064. Gene 
set scores derived from RNA-seq data 
from baseline biopsy samples were di-
vided according to a best overall re-
sponse of progressive disease (red) or 
nonprogressive disease (complete re-
sponse, partial response, or stable dis-
ease; blue) for all samples or for samples 
with low MHC class I expression (≤50% 
of cells). (A)  T cell gene set scores per 
arm. Representative image of sample 
stained for SOX10 (red) and TCR (brown) 
is shown with arrows indicating the pres-
ence of  T cells in the tumor micro-
environment. (B) NK cell gene set scores 
per arm. Representative image of sample 
stained for SOX10 (red) and CD56 (brown) 
is shown with arrows indicating the pres-
ence of CD56+ NK cells in the tumor micro-
environment. (C) IL-15 gene expression 
from baseline biopsy samples per arm. 
Statistical comparisons are based on one- 
sided Wilcoxon rank sum tests.
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disease; negative predictive value, 100%) for patients receiving 
single-agent IPI in CheckMate 069. The HR for survival in the 
IPI arm of CheckMate 069 (HR = 0.34) was similar to that of the 
IPI→NIVO arm of CheckMate 064 (HR = 0.38) despite a smaller 
sample size. Although loss of MHC class I was associated with 
progressive disease among patients receiving IPI before NIVO, we 
observed no such association among patients receiving concurrent 
NIVO and IPI. Thus, in the absence of robust MHC class I antigen 
presentation, treatment with NIVO early in the course of therapy 
appears critical.

These observations refine our understanding of anti–CTLA-4 
clinical activity (5, 30, 31). Anti–CTLA-4 allows the costimulatory 
receptor CD28 on T cells to engage CD80/CD86 on APCs laden 
with tumor antigens and promotes T cell activation during the 
priming phase of the adaptive immune response in secondary 
lymphoid organs. In addition, there is increasing evidence that 
anti–CTLA-4 depletes CTLA-4–expressing T-regulatory cells to in-
crease the relative number of T effector cells at the tumor site (32). 
Despite the multiple roles of CTLA-4 in regulating the immune re-
sponse, our data suggest that the major consequence of anti–CTLA-4 
therapy is the development of active CD8+ effector T cells that re-
quire intact MHC class I–mediated antigen presentation by tumor 
cells to affect tumoricidal activity. The high prevalence of reduced 
MHC class I expression on melanoma may explain why most patients 
do not respond to single-agent IPI (33).

We did not find attenuated MHC class I expression to be associ-
ated with primary resistance to single-agent NIVO. This result may 
seem inconsistent with a recent report of an inactivating mutation 
in B2M found in a biopsy sample of recurrent melanoma from a 
patient with acquired resistance to the anti–PD-1 agent pembroli-
zumab (22). The reasons for this discrepancy are unclear. First, it is 
possible that MHC class I expression on a minority of malignant 
cells is necessary and sufficient for primary response to anti–PD-1 
treatment, which can stimulate both innate and adaptive immunity 
via IFN-, but not for primary response to anti–CTLA-4 treatment, 
which requires high expression of MHC class I to be effective. Second, 
reduced expression of MHC class I protein reflects general transcrip-
tional repression of multiple genes involved in MHC class I antigen 
presentation pathway in treatment-naïve melanoma that might be, 
in part, reversible under the appropriate physiological conditions. 
Third, it is possible that the MHC dependencies that we observed 
with initial therapy may change on chronic exposure to immune 
checkpoint blockade and the eventual emergence of resistance (34). 
Tumors with acquired resistance to immunotherapy can acquire 
genetic deficiencies that result in the loss of either constitutive or 
induced MHC class I (35, 36).

We found that melanoma MHC class II expression was associated 
with better outcome among patients initially treated with NIVO in 
CheckMate 064. A switch in therapy to IPI for 13 weeks (followed 
by maintenance NIVO) did not alter this positive association. This 
result is both consistent with and validates a previous report that 
found that focal melanoma MHC class II expression was associated 
with better outcomes among patients treated with anti–PD-1 or anti– 
PD-L1 therapy (37).

Tumor antigen presentation via MHC class II may activate tumor- 
infiltrating CD4+ T cells that have T helper or cytotoxic activities 
and therefore provide an alternative means to promote an adaptive 
immune response when MHC class I expression is reduced (38). The 
most potent stimulus for MHC class II expression is IFN- (26). 

Patients achieving a best overall response of complete response, 
partial response, or stable disease showed higher expression of IFNG 
and IFN- target gene transcripts compared with patients achieving a 
best overall of progressive disease when initially treated with NIVO. In 
contrast, neither a previously published and validated IFN- signature, 
predictive of response to pembrolizumab (23), nor our independently 
derived IFN- gene set predicted a lack of disease progression 
among patients initially treated with IPI. Although IFN- promotes 
MHC class I expression in most cell types, we observed a weaker cor-
relation between the IFN- signature and melanoma-specific MHC 
class I than between the IFN- signature and melanoma-specific 
MHC class II. These results suggest that the MHC protein classes may 
be differentially regulated on melanoma cells, at least in part.

CD4+ T cells and NK cells are primary producers of IFN- (26). 
Thus, CD4+ T cells activated via recognition of tumor antigen in the 
context of MHC class II will produce IFN-, which, in turn, will 
induce additional MHC class II expression on tumor and immune 
cells at the tumor site. With reduced or absent melanoma MHC 
class I expression, MHC class II–regulated effector CD4+ T cells may 
have a more important role in tumoricidal function (38, 39). NK cells 
and  T cells are additional non–MHC class I–restricted sources for 
IFN-. Consistent with a role for these innate immune cells in medi-
ating response, we find that patients with higher baseline expression 
of NK-cell and  T cell–associated gene transcripts have better out-
comes after treatment with NIVO. However, in general, we observed 
fewer numbers of CD56+ NK cells and TCR+ T cells than CD3+ 
T cells within the tumor microenvironment. These data suggest that 
NIVO exerts its effects through several complementary IFN-–related 
innate and adaptive immune pathways when tumor MHC class I is 
compromised. We did not observe such an association among patients 
initially treated with IPI.

Despite our findings, there are limitations inherent to our study 
that will benefit from the analysis of other clinically annotated co-
horts by the current and additional methods. Specifically, it will be 
important to confirm the associations we have observed between 
tumor- specific MHC class I and II expression and clinical responses 
to single-agent IPI and NIVO, respectively, in clinical cohorts that 
include greater patient numbers and with longer clinical follow-up. A 
further limitation is our reliance upon retrospective analyses. Ideally, 
our findings will be further validated in trials in which treatment op-
tions are determined in accordance with results of tissue-based bio-
marker studies (that is, MHC class I and II expression and IFN- gene 
set score), as has been done with tumor-specific PD-L1 expression in 
lung cancer (40). Finally, our IHC analyses are based on manual scoring 
by trained pathologists. It will be of interest to determine whether 
more automated methods of marker quantitation can be developed 
and implemented for routine use. These may include image analysis 
algorithms trained on the clinically relevant data sets stained for the 
MHC proteins or quantitative, targeted transcriptional profiling 
amenable to formalin-fixed paraffin-embedded (FFPE) tissue.

Together, our data provide insights into the baseline biological 
determinants of clinical response to single-agent and combination 
anti–CTLA-4 and anti–PD-1 treatment and, by extension, the im-
mune responses augmented by individual and combined therapies. 
Clinical efficacy of anti–CTLA-4 therapy is dependent on pre-
existing, robust expression of MHC class I by tumor cells and is 
restricted to stimulating an MHC class I–directed cytotoxic T cell 
immune response. In contrast, efficacy of anti–PD-1 therapy is depen-
dent on at least low-level, preexisting, IFN-–mediated inflammation 
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within the tumor microenvironment and is associated with both 
adaptive and innate immune responses. Combined immune 
checkpoint blockade provides a further immune stimulus over in-
dividual therapies alone and, in addition, overcomes the limita-
tions of each. Patients treated with the combination of NIVO and 
IPI did not show dependence on MHC class I expression for clini-
cal response in the CheckMate 069 trial, further supporting the 
notion that alternative antitumor immune mechanisms are stimu-
lated in patients receiving NIVO, either as a single agent or as part 
of combination therapy. These data provide a basis to further im-
prove our understanding of the effects of immune checkpoint 
blockade on effector cells beyond CD8+ T cells and suggest future 
avenues of investigation for manipulating the immune system to 
effectively treat cancer.

MATERIALS AND METHODS
Study design
The current study used data from two previously published clinical 
trials. CheckMate 064 was a randomized, open-label, phase 2 study 
(NCT01783938) evaluating NIVO→IPI versus the reverse treatment 
sequence IPI→NIVO in patients with histologically confirmed un-
resectable stage III or stage IV melanoma (fig. S3) (41). Patients were 
randomized (1:1) without bias either into an induction regiment 
where NIVO was given at 3 mg/kg every 2 weeks for up to six doses, 
followed by IPI at 3 mg/kg every 3 weeks for up to four doses, or 
into a second regiment arm where IPI was followed by NIVO (same 
dosages). Both cohort arms received NIVO maintenance at 3 mg/kg 
every 2 weeks until progression, unacceptable toxicity, or for a dura-
tion of 2 years from first study treatment. Patient inclusion was limited 
to treatment-naïve patients or those with one failed nonimmuno-
therapy systemic treatment, Eastern Cooperative Oncology Group 
performance status of 0 or 1, and patients with available baseline 
biopsy tissue. The primary end point of CheckMate 064 was the rate 
of treatment-related grade 3 to 5 adverse events during the induction 
period. The secondary end points were response rate as determined 
by RECIST 1.1 at week 25 and progression rates at weeks 13 and 25. 
Overall survival analysis was an exploratory end point planned after 
65% of the subjects died or 2 years of follow- up time from last sub-
ject randomized, whichever came first. The sample size of 138 was 
not based on power considerations but was chosen to achieve a suf-
ficient level of precision for estimating adverse event rates and pro-
vide adequate samples of tumor tissue to achieve stable estimates for 
exploratory biomarker analyses. All IHC results from patients with 
evaluable baseline biopsies have been reported; no outliers have been 
omitted. The schema for CheckMate069 is presented in fig. S3. Its 
design, including patient selection, randomization, and study end 
points, closely resembled CheckMate 064 (1). In CheckMate 069, 
patients receiving IPI alone had the option of receiving NIVO at 
disease progression (1). Biopsy samples (FFPE and fresh-frozen tissues 
in CheckMate 064 and FFPE tissues in CheckMate 069) were ob-
tained with approval from institutional review boards.

Chromogenic IHC
Dual IHC for MHC class I (HLA-A, HLA-B, and HLA-C, clone EMR8-5, 
1:6000; Abcam) or MHC class II (HLA-DP, HLA-DQ, HLA-DR, clone 
CR3/43, 1:750; Dako) with the melanoma marker SOX10 (EP268, 
1:1500; Cell Marque) was performed using an automated staining 
system (Bond-III; Leica Biosystems), as previously described (42).

IHC for CD3 (LN10; Leica), CD4 (4B12; Dako), CD8 (C8/144B; 
Dako), PD-1 (NAT105; Abcam), CD56 (clone 123C3; Dako), TCR 
(clone H-41; Santa Cruz Biotechnology), and 2M (A0072, 1:6000; 
Dako) was performed either manually (CD3, CD4, CD8, and PD-1) or 
on Bond RX (2M, CD56, and TCR) per standard protocols. IHC 
for PD-L1 (28-8; Dako) was performed as part of an investigational 
use–only kit (PD-L1 IHC pharmDx) on Dako Link 48 (2).

IHC evaluation and scoring
MHC class I, MHC class II, and 2M staining was scored in for the 
percentage of malignant cells in 10% increments (0 to 100%) with 
positive membrane staining within the entire tissue section, as de-
termined by the consensus of two pathologists, as previously reported 
(42). Malignant cells were defined by nuclear staining for the mela-
noma marker SOX10 and were only scored if they were nucleated 
and viable. Necrotic or fibrotic tissue was excluded from the analysis. 
Any MHCI/MHCII/2M expression in nonmalignant (SOX10- 
negative) inflammatory cells served as an internal positive staining 
control. CD3, CD4, CD8, and PD-1 staining was evaluated by 
pathologist-assisted image analysis (Aperio; Leica Biosystems) (2).

RNA-seq and whole-exome sequencing
RNA and DNA were coextracted by Asuragen Inc. using Qiagen 
AllPrep DNA/RNA Mini Kits (catalog #80204; Qiagen). RNA-seq 
was performed by Q2 Solutions/EA Genomics with a minimum of 
250 ng of total RNA input using the TruSeq Stranded mRNA with 
50 million paired-end reads on Illumina HiSeq. Tumor and normal 
matched DNA samples were processed for whole-exome sequenc-
ing with one normal and two tumor libraries, each using 500 ng of 
DNA input and constructed with individual barcoded adapters. The 
libraries were combined into an exome-capture sequencing library 
using the Roche NimbleGen EZ Exome version 3.0 reagent (Roche 
Sequencing) following the manufacturer’s instructions. Exome se-
quence data were generated as 2 × 100 base-pair reads on an Illumina 
HiSeq 2000 instrument (Illumina).

Somatic mutations in the indicated genes were called with MuTect 
and Strelka algorithms by comparing tumor exome sequencing data 
with matched normal peripheral blood mononuclear blood samples 
(43, 44). Mutations were pooled together, annotated with SnpEff soft-
ware, and further filtered by qualities and matching to known germ-
line polymorphisms from public databases (45). The GATK-CNV 
best practices pipeline was used to derive deep copy number losses 
and high copy number gains based on the paired exome sequencing 
data (46, 47). Gene transcript expression, derived from RNA-seq data, 
was examined in the space of a curated set of 770 immune-related 
gene products (48, 49).

Statistical analysis
For clinical response analysis, only patients with complete IHC data 
(MHC class I, MHC class II, and 2M) were included. Dichotomous 
cut points for IHC markers were determined to maximize the 
associations between biomarker high versus low and clinical out-
comes (13-week disease progression and overall survival) and 
were based on 92 patients from CheckMate 064 (IPI→NIVO, n = 42; 
NIVO→IPI, n = 50) who had complete IHC data. Cut points for 
13-week response were estimated using jackknife resampling of 
receiver operating characteristic curves and Youden’s index (50). 
The optimal threshold for distinguishing patients developing 
disease progression from those without at week 13 was 30% for 
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MHC class I with single-agent IPI (there was no threshold for MHC 
class I expression that reached statistical significance among patients 
treated with single-agent NIVO) and 1% for MHC class II among 
patients treated with single-agent NIVO (there was no threshold 
that reached significance for MHC class II expression among 
patients treated with single-agent IPI). Cut points for overall sur-
vival were estimated using leave-one-out jackknife resampling of 
the algorithm of Contal-O’Quigley. These were 50% for MHC 
class I (which was the optimal threshold predicting overall survival 
among patients initially treated with IPI) and 1% for MHC class II 
(which was the optimal threshold predicting overall survival among 
patients initially treated with NIVO). There was no threshold for 
MHC class I expression and no threshold for MHC class II expres-
sion that reached statistical significance for predicting overall 
survival among patients initially treated with NIVO and IPI, respec-
tively. Only those optimized thresholds for predicting overall 
survival that reached statistical significance in CheckMate 064 
(50%; 1%) were tested for their ability to predict survival and re-
sponse in CheckMate 069. Cox proportional hazards regression 
analyses were used to estimate P values and HRs (biomarker high 
versus low) with 95% Wald CIs. Rates of response and proportions 
of patients with progressive disease were compared for biomarker 
high versus low using Fisher’s exact tests. Kendall’s  was used to 
show pairwise correlation between biomarkers for the correlation 
heat map. Additional details on the methods described above are 
included in the Supplementary Materials.

SUPPLEMENTARY MATERIALS
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Anti-47 therapy targets lymphoid aggregates in the 
gastrointestinal tract of HIV-1–infected individuals
Mathieu Uzzan1,2, Minami Tokuyama3, Adam K. Rosenstein1,2, Costin Tomescu4,  
Ivo N. SahBandar5, Huaibin M. Ko2,3, Louise Leyre6, Anupa Chokola7, Emma Kaplan-Lewis8, 
Gabriela Rodriguez8, Akihiro Seki1,2, Michael J. Corley5, Judith Aberg8, Annalena La Porte7,8, 
Eun-young Park5, Hideki Ueno7, Ioannis Oikonomou9, Itai Doron10, Iliyan D. Iliev10,  
Benjamin K. Chen1,7,8, Jennifer Lui1,2, Timothy W. Schacker11, Glaucia C. Furtado1, Sergio A. Lira1, 
Jean-Frederic Colombel2, Amir Horowitz1, Jean K. Lim8, Nicolas Chomont6, Adeeb H. Rahman12,13, 
Luis J. Montaner4, Lishomwa C. Ndhlovu5, Saurabh Mehandru1,2*

Gut homing CD4+ T cells expressing the integrin 47 are early viral targets and contribute to HIV-1 pathogenesis, 
likely by seeding the gastrointestinal (GI) tract with HIV. Although simianized anti-47 monoclonal antibodies 
have shown promise in preventing or attenuating the disease course of simian immunodeficiency virus in nonhu-
man primate studies, the mechanisms of drug action remain elusive. We present a cohort of individuals with mild 
inflammatory bowel disease and concomitant HIV-1 infection receiving anti-47 treatment. By sampling the 
immune inductive and effector sites of the GI tract, we have discovered that anti-47 therapy led to a significant 
and unexpected attenuation of lymphoid aggregates, most notably in the terminal ileum. Given that lymphoid 
aggregates serve as important sanctuary sites for maintaining viral reservoirs, their attrition by anti-47 therapy 
has important implications for HIV-1 therapeutics and eradication efforts and defines a rational basis for the use 
of anti-47 therapy in HIV-1 infection.

INTRODUCTION
Lentiviruses such as human immunodeficiency virus (HIV) and sim-
ian immunodeficiency virus (SIV) are uniquely adapted to infect ac-
tivated, memory CD4+ T cells that are specifically enriched at mucosal 
surfaces (1). Consequently, mucosal tissues including those of the 
gastrointestinal (GI) tract play a critical role in disease pathogenesis 
during acute (2, 3) and chronic HIV-1 infection (4).

The GI tract can be immunologically subclassified into inductive 
and effector sites (5). Aggregates of lymphoid tissue, including Peyer’s 
patches (PPs) and isolated lymphoid follicles (intrinsic to the bowel 
wall) and mesenteric lymph nodes (extrinsic to the bowel wall), serve 
as the major immune inductive sites. Naïve T and B cells express in-
tegrin 47 (47), which mediates their migration into the inductive 
sites through specific interactions with mucosal addressin cell 
adhesion molecule-1 (MAdCAM-1) (6). Notably, the expression of 
47 on naïve T and B cells is significantly lower than its expression 
on memory cells (6). PP-resident dendritic cells (DCs) prime naïve 

T and B cells and simultaneously induce the expression of 47 in a 
retinoic acid and transforming growth factor––dependent fashion 
(7). These 47hi, gut-primed, antigen-experienced memory cells 
egress into the draining lymph and subsequently into circulation 
and home to immune effector sites such as intestinal lamina pro-
pria, again via specific interactions between MAdCAM-1 and 47 
(8). Although the putative mechanism of action (MOA) of anti- 
47 therapy is to prevent the entry of 47hi memory T cells into 
the intestinal lamina propria, to date, the published reports show 
no change in the frequency of lamina propria CD4+ T cells after 
anti-47 therapy, either in SIV-infected macaques (9) or in humans 
with inflammatory bowel disease (IBD) (10). The effects of anti- 
47 therapy on lymphoid aggregates, where cellular entry is also 
47-MAdCAM–dependent (6), remain unappreciated.

The pathogenesis of HIV-1 infection intersects with intestinal 
homing pathways at multiple levels that are yet poorly understood. 
GI-resident CD4+ T cells are preferentially targeted during acute HIV 
and SIV. Regardless of the route of infection and mode of virus deliv-
ery, intestinal CD4+ T cells are profoundly depleted during the earliest 
stages of HIV-1 and SIV infection (11). This strongly suggests that 
HIV-1, either cell-free or cell-associated, has evolved specific mecha-
nisms to localize to GI tract during acute infection to infect CCR5- 
expressing (12) physiologically activated memory T cells (13, 14) 
that are exceptionally HIV-1 susceptible (2). In this regard, studies 
have reported a direct interaction between 47 and the viral envelope 
(15–17). Thus, HIV-1–susceptible 47+CD4+ T cells may serve to 
deliver the virus into the gut tissues.

Multiple lines of evidence demonstrate that 47-expressing cells 
represent early targets for the virus (18–22). This was highlighted in 
a recent report, demonstrating that preinfection frequencies of 47 
on circulating CD4+ T cells may predict the risk of HIV-1 acquisition 
and disease progression independent of other T cell phenotypes and 
genital inflammation in a large cohort of at-risk South African women 
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(23). Supporting this finding, sexually transmitted diseases that have 
been linked with increased risk of HIV-1 acquisition increase the 
frequency of 47+CD4+ memory T cells in both the mucosa and 
blood (24, 25).

Because of the important role of 47+CD4+ T cells in viral patho-
genesis, anti-47 therapy has been considered in the management of 
HIV-1 infection. However, no human studies are available to date. In 
nonhuman primate (NHP) models, using simianized anti-47 anti-
bodies has shown promising results. Salient among these studies is the 
demonstration of disease prevention or an attenuated disease course 
when anti-47 antibodies preceded low-dose repeated intravaginal 
SIV challenge (26). In addition, a recent report found that SIV-infected 
macaques that were treated during acute infection with combination 
antiretroviral therapy (cART) and anti-47 therapy (or isotype con-
trol) achieved long-term viremic control after cART and antibody 
interruption, whereas isotype-treated animals became viremic (27). 
Despite multiple NHP studies, clear mechanisms underlying the poten-
tial efficacy of anti-47 therapy in HIV (SIV) infection remain elusive.

Although no HIV-related studies have been reported to our knowl-
edge, anti-47 therapy [vedolizumab (VDZ)] has become a frontline 
strategy in the management of patients with IBD (28, 29), where it 
has demonstrated strong efficacy and an excellent safety profile (30). 
To determine VDZ’s role in HIV-1 infection, we have assembled a 
cohort of IBD patients with concomitant HIV-1 infection. Here, we 
provide data describing the safety and the immunological and viro-
logical effects of anti-47 therapy in HIV-1–infected patients receiv-
ing VDZ therapy over 30 weeks, with detailed analyses in the GI tissue 
and in peripheral blood.

RESULTS
VDZ was administered safely and without any serious 
adverse events to patients with HIV-1 infection
Six patients (five males and one female) with a median age of 51.7 years 
(interquartile range, 36.8 to 62.2) were followed prospectively for 
30 weeks after VDZ treatment. Five were receiving cART for a mini-
mum of 5.6 years and had an undetectable plasma viral load at VDZ 
start (threshold of 20 viral copies/ml). One patient (583-016) 

was cART-treated for 9 months and had a plasma viral load of 
156 copies/ml at the time of VDZ initiation. In one subject (583-004), 
colonoscopy could not be performed before treatment due to logisti-
cal reasons (the patient had already received the first dose of VDZ as 
the colonoscopy was being scheduled). Therefore, immunological analy-
ses before and after treatment are being reported on five of six patients. 
Detailed HIV characteristics are shown in Table 1.

All patients included in the study had very mild IBD activity (table 
S1), characterized by mild proctitis and endoscopically normal appear-
ing colonic and ileal mucosa with the exception of subject 583-016 
where endoscopic inflammation was observed up to 25 cm from the 
anal verge. However, proximal parts of the colon and the terminal 
ileum (TI), where study-related biopsies were obtained, were normal 
in 583-016. None of the study subjects had pancolitis, history of bowel 
surgery, or previous use of biologic medications, all signifying severe 
disease (31, 32). In addition, and as further evidence of mild IBD, five 
of six patients had normal levels of complement-reactive protein (CRP) 
at the time of starting VDZ (583-016 had a CRP of 16.5 mg/liter at the 
time of recruitment). Finally, histology, arguably the gold standard 
for assessment of mucosal inflammation, showed only a mild increase 
in inflammatory cells limited to the rectum of five of six patients. The 
TI and left colon (LC), sites where immunological and virological 
analyses were performed, were histologically normal in each of the 
study subjects (fig. S1).

Patients were monitored with serial laboratory and clinical assess-
ments. One of the six patients reported mild, self-limited nasophar-
yngitis, a previously reported adverse effect of VDZ (33). Two of six 
patients reported mild, self-limited headache, and one patient had 
intravenous infiltration during infusion. No other adverse events (AEs) 
or serious AEs related to VDZ were reported during the course of 
30 weeks of follow-up, highlighting the safety of this drug in our 
cohort of HIV-1–infected subjects. These data mirror previous, ex-
tensive data in IBD (33).

Anti-47 therapy results in a significant reduction in B cell 
subsets within the GI tract
In previous studies in subjects with acute HIV-1 infection, we have 
observed a profound reduction in CD4+ T cells in the GI lamina propria 

Table 1. HIV-related clinical characteristics. F, female; M, male. ATV, atazanavir; COBI, cobicistat; DTG, dolutegravir; EVG, elvitegravir; FPV, fosamprenavir; FTC, 
emtricitabine; TAF, tenofovir alafenamide; TDF, tenofovir disoproxil fumarate. 

ID Sex Age at VDZ 
(years)

CD4 count at 
VDZ initiation 
(cells/l) (%)

HIV viral load* 
at VDZ 

initiation 
(copies/ml)

Duration of HIV 
infection† at 

VDZ initiation 
(years)

Duration of ART 
at VDZ 

initiation 
(years)

ART regimen

583-004‡ F 64.1 634 (34%) <20 28.2 >20 DTG FTC TDF

583-012 M 46.8 834 (39%) <20 14.2 14 DTG FTC TDF

583-013 M 56.6 632 (37%) <20 21.9 21.8 FPV FTC TDF

583-016 M 24.1 709 (25%) 156 0.9 0.8 EVG COBI FTC 
TDF

583-017 M 66.7 683 (44%) <20 28 17 ATV COBI FTC 
TDF

583-024 M 33.5 1021 (49%) <20 5.7 5.6 EVG COBI FTC 
TAF

*This assay is performed with the Roche COBAS AmpliPrep/COBAS TaqMan HIV Test.   †From the date of diagnosis   ‡Complete virological and 
immunological intestinal analyses were not performed.
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(2, 34). Although CD4+ T cell depletion was less marked in the lymphoid 
aggregates, HIV-1 RNA (as measured by in situ hybridization) was 
mainly detected in the lymphoid aggregates (2, 34). These data suggested 
to us that the intestinal lamina propria and lymphoid aggregates have 
distinct immunological and virological readouts during HIV-1 in-
fection. Therefore, in addition to the LC, we decided to perform full 
colonoscopies to biopsy the TI enriched for lymphoid aggregates and 
comprehensively defined B and T cell subsets as detailed below.

We first defined a flow cytometric strategy to identify the known 
B cell subsets and plasma cells in intestinal mucosa and in circulation, 
identifying plasma cells as live CD45+CD38hiCD27+ cells and nonplasma 
cell B cells as live CD45+CD38−CD19+ cells. Among nonplasma cell 
B cells, naïve B cells were defined as CD45+CD38−CD19+IgD+IgM+ 
cells, whereas switched memory (SM) B cells were defined as 
CD45+CD38−CD19+IgD−IgM− cells (fig. S2).

The TI contains more lymphoid aggregates and therefore more 
nonplasma cell B cells, whereas the LC harbors more lamina propria 
lymphocytes and therefore mostly differentiated plasma cells (5). In 
our patients, there was a clear dichotomy in the effects of anti-47 
therapy between the TI and LC, reflecting distinct cellular composi-
tion of these two intestinal sites. For example, we observed a marked 
decrease in nonplasma cell B cells (CD19+CD38−) in the TI of all five 
patients by flow cytometry. In contrast, in the LC that contains fewer 
nonplasma B cells, the decrease was less pronounced (Fig. 1, A and B). 
Among B cell subsets, both naïve and SM B cells were reduced in the 
TI after therapy. Again, in the LC with fewer total B cells, decrease 
in B cell subsets was less pronounced. (Fig. 1C). Among GI plasma 
cells, no decrease was noted in either the TI or LC (Fig. 1, A and B).

In circulation, although there was interindividual variability, we 
observed an early increase in all nonplasma cell B cells and in circu-
lating plasmablasts (defined as Ki67+CD38+CD27+IgD−CD19+/int 
cells; fig. S2) at week 2 after VDZ initiation. No statistically signif-
icant changes were observed over the course of 30 weeks of VDZ 
treatment (P = 0.43; Fig. 1D).

Next, we compared B cell composition between a cohort of healthy 
volunteers, patients with HIV-1 alone (without IBD), and the VDZ- 
treated HIV-1+ patients. Compared to healthy volunteers, a signifi-
cant decrease was noted in total nonplasma cell B cells in the TI after 
VDZ treatment (P < 0.05; Fig. 1E). This was associated with a re-
duced frequency of naïve B cells, although changes in SM B cells and 
plasma cells in the TI were not significantly different between normal 
volunteers and VDZ-treated patients (P = 0.19 and P = 0.07, respec-
tively). In contrast to the TI, we did not observe significant changes 
in total nonplasma cell B cells (P = 0.12), B cell subsets (naïve B cells, 
P = 0.15; SM B cells, P = 0.11), or plasma cells (P = 0.17) in the LC after 
VDZ treatment, when compared to healthy volunteers (Fig. 1E). All 
B cell subsets were comparable in the TI and LC between HIV-infected 
controls and HIV-infected IBD patients before VDZ (Fig. 1E). Finally, 
no significant changes in circulating B cell subsets were noted after 
VDZ treatment when compared to healthy volunteers or HIV con-
trols (Fig. 1F). Overall, all five patients presented a major decrease 
in nonplasma cell B cells (including both naïve and memory sub-
sets) in the TI with anti-47 therapy.

Anti-47 therapy results in attrition of lymphoid 
aggregates within the GI tract
Next, we quantified GI B cells by immunohistochemistry (IHC) to 
confirm and further define the anatomical compartments showing 
changes in B cells after VDZ. Because CD19 also identifies a subset 

of plasma cells, we used CD20 staining to quantify nonplasma cell B 
cells per unit area in lymphoid aggregates and lamina propria in the 
TI and LC. Lymphoid aggregates were noted after treatment in four of 
five subjects in the TI and two of five subjects in LC. In the TI, there 
was a pronounced CD20+ B cell reduction in TI-associated lymphoid 
aggregates after VDZ in all four of five subjects, where lymphoid 
aggregates were detectable before treatment. In the LC, marked re-
duction in lymphoid aggregate–associated B cells was noted in one sub-
ject, whereas in the other, the reduction was more modest (Fig. 2B). 
VDZ treatment induced a reduction in lamina propria B cells in the 
TI and had a variable effect on lamina propria B cells in the LC (Fig. 2, 
A and B, and fig. S3).

Having observed a significant decrease in nonplasma cell B cells 
in the TI, we hypothesized that anti-47 therapy has a pronounced 
effect on lymphoid aggregates. To define lymphoid aggregates with-
in tissue, we used IHC and quantified the surface area covered by 
lymphoid aggregates in each of the tissue sections before and after 
VDZ (pathologists were blinded to the identity of the samples). In 
every subject, we observed a decrease in the percentage of total tissue 
surface covered by lymphoid aggregates after VDZ in the TI (from 
24.1 ± 19.3% on average to 4.1 ± 2.9%; Fig. 2, C and D). Again, more 
variability was observed in the LC (from 3.8 ± 3.6% on average to 
3.9 ± 4.5%), likely because lymphoid aggregates are less pronounced 
in the LC compared to the TI (5). To validate the IHC data, we per-
formed immunofluorescence microscopy to examine B and T cell 
populations in the lymphoid aggregates versus the lamina propria. 
Consistent with the other findings, in this study, we found a signifi-
cant decrease in number and size of lymphoid aggregates after VDZ 
(P < 0.001; Fig. 2, E and F).

To better understand the attrition of lymphoid aggregates, we 
examined for cellular proliferation using Ki67. As described previously, 
Ki67+ cells were predominantly found in the lymphoid aggregates (35). 
We did not observe a significant decrease in Ki67+ cells after VDZ (TI, 
P = 0.64; LC, P = 0.65), suggesting that lack of cell proliferation was 
likely not responsible for the attrition of lymphoid aggregates (fig. S4).

Next, we asked whether cellular apoptosis was responsible for the 
attrition of lymphoid aggregates by examining for apoptotic bodies 
by histology. As a result of negative selection of low-affinity and auto-
reactive B cells, apoptotic cells are present physiologically within the 
germinal centers of lymphoid aggregates (36). Accordingly, we found 
apoptotic cells within the lymphoid aggregates before VDZ, as shown 
in fig. S5. We did not observe an increase in apoptotic cells after 
VDZ (fig. S5).

Overall, we found profound and consistent changes of the lymphoid 
aggregates of the TI after VDZ therapy. They were substantially de-
creased in number and size, and they contained fewer CD20+ B cells.

Anti-47 therapy results in a decrease in naïve  
CD4+ T cells in the TI
SIV macaque studies have demonstrated that anti-47 therapy in 
combination with early cART enables better reconstitution of CD4+ 
T cells in the colonic mucosa compared to cART alone (27). We there-
fore investigated the impact of VDZ on T cell subsets, including CD4+ 
and CD8+ T cells in the GI tract and in circulation. In the TI, there 
was a trend toward an increased frequency of total CD3+ T cells after 
VDZ treatment, whereas CD3+ T cell changes in the LC after VDZ 
were variable (Fig. 3A). Among T cell subsets, there was no significant 
change in the CD4/CD8 ratio in the TI (P = 0.24) or the LC (P = 0.19) 
in each of the patients after VDZ (Fig. 3B). When compared to healthy 
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Fig. 1. Anti-47 therapy decreases the frequency of B cell subsets in the TI. (A to C) Frequency of B cells and plasma cells in the GI tract before and after VDZ therapy. 
(A) Representative flow cytometry plots showing the expression of CD19 and CD38 among live, CD45+ cells derived from the TI (top panels) and LC (bottom panels) of subject 
583-017, before VDZ and at week 30 after VDZ. (B) Plots comparing the change in frequency of nonplasma cell (CD19+CD38−) B cells and plasma cells (CD45+CD38++CD27+) 
in the TI (top) and LC (bottom) between before and after VDZ treatment. (C) Plots demonstrating changes in the frequency of naïve (CD45+CD19+CD10−CD38−IgM+IgD+) and 
SM B cells (CD45+CD19+CD10−CD38−IgM−IgD−) in TI (top) and LC (bottom). (D) Change in the frequency of nonplasma cell B cells, B cell subsets, and plasma cells in the blood after 
VDZ therapy. In (A) to (D), each of the patients is represented with a unique color code. (E) Group comparisons in the frequency of B cell subsets and plasma cells within the 
TI and the LC. (F) Group comparisons in the frequency of B cell subsets and plasma cells in the peripheral blood. In (E) and (F), healthy volunteers (n = 11) are shown in red, 
HIV controls (n = 10) in blue, HIV-IBD subjects (n = 5) before VDZ in green, and HIV-IBD subjects after VDZ in gray. Two-tailed t test was performed to compare the different 
groups, and two-tailed paired t test was used to compare pre- and post-VDZ time points in the HIV-IBD patients. Statistical values are as indicated. *P < 0.05. NS, not significant.
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Fig. 2. Anti-47 therapy results in a significant attenuation of lymphoid aggregates, most pronounced in the TI. (A) Representative ×10 magnification images of 
TI-derived biopsies immunostained for CD20 expression (brown) in two subjects (583-013 and 583-024) before (top panels) and after (bottom panels) VDZ. (B) Quantitative 
analyses of CD20+ B cells in the TI (top) and LC (bottom). Cell frequency was determined separately in lymphoid aggregates (left) and in lamina propria (right). (C) Repre-
sentative images from subject 583-017 showing dual immunohistochemical staining with CD19 (pink) and CD4 (brown) before (top) and after (bottom) VDZ. Original 
magnification, ×4 (left panel) and ×20 (right panel). (D) Percentage of tissue covered by lymphoid aggregates in the TI (top) and LC (bottom) in each of the subjects. 
(E) Representative immunofluorescence image showing the expression of CD3 (red), CD20 (green), and 4′,6-diamidino-2-phenylindole (blue) from the TI of subject 583-
024, before (left panel) and after VDZ (right panel). Original magnification, ×10. (F) Cumulative data showing size of lymphoid aggregates between before and after VDZ 
treatment. In (B), (D), and (F), each of the patients is represented with a unique color code. Statistical values are as indicated. Wilcoxon matched-pairs signed-rank test and 
two-tailed t test (F) were used for statistical comparisons. Statistical values are as indicated. ***P < 0.0005.
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Fig. 3. Anti-47 therapy results in a decrease in naïve CD4+ T cells in the TI. (A and B) Frequency of T cells in the GI tract before and after VDZ therapy. (A) Frequency 
of total CD3+ T cells and (B) CD4/CD8 T cell ratio in the TI (top panels) and LC (bottom panels). Each of the patients is represented with a unique color code, and statistical 
values are indicated. (C and D) Group comparisons between the frequency of T cells (C) and CD4/CD8 ratio (D) in the GI tract (top panels) and peripheral blood (bottom 
panels). Healthy volunteers (n = 12) are shown in red, HIV alone controls (n = 10) in blue, HIV-IBD subjects before VDZ (n = 5) in green, and HIV-IBD subjects after VDZ (n = 
5) in gray. (E and F) Frequency of naïve and memory CD4+ T cells in the GI tract before and after VDZ. (E) Representative flow cytometry plots showing the expression of 
CD45RA on CD45+CD3+CD4+ T cells derived from the TI (top panels) and LC (bottom panels) of subject 583-024 before VDZ and at week 26 after VDZ. (F) Cumulative data 
showing changes in CD45RA+ (left) and CD45RA−CD4+ T cell subsets (right) within the TI (top panels) and LC (bottom panels). Notably, CD45RA+ staining on CD4+ T cells 
was available on four of five patients. (G) Cumulative data showing changes in the frequency of circulating total CD3+ T cells, CD4/CD8 ratio, and total CD4+ T cells during 
VDZ therapy for each patient. In (F) and (G), each of the patients is represented with a unique color code, and statistical values are indicated. *P < 0.05, **P < 0.005. Two-
tailed t test was performed to compare the different groups, and two-tailed paired t test was used to compare pre- and post-VDZ time points in the HIV-IBD patients.
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volunteers, there was a significant increase in CD3+ T cells in the TI 
(P < 0.05) and the LC (P < 0.01) after VDZ (Fig. 3C, top panel). In con-
trast to total T cells, there was no significant change in the CD4/
CD8 ratios in the TI after VDZ when compared to healthy volunteers 
(P = 0.06). HIV-1–infected subjects had significantly reduced CD4/
CD8 ratio in the LC when compared to healthy volunteers (P < 
0.01), consistent with the published literature (37). However, CD4/
CD8 ratio in the LC did not change significantly after VDZ treat-
ment (P = 0.19; Fig. 3D, top panel). In the LC, the HIV-IBD patients 
(before and after VDZ) had higher frequencies of CD3+ T cells 
(Fig. 3C). Although LC biopsies were obtained from histologically 
uninflamed areas (fig. S1), we cannot exclude IBD as a cause of in-
creased frequencies of CD3+ T cells in the LC. Finally, among circulat-
ing T cells, there were no significant differences in the total T cells or 
CD4/CD8 ratios between healthy volunteers, HIV controls, or the study 
subjects before or after VDZ treatment (Fig. 3, C and D, bottom panels).

Within T cells, there was no significant change in the total numbers 
of CD4+ T cells as quantified by IHC (TI lamina propria, P = 0.46; 
LC lamina propria, P = 0.17; fig. S6). Among CD4+ T cell sub-
sets, there were no significant changes in the memory CD4+ T cells 
(CD3+CD4+CD45RA−) after VDZ in the TI or LC (P = 0.81 and P = 
0.19, respectively; Fig. 3, E and F). In contrast to memory CD4+ 
T cells, we noticed a decrease in naïve CD4+ T cells (CD3+CD4+ 

CD45RA+) in the TI and LC after VDZ, although the changes were 
not statistically significant (TI, P = 0.14; LC, P = 0.11; Fig. 3, E and F). 
As shown in fig. S7, naïve T cells express 47 at an intermediate 
level which potentially enables naïve T cell entry into the GI tract as 
has been documented in seminal studies by Butcher et al. (6, 8, 38). 
Thus, an intermediate level of expression of 47 may underlie 
the impact of VDZ on this population. Naïve T cells reside within 
the lymphoid aggregates, whereas memory T cells are largely distrib-
uted in the intestinal lamina propria (5). These data again demonstrate 
a previously unappreciated effect of anti-47 therapy on lymp h oid ag-
gregates in the GI tract. In contrast, in circulation, although there 
was a short-term rise in total CD3+ T cells, CD4/CD8 ratios, and abso-
lute CD4+ T cell counts at week 2 after treatment, over the course of 
30 weeks, these counts tended to return to baseline (Fig. 3G).

In circulation, because 47 was almost completely saturated by 
VDZ, 7 integrin was used as a surrogate marker of 47 (fig. S8). 
There was a significant rise in 7hiCD45RA−CD4+ T cells, shown to 
be extremely susceptible to HIV-1 infection (23) at week 2, sustained 
over the duration of therapy (Fig. 4, A and B).

To further define the impact of VDZ on T cell subsets, we per-
formed mass cytometry (CyTOF), allowing resolution of dozens of 
markers on a single cell (39, 40). Cryopreserved peripheral blood mono-
nuclear cell (PBMC) samples from each of the patients were studied 
at baseline (week 0), week 2, and week 30. The data generated were 
analyzed using a combination of manual gating based on the expres-
sion of canonical markers and dimensionality reducing data visual-
ization using visualization of t-distributed stochastic neighbor 
embedding (viSNE) (41) based on all phenotypic markers (Fig. 4C). 
To define major CD4+ T cell subsets including naïve, central memory 
(CM), effector memory (EM), terminally differentiated effector 
memory (EMRA) cells, regulatory T (Treg) cells, and E+ (CD103) 
populations, we manually gated cells based on the expression of ca-
nonical markers as shown in the heat map in Fig. 4C. We then used 
viSNE analyses to examine the expression of 7 integrin on each of 
the major CD4+ T cell subsets and further defined the expression of 
multiple phenotypic markers including CD29 (1 integrin), CD38 

(activation), and CD161 (T helper 17 cells; Fig. 4D). Although we did 
not observe population-level differences among naïve, EMRA, and 
Treg cells, there was a significant increase in the frequency of 7+CM 
CD4+ T cells (P < 0.05 at week 2) and 7+EM CD4+ T cells (P = 0.01 
at week 30) in circulation after VDZ (Fig. 4E). Lack of population- 
level changes in T cell subsets was also observed using flow cytometry 
(fig. S9). Because of limited sample availability, CyTOF analyses could 
not be performed on GI-resident T cells in the present study.

Because the 7 integrin can dimerize with either 4 or E (fig. S10), 
we examined the contribution of E7+ cells in the expansion of 
peripheral 7+ cells. E7+ cells had high expression of 7 integrin 
(Fig. 4D). In every patient, and most notably in 583-012 and 583-017, 
there was an increase in E7+ cells in circulation after VDZ (Fig. 4E). 
In confirmation of the CyTOF data, conventional flow cytometry also 
revealed an expansion of CD45RA−E7+ cells in circulation (Fig. 4, 
F and G). That said, because E7+ cells account for a minority (~3%) 
of the 7+ cells (fig. S10), we posit that the overall expansion of 7+ 
cells in circulation was due to 47.

Anti-47 therapy is associated with a decrease in activated 
CD4+ T cells in the TI
Cellular activation, causally related to susceptibility to HIV-1 infec-
tion and HIV-1 latency (42) and an independent marker of disease 
progression (43, 44), is significantly greater in the GI tract than that in 
the peripheral blood of patients with HIV-1 infection (34). To de-
termine the impact of anti-47 therapy on immunological activation 
in the GI tissue and peripheral blood, we assessed for the expression 
of CD38 on CD4+ and CD8+ T cells (defined in fig. S11). A signifi-
cant reduction in the frequency of CD4+CD38+ T cells was seen in 
the TI in all five subjects after VDZ treatment (P = 0.01; Fig. 5, A 
and B). In the LC, CD4+CD38+ cells decreased in four of five sub-
jects. Among CD8+ T cells, changes in CD8+CD38+ cells were not 
significant in the TI (P = 0.17) or the LC (P = 0.65; Fig. 5, A and B). 
In the peripheral blood, although individual subjects showed a re-
duction in CD4+CD38+ cells and CD8+CD38+ cells, there was vari-
ability as a group, and the results did not reach significance (P = 0.88 
CD4+CD38+ cells and 0.68 for CD8+CD38+ cells at week 30; Fig. 5C). 
The change of the frequency of circulating CD38+HLA-DR+ double- 
positive CD4+ and CD8+ T cells was also variable between individ-
uals, and no significant differences were noted after 30 weeks of 
treatment (P = 0.25 for CD4+ T cells and 0.68 for CD8+ T cells at 
week 30; fig. S12). To obtain a better resolution on the major CD4+ 
T cell subsets, we defined the expression of CD38 on memory and 
naïve cell subsets using CyTOF as detailed in Fig. 4 and segregated 
cells by 7 expression. As shown in Fig. 5D, 7+CM CD4+ T cells and 
naïve CD4+ T cells had a significant reduction in CD38 expression af-
ter VDZ, seen at week 2 (7+CM CD4+ T cells, P = 0.02; naïve CD4+ 
T cells, P = 0.04) and week 30 (7+CM CD4+ T cells, P = 0.02; naïve 
CD4+ T cells, P = 0.02). When compared with healthy volunteers 
and HIV controls, there was a nonstatistically significant reduction in 
CD4+CD38+ cells in the TI after VDZ treatment. In contrast, among cir-
culating T cells, the frequency of bulk CD4+CD38+ and CD8+CD38+ 
cells was remarkably similar between healthy volunteers, HIV controls, 
and VDZ-treated subjects (Fig. 5D).

Anti-47 therapy results in early changes in natural killer 
cell composition and activation that equilibrates over time
Natural killer (NK) cells play a critical role in viral immunity includ-
ing HIV with multiple lines of evidence supporting a role for both 
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Fig. 4. Anti-47 therapy is associ-
ated with alterations in the number 
and phenotype of 7+ cells in circu-
lation. (A and B) Frequency of 7hi 
memory T cell subsets in the peripheral 
blood before and after VDZ as mea-
sured by flow cytometry. (A) Repre-
sentative flow cytometry plots from 
subject 583-017 comparing the ex-
pression of 7 integrin and CD45RA 
on circulating CD4+ T cells before 
VDZ and at week 30 after VDZ. Three 
distinct populations are defined: 
7hiCD45RA−, 7−CD45RA−, and 
7intCD45RA+. (B) Cumulative data 
showing changes in circulating 
7hiCD45RA−CD4+ T cells during VDZ 
therapy for each patient. (C to E) CyTOF 
analyses to define alterations in the 
frequency of immune cell subsets 
after VDZ. (C) t-distributed stochastic 
neighbor embedding (tSNE) analyses 
showing the major T cell subsets in-
cluding naïve, CM, EM, EMRA, Treg 
cells, and E+ (CD103) cells. These 
populations were manually gated on 
the basis of the expression of canon-
ical markers as shown in the heat map 
on the right. (D) 7 integrin expression 
on each of the immune populations 
defined in (C). The expression of CD29, 
CD38, and CD161 on each of the cel-
lular subsets is shown by a heat map. 
(E) Frequency of the indicated cell 
populations by CyTOF for each of the 
patients at baseline, week 2, and week 
30. (F and G) Flow cytometric evalu-
ation of E+ (CD103) cells after VDZ. 
(F) Representative flow cytometry plots 
from subject 583-017 comparing the 
expression of E (CD103) and CD45RA 
on circulating CD4+ T cells before VDZ 
and at week 30 after VDZ. (G) Cumu-
lative data showing changes in cir-
culating E7+CD45RA−CD4+ T cells 
during VDZ therapy for each patient. 
In (E) and (G), each of the patients is 
represented with a unique color code. 
Significance values are as indicated in 
the figure. Two-tailed t test was per-
formed to compare the different groups, 
and two-tailed paired t test was used 
to compare pre- and post-VDZ time 
points in the HIV-IBD patients.
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Fig. 5. Anti-47 therapy is associated with a decrease in activated CD4+ T cells in the TI. (A and B) Frequency of activated T cells in the GI tract before and after VDZ. 
(A) Representative flow cytometry plots showing the expression of CD38 on live CD45+CD3+CD4+ T cells derived from TI (top) and LC (bottom) in subject 583-013 before 
VDZ and at week 26 after VDZ. (B) Cumulative data showing changes in the number of CD4+CD38+ T cells (left) and CD8+CD38+ T cells (right) in the TI (top panels) and LC 
(bottom panels) in each of the study subject after VDZ. (C) Frequency of CD4+CD38+ T cells (top) and of CD8+CD38+ T cells (bottom) in the peripheral blood throughout 
the study. (D) CyTOF analyses showing the median intensity of expression of CD38, compared for the indicated cell population on each of the patients at baseline, week 
2, and week 30. In (B) to (D), each of the patients is represented with a unique color code. Significance values are as indicated in the figure. (E) Group comparisons between 
the frequency of CD4+CD38+ T cells (top left) and CD8+CD38+ cells (top right) in the GI tract and in the peripheral blood (bottom panels). Healthy volunteers (n = 12) are 
shown in red, HIV controls (n = 10) in blue, HIV-IBD subjects before VDZ (n = 5) in green, and HIV-IBD subjects after VDZ (n = 5) in gray. Two-tailed t test was performed to 
compare the different groups, and two-tailed paired t test was used to compare pre- and post-VDZ time points in the HIV-IBD patients.
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cytotoxic and regulatory functions in HIV-1 infection (45). Therefore, 
we analyzed the composition and the activation of NK cells at baseline, 
week 2, and week 30 after VDZ. We defined NK cells in three distinct 
subsets as follows: Cytolytic NK cells were defined as CD56dimCD16high 
NK cells, cytokine-secreting NK cells as CD56brightCD16low NK cells, 
and CD56null cells as CD56lowCD16high NK cells (Fig.  6A and 
fig. S13). We found that, in all patients, the frequency of circulating 
CD56brightCD16low cytokine-secreting NK cells decreased at week 2 
and increased back to a level similar to baseline at week 30 (Fig. 6B). No 
clear differences were seen in the two other subsets (Fig. 6, C and D) 
or in the subset of CD56+ NK cells coexpressing CD8 (Fig. 6E)

We further looked at the expression of human leukocyte antigen– 
DR isotype (HLA-DR) and programmed cell death-1 (PD-1) on 
CD56dim cytolytic NK cells. An increase in the expression of HLA-
DR was noted in four of five subjects at week 2, suggesting the acti-
vation of cytolytic NK cells after VDZ (Fig. 6F and fig. S14). Finally, 
the expression of PD-1 on CD56dim cytolytic NK cells also increased 
in four of five subjects at week 2 (Fig. 6G). Because of paucity of 
GI-derived cells, we were unable to assess for NK cell changes in the 
GI tract after VDZ. In summary, our data demonstrate changes in 
NK cell frequency and increased NK cell activation in circulation, 
early after anti-47 therapy.

Anti-47 therapy results in a variable effect on stimulated 
and unstimulated multiply spliced HIV-1 transcripts in 
blood-derived CD4+ T cells
To study the impact of VDZ on the HIV reservoir, we used a com-
bination of approaches assessing HIV-related measurement. All 
the patients continued on fully suppressive antiretroviral therapy 
for the course of this study. We observed a decrease in total HIV-1 
DNA levels in sorted CD4+ T cells derived from PBMCs in two of 
five patients. In addition, changes in proviral DNA were minimal 
in two of five patients and increased in one of five patients (total 
DNA, P = 0.63; integrated DNA, P = 0.13; Fig. 7A). In the TI, al-
though there was a decrease in total and integrated HIV-1 DNA in 
three of five subjects, there was an increase in total and integrated 
HIV-1 DNA in two of five subjects and the changes were not sta-
tistically significant (total DNA, P=0.31; integrated DNA, P = 
0.44; Fig. 7B, top panels). Similarly, the effect of VDZ treatment 
on HIV-1 DNA levels in the LC was variable and not significant 
(total DNA, P = 0.52; integrated DNA, P = 0.60; Fig. 7B, bottom 
panels). We did not detect HIV-1 RNA levels in unstimulated 
GI-derived CD4+ T cells, and paucity of cell numbers made per-
formance of quantitative viral outgrowth assays not feasible in this 
initial study.
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Fig. 6. Anti-47 therapy results in the activation of circulating NK cell subsets. (A) NK cell phenotype at weeks 0, 2, and 30 of therapy with VDZ. After exclusion of 
dead cells, monocytes, B cells, and T cells, cytolytic NK cells were gated as CD56dimCD16high NK cells, cytokine-secreting NK cells were gated as CD56brightCD16low NK cells, 
and CD56null cells were gated as CD56lowCD16high NK cells. (B to E) Composite graphs representing frequency of cytokine-producing (B), cytolytic (C), and CD56null NK cells 
(D), as well as CD56+CD8+ NK cells (E) from each of the five subjects (color-coded) at weeks 0, 2, and 30 of therapy with VDZ. (F and G) Change in the expression of HLA-DR 
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Tat/rev-induced limiting dilution assay (TILDA) was performed 
on peripheral blood-derived, bead-sorted CD4+ T cells before VDZ 
and at week 30 after treatment. In subjects 583-013 and 583-017, lower 
frequencies of cells with multiply spliced HIV RNA (tat/rev) were seen 
after treatment. In the absence of stimulation, LTR-gag transcripts 
were rare, and did not change significantly after VDZ (P = 0.23; 
Fig. 7C, left panel). Overall, in the face of ongoing cART, spliced 
and unspliced HIV-1 RNA in the blood showed variability and incon-
clusive overall effect of anti-47 on markers of HIV-1 persistence 
(P = 0.48; Fig. 7C, right panel).

Further, we correlated the total DNA level in the TI with immuno-
logical parameters. We found a positive correlation (r = 0.52, P = 0.13) 
between the lymphoid aggregates and the DNA level, suggesting a po-

tential role of the TI lymphoid structures as viral reservoirs (Fig. 7D, left 
panel). In addition, the percentage of the GI surface covered by lym-
phoid aggregates in the TI correlated positively with CD8+ T cell acti-
vation (r = 0.58, P = 0.08; Fig. 7D, middle panel). Finally, we found a 
strong correlation (r = 0.8) between the magnitude of CD8+ T cell ac-
tivation decrease and decrease in total DNA levels in the TI after VDZ 
(Fig. 7D, right panel).

DISCUSSION
A growing body of evidence has demonstrated that 47+CD4+ T cells 
represent an early target for HIV-1 (20, 21, 23). Accordingly, NHP 
studies using an anti-47 monoclonal antibody (mAb), that is a close 
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Fig. 7. Impact of anti-47 therapy on HIV-1 levels in the peripheral blood and in the GI tract. (A) Estimated copies per million cells of total and integrated HIV DNA in 
sorted CD4+ T cells derived from PBMCs before and after VDZ. (B) Total and integrated HIV DNA in whole biopsies derived from the TI (top panels) and LC (bottom panels) before 
and after VDZ. DNA copy number was normalized per housekeeping gene (CD3) copy number. (C) HIV-1 long terminal repeat (LTR)–gag RNA in unstimulated bead-selected, 
circulating CD4 cells before VDZ and at week 30 after VDZ (left panel). In the right panel, frequency of cells with inducible multiply spliced RNA (msRNA; tat/rev), measured 
with the TILDA assay, is compared before and after VDZ. (D) Plots showing the linear regression line between various parameters in the TI mucosa. Left panel shows cor-
relation between HIV total DNA within the TI and the percentage of tissue covered by lymphoid aggregates (LA). Middle panel shows the correlation between the frequency 
of CD8+CD38+ activated cells and the surface covered by lymphoid aggregates in the TI. The right panel represents the correlation between the magnitude of week 0 to week 
30 changes in total HIV-1 DNA levels and the frequency of CD8+CD38+ cells. A positive number is representative of a decrease from week 0 to week 30. Correlation factors and 
P values were estimated with the Spearman correlation test. Two-tailed paired t test was used to compare before and after VDZ values. Statistical values are as indicated.
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analog of VDZ, either before infection or in the context of SIV- 
infected animals receiving cART, have yielded promising and provoc-
ative results (26, 27). This has prompted two ongoing phase 1 clinical 
trials of VDZ in HIV-infected subjects. However, the underlying 
mechanism(s) by which anti-47 mAb therapy affected SIV patho-
genesis remains unknown. Subjects coafflicted with HIV and IBD 
represent a unique opportunity to investigate the clinical utility of 
VDZ therapy in HIV disease. The goals of the present report were to 
determine the safety and tolerability of anti-47 therapy in humans 
with HIV-1 infection. In addition, we performed detailed immuno-
logical analyses in the intestinal tissue and peripheral blood to provide 
insight into the mechanism(s) of action of this drug.

Data reported herein from six patients with chronic HIV-1 infection 
(five patients with detailed intestinal immunophenotyping) demon-
strated that VDZ can be safely administered over extended periods 
of time. The only AEs recorded in our study were minor and self- 
limited, including episodes of upper respiratory infection as de-
scribed previously (28).

To determine the immunological effects of VDZ on the GI tract, 
we examined both immune inductive sites (represented by lymphoid 
aggregates, concentrated in the TI) and effector sites (represented by 
lamina propria–associated lymphocytes). Notably, inductive sites 
such as the PPs harbor antigen-naïve T and B cells, whereas effector 
sites such as colonic lamina propria contain antigen-experienced 
memory T cells and plasma cells (5). Significantly reduced frequency 
of nonplasma cell B cell subsets (but not plasma cells) and naïve T 
cells (but not memory T cells) as assessed by flow cytometry after 
VDZ treatment drew our attention to the effect of anti-47 thera-
py on lymphoid aggregates. In confirmation of our hypothesis that 
anti-47 therapy targets lymphoid aggregates, we observed a marked 
attenuation of lymphoid aggregates in the course of treatment. These 
data, represent a previously unreported MOA of anti-47 therapy 
and can be explained, in part, by the fact that lymphocyte homing to 
both inductive and effector sites, are 47-dependent (6, 38). Al-
though the existing literature has focused on drug therapeutic effects 
on memory cells homing to the effector compartment, we observed 
an even greater effect on the homing of naïve T and B cells to the 
inductive sites. Consistent with our observations, previous studies 
have reported variable effects of anti-47 treatment on lamina pro-
pria lymphocytes (10). This may reflect redundant cellular homing 
pathways to the lamina propria and a more exclusive dependence on 
47-MAdCAM interactions in homing to inductive sites (6, 8, 38). 
In support, we have observed a significant increase in 7hi memory 
CD4+ T cells in circulation after VDZ therapy. Furthermore, NHP 
studies do not demonstrate hypocellularity in the lamina propria af-
ter VDZ treatment, which would be expected in the face of blocking 
cellular ingress (46). Finally, in one preclinical study where anti-47 
therapy was administered to cynomolgus monkeys and as many as 
48 different sites were examined for drug effect, atrophy of PPs was 
observed after treatment, whereas no changes in the intestinal lamina 
propria were discernable (47). Viewed collectively, no significant change 
in CD4+ T cell frequencies in the lamina propria concurrent with an 
increase in 7hi memory CD4+ T in circulation implies that CD4+ T 
cells are using redundant and perhaps 47-independent pathways of 
localizing to the GI lamina propria during VDZ therapy. Although 
47 is best described as a “pan-GI” homing marker, it is likely that 
alternative and more specialized pathways exist. As an example, a G 
protein–coupled receptor, GPR-15, was recently described to mediate 
homing of regulatory T cells to the colon (48). A better understanding 

of 47-independent pathways of gut homing has important impli-
cations for IBD therapeutics and for HIV.

In addition to its effect on lymphoid aggregates, anti-47 was 
associated with a decrease in the frequency of activated CD4+ T cell in 
the TI, which could be the consequence of either decreased activation 
or in reduced homing of activated cells. These data may also suggest an 
effect of immune stimulation by viral reservoirs in the TI. However, 
an obvious limitation here is the low number of patients—such obser-
vations would need to be validated in a larger data set. An additional 
point of interest and perhaps the subject of future investigation is the 
impact of therapy on the activation of CD56dim cytolytic NK cells at 
week 2 after treatment. Unfortunately, we do not have tissue assess-
ments of NK cell phenotype/function to better understand the im-
pact of therapy on this important innate immune subset.

Virological effects of therapy, modest at best in the present study, 
were not unexpected in the face of ongoing, fully suppressive cART. In 
addition, in contrast to a SIV-macaque study (9), our data do not show 
clear differences between reduction of viral loads in the small and 
large intestines.

The patients described herein had concomitant IBD which could 
potentially confound the interpretation of our results. Given that anti- 
47 therapy is not yet licensed for clinical use in HIV alone, this 
was a practical limitation for this study. That said, we believe that the 
impact of IBD on our analysis was minimal. The patients had very 
mild IBD. Furthermore, histological examination of tissues, argu-
ably the gold standard for defining tissue inflammation, confirmed 
that the biopsied areas within the TI or the LC did not have mucosal 
inflammation.

Attenuation of lymphoid aggregates by anti-47 therapy may 
have important implications for HIV-1 infection. It is well established 
that B cell follicles are a source of viral replication in the context of 
chronic infection (49). Notably, emerging data suggest that B cell folli-
cles are a major source of replication-competent virus during cART 
(50) and may represent one barrier to viral eradication. Follicular DCs, 
physiological long-term stores of antigen for the development of high- 
affinity antibodies (51), accumulate a large reservoir of infectious ex-
tracellular HIV virions within the B cell follicles and serve as a major 
source of infectious virions in vivo (52–54). Virus can then be passed 
to follicular CD4+ T cells (including T follicular helper cells) that are 
highly susceptible to HIV-1 infection (55, 56) through a variety of 
mechanisms including B cell lymphoma 6 (BCL-6)–mediated dimin-
ished expression of interferon-stimulated genes (57). Moreover, 
B cell follicles may be semi-immune privileged sites due to the inabil-
ity of cytotoxic T cells lacking follicular homing molecule CXCR5 
(58) to enter them (59). In accordance with this concept, it has been 
hypothesized that overcoming the immune privilege of lymphoid 
follicles may be the key to HIV cure efforts (60). Among the strategies 
being considered are the development of HIV-specific, CXCR5- 
expressing chimeric antigen receptor T cells (61), the use of bispecific 
antibodies (62), or treatment with latency reversal agents (LRAs) 
(63). Although significant attention has been paid to LRAs such as 
histone deacetylase inhibitors, protein kinase C agonists, and re-
combinant interleukin-15, to date, no LRA agent is known to spe-
cifically target the lymphoid aggregates. Here, unexpectedly, we 
have identified that a gut-specific immunotherapeutic agent can lead 
to the attrition of B cell follicles in the GI tract. This represents a po-
tentially important tool in the HIV-1 cure effort. Given that the im-
pact of anti-47 therapy is primarily GI specific, it would possibly 
need to be combined with other agents to affect HIV-1 reservoirs in 
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both GI and non-GI sites. Another implication of the present report is 
the proposed duration of therapy. We contend that extended treat-
ment with anti-47 agents, either alone or in combination with 
other LRAs, will likely be required for a sustained impact on the 
lymphoid aggregates and should be considered in the design of fu-
ture animal and human studies.

In summary, the present report provides evidence of safety and 
tolerability of anti-47 therapy in HIV-infected subjects and pro-
vides insights into its effect on lymphoid aggregates. This activity may 
represent a new approach toward affecting persistent viral replication 
in gut tissues, which play a central role in HIV pathogenesis. In the 
ongoing efforts to develop an HIV cure, we believe that treatment 
with anti-47 agents in combination with other LRAs may represent 
a new therapeutic approach.

MATERIALS AND METHODS
Study design
Patients were recruited from within a cohort of HIV-1–infected pa-
tients with concomitant IBD (64) being followed at the Icahn School of 
Medicine at Mount Sinai and its affiliated hospitals and clinics. In-
formed consent was obtained from all the participants. The study pro-
tocol was approved by the Mount Sinai institutional review board.

Six subjects with IBD and concomitant HIV-1 infection were pro-
spectively enrolled into the study. Of these, ileocolonoscopy was 
performed before VDZ initiation in five subjects, and biopsies were 
obtained from the TI and LC. In one subject (583-004), colonoscopy 
could not be performed before treatment due to logistical reasons 
(the patient had already received the first dose of VDZ as the colo-
noscopy was being scheduled). Before VDZ, blood from this patient 
was stored, and she signed on to the study to be followed prospec-
tively. Thus, although we have detailed safety data and immunological 
and virological data in circulation before and after VDZ on this patient, 
we have not included her in the analyses, lacking the pre-VDZ gut 
data. Full immunological and virological analyses are being reported on 
five subjects. VDZ infusions were administered following the U.S. Food 
and Drug Administration–approved protocol for IBD, including an 
induction phase with a 300 mg intravenous (iv) infusion at weeks 0, 
2, and 6, subsequently followed by a maintenance phase with a 
300 mg iv infusion every 8 weeks. Before each infusion, blood was 
collected for analysis. A repeat colonoscopy was performed on each 
of the five subjects between week 22 and week 30 after treatment. 
Although the patients continue to be on long-term follow-up and on 
VDZ therapy, for the present report, we are describing the effects of 
30 weeks of VDZ therapy. All the patients continued stable and un-
interrupted cART for the length of the study.

In addition, we recruited a cohort of healthy volunteers (n = 12) 
and a cohort of non-IBD patients identified during chronic HIV-1 
infection who were all cART-treated and well controlled (n = 10; clin-
ical details in tables S2 and S3). All healthy volunteers and chronic 
HIV-1 subjects underwent colonoscopy and phlebotomy for immu-
nological analyses in the GI tract and peripheral blood, respectively. 
In addition to existing protocols in the lab, we studied the impact of 
collagenase digestion on the expression of CD4 receptor (fig. S15). 
Primary data are located in table S6.

Statistical analysis
Plots were drawn using GraphPad Prism software. Statistical signif-
icance of immunophenotyping and viral data was assessed using the 

two-sample paired Wilcoxon signed-rank test and two-tailed (paired) 
Student’s t test when appropriate. Correlations were assessed using 
the Spearman test.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/10/461/eaau4711/DC1
Methodological details
Fig. S1. Histological examination of TI and LC before and after VDZ.
Fig. S2. B cell gating strategy.
Fig. S3. CD20 immunostaining of terminal ileal biopsies before and after VDZ.
Fig. S4. Change in the frequency of Ki67+ cells in GI tissue.
Fig. S5. Representative image of apoptotic bodies.
Fig. S6. CD4 quantification in biopsies of the TI and LC.
Fig. S7. Representative flow cytometry plots of showing the expression of 47 on naïve and 
memory CD4+ T cells in the peripheral blood of a healthy volunteer.
Fig. S8. Masking of 47 by VDZ and 7 as a surrogate marker of 47+ cells.
Fig. S9. Change in the frequency of CD4+ T cells subsets in circulation after VDZ.
Fig. S10. Expression of integrin 4 and E on 7+ memory CD4+ T cells.
Fig. S11. Gating strategy to define the frequency of CD38+ “activated” CD4+ and CD8+ T cells in 
the GI tract.
Fig. S12. Change in the frequency of CD4+ and CD8+HLA-DR+CD38+ cells in circulation.
Fig. S13. Gating strategy for identifying NK cells.
Fig. S14. HLA-DR expression on cytolytic CD56dimCD16high NK cells.
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Table S3. HIV control cohort: Clinical characteristics.
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I N F E C T I O U S  D I S E A S E

A live vaccine rapidly protects against cholera 
in an infant rabbit model
Troy P. Hubbard et al. (Matthew K. Waldor)

Outbreaks of cholera, a rapidly fatal diarrheal disease, often spread explosively. The efficacy of re-
active vaccination campaigns—deploying Vibrio cholerae vaccines during epidemics—is partially 
limited by the time required for vaccine recipients to develop adaptive immunity. We created 
HaitiV, a live attenuated cholera vaccine candidate, by deleting diarrheagenic factors from a recent 
clinical isolate of V. cholerae and incorporating safeguards against vaccine reversion. We demon-
strate that administration of HaitiV 24 hours before lethal challenge with wild-type V. cholerae 
reduced intestinal colonization by the wild-type strain, slowed disease progression, and reduced 
mortality in an infant rabbit model of cholera. HaitiV-mediated protection required viable vac-
cine, and rapid protection kinetics are not consistent with development of adaptive immunity. 
These features suggest that HaitiV mediates probiotic-like protection from cholera, a mechanism 
that is not known to be elicited by traditional vaccines. Mathematical modeling indicates that 
an intervention that works at the speed of HaitiV-mediated protection could improve the public 
health impact of reactive vaccination.

A U T O I M M U N I T Y

Antibody blockade of IL-15 signaling has the 
potential to durably reverse vitiligo
Jillian M. Richmond et al. (John E. Harris)

Vitiligo is an autoimmune disease of the skin mediated by CD8+ T cells that kill melanocytes 
and create white spots. Skin lesions in vitiligo frequently return after discontinuing conventional 
treatments, supporting the hypothesis that autoimmune memory is formed at these locations. 
We found that lesional T cells in mice and humans with vitiligo display a resident memory (TRM) 
phenotype, similar to those that provide rapid, localized protection against reinfection from skin 
and mucosal-tropic viruses. Interleukin-15 (IL-15)–deficient mice reportedly have impaired TRM 
formation, and IL-15 promotes TRM function ex vivo. We found that both human and mouse 
TRM express the CD122 subunit of the IL-15 receptor and that keratinocytes up-regulate CD215, 
the subunit required to display the cytokine on their surface to promote activation of T cells. 
Targeting IL-15 signaling with an anti-CD122 antibody reverses disease in mice with established 
vitiligo. Short-term treatment with anti-CD122 inhibits TRM production of interferon-γ (IFNγ), 
and long-term treatment depletes TRM from skin lesions. Short-term treatment with anti-CD122 
can provide durable repigmentation when administered either systemically or locally in the skin. 
On the basis of these data, we propose that targeting CD122 may be a highly effective and even du-
rable treatment strategy for vitiligo and other tissue-specific autoimmune diseases involving TRM.
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F E T A L  I M M U N I T Y

Alloreactive fetal T cells promote uterine 
contractility in preterm labor via IFN-γ  
and TNF-α
Michela Frascoli et al. (Tippi C. MacKenzie)

Healthy pregnancy is the most successful form of graft tolerance, whereas preterm labor (PTL) 
may represent a breakdown in maternal-fetal tolerance. Although maternal immune respons-
es have been implicated in pregnancy complications, fetal immune responses against maternal 
antigens are often not considered. To examine the fetal immune system in the relevant clinical 
setting, we analyzed maternal and cord blood in patients with PTL and healthy term controls. 
We report here that the cord blood of preterm infants has higher amounts of inflammatory cy-
tokines and a greater activation of dendritic cells. Moreover, preterm cord blood is characterized 
by the presence of a population of central memory cells with a type 1 T helper phenotype, which 
is absent in term infants, and an increase in maternal microchimerism. T cells from preterm 
infants mount a robust proliferative, proinflammatory response to maternal antigens compared 
to term infants yet fail to respond to third-party antigens. Furthermore, we show that T cells 
from preterm infants stimulate uterine myometrial contractility through interferon-γ and tu-
mor necrosis factor–α. In parallel, we found that adoptive transfer of activated T cells directly 
into mouse fetuses resulted in pregnancy loss. Our findings indicate that fetal inflammation and 
rejection of maternal antigens can contribute to the signaling cascade that promotes uterine 
contractility and that aberrant fetal immune responses should be considered in the pathogenesis 
of PTL.

I M M U N O D I A G N O S T I C S

Epigenetic immune cell counting in human 
blood samples for immunodiagnostics
Udo Baron et al. (Sven Olek)

Immune cell profiles provide valuable diagnostic information for hematologic and immunologic 
diseases. Although it is the most widely applied analytical approach, flow cytometry is limited 
to liquid blood. Moreover, either analysis must be performed with fresh samples or cell integrity 
needs to be guaranteed during storage and transport. We developed epigenetic real-time quanti-
tative polymerase chain reaction (qPCR) assays for analysis of human leukocyte subpopulations. 
After method establishment, whole blood from 25 healthy donors and 97 HIV+ patients as well 
as dried spots from 250 healthy newborns and 24 newborns with primary immunodeficien-
cies were analyzed. Concordance between flow cytometric and epigenetic data for neutrophils 
and B, natural killer, CD3+ T, CD8+ T, CD4+ T, and FOXP3+ regulatory T cells was evaluated, 
demonstrating substantial equivalence between epigenetic qPCR analysis and flow cytometry. 
Epigenetic qPCR achieves both relative and absolute quantifications. Applied to dried blood 
spots, epigenetic immune cell quantification was shown to identify newborns suffering from var-
ious primary immunodeficiencies. Using epigenetic qPCR not only provides a precise means for 
immune cell counting in fresh-frozen blood but also extends applicability to dried blood spots. 
This method could expand the ability for screening immune defects and facilitates diagnostics 
of unobservantly collected samples, for example, in underdeveloped areas, where logistics are 
major barriers to screening.
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