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To enhance human prostate-specific membrane antigen
(hPSMA)-specific chimeric antigen receptor (CAR) T cell ther-
apy in a hPSMA+ MyC-CaP tumor model, we studied and
imaged the effect of lactate dehydrogenase A (LDH-A) deple-
tion on the tumor microenvironment (TME) and tumor pro-
gression. Effective LDH-A short hairpin RNA (shRNA) knock-
down (KD) was achieved in MyC-CaP:hPSMA+ Renilla
luciferase (RLuc)-internal ribosome entry site (IRES)-GFP tu-
mor cells, and changes in tumor cell metabolism and in the
TME were monitored. LDH-A downregulation significantly in-
hibited cell proliferation and subcutaneous tumor growth
compared to control cells and tumors. However, total tumor
lactate concentration did not differ significantly between
LDH-A knockdown and control tumors, reflecting the lower
vascularity, blood flow, and clearance of lactate from LDH-A
knockdown tumors. Comparing treatment responses of MyC-
CaP tumors with LDH-A depletion and/or anti-hPSMA CAR
T cells showed that the dominant effect on tumor growth was
LDH-A depletion. With anti-hPSMA CAR T cell treatment, tu-
mor growth was significantly slower when combined with tu-
mor LDH-A depletion and compared to control tumor growth
(p < 0.0001). The lack of a complete tumor response in our an-
imal model can be explained in part by (1) the lower activity of
human CAR T cells against hPSMA-expressing murine tumors
in a murine host, and (2) a loss of hPSMA antigen from the tu-
mor cell surface in progressive generations of tumor cells.

INTRODUCTION
Chimeric antigen receptor-engineered T (CAR T) cell therapy has
achieved significant progress in the treatment of hematological ma-
lignancies and resulted in US Food and Drug Administration (FDA)
approval of the first two CD19-targeted CAR T cell therapies, i.e.,
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Kymriah (tisagenlecleucel) (Novartis) and Yescarta (axicabtagene
ciloleucel) (Kite Pharma/Gilead Sciences). This success was credited
to the availability of CD19 as a cell surface protein that is uniformly
expressed on malignant B cells.1 The absence of the so-called
“nonphysical” tumor microenvironment (TME) in hematological
malignancies is frequently stated.2 The TME in solid tumors is
more complex, with physical barriers, multiple mechanisms of
immunosuppression, and a variety of oncometabolites limiting the
efficacy of CAR T cell therapy.3,4 One of these oncometabolites is
lactate and is associated with aerobic glycolysis, first described by
Warburg.5,6 The presence of high lactate levels in the TME is usually
associated with an acidic extracellular pH (6.5) and a lower number
and activity of CD8+ T cells and natural killer (NK) cells, both
in vitro and in vivo. High lactate has been shown to suppress
T cell functions, including interleukin (IL)-2 secretion and the
activation of T cell receptors.7 Blocking lactate dehydrogenase A
(LDH-A) in tumor cells improves immune function and the efficacy
of anti-programmed cell death-1 (PD-1) therapy.8,9 We previously
have shown that CD3+ T cells were excluded from the core of
MyC-CaP wild-type (WT) tumors in immune-competent FVB/N
mice, and that they are localized along the invasive tumor margin
(stromal-tumor edge).10 The treatment with monoclonal antibody
(mAb) targeting human programmed death receptor 1 (anti-
hPD1) increased the number of tumor-infiltrating CD3+ lympho-
cytes within the core of MyC-CaP tumors in immunocompetent
mice and was associated with inhibited tumor growth.
e Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Characterization and Comparison of MyC-

CaP:hPSMA+ LDH-A KD and NC Cells In Vitro

(A) ddPCR of LDH-A mRNA expression (p = 0.0004). (B)

Western blotting (LDH-A/b-actin density ratio not shown in

figure) (p < 0.045). (C) LDH enzyme activity (p < 0.0001). (D)

VEGF-A secretion over 24 h (p = 0.0006). (E) 18F-FDG

uptake (p = 0.037). Values are from at least three inde-

pendent experiments. Mean ± SEM; two-tailed p test. (F)

In vitro growth profiles: doubling times were 17.2 ± 0.6 h

(KD) and 14.7 ± 0.5 h (NC) (p = 0.009).
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Based on our previous work in other tumor models, we found that
depleting LDH-A in tumor cells removed the spatial restriction on
T cells entering solid tumors.11 In order to enhance T cell targeting
and penetration, we studied and imaged the effect of LDH-A deple-
tion (LDH-A short hairpin RNA [shRNA] knockdown [KD]) on tu-
mor metabolism and specific components of the TME on the growth
of MyC-CaP:human prostate-specific membrane antigen (hPSMA)+

Renilla luciferase (RLuc)-internal ribosome entry site (IRES)-GFP
prostate cells and tumors. We sought to determine whether tumor
LDH-A depletion and changes in tumor lactate result in changes in
the TME, predisposing to better CAR T cells tumor targeting. Preclin-
ical studies that incorporate imaging to monitor T cell trafficking and
expansion are necessary to assess the efficacy of inducing changes in
the TME on T cell tumor targeting and penetration of solid tumors.
We hypothesized that the manipulation of the TME through LDH-
A/lactate depletion can provide better tumor targeting and infiltration
of CAR T cells, resulting in an improved treatment response.

Two objectives of this study were to examine (1) whether significant
changes are induced in the TME by LDH-A KD in MyC-
CaP:hPSMA+ RLuc-IRES-GFP tumors, and (2) whether there is a sig-
nificant enhancement in the efficacy of second-generation hPSMA
CAR-directed T cell therapy by downregulating the expression of
LDH-A in these tumors.

We show that LDH-A KD in MyC-CaP tumors results in a signifi-
cantly higher tumor localization of second-generation Plg28z anti-
hPSMA human CAR T cells, as visualized by bioluminescence imag-
ing (BLI). LDH-A depletion has a major effect on tumor progression,
whereas the addition of second-generation Plg28z anti-hPSMA hu-
man CAR T cell therapy provides only a small, non-significant addi-
tive effect on tumor progression.
Molecular T
RESULTS
Choice of the MyC-CaP Tumor Model

The slow-growing MyC-CaP tumor model was
chosen for this study because it is a well-estab-
lished and studied murine prostate cancer cell
line and tumor, although some limitations have
been identified.10,12,13 In that respect, it does
resemble prostate cancers of Gleason grade
<7.14–16 MyC-CaP tumors have a modest growth
rate (MyC-CaP WT tumor doubling time (DT),
2.6 ± 0.6 days; MyC-CaP hPSMA+ tumor doubling time, 2.7 ±

0.2 days), which is appropriate for CAR T cell treatment studies. Ne-
crosis is rare in small MyC-CaP tumors, eliminating a potential con-
founding factor.10,17 In this study, we tested the hypothesis that deple-
tion of LDH-A in MyC-CaP cells and tumors would significantly
enhance hPSMA-targeted CAR T cell therapy of MyC-CaP hPSMA+

tumors.

Effects of LDH-A KD on MyC-CaP:hPSMA+ RLuc-IRES-GFP

Prostate Tumor Cells

Two different approaches were used to achieve LDH-A KD: one
is based on shRNA regulated by the Tet-regulated (TRE) pro-
moter, and the other is a constitutively expressed shRNA specific
for LDH-A (described in Materials and Methods; Figure S1). Both
systems significantly downregulate LDH-A expression. For this
study, we used the second system to avoid the complexity of
the doxycycline-regulated promoter, as well as the effect of doxy-
cycline on the mitochondria.18 MyC-CaP:hPSMA+ RLuc-IRES-
GFP tumor cells were successfully depleted of LDH-A by shRNA
KD (Figures 1A–1C). To establish a control cell line (negative
control [NC]), the same parental cells were transduced with a
non-specific scrambled shRNA, as described previously.19 LDH-
A mRNA expression, LDH-A protein expression, LDH enzyme
activity, vascular endothelial growth factor (VEGF) production,
and 18F-fluorodeoxyglucose (18F-FDG) uptake were significantly
lower in the KD than NC cells (Figures 1A–1E). In vitro growth
profiles showed slower growth of LDH-A KD cells than NC cells;
doubling times were 17.2 ± 0.6 h and 14.7 ± 0.5 h, respectively
(p = 0.009) (Figure 1F; Table S1). Control (NC) MyC-
CaP:hPSMA+ RLuc-IRES-GFP cells (bulk and single-cell clone
derived) and WT MyC-CaP cells gave similar results (data not
shown).
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Figure 2. In Vivo Characterization and Comparison of

MyC-CaP:hPSMA+ LDH-A KD and NC Tumors

(A and B) Low-power (A) and high-power (B) views of H&E-

stained sections of representative MyC-CaP:hPSMA+

LDH-A KD and NC tumors. (C) CD31+ immunofluores-

cence (IF) staining. (D) Pimonidazole IF staining. (E) CD31+

IF staining density versus tumor volume (blue symbols

indicate NC; red symbols indicate LDH-A KD; open sym-

bols indicate no CAR T cells [NC, n = 6; LDH-A KD, n = 7];

filled symbols indicate with CAR T cells) [NC, n = 7; LDH-A

KD, n = 8]). (F) Quantification of CD31+ vascular density

(NC, n = 6; LDH-A KD, n = 7; p = 0.0061). (G) Quantification

of 14C-IAP activity per mg of tumor weight (NC, n = 5;

LDH-A KD, n = 5; p = 0.023). (H) Quantification of pimo-

nidazole staining density (NC, n = 11; LDH-A KD, n = 8;

p = 0.009) (Mean ± SEM).
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Using a Seahorse XF96 analyzer (live-cell metabolic assay), we as-
sessed the glycolytic rate in cells using extracellular acidification
rate (ECAR) and oxygen consumption rate (OCR) measurements
(Figure S2; Table S2). LDH-A KD cells were less dependent on glycol-
ysis than were NC cells, as reflected by the lower levels of basal glycol-
ysis (p < 0.0001), basal proton efflux rate (PER) (p < 0.0001), and
compensatory glycolysis (p < 0.0001). In contrast, KD cells had a
higher rate of oxidative phosphorylation than did NC cells, reflected
by their higher levels of basal respiration (p = 0.0011) and maximum
respiration (p = 0.0003). Additional in vitro metabolic studies
confirmed that LDH-A KD cells consume less glucose, produce less
acid (higher media pH), and secrete less lactate into the media than
do NC cells, after 3 days incubation of 70,000 cells in standard media
(Table S1).

Effects of LDH-A KD on MyC-CaP:hPSMA+ RLuc-IRES-GFP

Prostate Tumors

Previously, we reported that downregulation of LDH-A expression in
4T1 murine breast cancer cells leads to slower growth, changes in the
TME, delayed onset of distant metastases in immunocompromised
mice,19 and increased survival in immunocompetent mice.11 There-
fore, we assessed the TME changes in the current prostate tumor
model. The percent of total tumor area was determined for different
components identified on the stained slides, including viable tumor
cells, stroma, hemorrhage, and necrosis+matrigel. No significant dif-
ferences between LDH-A KD and NC tumors were detected.
Although necrosis in both LDH-A KD and NC tumors was rare (Fig-
ures 2A and 2B), confirming previous observations, it is not surpris-
ing that the fraction of necrosis+matrigel tended to be greater in the
smaller tumors. Immunofluorescence staining of microvessels to
assess microvessel density (MVD) per unit area was performed using
anti-CD31+ staining. NC tumors, 12–14 days after tumor implanta-
tion, show greater MVD than do KD tumors (Figure 2C). Interest-
ingly, CD31+ staining density was tumor volume-dependent and
384 Molecular Therapy: Oncolytics Vol. 18 September 2020
decreased with increasing tumor volume for both KD and NC tumors
(Figure 2E). For similar-sized KD and NC tumors sampled 12–
14 days after implantation, CD31+ vascular staining was less in KD
than NC tumors (Figure 2F), consistent with a lower comparative
blood flow assessed with the small specific tracer 14C-iodoantipyrine
(14C-IAP) (Figure 2G)20 Pimonidazole staining (hypoxia marker) was
higher in LDH-AKD thanNC tumors (percent of tumor section area)
(Figures 2D and 2H), consistent with the higher oxygen consumption
and oxidative phosphorylation (OXPHOS) of KD versus NC tumor
cells, and lower vascularity and blood flow in KD versus NC tumors.

Vascular permeability measured with Evans blue bound to albumin
(2-h experiments) and 68Ga-diethylenetriaminepentaacetic acid
(68Ga-DTPA) uptake (2-min experiments) showed no difference in
uptake between KD and NC tumors (Evans blue, 94 ± 62 versus
56 ± 16 mg/g, n = 5, p = 0.29; 68Ga-DTPA, 6.6% ± 2.3% versus
6.5% ± 1.5% injected dose [ID]/g, n = 5, p = 0.94, respectively; Fig-
ure S3). Normalizing the permeability results for vascular density
did not change these findings.

Lactate Measurements

In vitro studies showed that both intracellular and extracellular (me-
dia) concentrations of lactate were lower in LDH-A KD than NC cells
following 72 h of incubation in standard medium (Figures 3A and
3B), and that the media pH was lower with NC compared to KD cells
at the end of incubation (Figure 3C; Table S1). Whole-tumor lactate
concentrations, measured by in vivo magnetic resonance spectros-
copy (MRS) (Figure 3D), showed a similar non-significant trend be-
tween small (tumor volume determined by MRS imaging [VMRSI] <
330 mm3) NC and KD tumors (3.5 ± 1.8 mM, n = 8 versus 1.9 ±

0.9 mM, n = 5, respectively; p = 0.096) (Figure 3E). For larger tumors
(VMRSI > 330mm3), no significant difference in lactate concentrations
between NC (4.6 ± 1.2 mM, n = 6) and KD (4.4 ± 0.5 mM, n = 4) tu-
mors was observed, largely due to the variability in NC tumor



Figure 3. Cellular and Whole-Tumor Lactate Measurements

(A–C) Comparison of intracellular (A) and media (B) concentrations of lactate, and media pH (C) for NC and LDH-A KD cells (p < 0.0001, p = 0.0045, and p < 0.0001,

respectively) following 72 h of in vitro incubation. (D) Single-slice, whole-tumor lactate magnetic resonance spectra (MRS) of representative NC (left) and LDH-A KD (right)

tumors. A detectable lactate peak at�1.3 ppm (arrows) is seen in the NC tumor (left), while the KD tumor (right) is at the lactate detection limit, due to the overlapping signals

from unsuppressed residual lipids. (E and F) Comparison of NC bulk (open circles) and NC A5-4 clone (crossed circles) showing KD whole-tumor lactate concentrations for

small (<330 mm3) tumors (p = 0.096) (E) and for large (>330 mm3) tumors (p = 0.945) (F). The experimentally estimated detection “threshold” for which the lactate con-

centration becomes less reliable due to residual lipids in the spectra is �2-3 mM (Mean ± SEM).
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measurements (Figure 3F). Lactate levels were significantly higher in
large compared to small KD tumors (p = 0.0077); no difference was
observed between large and small NC tumors (Figure S4). Note
that most of the lactate measurements in small tumors were near
the experimentally estimated “threshold” of detection (�2–3 mM),
where the lactate measurement becomes less reliable due to residual
lipids in the spectra (Figure 3D). While no significant difference in
whole-tumor lactate was observed for small-size NC and KD tumors,
a higher percentage of KD tumors fell at the lactate detection limit
than the corresponding NC tumors. For the tumors that were
measured a second time at a larger tumor size (n = 3 in each cohort),
the KD tumors generally had lower lactate than did the NC tumors
(data not shown). Similarly, whole-tumor lactate did not differ signif-
icantly between LDH-A KD and NC tumors derived from the TET-
based reporter system (Figure S5B).

The spatial distribution of whole-tumor lactate was mapped by 1H
MRSI in various tumors for the same slice as acquired withMRS (Fig-
ures 4 and S5). For the displayed NC MyC-CaP tumor, intra-tumor
lactate values ranged from 3.3 to 20.8 mM, except for pixel (6,3),
which is likely due to an artifact at the tumor edge (Figure 4A). For
the displayed KD MyC-CaP tumor, intra-tumor lactate concentra-
tions ranged from 0.6 to 11.4 mM (Figure 4B). The lactate concentra-
tion maps demonstrate that lactate distribution is heterogeneous in
these tumors. The whole-tumor lactate concentration calculated
from the localized spectroscopy shown here is 7.9 mM for the NC
and 4.5 mM for the KD tumor. These values are consistent with
whole-tumor lactate concentrations of 6.9 and 4.2 mM, calculated
from single-slice MRS (Figure 3E) for the NC and KD tumors,
respectively.

Anti-hPSMA CAR T Lymphocytes Targeting LDH-A KD and NC

MyC-CaP:hPSMA+ RLuc-IRES-GFP Tumors

We sought to determine whether tumor LDH-A depletion and
changes in tumor lactate result in changes in the TME, predisposing
these tumors to better CAR T cell delivery. Primary human T cells
were transduced with the Plg28z anti-hPSMA CAR and the tan-
dem-dimer red fluorescent protein (tdRFP)/click beetle (CB)RLuc
dual optical reporters.10 Due to the xenogeneic nature of CAR
T cell experiments and to eliminate an endogenous proinflammatory
immune response that could potentially interfere with the assessment
of a CAR T cell-specific response, human Plg28z anti-hPSMA CAR
Molecular Therapy: Oncolytics Vol. 18 September 2020 385
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Figure 4. Spatial Distribution of Whole-Tumor Lactate: 1HMR Images of the

Lactate Slice

(A and B) 1H MR images of a single tumor slice (left) with the tumor outlined (white)

and lactate pixel overlay grid (cyan), with the corresponding quantitative lactate map

(right) of a representative large NC hPSMA+ MyC-CaP tumor (A, top) and a KD

hPSMA+ MyC-CaP tumor (B, bottom). The color scale bar limits are set from 0 to

22 mM lactate to improve visibility of tumor lactate variation and comparison be-

tween the maps of NC and KD tumors, including the MyC-CaP943_D+ tumor shown

in Figure S5.
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T cells were studied in severe combined immunodeficiency (SCID)
mice. The PSMA-specific chimeric receptor structure is shown in Fig-
ure 5A. Flow cytometry was done to assess the subpopulations of CAR
T cells using CD3, CD4, CD8, CD45RA, and CCR7markers. The flow
cytometry profile of CAR T cells on the day of treatment showed the
predominance of the effector memory (CCR7�, CD45RA+) popula-
tion of CAR T cells (Figure 5B). The in vitro expansion of CAR
T cells peaked during the third week. CAR T cells exposed to
increasing levels of lactate demonstrated decreased proliferation
and expansion, compared to the T cells cultured in the absence of So-
dium lactate in the growth medium (Figure 5C). However, the
viability of CAR T cells was unaffected by increasing lactate concen-
trations in the growth medium (Figure 5D). CAR T cell cytotoxicity
was higher against LDH-A KD tumor cells compared to NC tumor
cells (p = 0.0005) (Figure 5E).

For in vivo T cell/tumor BLI monitoring, two luciferase reporter sys-
tems were used. The RLuc reporter was utilized to image the localiza-
tion of MyC-CaP hPSMA+ tumors, while anti-hPSMA CAR T cell
trafficking and tumor targeting was imaged with the tdRFP/CBRLuc
reporter. Mice inoculated with tumor cells, subcutaneously (s.c.) on
their right flank, were injected with 107 anti-hPSMA CAR T cells
via tail vein injection. 87% of T cells had anti-hPSMA CAR expres-
sion, and 67% of CAR+ T cells were also positive for the tdRFP/
CBRLuc fusion reporter (RFP). BLI was performed on days 0, 1, 2,
386 Molecular Therapy: Oncolytics Vol. 18 September 2020
6, and 8 after tail vein administration of anti-hPSMA CAR T cells.
CAR T cells were found to be sequestered in the lungs initially, fol-
lowed by redistribution to the tumor and other parts of the body,
as visualized by BLI (Figure 6A).

Flow cytometry analysis of targeted tumors 24 h after anti-hPSMA
CAR T cell injection showed a higher percentage of RFP+ CAR
T cells in LDH-A KD compared to NC tumors; a representative
BLI and fluorescence-activated cell sorting (FACS) analysis of CAR
T cells in KD and NC tumors 1 day after administration is shown
in Figure 6B. CAR T cell expansion and persistence were also found
to be greater in LDH-A KD tumors (red symbol) than in NC tumors
(blue symbol) on days 2–8 (Figure 6C) Themean BLI intensity was 2-,
7-, 108-, and 5-fold higher in KD than NC tumors on days 1, 2, 6, and
8 following CAR T cell injection (Figure 6C). The corresponding
mean whole-body BLI signal ratio (KD/NC) was 1-, 3-, 76-, and
1.4-fold on the same days (data not shown). The CAR T cell expan-
sion rate in vivo was directly correlated with individual tumor
doubling time (p = 0.002) (Figure 6D).

The growth profiles of KD and NC tumors from one experimental set,
with and without PSMA-directed CAR T cell treatment, is shown in
Figure 6E. The pooled tumor doubling time estimates for all experi-
mental sets, as well as the group comparisons (statistical analysis),
are shown in Table 1. LDH-A KD was the dominant factor in
reducing tumor growth. The difference in tumor doubling time be-
tween KD and NC tumors in the presence and in the absence of
CAR T cell therapy was significant (Table 1; Figure S9).

Modulation of hPSMA Expression in LDH-A KD MyC-

CaP:hPSMA+ RLuc-IRES-GFP Cells and Tumors

In order to generate LDH-AKD cells and corresponding control cells,
we utilized a previously described parental cell line, i.e., MyC-
CaP:hPSMA+ RLuc-IRES-GFP.10 A stably transfected clone (LDH-
A KD) was developed, along with a control (A5NC) cell line bearing
a scrambled shRNA as described earlier.19,21 After selection of trans-
duced cells, the level of hPSMA expression in LDH-A KD MyC-CaP
hPSMA+ cells was always less than that in NC, as measured by flow
cytometry in cells (Figure S6) and immunofluorescence in tumors
(Figures 7A and 7B). MFI was significantly higher in NC than KD
cells (p < 0.004) (Figure 7B). Tumor cell membrane hPSMA expres-
sion was assessed by radial intensity profile analysis of hPSMA-
stained tumor sections (see Materials and Methods and Figure S7).
The hPSMA staining intensity per cell (Figure 7B) was significantly
greater in NC than LDH-A KD tumor cells, as was the density of
hPSMA+ cells (Figure 7A). MyC-CaP hPSMA+ tumor cell density
decreased with time following CAR T cell administration (Figure 7C),
and with increasing tumor size (Figure 7D). The percent of hPSMA+

cells per total tumor cells (DAPI stained) also decreased with time
(p = 0.006) (data not shown).

The observed loss of cell surface hPSMA expression in MyC-CaP
hPSMA+ tumor cells over time was also observed in vitro (Fig-
ure S8). Successive generations of tumor cells in culture also



Figure 5. Generation and Characterization of hPSMA-Directed CAR T Cells

(A) hPSMA-specific CAR receptor and hPSMA-specific CAR-encoding retroviral vector design. (B) FACS profiling of hPSMA-directed CAR T cells: (1) hPSMA CAR-

transduced cells (right upper quadrant of (a) was selected for further analysis; (2) a higher percentage of CD8+ T cells over CD4+ T cells was observed (b); (3) the predominant

population was an effector-memory RA subset (TEMRA) (CD45RA
+/CCR7�) in both CD8+ (dominant) and CD4+ T cells (c and d, respectively) after stimulation with NIH 3T3

hPSMA+ cells. TN, naive T cells; TEM, effector memory T cells; TCM, central memory T cells. (C) Expansion of CAR T cells in the presence of increasing concentrations of

Sodium lactate. (D) Viability of CAR T cells in the presence of increasing concentrations of Sodium lactate. (E) Comparison of in vitro 51Cr-chromium-release assays. A greater

toxic effect of CAR T cells was observed on the LDH-A KD cell line as compared to the NC and WT cell lines (p = 0.0005 and p < 0.0001, respectively).
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showed a decrease in hPSMA cell surface expression by FACS
analysis, without any significant change in LDH-A activity of
cells. These results are consistent with a loss of hPSMA cell-
surface antigen expression during tumor growth and tumor cell
expansion.

DISCUSSION
Based on the observation that LDH-A is overexpressed in clinical
prostate cancer samples (when compared with benign prostate hyper-
plasia),22–29 we developed a LDH-A shRNA KD and control (NC)
prostate tumor cell line (MyC-CaP:hPSMA+ RLuc-IRES-GFP) in an
animal model to study (1) whether significant changes are induced
in the TME by LDH-A KD in MyC-CaP:hPSMA+ RLuc-IRES-GFP
tumors, and (2) whether there is a significant enhancement in the ef-
ficacy of second-generation hPSMA CAR-directed T cell therapy in
LDH-A downregulated tumors.
It is well known that most tumors have an aerobic glycolytic meta-
bolic component and that the lactate produced by glycolysis has an
immunosuppressive effect in the local environment, as has also
been described in chronic inflammation, sepsis, and autoimmune dis-
orders.30 Lactate suppresses cytotoxic T cell proliferation and cyto-
kine production, resulting in a significantly depressed immune
response.31 Decreased lactate levels achieved by a genetic deletion
of LDH-A have already been shown to enhance the immune response
by lowering the numbers of MDSCs and improve NK cell
functions.6,32,33

Effective LDH-A shRNA KD was achieved in MyC-CaP:hPSMA+

RLuc-IRES-GFP cells used in this study, and tumor cell metabolism
was appropriately altered. We show that LDH-A KD is associated
with a significant alteration of glycolytic and oxidative metabolism
and growth of MyC-CaP:hPSMA+ RLuc-IRES-GFP cells and tumors.
Molecular Therapy: Oncolytics Vol. 18 September 2020 387

http://www.moleculartherapy.org


Figure 6. hPSMA-Directed CAR T Cell Targeting, Expansion, and Persistence of MyC-CaP:hPSMA+ NC and LDH-A KD Tumors

(A) Renilla luciferase (R-Luc) BLI performed 1 day prior to CAR T cell treatment (day�1) identified the site and extent of the s,c. hPSMA+ MyC-CaP tumors. Subsequent click

beetle R-Luc (CBR-Luc) BLI was performed during 6 days to monitor hPSMA-directed CAR T cell trafficking, expansion, and persistence following i.v. hPSMA-CAR T cell

injection. (B) Tumors extracted 24 h after CAR T cell administration (day 0) were analyzed by FACS for CAR T cell trafficking to the tumor (CAR T cells were identified by the

RFP reporter, as distinct fromGFP-positive tumor cells). A typical experiment shows greater targeting of LDH-A KD than NC tumors. (C) CAR T cell expansion and persistence

was monitored by CBR-Luc BLI, showing clear differences between LDH-A KD and NC tumors. (D) Correlation between the day 2/day 0 expansion ratio and tumor doubling

time (p = 0.0019). (E) Tumor growth profiles of the four treatment groups; a representative single study is shown (n = 5 animals/group; ± SEM). CAR T cells were injected on

day 8 after tumor cell injection (Mean ± SEM).
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The metabolic changes are reflected in vitro in media glucose utiliza-
tion, lactate production, and pH, and changes in cellular glycolysis
and oxidative phosphorylation. A similar antiproliferative effect of
LDH-A KD was also found for primary breast tumors,11,19,34 human
alveolar adenocarcinoma A549 xenografts,35 and human hepatocellu-
lar carcinoma HCCLM3 xenografts.36

The effect of changes in the LDH-A/lactate axis can be assessed non-
invasively and quantitatively usingMRS.19,21 Unexpectedly, there was
no significant difference in total tumor lactate concentration between
large LDH-A KD and control tumors as measured by in vivo MRS,
although a trend to decline in small-size tumors was observed. How-
ever, significant changes in the TME, including the level of hypoxia,
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vascular density, and tumor blood flow, but not vascular permeability,
were found. The absence of a clear difference in total lactate concen-
tration between small LDH-A KD and NCMyC-CaP:hPSMA+ RLuc-
IRES-GFP tumors is complex. It is likely that LDH-A depletion, with
its effect on VEGF production and vessel formation, leads to a partial
“vasculature normalization.”37 The interplay of several parameters
controls the “equilibrium” concentration of lactate in the tumor,
which is balanced by a lower synthesis and a decreased clearance of
lactate in LDH-A KD tumors, as compared to a greater synthesis
and more rapid clearance in control NC tumors. The spatial distribu-
tion of tumor lactate was also mapped quantitatively by MRSI, and
this demonstrated that tumor lactate distribution and concentration
is heterogeneous in both the KD and NC tumors.



Table 1. Analysis of MyC-CaP:hPSMA+ Tumor Treatment Groups

Tumor Doubling Time (Days)

Experimenta NC without CAR T Cells NC with CAR T Cells LDH-A KD without CAR T Cells LDH-A KD with CAR T Cells

Pooled estimate 3.4 ± 0.16 (4) 2.85 ± 0.45 (2) 4.32 ± 0.29 (4) 5.01 ± 0.33 (2)

95% CI for pooled estimate 3.06–3.70 1.96–3.73 3.75–4.88 4.36–5.66

Group comparisons
NC: No CAR T Cells versus
CAR T Cells

LDH-A KD: No CAR T Cells versus
CAR T Cells

No CAR T Cells: NC versus
LDH-A KD

CAR T Cells: NC versus
LDH-A KD

p valueb 0.26 0.11 0.005 0.00011

aDoubling time in days (±SEM) (number of independent experiments).
bTwo-sided t test. Since four tests were performed, the Bonferroni correction requires a p value <0.0125 for significance.
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The impact of LDH-A KD on VEGF production and CD31+ vessels
density, resulting in phenotypic changes in the TME, was described
previously for a murine breast tumor model.11 We identified reduced
neo-vascularization, decreased necrosis, and a significant reduction in
HIF-1a expression and pimonidazole staining, as well as a substantial
enhancement of CD3+ and CD4+ infiltration of T cells and reduction
in F4/80+ tumor-associated macrophages (TAMs) in LDH-A KD
compared to control 4T1 tumors.11 The MyC-CaP:hPSMA+ RLuc-
IRES-GFP LDH-A KD tumors in this study display similar features
regarding vasculature density. However, the comparative analyses
of blood flow and tumor hypoxia (pimonidazole staining) suggest
that MyC-CaP:hPSMA+ RLuc-IRES-GFP LDH-A KD tumors are
less likely to provide a hospitable TME for CAR T cell infiltration
than do the 4T1 LDH-A KD tumors previously reported.11 We
show greater tumor hypoxia (pimonidazole staining), consistent
with lower vascularity and blood flow in LDH-A KD compared to
NC tumors in this study, but the absence of vascular permeability dif-
ferences in large (Evans blue-albumin complex) and small (68Ga-
DTPA) molecules suggests that passive flux across the tumor blood
vessel wall is not changed, despite lower levels of VEGF expression
and MVD in the LDH-A KD tumors. A possible explanation for
this discrepancy in these two animal models is the impact of the
host immune system on the tumors. While T lymphocytes (TLs)
have previously been linked to angiogenesis,38 their impact on vessel
normalization has not been fully appreciated. Recent findings provide
additional evidence that stimulated CD4+ TLs, especially T helper
(Th1) cells, probably mediate vessel normalization by localizing to
the vicinity of thymic epithelial cells (TECs), changing the cytokine
environment, and subsequently affecting pericyte recruitment/attach-
ment.39 The absence of endogenous T cells in immune-deficient
(non-obese diabetic [NOD].SCID Il2rg�/�) mice (used in our study
to host the MyC-CaP:hPSMA+ RLuc-IRES-GFP LDH-A KD tumors)
could influence the normalization of tumor vessels,40 resulting in less
vessel normalization.

The in vitro monitoring of CAR T cell dynamics demonstrated a
decrease in T cell proliferation and a decrease in MyC-CaP:hPSMA+

tumor cell cytotoxicity in the presence of lactate, which corroborated
previously published data.31 Monitoring anti-hPSMA CAR T cell
trafficking by sequential BLI allowed us to evaluate CAR T cell tumor
targeting and CAR T cell expansion and persistence in real time. The
in vivo responses were consistent with the in vitro results. Based on
the BLI signal, there was greater anti-hPSMA CAR T cell trafficking
to, and persistence in, LDH-A KD tumors compared to NC tumors.
This corresponded with a greater expansion and persistence of anti-
hPSMA CAR T cells in animals bearing LDH-A KD compared to
NC MyC-CaP:hPSMA+ tumors. A modest anti-tumor effect of
CAR T cells was observed against LDH-A KD tumors, but not NC tu-
mors. With anti-hPSMA CAR T cell treatment, tumor growth was
significantly slower (longer doubling time) when combined with tu-
mor LDH-A depletion, compared to control (NC) tumor growth
(p < 0.0001). However, no tumor regressions were observed. The inef-
ficient removal of lactate from the KD tumors, due to a reduction in
vascular density and lower blood flow, as well as a stromal contribu-
tion to the production of tumor lactate, may have contributed to the
limited anti-tumor effect.

We observed a comparatively short life-span of CAR T cells in both
the LDH-A KD and NC tumor models. This can be explained by
several factors, including (1) the administered CAR T cells consisted
predominantly of an effector-memory CD8+ population, which is
known to be a short-living subset of ex vivo-expanded CAR T cells;
(2) when stimulated by an antigen-positive tumor, rapidly dividing
effector-memory T cells undergo activation-induced apoptosis; and
(3) decreasing cell-surface expression of the hPSMA antigen over
time, both in vitro and in vivo, with a profound effect in the LDH-
A KD than in NC cells and tumors.

We suggest that an “interplay” between LDH-A and hPSMA
expression may result in a difference in cellular protein synthesis,
which occurs on a cell-by-cell basis. The low percentage of cell
membrane hPSMA-associated expression, in contrast to cyto-
plasmic and perinuclear located hPSMA, emphasizes the impor-
tance of antigen cell membrane localization and maintenance for
effective CAR T cell targeting. This may be in part related to the
aberrant metabolic activity of LDH-A KD in tumor cells, causing
reduced transcription and translation of hPSMA,41–43 or to ac-
quired resistance by transcriptional silencing of immunogenic anti-
gens.44 In addition, lactate as a product of glycolytic metabolism
can have an influence on the epigenetic changes in cells, leading
to the downregulation of antigen expression.45–47 LDH-A KD
(which leads to a decrease in intracellular lactate) can change the
Molecular Therapy: Oncolytics Vol. 18 September 2020 389
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Figure 7. hPSMA Characterization of MyC-CaP:hPSMA+ RLuc-IRES-GFP Cells and Tumors

(A) hPSMA immunofluorescence of NC and LDH-A KD tumors, with and without CAR T cell treatment; DAPI was omitted in the insert. (B) hPSMA staining intensity (mean

intensity per cell) for tumors in the four treatment groups; differences between NC and LDH-A KD tumors, with andwithout CAR T cell treatment, were significant (p < 0.01). (C

and D) MyC-CaP hPSMA+ LDH-A KD tumor cell density decreased with time (p = 0.039) (C) and with increasing tumor size (p = 0.0015) (D). Blue symbols indicate NC tumors;

red symbols indicate LDH-A KD tumors; open symbols indicate non-CAR T cell-treated tumors; solid symbols indicate CAR T cell-treated tumors (Mean ± SEM).
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lactate-derived lactylation of histone lysine residues in DNA, lead-
ing to epigenetic modification.48,49

Interestingly, there was a strong correlation between tumor CAR
T cell expansion and tumor doubling time (measured from the day
of CAR T cell injection), and this was consistent with a better CAR
T cell response in LDH-A KD compared to NC MyC-CaP:hPSMA+

tumors. The latter observation is also consistent with our in vitro re-
sults with regard to CAR T cell expansion and cytotoxicity directed
against KD and NCMyC-CaP:hPSMA+ RLuc-IRES-GFP tumor cells.
Our in vivo results show that LDH-A depletion leads to a significantly
higher tumor localization of second-generation Plg28z anti-hPSMA
human CAR T cells, as visualized by BLI. We show that LDH-A
depletion has a major effect on tumor progression, whereas the addi-
tion of second-generation Plg28z anti-hPSMA human CAR T cell
therapy provides only a small, non-significant additive effect. As dis-
cussed previously, we detected a loss of cell membrane hPSMA
expression in LDH-A KD cells and tumors, which may also
contribute to the poor response to anti-hPSMA human CAR T cell
therapy. The loss of cell membrane hPSMA expression in MyC-
CaP:hPSMA+ RLuc-IRES-GFP tumors also calls into question
whether changes in tumor metabolism impact tumor antigen presen-
tation. For example, a novel immune escape mechanism, based on
changes in the TME (oxygen and glucose concentrations) mediated
through changes in phosphatidylinositol 3-kinase (PI3K) pathway ac-
tivity, was shown to impact major histocompatibility complex class I
390 Molecular Therapy: Oncolytics Vol. 18 September 2020
(MHC class I) presentation by cancer cells.50 We can also speculate
that there are changes not only in the tumor lactate level, but also
in the level of circulating lactate. The circulating systemic lactate
might have some impact on CAR T cell persistence, not only in tu-
mors but in the whole mouse as seen in Figure 6A. Recently, the fluxes
of circulating oncometabolites were examined in mice.51 Since lactate
can be a primary source of carbon for the tricarboxylic acid cycle
(TCA) (and thus an energy source), intravenous (i.v.) infusions of
different 13C-labeled nutrients revealed that, on a molar basis, the cir-
culatory turnover flux of lactate was the highest of all metabolites
(exceeding that of glucose by 1.1-fold in fed mice and 2.5-fold in fast-
ing mice).51

Comparing the response of MyC-CaP:hPSMA+ RLuc-IRES-GFP tu-
mors to LDH-A KD and to anti-hPSMA CAR T cell treatments,
the dominant treatment effect on tumor growth was LDH-A KD
(when compared to the growth of control NC tumors, p = 0.001).
With anti-hPSMA CAR T cell treatment combined with LDH-A
depletion, MyC-CaP:hPSMA+ tumor growth was significantly slower
(longer doubling time) compared to control (NC) tumors (p <
0.0001). However, no tumor regressions were observed in the 100 an-
imals studied in the four different treatment groups. The lack of a
complete tumor response in our animal model can be explained in
part by the following: (1) a lower activity of human CAR T cells
against hPSMA-expressing murine tumors (as compared to a human
tumor and a human CAR T cell model); (2) T cell exhaustion and
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activation-induced apoptosis of terminally differentiated effector
T cell populations; (3) a decrease in hPSMA antigen cell-surface
expression in the tumor over time; and (4) the lower clearance of
lactate from LDH-A KD tumors due to vessel normalization.

Our results demonstrated the complexity of the immune cell/tumor
interactions and the importance of tumor metabolism and “normal-
ization” of TME. The interactions between these components (tumor
metabolism, the microenvironment, targeted antigen expression, and
CAR T cell function) contribute to how cancer cells evade immune
destruction. A better understanding of this relationship is likely to
lead to more effective CAR T cell treatment strategies.

MATERIALS AND METHODS
Tumor Cells and In Vitro/Ex Vivo Assays

We previously developed and cultured the MyC-CaP:hPSMA+ RLuc-
IRES-GFP cell line.10

LDH-A downregulation in MyC-CaP:hPSMA+ cells was achieved by
two different systems. First, we utilized an inducible shRNA expres-
sion system (Figure S1) that enables tracking of retroviral transduc-
tion and shRNA induction through two fluorescent reporters.52

MyC-CaP:hPSMA+ cells bearing firefly luciferase (FLuc)-IRES-GFP
reporters were transduced with a TRE-dsRed-microRNA (miR)30/
shRNA-phosphoglycerate kinase (PGK)-Venus-IRES-neomycin
resistance gene (NeoR) vector. When active, the TRE drives expres-
sion of a dsRed fluorescent protein and a microRNA-embedded
shRNA, whereas the PGK promoter drives constitutive expression
of both the yellow-green fluorescent protein (Venus) and, through
an IRES, the NeoR.52 Transduced cells were selected, sorted, and vali-
dated. LDH-A KD was achieved by an addition of doxycycline with
two different shRNAs (Figures S1A and S1B). Second, MyC-
CaP:hPSMA+ cells bearing RLuc-IRES-GFP, a bioluminescence re-
porter (RLuc), were achieved by transfection with SureSilencing, a
constitutively expressed shRNA plasmid. The transfection and selec-
tion of cells were described previously.11,19 Puromycin selection for
control (NC) and LDH-A KD cells was performed by adding 6 mg/
L of puromycin to the medium. Single-cell clones were chosen based
on LDH-A expression, as well as LDH enzyme activity. Transfected
and sorted NC and LDH-A KD RLuc-IRES-GFP reporter cells were
assayed for RLuc using an IVIS Spectrum in vivo imaging system
and GFP using FACS analysis as previously described.10

Western blotting, including protein extraction and protein concen-
tration measurements, was performed as described previously.21

ELISA for murine VEGF-A was determined using the Quantikine
ELISA kit for mouse VEGF (catalog no. MMV00, R&D Systems, Min-
neapolis, MN, USA).

Quantitative digital droplet PCR (ddPCR) was performed for LDH-A
by the Genomics Core Laboratory at Memorial Sloan Kettering Can-
cer Center (MSKCC), following total RNA isolation using a RNeasy
mini kit (catalog no. 74104, QIAGEN).
Total LDH enzyme activity was assessed using the Cytotoxicity
Detection KitPLUS (LDH), as previously described.21

Glycolytic activity and oxygen consumption of tumor cells were
measured using a Seahorse XF96 extracellular flux analyzer, as
described previously.11 Data were normalized to total protein in
each well. Data from three independent experiments were analyzed
using Seahorse Wave desktop software and compiled together using
GraphPad Prism 7.

Lactate production, glucose utilization, and 18F-FDG uptake were as-
sayed during the exponential growth phase of the tumor cells as
described previously.21

Generation of Genetically Modified T Cells

SFG-Plg28z and SFG-tdRFP/CBRluc retroviral supernatants were
produced as described.10 Monocyte-depleted peripheral blood
mononuclear cells (PBMCs) were activated with anti-CD3/CD28
Dynabeads in a 3:1 bead/cell ratio with 20 IU/mL IL-2 for 7 days.
Anti-CD3/CD28 beads were removed on day 3. Activated T cells
were retrovirally transduced on days 3 and 4 as previously
described.10,53 For transduction, we used the PG13 producer cell lines,
producing SFG-Plg28z and SFG-tdRFP/CBRluc retroviral particles;
the supernatants from different vectors were mixed on transduction
days at a 1:1 ratio. Media and IL-2 were changed every 3 days. Trans-
duction efficacy was confirmed by flow cytometry after staining with
anti-human immunoglobulin G (IgG) antibody for anti-hPSMA and
detection of tdRFP/CBRLuc.

T cell functional studies were performed as previously described.10,54

Standard 51Cr-release assays were performed to evaluate CAR T cell
cytolytic ability. Supernatants were harvested and 51Cr release was
quantified using a Packard gamma counter. Percent lysis was calcu-
lated as follows: % lysis = [(experimental lysis – spontaneous lysis)/
(maximum lysis – spontaneous lysis)]� 100%, where maximum lysis
(all cells lysed) was induced by incubation in a 2% Triton X-100 so-
lution. Expansion rate and viability of cells were assessed by culturing
them during 6 weeks. Varying concentrations of exogenously added
Sodium lactate (0, 5, 10, and 30 mM) were used for this purpose.
Cell populations were analyzed with flow cytometry prior to injection
into animals.

Animal Model

The animal protocol was approved by the Memorial Sloan Kettering
Institutional Animal Care and Use Committee. MyC-CaP:hPSMA+

RLuc-IRES-GFP NC or LDH-A KD cells (106) were suspended in a
1:1 mixture of matrigel and culture medium and injected s.c. into
the flank of 4- to 6-week-old male immune deficient NOD.Cg-
Prkdcscid Il2rgtm1Wjl/SzJ (stock no. 005557) (NOD.SCID Il2rg�/�)
(NSG) mice (Jackson Laboratory). Tumor growth was monitored
by caliper measurements and by magnetic resonance (MR) imaging
at time of lactate MRS. For the CAR T cell studies (including non-
treated control animals), tumor volumes by caliper measurements
ranged from 100 to 250 mm3 at the time of CAR T cell treatment.
Molecular Therapy: Oncolytics Vol. 18 September 2020 391
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The first BLI experiment was performed 7–10 days after cell implan-
tation using the RLuc reporter and coelenterazine (50 mg) (NanoLight
Technology) to identify tumor location. After i.v. CAR T cell treat-
ment, BLI experiments were performed at days 0, 1, 2, 3, 6, and 8 us-
ing the CAR T cell CBRLuc reporter and an intraperitoneal (i.p.) in-
jection of 50 mL of 30 mg/mL D-luciferin (Gold Biotechnology), to
monitor CAR T cell location, expansion, or loss. Photons emitted
from the tumor region were quantified using Living Image software
(PerkinElmer). Four independent studies were performed; the num-
ber of animals per group ranged from 4 to 10 mice.

Blood flow analysis in NC and LDH-A KD tumors was performed us-
ing a paired experimental design, where both tumors were in the same
animal and exposed to the same 14C-IAP blood concentration-time
input function. At a tumor volume by caliper of �250–300 mm3,
14C-IAP (2 mCi in 100 mL of PBS) was injected i.p. and mice were
sacrificed by decapitation at 120 s post-injection. Blood was collected
and tumors were excised; blood and tissue samples were weighed, and
solubilized. 14C radioactivity was determined using a PerkinElmer
Tri-Carb 2910 TR liquid scintillation analyzer. Paired comparisons
of 14C-IAP uptake in NC and LDH-A KD tumors were performed
(14C-IAP dpm/mg tumor weight).

Vascular permeability was assessed using Evans blue and 68Ga-
DTPA, using a similar paired experimental design. Evans blue, which
binds to serum albumin, was administered by retro-orbital injection
(100 mL, 0.5% in PBS) 1 h prior to sacrifice. Tissue collected for Evans
blue was assessed as previously described; optical absorbance was
measured with a Tecan Safire microplate reader, and the concentra-
tion of Evans blue was calculated.55 68Ga-DTPA (10 mCi in 100 mL
of PBS) was injected retro-orbitally and decapitation was performed
120 s post-injection. Tumors were weighed and 68Ga was counted
in a PerkinElmer Wizard 1480 gamma counter. Paired and unpaired
comparisons of Evans blue uptake (mg/g tumor weight) and 68Ga-
DTPA uptake (% ID/g tumor weight) in NC and LDH-A KD tumors
were performed.

In Vivo Lactate Detection

All in vivo MR experiments to determine the whole-tumor lactate
concentrations were performed on a Bruker BioSpec 70/30 USR
7T MR spectrometer (Bruker BioSpin, Germany). For the duration
of the MR experiment, the mice were kept anesthetized with isoflur-
ane in 100% oxygen, and the tumor was positioned in a custom-
built, solenoid 1H MR coil. The mice body temperatures were main-
tained at �33�C–37�C, and the breathing rate was kept at �50–95
breaths/min. Single-slice lactate MRS was acquired with a slice
thickness (st) chosen to cover the entire tumor using a selective
multiple quantum coherence (Sel-MQC) sequence with 1,024 num-
ber of points (NP), 4-kHz sweep width, 16 � 16 mm2

field of view
(FOV), 3-s relaxation time (TR), 120-ms echo time (TE), and 128
number of averages (NA), resulting in a 6 min 24 s acquisition.
Two to five serial spectra were acquired to improve signal by aver-
aging, based on overall lactate signal in a single acquisition. For
selected tumors with a strong whole-tumor lactate signal, localized
392 Molecular Therapy: Oncolytics Vol. 18 September 2020
MRS (MRSI) was acquired to quantify the lactate distribution across
the tumor. The acquisition parameters for lactate MRSI were the
same as for single-slice lactate MRS, except for switching to local-
ized acquisition (MRSI) with 10 NA and an 8 � 8 matrix, leading
to 2 � 2-mm in-plane resolution and 32-min total acquisition
time. The tumor volume in the lactate slice (VMRSI) was determined
by outlining the tumor area, using ImageJ (NIH, Bethesda, MD,
USA; https://imagej.nih.gov/ij/), in a single-slice 1H MR image, ac-
quired with the rapid acquisitions with refocusing echoes
(TurboRARE) sequence, 11-ms (33-ms effective) TE, RARE factor
8, 3.62-s TR, 1 NA, 16 � 16mm2 FOV, 128 � 128 matrix, and
the same set as for the corresponding lactate MRS. Lactate spectra
were processed by applying a 10-Hz exponential line broadening
followed by fast Fourier transformation (FFT), and in case of
MRSI a Hamming filter, and fitted in XsOsNMR software.
Whole-tumor lactate concentrations and concentration maps were
quantified by a substitution method with a 10 mM lactic acid phan-
tom as a concentration reference and an experimental average
lactate relaxation time correction, as described.56,57 As the caliper
volume measurement, while linearly related, is consistently lower
than the whole-tumor volume VMRSI determined from the anatom-
ical 1H MR image of the corresponding lactate slice (Figure S10),
VMRSI has been used to calculate the lactate concentration. Of
note, the lactate concentrations in single tumor pixels at the tumor
edge that contain only a small amount of tumor (and a potentially
significant skin tissue fraction in the pixel) may be overestimated,
due to a partial volume effect (bleed of the lactate signal from neigh-
boring pixels), and partially enhanced by the spatially applied Ham-
ming filter during processing of the raw MR data.

Histological and Immunofluorescent Staining and Image

Analysis

Excised tumors were immediately placed into 4% paraformaldehyde
and then embedded in paraffin for histology and immunofluores-
cence studies. Immunofluorescent staining was performed at the Mo-
lecular Cytology Core Facility (MCCF) of MSKCC using a Discovery
XT processor (Ventana Medical Systems). Quantification of morpho-
logical characteristics was performed using Trainable Weka Segmen-
tation (ImageJ segmentation plugin) to assess the fraction of viable tu-
mor cells, stroma, hemorrhage, and necrosis+matrigel (necrosis and
residual matrigel could not be differentiated, especially in early small
tumors) in the H&E sections.58

Endothelial cells (CD31) and tissue hypoxia (pimonidazole) were as-
sessed by immunofluorescence.10 A fluorescence threshold was used
to include only cell-specific signals and exclude background. Size
and morphology filters have been applied to ensure that only cells
are counted (not cellular debris).10 Analysis of blood vessel density
and tissue hypoxia was performed and quantified using MetaMorph
software by thresholding images and counting % area covered by
CD31 or pimonidazole as described previously.10 For intratumoral
analysis of vessels, tumors were divided into �400-mm2 squares,
and the percentage of CD31-positive pixels was calculated per tumor
square and plotted.

https://imagej.nih.gov/ij/
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hPSMA expression was quantified using ImageJ. The PSMA staining
identified three cellular localization sites: perinuclear, cytoplasmic,
and cell membrane. To determine the density and percentage of
PSMA+ cells, individual cells were first identified by DAPI staining.
If cells were determined to have PSMA expression above a specified
threshold, radial intensity profiles were drawn to assess the subcellu-
lar localization of PSMA (i.e., closer to the nucleus versus closer to the
membrane) (Figure S7). If the slope of the radial intensity profile was
higher than 2.0 (greater expression closer to the cell membrane), cells
were considered to be PSMA+, and the density and percentage of
PSMA+ cells in each tumor were calculated.

Statistical Analysis

Results are presented as mean ± standard deviation (SD) (or standard
error of the mean [SEM] where indicated). Statistical significance of
difference in measurements between KD and normal control cells
was determined by a two-tailed Student’s t test (GraphPad Prism
version 6.0; GraphPad, San Diego, CA, USA). p values less than
0.05 were considered statistically significant.

Tumor progression, based on tumor volume doubling time, was as-
sessed in four animal groups (KD and NC tumors with and without
CAR T cell treatment). A linear regression model was fitted to log-
transformed tumor volume data, which is equivalent to postulating
an exponential growthmodel for tumor volume. The explanatory var-
iables of this model were the four animal groups and time. A random
effect was included to account for repeated measurements made in
each animal over time. Tumor doubling time for each animal group
was estimated as the inverse of the effect of time on tumor volume
(i.e., change in tumor volume logarithm associated with unit change
in time) multiplied by log2. The standard error of the tumor doubling
time was estimated using the delta method.59 Since multiple in vivo
experiments were conducted over different time periods, the random
effects regression analysis was applied to data from each experiment,
and pooled estimates of tumor doubling time and standard error were
obtained using a meta-analysis framework that consists of obtaining a
sum of estimates from each experiment.60 Differences in the pooled
tumor doubling times between pairs of animal groups were compared
using two-sided t test statistics, which were derived using a normal
approximation to the maximum likelihood estimates of tumor
doubling times. Since multiple tests were conducted, a Bonferroni
correction was applied to the p values. Thus, comparisons with p
values smaller than 0.0125 were considered statistically significant.
These analyses were done using the R programming language
(https://cran.r-project.org/, version 3.5.1).
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Figure S-1. Doxycycline inducible system for LDH-A KD and its characterization.

The doxycycline inducible reporter construct for LDH-A knock-down is shown in panel (A). Western blotting for LDH-A protein

expression; there is a consistent LDH-A KD effect in the presence of doxycycline across the different LDH-A shRNA plasmids

(#943, #1804, #501), when compared with a Hygromycin control plasmid (B). In vivo growth of MyC-CaP hPSMA(+) tumors

transduced with the #943 construct shows significantly slower growth rate in SCID mice compared to the Hygromycin control

tumor (C). (Mean± SEM).
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Figure S-2. Metabolic activity profile of MyC-CaP:hPSMA(+) LDH-A-KD and NC cells in vitro.

(A,B) Metabolic profiles of MyC-CaP hPSMA(+) NC and LDH-A KD cells measured on an Agilent Seahorse XF96 Extracellular Flux Analyzer.

(C) Lower levels of basal (p<0.0001) and compensatory glycolysis (p<0.0001), and (D) higher oxidative phosphorylation, including levels of

basal (p=0.0011) and maximum respiration (p=0.0003) were observed in LDH-A KD compared to the NC cells. (Mean± SEM).
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Figure S-3. Comparative vascular permeability between LDH-A KD and control NC MyC-CaP hPSMA(+) tumors.

Whole-tumor uptake of Evans Blue (A) and 68Ga-DTPA (B) revealed no differences in vascular permeability. (Mean ±

SEM).
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Figure S-4. Comparing whole-tumor lactate concentrations in small and large tumors by MRS.

Lactate concentration in small and large LDH-A KD tumors were different (p=0.008) (A); but not for NC tumors (p=0.51) (B). 

(Mean ± SEM).
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Figure S-5. Spatial distribution of tumor lactate and influence of tumor volume.

Whole-tumor lactate concentration plotted as a function of tumor volume in the lactate measurement slice (VMRSI) in MyC-CaPHygro

(open squares, NCMir) and MyC-CaP943_D+ tumors exposed to Doxycycline (open circles, KDMir) (Panel A). The number beside

each value depicts the numbering for each independent tumor, a subscript 2 and a central dot in the symbol identifies tumors that

were measured a second time at a larger tumor size (T5 for MyC-CaPHygro and T2 for MyC-CaP943_D+). For MyC-CaP943_D+ tumors,

a linear regression analysis shows a significant linear relationship between the whole-tumor lactate concentration [Lac] and tumor

size VMRSI over the tumor volumes assessed: [Lac] = (0.0344±0.0064) mM/mm3 • VMRSI + (0.77±1.6) mM.. T2 MR image of a

MyC-CaP943_D+ tumor, with tumor tissue outlined (white) and a pixel grid overlay (cyan) (Panel B, left). The corresponding 1H

quantitative lactate map of the MyC-CaP943_D+ tumor (Panel B, right). The color scale bar limits are set from 0 mM to 22 mM lactate

to improve visibility of tumor lactate variation and comparison between the maps of the MyC-CaP:hPSMA(+) NC and LDH-A KD

tumors shown in Fig. 4. The lactate concentration map demonstrates that tumor lactate is heterogeneous in this tumor, as

observed for the MyC-CaP:hPSMA(+) NC and LDH-A KD tumors.
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Figure S-6. Characterization of MyC-CaP:hPSMA(+) RLuc-IRES-GFP cells prior to animal implantation.

FACS analysis of hPSMA expression in wild-type, NC and LDH-A KD MyC-CaP:hPSMA(+) tumor cells (A); hPSMA staining

intensity of FACS profiles in Panel A (Mean± SEM) (B).
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Figure S-7. Radial density analysis to assess tumor cell membrane expression of hPSMA.

To determine the density and percentage of hPSMA(+) cells, individual cells were first identified by DAPI staining. If cells were 

determined to have hPSMA expression above a specified threshold, radial intensity profiles were drawn to assess the 

subcellular localization of hPSMA (i.e., closer to the nucleus vs. closer to the membrane). If the slope of the radial intensity 

profile was higher than 2.0 (greater expression closer to the cell membrane), cells were considered to be hPSMA(+), and the 

density and percentage of hPSMA(+) cells per tumor were calculated.
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Figure S-8. Loss of cell membrane hPSMA expression from MyC-CaP hPSMA(+) RLuc-IRES-GFP cells over time in vitro.

FACS analysis of hPSMA expression in NC and LDH-A KD MyC-CaP:hPSMA(+) tumor cells in culture over 4 weeks (A); Percentage of 
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Figure S-9. Tumor Doubling Times. LDH-A KD tumors showed significantly longer tumor doubling times than NC tumors,

in both CAR T cell treated (p=0.0005) and CAR T cell untreated (p<0.0001) groups. (Mean± SEM).

NC LDH-A KD NC +
CAR

T Cells

LDH-A KD +
CAR

T Cells

0

5

10

15

Doubling Times

Experiment 1
Experiment 2
Experiment 3
Experiment 4
Experiment 5
Experiment 6

<0.0001

0.0004

<0.0001 0.0005
D

o
u

b
li
n

g
 t

im
e
(D

a
y
s
)



0 200 400 600 800
0

500

1000

1500

VCal [mm3]

V
M

R
S

I 
[m

m
3
]

NC

NC Clone

LDH-A KD

Figure S-10. MRSI to Caliper Volume Comparison. Caliper volume measurements while consistently lower were

correlated with MRSI volume measurements.



Table S1.  In vitro growth and metabolic studies comparing MyC-CaP:hPSMA(+) LDH-A KD 

and NC cells.

Cell Line

Doubling Time 

(in 25 mM

glucose, 

full media)

Media pH

(full media)

(over 3 days)

Media Lactate 

Production

(over 3 days)

Glucose 

Remaining in 

the Media

(after 3 days)

Total Glucose 

Remaining in 

the Media

(after 3 days)

Units h pH mmoles/L/3d
mmoles/L/105

cells
mmoles/L

hPSMA(+) 

MyC-CaP NC
14.7 ± 0.5 7.46 ± 0.09 7.90 ± 0.30 (0.6± 0.1) * 10-5 15.2 ± 0.2

hPSMA(+) 

MyC-CaP 

LDHA-KD

17.2 ± 0.6 7.64 ± 0.09 4.57 ± 0.52 (1.1± 0.1) * 10-5 18.5 ± 0.4

NC vs LDH-A 

KD
p=0.009 p=0.011 p=0.0007 p=0.0003 p=0.0002

n 6 11 3 8 8

Table S-1. In vitro growth and metabolic studies comparing hPSMA(+) MyC-CaP LDH-A KD and NC cells.

Growth of MyC-CaP NC and KD cells were measured with Thermo Scientific Invitrogen Countess Automated Cell Counter and

metabolic studies were measured with pH detection test, Eton Bioscience L-lactate Colorimetric Assay Kit and Accutrend

glucometer. Following LDH-A knockdown, MyC-CaP KD cells showed an inhibition of the proliferation of cancer cell growth,

demonstrated by lower doubling times (p=0.009). Additionally, MyC-CaP KD cells showed a reduction of lactate media production

(p=0.0007), extracellular acidification (p=0.011), and glucose utilization (p=0.0002). (Mean± SEM).



Table S-2.  Metabolic (Seahorse) profile of MyC-CaP:hPSMA(+) NC and KD cells 

Cell Line

In Vitro 

Doubling 

Time

Basal 

Glycolysis

Basal 

PER

Compensatory 

Glycolysis

Post 2DG 

Acidification

Basal 

Respiration

Maximum 

Respiration

Proton 

Leak

Spare 

Respiratory 

Capacity

Non-Mitochondrial 

O2 Consumption

ATP 

Production

Units h

pmol/min/

ug 

protein

pmol/min/

ug 

protein

pmol/min/

ug 

protein

pmol/min/

ug 

protein

pmol/min/

ug 

protein

pmol/min/

ug 

protein

pmol/min/

ug 

protein

pmol/min/

ug 

protein

pmol/min/

ug 

protein

pmol/min/

ug 

protein

hPSMA(+) 

NC
14.7 ± 0.5 24.0 ± 0.9 28.7 ± 2.1 43.0 ± 2.3 3.3 ± 0.2 4.0 ± 0.8 6.7 ± 1.4 0.9 ± 0.2 2.6 ± 0.7 1.5 ± 0.2 3.1 ± 0.7

hPSMA(+) 

LDH-A KD
17.2 ± 0.6 6.9 ± 1.9 10.6 ± 2.5 18.3 ± 3.9 1.4 ± 0.2 8.3 ± 0.6 13.8 ± 0.6 1.9 ± 0.2 5.5 ± 0.7 1.8 ± 0.3 6.4 ± 0.4

P value

(2-sided)
0.0093 <0.0001 <0.0001 <0.0001 <0.0001 0.0011 0.0003 0.0001 0.0004 0.025 0.005

Mean, ± SD, n=3 independent experiments

Table S-2. In vitro Metabolic profile of MyC-CaP:hPSMA(+) NC and KD cells.

Metabolic profiles of MyC-CaP NC and KD cells were measured on an Agilent Seahorse XF96 Extracellular Flux Analyzer. Following LDH-A

knockdown, MyC-CaP KD cells showed less dependence on glycolysis than control MyC-CaP NC cells, demonstrated by lower levels of basal

glycolysis (p<0.0001), basal PER (p<0.0001) and compensatory glycolysis (p<0.0001). In contrast, KD cells were shown to exhibit a higher

rate of oxidative phosphorylation as compared to the NC. This is especially evident in the higher levels of basal respiration (p=0.0011) and

maximum respiration (p=0.0003) in KD cells. (Mean± SEM).
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