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IL-15 blockade and rapamycin rescue
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Hepatic adeno-associated viral (AAV) gene transfer has the
potential to cure the X-linked bleeding disorder hemophilia
A. However, declining therapeutic coagulation factor VIII
(FVIII) expression has plagued clinical trials. To assess the
mechanistic underpinnings of this loss of FVIII expression,
we developed a hemophilia A mouse model that shares key fea-
tures observed in clinical trials. Following liver-directed AAV8
gene transfer in the presence of rapamycin, initial FVIII pro-
tein expression declines over time in the absence of antibody
formation. Surprisingly, loss of FVIII protein production oc-
curs despite persistence of transgene and mRNA, suggesting
a translational shutdown rather than a loss of transduced hepa-
tocytes. Some of the animals develop ER stress, which may be
linked to hepatic inflammatory cytokine expression. FVIII pro-
tein expression is preserved by interleukin-15/interleukin-15
receptor blockade, which suppresses CD8+ T and natural
killer cell responses. Interestingly, mice with initial FVIII
levels >100% of normal had diminishing expression while still
under immune suppression. Taken together, our findings of
interanimal variability of the response, and the ability of the
immune system to shut down transgene expression without uti-
lizing cytolytic or antibody-mediated mechanisms, illustrate
the challenges associated with FVIII gene transfer. Our proto-
cols based upon cytokine blockade should help to maintain
efficient FVIII expression.

INTRODUCTION
Gene therapy for the X-linked bleeding disorder hemophilia is
currently being evaluated in multiple phase I/II and III clinical
trials.1–10 These utilize adeno-associated viral (AAV) vectors with
capsids that provide tropism for the liver upon intravenous infusion.
Transduction of hepatocytes results in expression of coagulation
factor VIII (FVIII, in the treatment of hemophilia A) or factor IX
(FIX, to treat hemophilia B). Despite a large number of therapeutic
options and competing technologies in today’s treatment of hemo-
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philia, gene therapy has the distinctive advantage of potentially result-
ing in multi-year and perhaps even life-long therapy after a single
drug administration. AAV vectors offer efficient in vivo gene transfer
and limited innate immunity compared with other viral vectors. Gene
therapy trials are currently performed primarily in adult patients with
severe disease (<1% coagulation activity) who have not formed
“inhibitors” (anti-drug antibodies) in conventional protein replace-
ment therapy. Sustained correction of coagulation into or near the
normal range for at least 3 years has been achieved in hemophilia B
patients, which is in part facilitated by use of a hyperactivated variant
of FIX that allows for reduced vector doses.4 Compared with other
routes of vector administration, hepatic gene transfer has an increased
likelihood to result in immune tolerance to the transgene product.11,12

Gene therapy for hemophilia A has been more challenging. FVIII is a
considerably larger molecule that serves as a co-factor for the FIX
enzyme in the coagulation cascade. While the coding sequence for
full-length FVIII exceeds the packaging capacity of AAV vectors,
B-domain-deleted (BDD) FVIII can be incorporated when combined
with a small hepatocyte-specific promoter. Codon optimization is
typically performed, and high vector doses (>1013 vector genomes
[vg]/kg) are given to achieve levels approaching the normal range
(which is 50%–150% of average coagulation activity in hemostatically
normal individuals).4,13 Through this strategy, normal FVIII levels
were reached in several patients in a trial that utilized doses of
6 � 1013 vg/kg of an AAV5 vector.7 These levels were sustained in
the first year despite prolonged elevations in liver enzyme levels,
prompting the use of steroid drugs (an approach originally developed
to counter CD8+ T cell responses against the viral capsid). Between the
second and fifth year after gene transfer, FVIII levels unexpectedly
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gradually declined toward the lower end of the therapeutic range.5,14

While the lack of bleeding episodes during this time period under-
scores the potent therapeutic effect of the gene therapy, it is concerning
that levels were not sustained. Given alternative treatment options
such as weekly tomonthly subcutaneous injections of a bispecific anti-
body and the emergence of factor products with extended half-lives,
gene therapy for patients in developed countries may only be desirable
if levels near the normal range are sustained.1 Moreover, the reasons
for the loss of expression remain unclear.15–19 Neither inhibitor for-
mation nor CD8+ T cell response against capsid or FVIII was detected
in peripheral blood. Other clinical trials have encountered similar
problems of initially high FVIII expression levels declining.2,10

While the normal site of FIX expression is hepatocytes, FVIII is typi-
cally made by endothelial cells.20 Steady-state circulating levels are
thought to be mostly derived from liver sinusoidal endothelial cells.
Although FVIII circulates at considerably lower levels than FIX
(200 versus 5,000 ng/mL), its inefficient production and secretion
pose a challenge. Furthermore, high levels of FVIII expression tend
to induce ER stress related to inefficient secretion, resulting in induc-
tion of the unfolded protein response (UPR), cellular toxicities, and
aggregation upon formation of amyloid structures.21–25

Thus far, there has not been an animal model showing a gradual
decline in FVIII expression following hepatic gene transfer in the
absence of antibody formation, making preclinical studies of this phe-
nomenon difficult. Here, we report gradual loss of FVIII expression
following hepatic AAV8-FVIII gene transfer combined with rapamy-
cin administration in a strain of hemophilia A mice. A 2-month
regimen of rapamycin suppressed T follicular helper (Tfh) cell re-
sponses and prevented antibody formation against FVIII and viral
capsid. Nonetheless, hepatic and systemic FVIII expression subse-
quently declined and often became undetectable by 16 weeks.
Interleukin-15 (IL-15) blockade (using antibodies against IL-15 or
its receptor) partially rescued FVIII protein production. Further ex-
periments revealed a loss of FVIII protein expression in the liver
that occurred between weeks 8 and 14 with minimal changes in tran-
script levels, suggesting a translation shutdown.

RESULTS
Prophylactic immune modulation prevents antibody formation

against human FVIII

We previously reported that an AAV8 vector expressing codon-opti-
mized human F8 sequence (BDD) from a hepatocyte-specific
promoter improved systemic human FVIII (hFVIII) activity by 5-
to 10-fold compared with the native coding sequence and induced im-
mune tolerance to FVIII in hemophilia A mice.26 After intravenous
(i.v.) administration of 1 � 1011 vg into mice of the most widely
used hemophilia A strain (C57BL6/129 F8e16�/�), we again observed
sustained hFVIII expression in circulation (n = 8, Figure S1A). In
contrast, hemophilia A mice with the same F8 mutation on BALB/c
background (BALB/c-HA) failed to show hFVIII activity (<0.4% of
normal) and developed inhibitors (n = 18, Figure S1B), prompting
us to explore immune modulation in this model.
The first iteration of our immune-tolerance regimen included the
mammalian target of rapamycin (mTOR) inhibitor rapamycin, the
cytokine FMS-like tyrosine kinase 3 ligand (Flt3L), and hFVIII protein
(Figure S2A), a protocol that we previously found to promote FoxP3+

regulatory T cells (Tregs) and to prevent inhibitor formation in hFVIII
protein therapy.27Within 4weeks of transductionwithAAV8-hFVIII,
BALB/c-HA control mice (n = 7) again all formed inhibitors against
FVIII (Figure S2C). Antibody formation was delayed by several weeks
in seven of eight mice that received the immunomodulating regimen
(Figures S2C and S2D). One of eight mice did not form antibodies
and retained hFVIII activity (Figure S2B), suggesting that the toler-
ance protocol could be effective but required further optimization.

In a subsequent experiment, we extended the duration of immune
modulation to 10 weeks after gene transfer (Figure S3A) and doubled
the vector dose.We also eliminated hFVIII protein from the treatment
regimen so that immune tolerance could be induced by hepatocyte-
derived hFVIII. We again found that control mice without immune
suppression developed inhibitors (Figure S3C). Encouragingly, none
of the immune-modulation-treated mice formed antibodies against
hFVIII (Figures S3C–S3E). Thus, rapamycin as the only immune-
modulatory reagent was sufficient to reliably prevent antibody
formation. Regardless of whether Flt3L was included, two of six
mice retained hFVIII activity for at least 4 weeks after immune
modulation was stopped (Figure S3B).

Next, we wanted to determine if the immune-modulation protocol
could be shortened. Thus, we administered immune modulation for
2, 4, 6, or 8 weeks following AAV8-hFVIII (Figure S4A). Flt3L was
not included, since it did not provide a clear advantage over rapamy-
cin alone. Rapamycin was administered at 6 mg/kg twice per week.
Except for 8 weeks of rapamycin, each group formed antibodies
against hFVIII to varying degree by 12–16 weeks after gene transfer
(Figures S4C and S4D). Eight weeks of rapamycin also prevented
formation of antibodies against AAV capsid (Figure S4E). Disap-
pointingly, by 16 weeks after gene transfer, hFVIII activity was only
detectable in three of six mice that received 8 weeks of rapamycin
treatment (Figure S4B), and only at levels 1%–2% of normal. To
distinguish whether this was a general property of the mouse strain
or related to the hFVIII transgene, we transduced BALB/c-HA mice
with 2 � 1011 vg of an AAV8 vector expressing a different clotting
factor (human FIX [hFIX], n = 7). This resulted in sustained hFIX
expression at levels �10-fold of normal (400 times higher than
normal hFVIII levels), without a need for immune suppression and
accompanied by minimal changes in alanine aminotransferase
(ALT) levels (Figure S5). This strongly suggested that the instability
of expression is due to the hFVIII transgene. Although 8 weeks of
rapamycin prevented antibody formation against hFVIII, the regimen
still failed to preserve long-term hFVIII expression.

Rapamycin combined with IL-15 blockade preserves hFVIII

expression

Given that FVIII activity had been lost over time despite lack of anti-
body formation, we hypothesized that cellular immune responses had
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Figure 1. Sustained systemic hFVIII expression after transient rapamycin

administration combined with anti-IL-15 therapy

(A) Experimental outline. Hemophilia A mice (BALB/c F8e16�/�) received hepatic

gene transfer with AAV8-hFVIII vector (codon-optimized) at a dose of 2 � 1011 vg/

mouse (n = 8–10 per experimental group). Animals were additionally treated twice

per week with rapamycin (Rapa) or rapamycin combined with anti-IL-15 (Rapa +

Anti-IL-15) for the first 8 weeks after gene transfer, starting the day of vector admin-

istration. Controlmice received vector but no immunemodulation (AAVonly). (B) FVIII

activity in plasma as a function of time after gene transfer (averages ± SEM). Mice

received a second vector administration at week 17 (AAV8-hFIX, 2 � 1011 vg/

mouse). (C) Inhibitory antibody titers (BU/mL) against FVIII at week 16. (D) IgG1 anti-

body titers against hFVIII at week 16. Significance was determined by one-way

ANOVA for each time point and corrected for multiple comparisons using the Tukey

post hoc test (B) and multiple unpaired t tests, corrected for multiple comparisons

using theHolm-�Sı́dák post hoc test (C andD). *p < 0.05, ***p < 0.001, ****p < 0.0001.
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occurred. Therefore, we sought to prevent induction of cellular im-
mune responses using an approach that is clinically feasible but
more targeted than broad suppressors of lymphocyte proliferation.
3554 Molecular Therapy Vol. 30 No 12 December 2022
Recent publications documented the critical role of the cytokine
IL-15 for maintenance of CD8+ memory T cells (Tmem) and natural
killer (NK) cells.28–32 Combining rapamycin with anti-IL-15 for the
8 weeks following hepatic gene transfer (Figure 1A) resulted in pres-
ervation of FVIII activity in seven of nine BALB/c-HA mice through
week 16 (Figure 1B), with four of nine expressing in the mild hemo-
philia range (5%–50% FVIII activity). In stark contrast, by 16 weeks,
seven of eight mice treated with rapamycin alone had undetectable
hFVIII activity. Mice treated with rapamycin or the rapamycin/IL-
15 combination lacked antibodies against FVIII or viral capsid
(Figures 1C, 1D and S6B). IL-15 blockade by itself (i.e., without rapa-
mycin) did not prevent antibody formation against hFVIII but some-
what reduced antibodies against capsid (Figure S7; these differences
are likely because antibodies against capsid are immunoglobulin
G2a (IgG2a), reflecting T helper cell 1 (Th1) immunity, while
antibodies against hFVIII are mostly IgG1, indicating differences in
cytokines produced by Th subsets in the response to the virus versus
hFVIII). However, the addition of anti-IL-15 to the rapamycin
regimen helped to sustain hFVIII expression.

AAV8 readministration is possible in mice treated with

rapamycin or rapamycin/anti-IL-15

Since repeated rapamycin treatment abrogated antibody formation
against AAV8, we tested whether vector readministration was
possible. A subset of mice initially transduced with AAV8-hFVIII
was injected with an identical dose of AAV8-hFIX (expressing
hFIX) 17 weeks later (Figure S6A). We chose a different transgene
to obtain a clean readout for efficacy of readministration. No immune
suppression was applied at the time of this second vector administra-
tion. Three weeks after AAV8 vector readministration, previously im-
mune-suppressed mice formed antibodies against AAV8 capsid at
levels comparable with those in naive control mice (with no prior vec-
tor administration or immune modulation) (Figure S6C), indicating
that the immune system regained functionality (based on our prior
experience, immune competence is recovered by �1 month after
rapamycin treatment in mice).27 Mice that initially received AAV8-
hFVIII without immune modulation had increased anti-AAV8 titers
after the second vector injection to approximately twice that of the
other groups. Following injection with AAV8-hFIX, the groups that
had received AAV8-hFVIII and rapamycin or rapamycin/anti-IL-
15 combination expressed hFIX at average levels of 38%–63% of those
in naive control mice (Figure S6D). In contrast, no hFIX expression
was found in mice that had received the first vector without immune
suppression.

IL-15 blockade via targeting of CD122 is effective in preserving

hFVIII expression and has broad anti-inflammatory effects

We repeated the comparison of rapamycin and rapamycin/anti-IL-15
treatments in a larger number of animals (Figure 2A). This time, we
achieved higher initial FVIII activities of 40%–60% on average.
Among rapamycin-only-treated mice (n = 21), 38% entirely lost
FVIII activity by week 16. In the rapamycin/anti-IL-15 treatment
group (n = 18), 17% lost activity, resulting in significantly higher
average FVIII activity by week 16 (Figure 2C). With these higher



(legend on next page)

www.moleculartherapy.org

Molecular Therapy Vol. 30 No 12 December 2022 3555

http://www.moleculartherapy.org


Molecular Therapy
starting levels, there was more variability in the rapamycin-only-
treated animals, and thus, as compared with results in Figure 1, not
all lost expression completely. However, the rapamycin/anti-IL-15
group yielded very similar endpoints in both experiments.

While there is currently no clinical equivalent to anti-IL-15, mono-
clonal antibodies (mAbs) against the IL-15 receptor are in clinical
development. Recent progress led to the ability to target CD122, the
b chain of the IL-15 receptor that is shared with the IL-2 receptor,
without disruption of Treg function. A murine version of such an
anti-CD122 mAb (ChMBC7) was successfully used in murine models
of autoimmune diseases.28,29 A limited amount of ChMBC7 was
available to us, which we tested in combination with rapamycin in
our model (Figure 2A). Following rapamycin/anti-CD122 treatment,
only one of nine mice entirely lost activity, so that the percentage
of mice retaining FVIII activity was further improved to 89% (Fig-
ure 2C). FVIII activities were on average higher compared with rapa-
mycin/anti-IL-15-treated group and significantly higher than for the
rapamycin-only group at 16 weeks. As expected for this protocol,
none of the mice that had received immune suppression developed
inhibitors against hFVIII (Figure 2B). As a positive control for inhib-
itor formation, a group of mice receiving gene transfer without
immune suppression was also included (n = 6). In summary, mAb
therapy directed against the CD122 subunit of IL-15 receptor is a
promising tool to preserve hFVIII activity.

To further interrogate the role of CD8+ T cells in the loss of expression
in the absence of IL-15 blockade, we transduced BALB/c-HA mice
with AAV8-hFVIII and treated them for 8 weeks with rapamycin
only. At this time point, i.e., when immune suppression was stopped,
we administered a depleting anti-CD8 mAb twice per week for the
remainder of the experiment (Figure 2A). As a result, nearly all ani-
mals (7 of 8, 88%) retained detectable FVIII activity by week 16, which
was, however, on average �4-fold lower than in the rapamycin/anti-
CD122-treated group (Figure 2C).

To study the effect of anti-CD122, we examined NK cells, CD8+

effector and memory T cells (CD8+ Teff and Tmem, respectively),
and Kupffer cells (KCs) in the liver at the end of the experiment
(week 16, n = 8–9/experimental group). Most striking were the effects
of rapamycin/anti-CD122 on hepatic NK cells (Figures 3A–3F and
S8). Despite withdrawal of immune-modulation treatments 8 weeks
earlier, NK cells remained nearly fully ablated, and their expression
Figure 2. Effect of alternative approaches to IL-15 blockade and of CD8+ T cel

(A) Experimental outline. Hemophilia A mice (BALB/c F8e16�/�) received hepatic gen

additionally treated twice per week with rapamycin (Rapa, n = 21) or rapamycin comb

CD122, n = 9) for the first 8 weeks after gene transfer, or received no immune modulatio

after gene transfer followed by anti-CD8 administration (twice a week) for 8 more weeks (

of the experiment (week 16; averages ± SEM). (C) hFVIII activity in plasma as a function

liver at week 16 (averages ± SEM). (E) Liver F8 transgene mRNA levels (normalized to

(averages ± SEM; week 16). (F–I) F8 mRNA levels in the liver versus FVIII activity in p

(J–N) F8 mRNA levels versus vector copy numbers in the liver for the indicated treatm

only”-treated mice. Significance was determined by one-way ANOVA for each time p

and Pearson correlation coefficient with two-tailed p values and simple linear regressio
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of NKG2D (an activating cell surface receptor) was also markedly
reduced (Figures 3A and 3B). Moreover, the small population of re-
maining NK cells was almost entirely composed of less mature subsets
(CD11blow), whereas the more mature subsets (CD11bhigh) made up
approximately half of the hepatic NK cells in the other groups
(Figures 3C–3F). Rapamycin/anti-IL-15-treated mice had modestly
increased NK cell frequencies (Figure 3A). While mice treated with
rapamycin/anti-IL-15 had moderately decreased CD8+ Teff cells
compared with naive or rapamycin-treated mice, CD8+ Teff cells
were most potently suppressed by rapamycin/anti-CD122 (Fig-
ure 3G); no lasting effect was seen on CD8+ Tmem cells in any of
the treatment groups (Figure 3H). Compared with baseline, both ra-
pamycin and rapamycin/anti-IL-15 treatment increased expression of
NKG2D in CD8+ Teff and Tmem cells, whereas NKG2D was moder-
ately decreased from baseline with rapamycin/anti-CD122 treatment
(Figures 3I and 3J). In KCs, expression of CD206 (a marker for
M2/anti-inflammatory macrophage polarization) was increased in
mice treated with either rapamycin/anti-IL-15 or rapamycin/anti-
CD122 (Figures 3L and S9). Additionally, we found that expression
of inducible nitric oxide synthase (iNOS, a pro-inflammatorymarker)
in mice receiving immune modulation was lowest in rapamycin/anti-
CD122 treated mice (Figure 3K). In conclusion, loss of hFVIII expres-
sion after rapamycin treatment is only partially mediated by CD8+

T cells; thus, IL-15-dependent cellular responses need to be more
broadly targeted, e.g., through anti-CD122 treatment.

Next, we administered AAV8-hFVIII and immune-tolerance regi-
mens to additional BALB/c-HAmice for 3 weeks to examine lympho-
cyte populations while still under immune suppression (Figure 4A).
After 3 weeks of rapamycin/anti-CD122 treatment, hepatic NK cells
were nearly fully depleted, and those remaining were mostly imma-
ture (Figures 4E–4I and S10). Rapamycin/anti-IL-15 decreased
hepatic NK cells as well, but to a much lesser extent. All groups
receiving immune suppression had reduced hepatic CD8+ Teff cells,
while rapamycin combined with either anti-IL-15 or anti-CD122
decreased hepatic CD8+ resident memory T cells (CD8+ Trm) simi-
larly (Figures 4B and 4D). Rapamycin/anti-CD122 combination
had a marginally stronger effect on CD8+ effector memory T cells
(CD8+ Tem) (Figure 4C) compared with the other rapamycin-based
regimens. Splenic T follicular helper (Tfh) and T follicular regulatory
(Tfr) cells were markedly reduced at 3 weeks by all the rapamycin-
based regimens (Figures 4J, 4K, and S11). We found that all the rapa-
mycin-based regimens also depleted immature B cells (resulting in
l depletion on hFVIII expression

e transfer with AAV8-hFVIII vector at a dose of 2 � 1011 vg/mouse. Animals were

ined with anti-IL-15 (Rapa + Anti-IL-15, n = 18) or with anti-CD122 (Rapa + Anti-

n (AAV only, n = 6). Other animals were treated with rapamycin for the first 8 weeks

Rapa + Anti-CD8, n = 8). (B) Inhibitory antibody titers (BU/mL) against FVIII at the end

of time after gene transfer (averages ± SEM). (D) Vector copy numbers per cell in the

endogenous b-actin mRNA levels) relative to average of “AAV only”-treated mice

lasma for the indicated treatment groups. Symbols represent individual animals.

ent groups. Group sizes for (D–N), n = 8–9/experimental group and n = 6 for “AAV

oint and corrected for multiple comparisons using the Tukey post hoc test (B–E)

n line (F–N). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



Figure 3. Late effects of rapamycin treatment and IL-15 blockade on hepatic immune cells

Hemophilia A mice (BALB/c F8e16�/�) received hepatic gene transfer with AAV8-hFVIII vector at a dose of 2 � 1011 vg/mouse. Animals were additionally treated twice per

week with rapamycin (Rapa) or rapamycin combined with anti-IL-15 (Rapa + Anti-IL-15) or with anti-CD122 (Rapa + Anti-CD122) for the first 8 weeks after gene transfer, or

received no immune modulation (AAV only). Livers were collected weeks 16 after gene transfer. (A) Percent NK cells of intrahepatic lymphocytes. (B) Mean fluorescence

intensity (MFI) of NKG2D on intrahepatic NK cells. (C) Percent NK1 of intrahepatic NK cells. (D) Percent NK2 of intrahepatic NK cells. (E) Percent NK3 of intrahepatic NK

cells. (F) Percent NK4 of intrahepatic NK cells. (G) Percent Teff cells of intrahepatic CD8+ T cells. (H) Percent Tmem cells of intrahepatic CD8+ T cells. (I) MFI of NKG2D

on intrahepatic CD8+ Teff cells. (J) MFI of NKG2D on intrahepatic CD8+ Tmem cells. (K) MFI of iNOS stain in KCs. (L) MFI of CD206 stain on KCs. Immunophenotypes

used to define cell types and their activation status is provided in Table S1. Data are average ± SEM (n = 8–9/experimental group). Significance was determined by one-

way ANOVA and corrected for multiple comparisons using the Tukey post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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increased frequency of follicular B cells), and most importantly, abla-
ted germinal center (GC) B cells, which were markedly increased in
mice that received vector without immune suppression (Figures 4L,
4N, 4O, and S12). Unexpectedly, marginal zone (MZ) B cells were
significantly increased over the other treatment groups with rapamy-
cin/anti-IL-15 (Figure 4M).

Circulating hFVIII activity levels correlate with hepatic hFVIII

expression and not with transcript levels

To assess whether loss or persistence of systemic hFVIII expression
correlated with hepatic expression, we harvested livers at the end of
the experiment (week 16, n = 8–9/experimental group, n = 6 for group
treated with only AAV). Mice treated with rapamycin or rapamycin/
anti-IL-15 that had circulating FVIII activity also showed hepatic
expression when analyzed by immunostaining for hFVIII, while those
that lost systemic hFVIII expression also lacked hFVIII expression in
hepatocytes (compare, for instance, the animals shown in Figure 5E
with those in Figures 5F, 5G, and 5H, and animals in Figure 5I
with those in 5J). Furthermore, four of five examined livers from
AAV8-hFVIII transduced animals that did not receive immune sup-
pression showed no hFVIII protein-expressing hepatocytes (see ex-
amples in Figures 5B and 5C), despite this treatment group showing
the highest gene copy numbers and mRNA levels. The one animal in
this group with hepatic hFVIII expression at week 16 additionally
Molecular Therapy Vol. 30 No 12 December 2022 3557
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showed substantial CD8+ T cell infiltration (Figures 5D and S13).
Some of the rapamycin-treated animals had modest CD8+ T cell
infiltrates (Figures 5E and 5F), whereas few CD8+ T cells were
observed in rapamycin/anti-IL-15-treated and none in rapamycin/
anti-CD122- or rapamycin/anti-CD8-treated mice (Figures 5H–

5N). FVIII-expressing hepatocytes appeared in clusters, typically
around blood vessels. Surprisingly, AAV-hFVIII transduced livers
of animals that had not received immune suppression (and thus
had no circulating hFVIII due to inhibitor formation, Figures 2B
and 2C) showed 2- to 2.5-fold higher vector copy numbers and levels
of transgene transcript than the rapamycin-treated groups, which all
had similar vector copy numbers (Figures 2D, 2E, and S13). Thus, the
improved systemic hFVIII expression observed upon IL-15 blockade
did not correlate with changes in transcription or maintenance of vec-
tor genomes. All rapamycin-treated groups of mice showed nearly
identical average vector copy and F8 mRNA levels, except that anti-
CD8 treatment very modestly increased vector copy numbers (but
not transcription). Similarly, there was no correlation between
FVIII activity and transcript levels when individual mice were
analyzed within each treatment group (see low r and high p values
in Figures 2F–2I). Vector copy numbers and mRNA levels, however,
correlated well (Figures 2J, 2L, and 2N), except for mice with CD8
T cell depletion or anti-CD122 treatment (Figures 2K and 2M). In
summary, blocking IL-15 cytokine signaling preserved hFVIII protein
expression in hepatocytes and markedly reduced CD8+ T cell re-
sponses, but had no effect on transcription of mRNA or gene copy
numbers.

To better understand the changes in hepatic hFVIII expression over
time, we transduced another cohort of BALB/c-HA mice. Half of
the animals were treated with the rapamycin regimen, which was
extended for the duration of the experiment (14 weeks, Figure 6A).
Expression levels at week 4 were nearly identical to those in the earlier
experiment (Figure 6B versus Figure 2B), and rapamycin-treatedmice
lacked antibody formation against hFVIII (data not shown). FVIII
activity in mice that were continuously immune suppressed were
generally stable, with most ranging from 20% to 61% of normal at
week 14 (Figure 6E). However, two animals that had initial levels of
>100% of normal showed a marked decline, in one case from 225%
at week 4 to 6% by week 14. Interestingly, this animal had the sec-
ond-highest gene copy number of the group and intermediate F8
transcript levels by week 14 but showed very few hFVIII-expressing
hepatocytes (Figure S15). Regardless of whether immune suppression
was applied or not, systemic ALT levels were significantly elevated
Figure 4. Early effects of rapamycin treatment and IL-15 blockade on hepatic

(A) Experimental outline. Hemophilia A mice (BALB/c F8e16�/�) received hepatic gene t

tionally treated twice per week with Rapa, Rapa + Anti-IL-15, Rapa + Anti-CD122, or rec

after gene transfer. (B) Percent Teff cells of intrahepatic CD8+ T cells. (C) Percent Tem ce

Percent NK cells of intrahepatic lymphocytes. (F) Percent NK1 of intrahepatic NK cells. (

Percent NK4 of intrahepatic NK cells. (J) Percent Tfh cells of CD4+ T cells in spleen. (K) Pe

spleen. (M) Percent marginal zone B cells of mature B cells in spleen. (N) Percent follicul

cells in spleen. Immunophenotypes used to define cell types and their activation status

Significance was determined by one-way ANOVA and corrected for multiple compariso
compared with mice that did not receive gene transfer (reaching
�2.5-fold increase by week 14, Figure S16), while aspartate amino-
transferase (AST) levels were not increased (data not shown). In
conclusion, hFVIII levels <100% of normal may be stable under
conditions of continued immune suppression while higher levels
are not.

To track hepatic transduction over time, livers were harvested 4, 8,
and 14 weeks after gene transfer (n = 7–8 per time point and group).
Again, vector copy numbers were consistently somewhat higher at all
time points (%2-fold) in mice that were not immune suppressed
(Figure 6C). Furthermore, copy numbers were similar for 4- and
8-week time points. However, these declined �5-fold by week 14
(at which time they were 2.5-fold higher compared with week 16 in
the earlier experiment shown in Figure 2D). F8 mRNA levels were
similar by week 8 for both groups and without a decline between
weeks 4 and 8 (Figure 6D). By 14 weeks, there was a mere 2-fold
decline in transcript levels despite the aforementioned 5-fold reduc-
tion in vector copy numbers, suggesting that transcriptionally inactive
vector forms were lost. This interpretation is further supported by
improved correlation between vector copy numbers and F8 mRNA
levels by week 14 compared with the earlier time points
(Figures S17D–S17F). FVIII activity in circulation and transcription
again did not correlate at any time point for rapamycin-treated
mice (Figures S17A–S17C). When comparing the 14-week time point
with week 16 of the prior experiment (Figure 2E; samples from both
experiments/time points were run side by side), week 16 transcript
levels were drastically lower (Figure 6D), much more so than the dif-
ference in vector copy numbers (22-fold versus 2.5-fold), suggesting
that transcription may eventually be downregulated. However, tran-
scription of the transgene is minimally affected during the first
3 months after gene transfer.

Consistent with high-dose AAV8 gene transfer to murine liver, both
rapamycin-treated and non-immune-suppressed groups showed
widespread expression in liver sections at weeks 4 and 8 (n = 3 per
time point and group; representative examples are shown in
Figures 6F–6H and 6L–6N). However, at week 14 this pattern was
only seen for rapamycin-treated animals (Figures 6O and 6P). No
CD8+ T cell infiltrates were seen in rapamycin-treated mice. In the
absence of immune suppression, mice entirely lost hepatic hFVIII
protein expression by week 14 (Figures 6I and 6J), except for a few
areas that contained some hFVIII-expressing hepatocytes but also
CD8+ T cell infiltrates (Figure 6K). CD8+ T cells were rarely observed
immune cells

ransfer with AAV8-hFVIII vector at a dose of 2� 1011 vg/mouse. Animals were addi-

eived no immune modulation (AAV only). Livers and spleens were collected 3 weeks

lls of intrahepatic CD8+ T cells. (D) Percent Trm cells of intrahepatic CD8+ T cells. (E)

G) Percent NK2 of intrahepatic NK cells. (H) Percent NK3 of intrahepatic NK cells. (I)

rcent Tfr cells of CD4+ T cells in spleen. (L) Percent immature B of total B220+ cells in

ar B cells of mature B cells in spleen. (O) Percent germinal center B cells of mature B

are provided in Table S1. Data are average ± SEM (n = 4–5/experimental group).

ns using the Tukey post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Molecular Therapy Vol. 30 No 12 December 2022 3559

http://www.moleculartherapy.org


Figure 5. Hepatic FVIII expression 16 weeks after AAV8-hFVIII gene transfer

Hemophilia A mice (BALB/c F8e16�/�) received hepatic gene transfer with AAV8-hFVIII vector at a dose of 2� 1011 vg/mouse. Shown are immunofluorescent stains of liver

sections for hFVIII (green) and CD8 (red). Blue stain is DAPI. White asterisks indicate CD8+ T cells. (A) Example of naive mouse (no gene transfer, negative control). (B–N)

Examples of stains for mice of the indicated treatment groups. Percentages are plasma FVIII activity levels at week 16. Original magnification, 200�.
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at the earlier time points. Single-molecule fluorescence in situ hybrid-
ization (smFISH) detected AAV genomes and/or F8 transgene
mRNA in 43%–77% of hepatocytes, which was similar at all time
points (n = 3–5 per group and time point, Figure 6U). Therefore,
the loss of hFVIII protein production in the liver by week 14 in the
absence of immune suppression cannot be explained by elimination
of transduced cells or loss of transcription, and the decline in gene
copy numbers between weeks 8 and 14 represents a loss in copy
numbers per cell rather than a reduction in the number of genome-
containing cells.

Evidence for cellular stress responses and role of inflammatory

cytokines

Both inflammation and expression of hFVIII may be sources of
cellular stress. Western blot analysis shows induction of ER stress
markers GRP94 and BiP (both key ER chaperones) and UPR
proapoptotic factor C/EBP homologous protein (CHOP) in livers
of a subset of animals by 14 weeks after AAV8-FVIII transduction
(Figures 7A–7C and S18). Among the rapamycin-treated animals,
the same four mice (marked #1 to #4 in Figures 7A–7C) had highest
levels of all three markers in identical order for each marker. Interest-
3560 Molecular Therapy Vol. 30 No 12 December 2022
ingly, these animals had FVIII activity levels of 20%–57% of normal
and thus were not the highest expressors. The two animals with the
most elevated stress marker levels (#1 and #2) also had the most
elevated levels of phosphorylated eukaryotic translation initiation
factor 2a (p-eIF2a) (Figure 7D), which is known to promote transla-
tional shutdown. These mice had intermediate FVIII activity levels at
week 14 of 20%–30% of normal. Among non-immune-suppressed
animals at week 14, the same four mice (#5 to #8) with highest
GRP94 also had the highest BiP levels (Figures 7A and 7B), with
one showing elevated CHOP (Figure 7C) and three having higher
p-eIF2a levels than the other animals in that group (Figure 7D).
Again, a subset of animals showed elevation in multiple markers,
providing consistent evidence for cellular stress responses.

In the earlier 16-week experiment (Figure 2), we determined CHOP
mRNA expression. Mice treated with rapamycin/anti-IL-15 had var-
iable transcript levels, which were not seen for the other experimental
groups (Figure S19). The animal with the highest CHOPmRNA levels
had FVIII activity levels of�30% of normal for up to 12 weeks, which
subsequently declined to undetectable by week 16, further corrobo-
rated by FVIII expression in liver tissue sections (Figure 5J). This



(legend on next page)
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mouse also had the lowest vector copy number in its group at week 16;
therefore, it is possible that cellular stress induced loss of transduced
hepatocytes in this animal.

Cellular stress, translational shutdown, and inflammation may be
interlinked.33–38 Hence, we decided to compare phosphorylation of
eIF2a (as determined by western blot of liver protein extracts) and he-
patic interferon-g (IFN-g) mRNA levels between two experimental
groups that differed in their long-term FVIII protein expression:
mice treated with rapamycin or with rapamycin/anti-IL-15 combina-
tion. Compared with naive control mice (which received no vector or
immune suppression), both groups had elevated p-eIF2a (p = 0.0111
for rapamycin and p = 0.0591 for rapamycin/anti-IL-15) and IFN-g
transcripts (p = 0.2265 for rapamycin and p = 0.0105 for rapamy-
cin/anti-IL-15) (Figures 8A, 8B, and S20). Elevated p-eIF2a levels
correlated with IFN-g transcript levels in mice treated with rapamy-
cin but not rapamycin/anti-IL15 (Figures 8C and 8D). FVIII activity
levels tended to inversely correlate with increased phospho-eIF2a in
animals treated with rapamycin but not rapamycin/anti-IL-15
(Figures 8E and 8F). In contrast, IFN-g expression was undetectable
in livers of rapamycin/anti-CD122 treated mice (data not shown). In
conclusion, cellular stress and inflammation are interlinked, a
connection that may be broken by anti-CD122 treatment.

DISCUSSION
A recent phase I/II gene therapy trial utilizing AAV5 vector to express
hFVIII in patients with hemophilia A achieved curative levels (i.e., in
the normal range) that, however, were not sustained for reasons that
are unclear.15–18 Median levels fell from initial �60% (by chromo-
genic assay) to �8% over a period of 5 years.14 Patients neither
formed inhibitors against hFVIII nor had a detectable T cell response
against hFVIII or capsid in peripheral blood.5 The subsequent phase
III trial has been plagued by substantial interpatient variability,39

prompting repeated calls for basic science studies on the biology of
hepatic AAV-hFVIII gene transfer. Several other trials are based on
this approach, which relies on high-dose i.v. administration of a
hepatotropic vector expressing BDD-hFVIII (since full-length hFVIII
sequence exceeds the packaging capacity of AAV vectors). The
Figure 6. Time course of vector persistence and FVIII protein and mRNA expres

suppression

(A) Experimental outline. Hemophilia A mice (BALB/c F8e16�/�) received hepatic gene t

imental group). Animals were additionally treated with rapamycin twice per week for 14

Plasma was collected at weeks 4, 8, 12, and 14. Liver tissues were collected at weeks 4

activity levels as a function of time after gene transfer in the rapamycin-treated mice we

measured by qPCR of DNA extracted from liver tissue (averages ± SEM; *p < 0.05; **p <

transcripts were measured by RT-qPCR of RNA extracted from liver tissue and fold

***p < 0.0001, ****p < 0.0001). Note that copy numbers and mRNA for the “AAV only”

Figure 2) and are shown here again for comparison (run side by side). (E) Plasma FVIII ac

rapamycin-treated mouse. (F–Q) Representative immunofluorescence images of livers s

asterisks) from the AAV-only or Rapa groups at weeks 4, 8, and 14. Percentages shown

the indicated time points. (R–T) Representative images of single molecular fluorescent

mouse liver tissue sections. Zoomed-in images are high magnifications of the region su

of AAV vector genome and hF8 mRNA in the nucleus. Scale bars, 50 mm. (U) Quantitati

AAV vector genome, F8 mRNA, or both AAV vector genome and F8 mRNA as determ
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vectors in these trials differ in their choice of capsid and in their
expression cassettes (although all use short hepatocyte-specific pro-
moters).4 Elevated liver enzyme levels were observed for several weeks
to months in the first year after gene transfer in the initial trial, sug-
gesting damage to hepatocytes and prompting a prolonged course of
steroid drugs, a strategy that was originally employed to counter
CD8+ T cell responses against the viral capsid.7,40,41 Initial reports
from competing trials again point to the difficulty of maintaining
high levels of FVIII, which in some instances already declined within
the first year. One trial reported expression of FVIII at levels that sta-
bilized at 10%–20% of normal and have been sustained for at least 3
years.2 Thus far, preclinical studies on the stability of FVIII expression
had not been possible because of a lack of an animal model (FVIII
expression was lost only if the animals developed inhibitors). Here,
we introduce a murine model that shares some of the characteristics
seen in clinical trials, allowing us to experimentally interrogate
instability and variability of FVIII expression. Furthermore, we iden-
tify IL-15 signaling-dependent shutdown of protein production in the
liver as a major contributor for systemic loss of expression, which can
be targeted by newly developed mAb therapy.

FVIII synthesis is highly inefficient unless codon-optimized se-
quences are used, with the goal of increasing protein translation.
However, hFVIII is also inefficiently secreted and tends to aggregate,
so that high levels of expression—such as those achieved through
codon optimization—tend to cause ER stress in cells, which in turn
may trigger the UPR.21,23–25,42 We previously showed that expression
in AAV-transduced hepatocytes can induce ER stress in murine
livers, as indicated by upregulation of the chaperone BiP and the
pro-apoptotic transcription factor CHOP.25 Others recently docu-
mented that limiting expression per cell, e.g., by enhancer/promoter
choice, reduces the potential for ER stress induction in mice.24 In
our experience, ER stress induction and its consequences are mouse
strain dependent. While our construct includes the apolipoprotein
E (ApoE) hepatocyte control region that has been found by others
to contribute to induction of ER stress, we previously found, using
the identical vector, that this cellular stress resolves over time
without causing a loss of FVIII expression in C57BL/6 mice.25 In
sion after AAV8-hFVIII gene transfer in the presence or absence of immune

ransfer with AAV8-hFVIII vector at a dose of 2 � 1011 vg/mouse (n = 7–8 per exper-

weeks (throughout the experiment) or received no immune modulation (AAV only).

, 8, and 14. Naive mice served as negative control for gene transfer. (B) Plasma FVIII

re measured by chromogenic assay (averages ± SEM). (C) Gene copy number was

0.001). (D) F8 transgene-derived and endogenous b-actin (reference gene) mRNA

change was calculated by the 2–DDCt method (averages ± SEM; **p < 0.001,

group at 16 weeks (denoted by an asterisk) were from a previous experiment (see

tivity levels as a function of time after gene transfer. Each dot represents an individual

howing hFVIII protein expression and localization of CD8+ T cells (indicated by white

at the left-bottom corner of each image are hFVIII activities of the respective animal at

in situ hybridization (smFISH) for AAV vector genome and F8 transgene mRNA in

rrounded by dotted lines in the merged panel images and highlight the distribution

on of percentage of cells that are positive for fluorescence signals corresponding to

ined by analysis of smFISH images.



Figure 7. Induction of cellular stress in AAV8-hFVIII transduced livers of hemophilia A mice

Quantification of immunoblots for (A) GRP94, (B) BiP, (C) CHOP, and (D) phospho-eIF2a levels in mouse livers at the indicated time points after gene transfer normalized to

b-actin control and relative to average levels in naive animals. Mice (7–9 mice/group and time point) received gene transfer only (AAV) or were additionally treated with

rapamycin (rapa) as outlined in Figure 6. Bar graphs show average values ± SD. Circles are data for individual mice.
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the BALB/c strain, we find that very high initial expression (>100% of
normal) triggers a substantial decline even under conditions of im-
mune suppression, suggesting that this loss of expression is not im-
mune mediated. Among our various experiments, seven mice had
initial levels of >100%, none of which were sustained. These results
are reminiscent of clinical trial results reported by George et al., albeit
with a more compressed time frame.2 Further experiments are needed
to determine whether UPR induced early after gene transfer or a
different mechanism triggers this decline. Regardless of immune sup-
pression, approximately half of the transduced mice developed ER
stress in the liver over time, which was still detectable in non-im-
mune-suppressed mice after they had lost expression and thus may
have peaked earlier in these animals (between weeks 8 and 14).

Independent of immune suppression, vector copy numbers were sub-
stantially reduced between weeks 8 and 14, with minimal effect on F8
transcription and without reduction in percentage of transduced cells
(see smFISH results, Figures 6R–6U). Others also report elimination
of unstable genomes.43 Interestingly, non-immune-suppressed mice
lost protein expression in the liver between 8 and 14 weeks. Multiple
more lines of evidence (including the lack of correlation between
transcript levels and hFVIII production, the partial rescue of protein
production but not transcription by IL-15 blockade, and the correla-
tion between hepatic protein and systemic expression) point to an im-
mune-mediated translational shutdown mechanism. Alternatively,
UPR can also direct translational reprogramming. Moreover, ER
stress activates innate immune pathways. For instance, stress-induced
protein kinase RNA-like ER kinase (PERK)-mediated phosphoryla-
tion of eIF2a activates nuclear factor kB by suppressing translation
of its inhibitor IkBa, leading to inflammatory cytokine expression.
Conversely, inflammatory cytokines can induce ER stress and
UPR.37,38,44 It is therefore possible that, reminiscent of destruction
of pancreatic islet cells in type 1 diabetes, cellular immune responses
and ER stress are interconnected in the loss of hFVIII expression in
hepatocytes.33–36 While the mechanism of translational shutdown
requires further study, we provide first evidence for increased
phosphorylation of eIF2a, which is known to direct translational
shutdown, inhibit ER-stress-induced cell death, and thus promote
survival of stressed cells. Both cellular stress and viral infection can
lead to eIF2a phosphorylation through the kinases PERK or RNA-
activated protein kinase R (PKR), which in turn can enhance inflam-
matory immune responses. In its extreme form, UPR may induce
apoptosis through upregulation of CHOP, which, however, was not
typically observed in our study. Follow-up studies should address
whether the shutdown is specific to hFVIII or whether more global
changes in translation occur. Such investigations may include spatial
patterns of gene expression in the liver, relationship to ER stress, and
the possibility of reversing the shutdown.

Numerous studies have demonstrated immune-tolerance induction to
the transgene product by hepatic AAV gene transfer, which, however,
does not always occur.45–47 For example, inhibitor formation against
hFVIII is typically observed in non-human primate studies.48 Rapa-
mycin has proved to be an effective drug to delete Teff and promote
immune regulation.49–51 Moreover, rapamycin suppresses humoral
immunity by inhibition of GC formation,52 as shown here through
the absence of Tfh, Tfr, and GC B cell responses. Thus, repeated
administration of rapamycin for 8 weeks effectively prevented anti-
body formation not only against FVIII but also against AAV8 capsid,
allowing for a second administration of AAV8. Whether this strategy
can be used to boost FVIII levels over the long term will likely depend
on the ability to avoid immune and stress responses to hFVIII. While
others found rapamycin to enhance AAV transduction of liver (due to
enhanced autophagy),53 we consistently observed a modest (�2-fold)
decrease in gene transfer andmRNA expression, whichmay be related
to differential effects of the degree of mTOR inhibition depending on
rapamycin dose (which was 2-fold higher in our study).

A concern with using rapamycin is the escape of CD8+ Tmem
cells.54,55 There is also increasing evidence showing that the liver
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Figure 8. Correlation between phosphorylated eIF2a and IFN-g expression

in livers of AAV8-hFVIII transduced hemophilia A mice

Hemophilia A mice (BALB/c F8e16�/�) received hepatic gene transfer with a

vector dose of 2 � 1011 vg/mouse. Animals were additionally treated twice per

week with rapamycin (Rapa) or rapamycin combined with anti-IL-15 (Rapa + Anti-

IL-15). Livers were collected 16 weeks after gene transfer. (A) Phosphorylated

eIF2a levels (p-eIF2a, relative to total eIF2a) as quantitated by western blot on liver

protein extracts at week 16 for Rapa and Rapa + Anti-IL-15 groups and for the

naive group (no gene transfer or immune modulation). Data are averages ± SEM.

(B) IFN-g transcript levels (normalized to b-actin mRNA levels) extracted from liver

tissue. (C–F) IFN-g transcript levels versus p-eIF2a levels. Group sizes: n = 9–13

per experimental group. Significance was determined by comparing treatment

groups with the naive control group by one-way ANOVA and corrected for

multiple comparisons using Dunnett’s post hoc test (A, B) and Pearson’s corre-

lation coefficient with two-tailed p values and simple linear regression line (C–F).

*p < 0.05.
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contains NK cells with memory phenotype.56,57 IL-15 stimulates pro-
liferation of CD8+ Tmem cells and is required for their maintenance
as well as that of NK cells. Current development of clinical candidates
for IL-15 blockade is focused on mAbs that block CD122, the b chain
of the IL-15 receptor. This approach was historically complicated by
the fact that this subunit is shared with the receptor for IL-2, thus
potentially inhibiting Tregs. A recently developed anti-CD122 mAb
(ChMBC7) circumvents this problem. ChMBC7 is a chimeric mouse
IgG2a/k that blocks IL-15 (trans-presented by CD215) from inducing
STAT5 signaling and IL-2 interaction with dimeric CD122/CD132
but not binding of IL-2 to the trimeric/high-affinity IL-2 receptor.28,32

Thus, Treg function is minimally affected. Furthermore, ChMBC7
contains two amino acid substitutions in the heavy chain (L234A/
L235A) that hamper its ability to induce effector functions through
Fc receptors without significantly reducing binding to FcRn (which
maintains its half-life in circulation). Others showed that administra-
tion of ChMBC7 twice per week for 7 weeks effectively suppressed
development of type 1 diabetes in NODmice.29 Twoweeks after treat-
ment, CD8+ T cells (particularly CD8+ Tmem cells) in the pancreatic
islet were distinctly reduced, and NK cells were nearly fully ablated.
ChMBC7 also showed strong efficacy in a model of vitiligo, an auto-
immune disease that causes skin lesions.28 A human version of this
mAb is a candidate for clinical trial testing.

Although our study establishes a role for CD8+ T cells in the immune
response against AAV8-FVIII transduced liver, these are clearly not
solely responsible for the loss of expression, which also cannot merely
be explained by killing/elimination of hepatocytes. Rather, loss of
expression is primarily the result of a translational shutdown, which
is in part dependent on IL-15 signaling and appears orchestrated by a
complex interaction between innate and adaptive immune responses.
Interestingly, IFN-g expression at week 16 showed a strong correla-
tion with phosphorylation of eIF2a in animals treated with rapamy-
cin but not rapamycin/anti-IL-15, consistent with improved hFVIII
expression in the latter group. Thus, IL-15 blockade disrupted this
connection between IFN-g expression and translational reprogram-
ming but ultimately may have merely delayed the shutdown of
expression, as rapamycin/anti-IL-15-treated mice showed enhanced
inflammatory gene expression by week 16. Anti-CD122 treatment
had a more potent and durable effect on NK cells and IFN-g expres-
sion and also limited pro-inflammatory gene expression in KCs as
well as frequencies of CD8+ Teff and Tem cells even at late time
points. These features likely explain the improved hFVIII expression
at week 16. How anti-CD122 can resolve this response remains to be
determined. In the experiments performed here, IL-15 blockade on
average preserved �25%–50% of initial FVIII levels. Furthermore,
FVIII protein expression was restricted to clusters of hepatocytes
rather than the widespread and more uniform expression pattern
seen at early time points, and there was no improvement of vector
copy numbers or transcription. Thus, the approach has both
advantages and limitations. Nonetheless, anti-CD122 treatment
created an anti-inflammatory environment in the liver that elimi-
nated CD8+ T cell infiltrates and memory cells, reduced NK cell
numbers and activation, and reduced KC activation, thus also
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modulating antigen-presenting cells. Elimination of CD8+ T cell infil-
trates (through anti-CD8 or anti-CD122 treatment) caused a lack of
correlation between vector copy numbers and F8 transcript levels, so
that mice with low F8 transgene copies had transcription similar to
that of those with higher levels of gene transfer. Thus, CD8+ T cells
also have a modulatory effect on transcription of the F8 transgene.

While declining hFVIII expression upon hepatic AAV gene transfer
has now been observed in several clinical trials, the timing and
kinetics vary substantially between trials and between patients
enrolled in the same trial. Our study in hemophilia A mice under-
scores this potential for variability. Decline of expression may be trig-
gered by very high initial levels of expression or by a cellular immune
response that involves CD8+ T cells and likely also innate immune
cells, while cellular stress may also contribute and may be interlinked
to the immune response. Ultimately, these responses result in loss of
hFVIII protein production (likely reflecting a translational shutdown)
that can be partially prevented by blocking IL-15 cytokine signaling
(Figure S21 and Table S1). Thus, cellular immune responses against
AAV-transduced tissues are not necessarily destructive but instead
are able to promote shutdown of transgene expression. Liver biopsies
from AAV5-hFVIII transduced patients support the conclusion that
vector genomes can persist at a high level in hepatocytes despite lack
of F8 transgene expression.58

As already mentioned, results from different clinical trials range
from delayed and gradual decline in FVIII levels to more rapid decline
to early peak followed by stable plateau levels, albeit there is also in-
terpatient variability within trials. Such differences may be attributed
to differences in expression levels and kinetics as a function of capsid
and dose and the varying use and duration of immune suppressants.
Difficulty of maintaining high FVIII levels (within or above the
normal range), however, appears to be a common theme. These out-
comes are likely related to the consequences of inefficient folding of
FVIII and of interactions with the immune system. Our study high-
lights the complex biology of hFVIII expression in hepatocytes. The
model we established will allow for investigations into the loss of
initially high levels of hFVIII expression over time and into the in-
flammatory and cellular stress mechanisms of translational shut-
down, and into potential roles of pathogen- and damage-associated
molecular patterns.

MATERIALS AND METHODS
Animal studies

Male hemophilia A mice (6–8 weeks of age) with targeted deletion of
F8 exon 16 were used for all studies.26,59,60 These mice were either on
C57BL6/129 (C57BL6/19 F8e16�/�, JAX) or BALB/c (BALB/c
F8e16�/�, backcrossed to BALB/c for >10 generations). Mice received
AAV vectors and immune-modulatory drugs through tail vein injec-
tions. Rapamycin was given at doses of 4–6 mg/kg, 2–3/week.50 Flt3L
was given together with rapamycin at a dose of 80 mg/kg.27 Recombi-
nant human B-domain deleted FVIII (Xyntha, Pfizer) was injected at
0.3 IU/mouse.27 Monoclonal rat anti-IL-15 (clone AIO.3; BioXCell,
Lebanon, NH) or anti-CD122 (clone ChMBC7, a chimeric mouse
IgG2a/k with two amino acid substitutions in the heavy chain
[L234A/L235A]; JN Biosciences) was given at 4 mg/kg twice per
week along with rapamycin.28 Blood was collected from the retro-
orbital venous plexus using non-heparinized microcapillary tubes
followed by transfer into tubes prefilled with one-tenth volume of
sodium citrate (3.8% [w/v]). Animals were housed and treated at
the University of Florida and at Indiana University under Institu-
tional Animal Care and Use Committee-approved protocols.

Analyses of plasma samples

FVIII activity was determined by chromogenic assay (Chromogenix
Coatest SP4 Factor VIII kit; Diapharma) using a 7-point standard
curve made with reconstituted normal pooled plasma (Trinicheck
Level 1, Stago) diluted in 4% BSA to give a range of 1%–150% of
normal FVIII activity. Bethesda assays to measure inhibitor titers
(Nijmegen modification; 1 Bethesda unit/mL equals 50% inhibition
of coagulation), ELISA to measure hFVIII- and capsid-specific IgG1
and IgG2a titers, as well as ELISA for hFIX antigen levels, were as
published.60–62 ALT and AST levels in murine plasma were measured
with the alanine transaminase activity colorimetric assay kit from
Abcam (Waltham, MA).

AAV vectors

ApoE/hAAT-FVIII vector expressing codon-optimized human BDD-
FVIII from hepatocyte-specific promoter was as previously
described.25,26 ApoE/hAAT-hFIX vector expressing human FIX was
also as published.63,64 Vector genomes were packaged into AAV8
capsid by triple transfection of HEK-293 cells and purified by iodix-
anol gradient as published by others.65 Titers were determined by
quantitative PCR (qPCR) using transgene-specific probes.

Flow cytometry

Mouse tissue was mashed through a 70-mm nylon mesh filter
strainer with buffer (0.5% BSA and 2 mM EDTA in PBS) into sin-
gle-cell suspension. Immune cells of interest were then separated
with magnetic beads by using either MACS (Miltenyi Biotec) or
EasySep (STEMCELL Technologies) isolation kits. To collect KCs
and hepatic NK and CD8+ T cells, liver tissue was passed through
200-mm nylon filter strainers and resuspended in 50 mL of RPMI-
1640medium containing GlutaMAX-1, 25mMHEPES, and 10% fetal
calf serum (FCS) (pH 7.4). The single-cell suspension was then centri-
fuged at 60 � g for 1 min at room temperature, and the supernatant
was transferred to a new tube and centrifuged at 480 � g for 8 min
at room temperature. The pellet was resuspended in 10mLof 37%Per-
coll in Hanks’ balanced salt solution and centrifuged at 850 � g for
30 min at room temperature. The pellet was resuspended in 2 mL of
RBC lysis buffer at room temperature for 5 min, then 1 mL of FCS
was added and the mixture was centrifuged at 480 � g for 8 min at
8�C. The pellet was resuspended in buffer solution (0.5% BSA and
2 mMEDTA in PBS) and enriched for KCs by positive selection using
the F4/80 MicroBead Kit (Miltenyi Biotec). The F4/80+ fraction was
used for analysis of KCs and the F4/80� fraction was used for analysis
of NK and CD8+ T cells. Immunostaining for flow cytometry was
performed using standard protocols. Non-specific binding of
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immunoglobulin to Fc receptors was blocked with 0.5 mg/mL anti-
mouse CD16/32 (clone S17011E; BioLegend). Dead cells were labeled
with PBS-diluted amine-reactive fluorescent viability dye using the
Zombie Aqua Fixable Viability Kit (BioLegend). Flow cytometry
was performed on either LSR-II instrumentation (BD Biosciences)
or an Attune NxT Flow Cytometer (Thermo Fisher Scientific).
Flow-cytometry data were analyzed with FCS Express 6 or 7 software
(De Novo Software). Antibodies are listed and gating strategies
provided in Tables S2 and S3, and Figures S8–S12.

Immunohistochemistry

Liver tissue was frozen in optimal cutting temperature compound,
cryosectioned, and stained with antibodies as published.66 Tissues
were stained with IHC-plus polyclonal sheep anti-human FVIII IgG
(LS-B2979; LSBio, Seattle, WA) and rat anti-mouse CD8a IgG2a
(ab25478; Abcam, Cambridge, UK) for 30 min in a humidified cham-
ber at room temperature. After being washed with 1� PBS for 2 min,
slides were incubated with cross-adsorbed donkey anti-sheep IgG
Alexa Fluor 488 (A-11015; Thermo Fisher, Rockford, IL) and pre-ad-
sorbed donkey anti-rat IgG Alexa Fluor 647 (ab150155; Abcam) for
secondary antibodies (10 mg/mL). Slides were mounted with a cover-
slip using ProLong Gold antifade mounting medium with DAPI
(Thermo Fisher). Images were taken and stitched together into a
single image with an Axio Observer 7 and Zen Blue 2.6 Software
(Carl Zeiss, Germany).

In situ hybridization

smFISH was performed as described by others.67 Formalin-fixed
paraffin-embedded cross-sections were prepared with a thickness of
10 mm frommouse livers. Slides were baked for 1 h at 60�C for depar-
affinization, followed by dehydration twice with xylene for 5 min and
100% ethanol for 2 min at room temperature, then air-dried for 5 min
at 60�C. DNA and RNA in situ hybridization was performed using the
RNAscope Multiplex Fluorescent V2 kit (Advanced Cell Diagnostics,
Newark, CA), according to the manufacturer’s instructions. Air-dried
slides were treated with hydrogen peroxide for 10 min at room tem-
perature and washed four times with ddH2O, followed by incubation
with target-retrieval reagent for 30 min at 99�C. After another
wash with ddH2O for 15 s at room temperature, slides were incubated
with 100% ethanol for 3 min at room temperature, air-dried, and
treated with protease plus for 30 min at 40�C. Slides were washed
twice with ddH2O and hybridized with RNAscope probes for AAV
genome and hF8 mRNA, and DNA and RNA signals were detected
using a TSA Cyanine 3 Plus and Fluorescein Plus Evaluation kit
(PerkinElmer, Waltham,MA) according to the manufacturer’s proto-
col. All slides were counterstained with DAPI and mounted with a
coverslip using ProLong Gold antifade mounting medium (Thermo
Fisher). Images were collected with an Axio Observer 7 or a
LSM800 confocal microscope (Carl Zeiss).

Western blots

Liver tissues frommice were homogenized in RIPA buffer (9806; Cell
Signaling Technology, Danvers, MA) containing cOmplete Mini
EDTA-free Protease Inhibitor Cocktail tablets (Roche, Basel,
3566 Molecular Therapy Vol. 30 No 12 December 2022
Switzerland) and PhosSTOP Phosphatase Inhibitor Cocktail tablets
(Roche) according to manufacturer’s protocol. Fifty micrograms of
protein lysates was resolved by electrophoresis on a 4%–20% SDS-
polyacrylamide gel (Bio-Rad Laboratories, Hercules, CA), and blotted
onto a polyvinylidine fluoride membrane. Membranes were incu-
bated with antibodies to phospho-eIF2a (Ser51; Cell Signaling),
eIF2a (L57A5; Cell Signaling), GRP94 (9G10; Enzo Life Sciences,
Farmingdale, NY), BiP (3183; Cell Signaling), CHOP (L63F7; Cell
Signaling), and b-Actin (13E5; Cell Signaling). LI-COR Biosciences
(Lincoln, NE) anti-rabbit or anti-mouse (1:20,000) secondary anti-
bodies were used for detection. Blots were visualized and analyzed us-
ing an Odyssey infrared scanner and Image Studio software version
3.1 (LI-COR Biosciences).

Vector copy numbers and mRNA levels

AAV copies per liver cell were determined by qPCR. DNA from tissue
samples was isolated using a DNeasy Blood & Tissue Kit (Qiagen), ac-
cording to the manufacturer’s instructions. qPCR was performed on
100 ng of DNA in duplicate with SsoAdvanced Universal Probes
Supermix protocol (Bio-Rad) using the CFX96 Touch Real-Time
PCR Detection System (Bio-Rad). The amplification protocol was
95�C for 2 min followed by 39 cycles of 95�C for 5 s and 60�C for
30 s. F8 transgene-specific primers for “hFVIII-mid” were FWD
50-CTA CTA CGA GGA CAG CTA TG-30 and REV 50-GAT GGT
GTC GTC GTA ATC-30, and probe was 50-6-FAM-TCA CCC
GGA CCA CCC TGC AGT CC-Iowa Black FQ-30 (Figures S14A
and S14C). F8 transgene-specific primers for “hFVIII-start” were
FWD 50-CTT CAG GCA CCA CCA CTG-30 and REV 50-AAG
AAG CAG GTA GAC AGC TC-30, and probe was 50-Cy5.5-TGC
GGC CTC GAC GGT ATC GAT GCC ACC A-Iowa Black RQ-Sp-
30 (Figures S14B and S14C). To detect b-actin gene copies, primers
FWD 50-GCC ATG GAT GAC GAT ATC-30 and REV 50-CAC
ATA GGA GTC CTT CTG AC-30 were used, along with probe
50-Cy5.5-CGG CGA TGC TCC CCG GGC TG-Iowa Black RQ-Sp-
30. Standard curves were generated on each plate for F8 and b-actin
by sequential dilution of a 215 bp gBlock that included the target re-
gion for b-actin, and a 222 bp gBlock that included the target region
for hFVIII, both synthesized by Integrated DNA Technologies. Sam-
ples were run in duplicate, and assays were multiplexed to simulta-
neously detect transgene and b-actin.

Levels of hepatic mRNA transcript of F8 transgene and endogenous
genes were determined by reverse transcription qPCR (RT-qPCR).
Total RNA was isolated from tissue samples using an RNeasy
Plus Mini Kit (Qiagen). RT and qPCR was performed using
Reliance One-Step Multiplex RT-qPCR Supermix (Bio-Rad) and a
CFX96 Touch Real-Time PCR Detection System (Bio-Rad). Each
RT-qPCR reaction was multiplexed to combine an assay that targeted
b-actin as the reference gene, with a second assay targeting F8 or
different cellular gene. Primers to detect mRNA transcripts for the
hFVIII transgene and b-actin were as described above. CHOP tran-
script was detected using Bio-Rad Assay ID qMmuCIP0030753.
Fold gene expression was calculated by the DDCt method using the
following formulas: DCt = Ct(target gene) � Ct(reference gene);
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DDCt = DCt � DCt(average of mice that received AAV only); fold
gene expression = 2(�DDCt).

Statistical analyses

Statistical analysis was performed using GraphPad Prism version
8.1.1 (GraphPad Software). Multiple unpaired t tests were used
when comparing two groups, corrected for multiple comparisons
with the Holm-�Sídák post hoc test. One-way ANOVA was used at
each time point when comparing more than two groups, corrected
for multiple comparisons with the Tukey post hoc test. A simple
linear regression line was drawn, and Pearson correlation coefficient
with two-tailed p values was calculated for each correlation graph. All
graphed data were analyzed together unless otherwise specified, and
all p values presented have been adjusted for multiple comparisons.
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Butterfield et al. 
 
Supplementary Table S1: Summary of results: 
 

Fig. Summary of Experiment Results Treatment Groups FVIII activity levels at 
EOE (% normal) 

Inhibitors at 
EOE (n/n alive) 

 

S1 
Success of liver-directed AAV8-hFVIII gene 

therapy is dependent on the strain of 
hemophilia A mice. 

Hemophilia A mice (F8e16-/-) 
on C57BL6/129 13% (0-33%) at week 16 0/8  

Hemophilia A mice (F8e16-/-) 
on BALB/c 0% at week 16 18/18  

S2 
Transient immune suppression using 

rapamycin and Flt3L delays anti-
hFVIII/inhibitor formation. 

Vector only 0% at week 12 7/7  
Rapamycin + Flt3L + rhFVIII 

3x/wk i.v. for 4 wks  <1% (0-3%) at week 12 7/8  

S3 Prolonged immune suppression using 
rapamycin prevents inhibitor formation. 

Vector only 0% at week 15 3/3  
Rapamycin 3x/wk i.v. for 11 

wks 9% (0-51%) at week 15 0/6  

Rapamycin + Flt3L 3x/wk i.v. 
for 11 wks 

3% (0-14%) at week 15 0/6  

S4 
Immune suppression with rapamycin for 8 

wks prevents inhibitor formation but does not 
preserve hFVIII levels. 

Vector only 0% at week 16 5/5  

Rapamycin 2x/wk i.v. for 2 wks 0% at week 16 3/6  

Rapamycin 2x/wk i.v. for 4 wks 0% at week 16 2/4  

Rapamycin 2x/wk i.v. for 6 wks 0% at week 16 3/6  
Rapamycin 2x/wk i.v. for 8 wks 1% (0-2%) at week 16 0/6  

1, S6 

Sustained systemic hFVIII expression after 
transient rapamycin administration combined 
with anti-IL-15 therapy. The rapamycin-based 
regimens prevent formation of antibodies to 

AAV capsid, allowing for vector 
readministration. 

Vector only 0% at week 16 7/7  

Rapamycin 2x/wk i.v. for 8 wks <1% (0-2%) at week 16 0/7  

Rapamycin + anti-IL-15 mAb 
2x/wk i.v. for 8 wks 8% (0-24%) at week 16 0/9  

2, 3, 
5, 8, 
S8, 
S9, 

S13, 
S14, 
S19, 
S20 

Anti-CD122 has broad and lasting anti-
inflammatory effects and is effective in 
preserving hFVIII expression. CD8+ T cell 

depletion after 8-week rapamycin regimen 
partially prevents loss of hFVIII expression. IL-
15 blockade has no effect on transcription of 

mRNA or gene copy numbers. Vector copy 
number and hFVIII mRNA transcript levels 

correlated with each other, but neither 
correlated well with loss of hFVIII expression. 

In rapamycin-treated mice, phospho-eIF2α 
correlated positively with IFN-γ and negatively 
with hFVIII activity, suggesting cellular stress 
and inflammation are interlinked but can be 

disrupted with IL-15 blockade. 

Vector only 0% at week 16 5/5  

Rapamycin 2x/wk i.v. for 8 wks 5% (0-15%) at week 16 0/21  

Rapamycin + anti-IL-15 mAb 
2x/wk i.v. for 8 wks 

9% (0-24%) at week 16 0/18  

Rapamycin + anti-CD122 mAb 
2x/wk i.v. for 8 wks 15% (0-51%) at week 16 0/9  

Rapamycin 2x/wk i.v. for 8 
wks, then anti-CD8 mAb 2x/wk 

i.v. for 8 wks 
4% (0-11%) at week 16 0/8 

 

 
      

4, 
S10, 
S11, 
S12 

Flow cytometry at 3 wks after gene transfer 
(while immune suppressed) showed 

rapamycin ablates splenic Tfh, Tfr, and GC B 
cells and hepatic CD8+ Teff. Hepatic NK cells 

are decreased with anti-IL-15 mAb and 
ablated with anti-CD122 mAb, while both 

mAbs similarly reduce hepatic CD8+ Trm cells. 

Vector only 

-  -  

 

Rapamycin 2x/wk i.v. for 3 wks  
Rapamycin + anti-IL-15 mAb 

2x/wk i.v. for 3 wks 
 

Rapamycin + anti-CD122 mAb 
2x/wk i.v. for 3 wks 

 

6, 7, 
S15, 
S16, 
S17, 
S18 

smFISH of hepatocytes shows a decline in 
gene copy numbers/cell rather than genome-

containing cells. Western blots show 
induction of ER stress. 

Vector only 0% at week 14 
  8/8   

Rapamycin 2x/wk i.v. for 14 
wks 32% (6-61%) at week 14  0/7  
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Supplementary Figures: 
 

 
 
Fig. S1. Success of liver-directed AAV8-hFVIII gene therapy is dependent on the strain of 
hemophilia A mice. Hemophilia A mice (F8e16-/-) on C57BL6/129 (n=8) or BALB/c (n=18) genetic 
backgrounds received hepatic gene transfer with AAV8-hFVIII vector (codon-optimized) at a dose 
of 1x1011 vg/mouse.  A. FVIII activity in plasma as a function of time after gene transfer (averages 
±SD, **** indicates P<0.0001). B. Inhibitor titers (BU/ml) at week 16 shown for individual mice 
and as averages ±SEM. Significance was determined with multiple unpaired t tests, corrected for 
multiple comparisons using Holm-Šídák post hoc test. *** P<0.001, **** P<0.0001. 
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Fig. S2. Delay in inhibitor formation by transient immune suppression using rapamycin and 
flt3L. A. Experimental outline: Hemophilia A mice (BALB/c F8e16-/-) received hepatic gene 
transfer with AAV8-hFVIII vector (codon-optimized) at a dose of 1x1011 vg/mouse (n=7-8 per 
experimental group). Animals were additionally treated three times per week, three weeks prior 
to and one week after gene transfer with rapamycin combined with flt3L and recombinant human 
FVIII (“Rapa + Flt3L + rhFVIII”) or no immune modulation (“AAV only”). B. FVIII activity in plasma 
as a function of time after gene transfer (averages ±SEM). C. Inhibitory antibody titers against 
hFVIII as a function of time after gene transfer (averages ±SEM). D. IgG1 antibodies against hFVIII 
as a function of time after gene transfer (averages ±SEM). Significance was determined with 
multiple unpaired t tests, corrected for multiple comparisons using Holm-Šídák post hoc test. * 
P<0.05, ** P<0.01. 
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Fig. S3. Prevention of inhibitor formation against FVIII by prolonged immune suppression. A. 
Experimental outline: Hemophilia A mice (BALB/c F8e16-/-) received hepatic gene transfer with 
AAV8-hFVIII vector (codon-optimized) at a dose of 1x1011 vg/mouse (n=4-6 per experimental 
group). Animals were additionally treated three times per week one week prior to and ten weeks 
after gene transfer, with rapamycin (“Rapa”), rapamycin combined with flt3L (“Rapa + Flt3L”), or 
no immune modulation (“AAV only”). B. FVIII activity in plasma as a function of time after gene 
transfer (averages ±SEM). C. Inhibitory antibody titers against hFVIII as a function of time after 
gene transfer (averages ±SEM). D. IgG1 antibodies against hFVIII as a function of time after gene 
transfer (averages ±SEM). E. IgG2a antibodies against hFVIII as a function of time after gene 
transfer (averages ±SEM). Significance was determined by one-way ANOVA for each time point 
and corrected for multiple comparisons using Tukey post hoc test.  
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Fig. S4. Eight weeks of rapamycin administration is sufficient to prevent inhibitor formation 
against FVIII but does not result in sustained FVIII activity. A. Experimental outline: Hemophilia 
A mice (BALB/c F8e16-/-) received hepatic gene transfer with AAV8-hFVIII vector (codon-
optimized) at a dose of 2x1011 vg/mouse (n=6 per experimental group). Animals were additionally 
treated twice per week for either 2, 4, 6, or 8 weeks after gene transfer, with rapamycin (“2w, 
4w, 6w, 8w Rapa”) or no immune modulation (“AAV only”). B. FVIII activity in plasma as a function 
of time after gene transfer (averages ±SEM). C. Inhibitory antibody titers against hFVIII as a 
function of time after gene transfer (averages ±SEM). D. IgG1 antibodies against hFVIII as a 
function of time after gene transfer (averages ±SEM). E. IgG2a antibodies against hFVIII as a 
function of time after gene transfer (averages ±SEM). Significance was determined by one-way 
ANOVA for each time point and corrected for multiple comparisons using Tukey post hoc test (B, 
C). Significance was determined with multiple unpaired t tests, corrected for multiple 
comparisons using Holm-Šídák post hoc test (D, E). ** P<0.01. 
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Fig. S5. Hepatic AAV8-hFIX gene transfer in hemophilia A mice. A. Plasma levels of hFIX as a 
function of time after gene transfer in BALB/c F8e16-/- mice (2x1011 vg/mouse given by 
intravenous injection; n=7). B. Liver enzyme (alanine aminotransferase, ALT) levels in plasma 
normalized to average pre-treatment levels.  
 
 

 
Fig. S6. Successful vector re-administration after initial immune suppression with rapamycin. 
A. Experimental outline: Hemophilia A mice (BALB/c F8e16-/-) received hepatic gene transfer with 
AAV8-hFVIII vector (codon-optimized) at a dose of 2x1011 vg/mouse (n=7-9 per experimental 
group). Animals were additionally treated twice per week with rapamycin (“Rapa”) or rapamycin 
combined with anti-IL-15 (“Rapa + anti-IL-15”) for the first 8 weeks after gene transfer, starting 
the day of vector administration. Control mice received vector but no immune modulation (“AAV 
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only”). Naïve mice served as positive control for AAV8-hFIX gene transfer (identical dose given 17 
weeks after initial vector administration). B. IgG2a antibody titers against AAV8 capsid at week 
16. C. IgG2a antibody titers against AAV8 capsid at week 20. D. Plasma levels of hFIX at week 20 
(i.e. 3 weeks after AAV8-hFIX administration). Also shown is percent hFIX expression relative to 
average levels in naïve control mice after AAV8-hFIX administration (100%, no first vector 
administration). Significance was determined by multiple unpaired t tests, corrected for multiple 
comparisons using Holm-Šídák post hoc test (B-D). * P<0.05, *** P<0.001, **** P<0.0001. 
 
 
 
 

 
Fig. S7. IL-15 blockade by itself does not prevent antibody formation against FVIII or AAV8 
capsid. A. Experimental outline: Hemophilia A mice (BALB/c F8e16-/-) received hepatic gene 
transfer with AAV8-hFVIII vector (codon-optimized) at a dose of 2x1011 vg/mouse (n=5-7 per 
experimental group). Animals were additionally treated twice per week with anti-IL-15 (“Anti-IL-
15”) for the first 8 weeks after gene transfer or received no immune modulation (“AAV only”).  B. 
Inhibitory antibody titers against hFVIII at week 16 (averages ±SEM). C. IgG1 antibody titers 
against hFVIII at week 16 (averages ±SEM). D. IgG2a antibody titers against AAV8 capsid at week 
16 (averages ±SEM). Significance was determined with multiple unpaired t tests, corrected for 
multiple comparisons using Holm-Šídák post hoc test. * P<0.05. 
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Fig. S8. Flow cytometry gating strategy for hepatic CD8+ T cells and NK cells (week 16). 
Hemophilia A mice (BALB/c F8e16-/-) received hepatic gene transfer with AAV8-hFVIII vector at a 
dose of 2x1011 vg/mouse. Animals were additionally treated twice per week with rapamycin 
(“Rapa”) or rapamycin combined with anti-IL-15 (“Rapa + Anti-IL-15”) or with anti-CD122 (“Rapa 
+ Anti-CD122”) for the first 8 weeks after gene transfer or received no immune modulation (“AAV 
only”). Livers were collected 16 weeks after gene transfer. Isolation using microbeads positively 
separated the F4/80+ fraction from the fraction used for NK and CD8+ T cell analysis by flow 
cytometry. NK cells (NKp46+CD3ε-) were further classified based on increasing maturity: NK1 
(CD11blowCD27low) < NK2 (CD11blowCD27high) < NK3 (CD11bhighCD27high) < NK4 (CD11bhighCD27low). 
CD8+ T cells (CD3ε+CD8α+) were further classified by subtype: CD8+ effector T cells (CD8 Teff; 
CD44+CD127-) or CD8+ memory T cells (CD8 Tmem; CD44+CD127+). 
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Fig. S9. Flow cytometry gating strategy for Kupffer cells (week 16). Hemophilia A mice (BALB/c 
F8e16-/-) received hepatic gene transfer with AAV8-hFVIII vector at a dose of 2x1011 vg/mouse. 
Animals were additionally treated twice per week with rapamycin (“Rapa”) or rapamycin 
combined with anti-IL-15 (“Rapa + Anti-IL-15”) or with anti-CD122 (“Rapa + Anti-CD122”) for the 
first 8 weeks after gene transfer or received no immune modulation (“AAV only”). Livers were 
collected 16 weeks after gene transfer. Isolation using microbeads positively separated the 
F4/80+ fraction for flow cytometry analysis of Kupffer cells (KC; F4/80+CD11bmid). 
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Fig. S10. Flow cytometry gating strategy for hepatic CD8+ T cells and NK cells (week 3). 
Hemophilia A mice (BALB/c F8e16-/-) were either untreated (“Naïve”) or received hepatic gene 
transfer with AAV8-hFVIII vector at a dose of 2x1011 vg/mouse. Animals receiving vector were 
either additionally treated twice per week with rapamycin (“Rapa”), or rapamycin combined with 
anti-IL-15 (“Rapa + Anti-IL-15”) or anti-CD122 (“Rapa + Anti-CD122”), or received no immune 
modulation (“AAV only”). Livers were collected 3 weeks after gene transfer and cells were 
isolated for NK and CD8+ T cell analysis by flow cytometry. NK cells (NKp46+CD3ε-) were further 
classified based on increasing maturity: NK1 (CD11blowCD27low) < NK2 (CD11blowCD27high) < NK3 
(CD11bhighCD27high) < NK4 (CD11bhighCD27low). CD8+ T cells (CD3ε+CD8α+) were further classified 
by subtype: CD8+ effector T cells (CD8 Teff; CD44+CD127-), CD8+ effector memory T cells (CD8 Tem; 
CD44+CD127+CD62L-CD69-), CD8+ resident memory T cells (CD8 Trm; CD44+CD127+CD62L-CD69+), 
or CD8+ central memory T cells (CD8 Tcm; CD44+CD127+CD62L+CD69-). 
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Fig. S11. Flow cytometry gating strategy for splenic CD4+ T cells (week 3). Hemophilia A mice 
(BALB/c F8e16-/-) were either untreated (“Naïve”) or received hepatic gene transfer with AAV8-
hFVIII vector at a dose of 2x1011 vg/mouse. Animals receiving vector were either additionally 
treated twice per week with rapamycin (“Rapa”), or rapamycin combined with anti-IL-15 (“Rapa 
+ Anti-IL-15”) or anti-CD122 (“Rapa + Anti-CD122”), or received no immune modulation (“AAV 
only”). Spleens were collected 3 weeks after gene transfer and analysis by flow cytometry. 
Isolation using microbeads positively separated the CD19+ fraction from the fraction used for 
CD4+ T cell analysis by flow cytometry. CD4+ T cells (CD4+CD19-CD8-) were further classified by 
subtype: follicular regulatory T cells (Tfr; PD1highCXCR5+FoxP3+) or follicular helper T cells (Tfh; 
PD1highCXCR5+FoxP3-). 
 
 
 
 
 
 



 12 

 
Fig. S12. Flow cytometry gating strategy for splenic B cells (week 3). Hemophilia A mice (BALB/c 
F8e16-/-) were either untreated (“Naïve”) or received hepatic gene transfer with AAV8-hFVIII 
vector at a dose of 2x1011 vg/mouse. Animals receiving vector were either additionally treated 
twice per week with rapamycin (“Rapa”), or rapamycin combined with anti-IL-15 (“Rapa + Anti-
IL-15”) or anti-CD122 (“Rapa + Anti-CD122”), or received no immune modulation (“AAV only”). 
Spleens were collected 3 weeks after gene transfer and analysis by flow cytometry. Isolation 
using microbeads positively separated the CD19+ fraction for B cell analysis by flow cytometry. 
Mature B cells (B220+CD93-) were further classified by subtype: marginal zone B cells (MZ B cells; 
CD1dhighCD23low), follicular B cells (Fo B cells; CD1dlowCD23high), or germinal center B cells (GC B 
cells; CD1dlowCD23highCD95+GL7high). 
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Fig. S13. Example of CD8+ T cell infiltration in the liver of a hemophilia A mouse 16 weeks after 
AAV8-hFVIII gene transfer. This BALB/c F8e16-/- mouse is identical to the animal shown in Fig. 5D 
of the main manuscript. It had received hepatic gene transfer with AAV8-hFVIII vector at a dose 
of 2x1011 vg. Shown are immunofluorescent stains for hFVIII (green) and CD8 (red). Blue stain is 
DAPI. Original magnification: 200x.  
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Fig. S14. F8 transgene mRNA levels quantitated using two different primer pairs. A. Liver F8 
transgene (targeting transgene middle) mRNA levels (normalized to endogenous β-actin mRNA 
levels using standard 2-Δ∆Ct methods) relative to average of “Rapa” treated mice (averages ±SEM; 
week 16). B. Liver F8 transgene (targeting transgene start) mRNA levels (normalized to 
endogenous β-actin mRNA levels using standard 2-Δ∆Ct methods) relative to average of “Rapa” 
treated mice (averages ±SEM; week 16). C. Simple linear regression line drawn to show 
correlation between measurement of mRNA levels by targeting transgene middle (“hFVIII-mid 
and start (“hFVIII-start mRNA”). Significance was determined with multiple unpaired t tests, 
corrected for multiple comparisons using Holm-Šídák post hoc test. **** P<0.05. 
 
 
 

 
Fig. S15. hFVIII expression (green) in liver of a HA-BALB/c mouse 14 weeks after AAV8-hFVIII gene 
transfer. This animal had initial hFVIII activity >200% of normal (week 4) that declined to ~6% by 
week 14 despite continuous immune suppression with rapamycin. Blue stain: DAPI. Original 
magnification: 200x. 
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Fig. S16. ALT (alanine aminotransferase) levels normalized to those in naïve HA-BALB/c mice as a 
function of time after AAV8-hFVIII gene transfer without (“AAV only”) or with  rapamycin 
administration (twice per week for the duration of the experiment; “rapa”). Statistical 
significance is indicated for comparison to naïve animals (no gene transfer or immune 
suppression).  
 
 

 
Fig. S17. Hepatic F8 mRNA vs FVIII activity in plasma (A-C) or vector copy number (D-F) at different 
time points (4, 8, and 14 weeks) after AAV8-hFVIII gene transfer to HA-BALB/c mice. Mice 
received rapamycin twice per week for the duration of the experiment. No correlation between 
hepatic mRNA and systemic FVIII expression was observed. Vector copy numbers and mRNA 
levels did not correlate for weeks 4 and 8 but trended toward a correlation by week 14.   



 16 

 
 
Fig. S18. Western blots for cellular stress markers GRP94, BiP, and CHOP, as well as b-actin, 
phosphorylated and total eIF2a. Protein extracts were obtained from livers of HA-BALB/c mice 
16 weeks after AAV8-hFVIII gene transfer. 
 
 
 

 
Fig. S19. Hepatic CHOP mRNA expression 16 weeks after AAV8-hFVIII gene transfer to HA-BALB/c 
mice. Treatment groups are indicated. Each symbol represents an individual animal. 
 
 

 
Fig. S20. Western blots for phosphorylated and total eIF2a. Protein extracts were obtained from 
livers of HA-BALB/c mice 16 weeks after AAV8-hFVIII gene transfer. Western blots were probed 
with antibodies that are specific for the phosphorylated form of murine eIF2a or detect total 
murine eIF2a.  

GRP94

wk4, Naive wk4, AAV only

BiP

β-Actin

p-eIF2α

CHOP

L 1 2 3 4 5 1 2 3 4
GRP94

wk4, AAV only wk4, AAV+rapa

BiP

β-Actin

p-eIF2α

CHOP

L5 6 7 8 1 2 3 4 5

GRP94

wk4, AAV+rapa
wk8

AAV+rapa

BiP

β-Actin

p-eIF2α

CHOP

L

wk8, AAV only

6 7 1 2 3 4 5 6 1

GRP94

wk8, AAV+rapa wk14, AAV only

BiP

β-Actin

p-eIF2α

2 3 4 5 6 7 1 2 3
5 6 7

CHOP

L 1 2 3 4 5 6 7 8 9
GRP94

wk14, AAV+rapa wk14, AAV+rapa

BiP

β-Actin

p-eIF2α

CHOP

L

A B C

D E



 17 

 
     
 

 
Fig. S21. Model for interaction between FVIII expression and the immune system, leading to 
shutdown of transgene expression in AAV-transduced hepatocytes, and targeting of IL-15 
signaling to preserve FVIII protein production.  
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Supplementary Methods: 
 
Supplementary Table S2: Immunophenotyping:  
 

Cell Type Abbreviation Phenotype 
Double negative NK cells NK1 NKp46+CD3-CD11bloCD27lo 
CD11blo NK cells NK2 NKp46+CD3-CD11bloCD27hi 
Double positive NK cells NK3 NKp46+CD3-CD11bhiCD27hi 
CD27lo NK cells NK4 NKp46+CD3-CD11bhiCD27lo 
CD8+ effector T cells Teff CD3+CD8+CD127-CD44+ 
CD8+ memory T cells Tmem CD3+CD8+CD127+CD44+ 
CD8+ effector memory T cells Tem CD3+CD8+CD127+CD44+CD62L-CD69- 
CD8+ resident memory T cells Trm CD3+CD8+CD127+CD44+CD62L-CD69+ 
CD8+ central memory T cells  Tcm CD3+CD8+CD44+CD127+CD62L+CD69- 
T follicular helper cells Tfh CD4+PD1hiCXCR5+FoxP3- 
T follicular regulatory cells Tfr CD4+PD1hiCXCR5+FoxP3+ 
Immature B cells ImmB B220+CD93+ 
Marginal zone B cells MZB B220+CD93-CD1dhiCD23lo 
Follicular B cells FoB B220+CD93-CD1dloCD23hi 
Germinal center B cells GCB B220+CD93-CD1dloCD23hiCD95+GL7+ 
Kupffer cells KC F4/80+CD11bmid 

 
Note that maturation of mouse NK cells follows a 4-stage developmental program (Blood 113 
(22): 5488-5496, 2009). Further, CD27 distinguished between two subsets of mature NK cells 
with distinct responsiveness and migratory capacity (J Immunol 176 (3): 1517-1524, 2006).  
 
 
 
Supplementary Table S3: Antibodies used for flow cytometry: 
  
Hepatic NK cell/CD8+ T cell panel 

Antigen Clone Fluorochrome Company 
Nkp46 29A1.4 eFluor450 Thermo Fisher Scientific 
Zombie Aqua Fixable Viability Kit BioLegend 
CD44 IM7 SB600 Thermo Fisher Scientific 
CD8α 53-6.7 BV785 BioLegend 
CD127 SB/199 AF488 BioLegend 
CD27 LG.7F9 PerCP-eFluor710 Thermo Fisher Scientific 
NKG2D CX5 PE BioLegend 
CD62L MEL-14 PE-Cy7 BioLegend 
CD3 17A2 AF700 BioLegend 
CD11b REA592 APC-Vio770 Miltenyi Biotec 
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Kupffer cell panel 

Antigen Clone Fluorochrome Company 
CD11b M1/70 BV605 BioLegend 
Zombie Aqua Fixable Viability Kit BioLegend 
F4/80 BM8 FITC BioLegend 
CD206 C068C2 PE BioLegend 
iNOS CXNFT AF700 Thermo Fisher Scientific 

 
Splenic CD4+ T cells panel 

Antigen Clone Fluorochrome Company 
Zombie Aqua Fixable Viability Kit  BioLegend 
CD19 6D5 BV510 BioLegend 
CD8 53-6.7 BV510 BioLegend 
PD-1 29F.1A12 BV605 BioLegend 
CXCR5 L138D7 BV785 BioLegend 
FoxP3 MF-14 AF647 BioLegend 

 
Splenic B cells panel 

Antigen Clone Fluorochrome Company 
CD1d 1B1 BV421 BioLegend 
Zombie Aqua Fixable Viability Kit  BioLegend 
CD23 B3B4 BV605 BD Biosciences 
B220 RA3-6B2 BV785 BioLegend 
GL7 GL7 AF488 BioLegend 
CD95 SA367H8 PE BioLegend 
CD93 AA4.1 APC BioLegend 

 
 
FISH probes: 
 
Probe C1 (AAV-co-hF8-transgene (1058881-C1) detecting hF8 mRNA): 
accactgacctgggacagtgaatgatccccctgatctgcggcctcgacggtatCGATGCCACCATGCAGATCGAGCTGTCTA
CCTGCTTCTTCCTGTGCCTGCTGCGGTTCTGCTTCAGCGCCACCCGGCGGTACTACCTGGGCGCCGTGGA
ACTGAGCTGGGACTACATGCAGAGCGACCTGGGGGAGCTGCCCGTGGACGCCAGATTCCCCCCAAGAG
TGCCCAAGAGCTTCCCCTTCAACACCTCCGTGGTGTACAAGAAAACCCTGTTCGTCGAGTTCACCGACCA
CCTGTTCAATATCGCCAAGCCCAGACCCCCCTGGATGGGCCTGCTGGGCCCTACAATCCAGGCCGAGGT
GTACGACACCGTGGTCATCACCCTGAAGAACATGGCCAGCCACCCCGTGTCCCTGCACGCCGTGGGCGT
GTCCTACTGGAAGGCCTCTGAGGGCGCCGAGTACGACGACCAGACCAGCCAGCGCGAGAAAGAGGAC
GACAAAGTCTTTCCTGGCGGCAGCCATACCTACGTGTGGCAGGTCCTGAAAGAAAACGGCCCTATGGCC
TCCGACCCCCTGTGCCTGACCTACAGCTACCTGAGCCACGTGGACCTGGTCAAGGACCTGAACAGCGGC
CTGATCGGCGCCCTGCTCGTGTGTAGAGAGGGCAGCCTCGCCAAAGAGAAAACCCAGACCCTGCACAA
GTTCATCCTGCTGTTCGCCGTGTTCGACGAGGGCAAGAGCTGGCACAGCGAGACAAAGAACAGCCTGA
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TGCAGGACCGGGACGCCGCCTCTGCCAGAGCCTGGCCTAAGATGCACACCGTGAACGGCTACGTGAAC
AGAAGCCTGCCCGGACTGATCGGCTGCCACCGGAAGTCCGTGTACTGGCACGTGATCGGCATGGGCAC
CACCCCCGAGGTGCACAGCATCTTTCTGGAAGGCCACACCTTCCTCGTGCGGAACCACAGACAGGCCAG
CCTGGAAAT 
 
Probe C2 (AAV-co-hF8-transgene-O1-sense (1058891-C2) detecting vector genome): 
TGCAGATGCTCGCCGATCAGACATTCCACCCGCCAGATGCCGGCCTTGCTGGGCAGCATTTCCACTGTCT
CGAACACGCCGGGGTACAGGTTGTACAGGGCCATCTTGTACTCTTCTTTCTTCCGCACTGTGAACACGTG
GCCGCTGAAGTGGATGCTGTGGATGTTCTCGTTGCTGCCCATGCTCAGCAGATACCACCGGATTCTCTGA
TCCTGGGCCATGACCAGGCCGGGCAGGGTGTCCATGATGTAGCCGTTGATGGCGTGGAACCGATAGTT
CTCTTTGAAGGTAGGATCTTCCATCTGGATGTTGCAGGGGGCTCTGCAGTTTCTTTCCATGTTCTCGGTG
AAGTACCAGCTCTTTGTCTCATCGAAGATGGTGAAGAACAGGGCAAATTCCTGCACTGTGACCTGCCGG
CCGTGGGCGGGGTTCAGGGTGTTGGTGTGGCAGACGAGCAGAGGTCCAATCAGGCCAGAGTGCACGT
CCTTTTCCAGGTCCACATCGGAGAAGTAGGCCCAGGCCTTGCAGTCGAACTCGTCCTTTGTGGGGGCCA
TGTGGTGCTGCACCTTCCAGAAGTAGGTCTTAGTCTCGTTGGGCTTCACGAAGTTCTTCCGGGGTTCGGC
GCCCTGCCGCTGGTCCTCTTCGTAGCTGATCAGGCTGCTGTAGAAGCTGTAGGGTCTGGAGGCCTGGTT
TCTGAAGGTGACCATGATGTTATCTTCCACCTCGGCTCTAATGTAAGGTCCCAGCAGTCCCAGGTGCTCG
TTCAGCTCGCCCCGATACAGGGGCTGGGTGAAGCTGCCGTCGGTGAACTCCTGGAACACCACTTTCTTG
AACTGGGGCACGCTGCCGCTCTGGGCTCTGTTCCGCAGCACGTGGGGGCTGCTGCTCATGCCGTAGTCC
CACAGTCTTTCCACGGCGGCAATGAAGTAGTGCCGGGTTTTCTTCTGGAAGGACCGGGGGCTCTGGTTC
TCGTCCTCGTCGTAGATGTCGAAATCCTCTTTCTTCATCTCGACGCTGATGGTGTCGTCGTAATCAATCTC
TTCCTGGTCGGACTGCAGGGTGGTCCGGGTGATCTCTCTCTGGTGCCGCTTCAGCACGGGGGGGTTCTG
GCTGAAGCTTCTGGGCTCGATGGCGTTGTTCTTGCTCAGCAGGTAGGCGCTGATGTCCTCATAGCTGTCC
TCGTAGTAGTCGCCGGTGTTCTTGTCGCAGCTGGACACCTTCAGCAGGGCGGTCATGCCCCGGTTCCGG
AAGTCGCTGTTGTGGCAGCCCAGAATCCACAGGCCGGGGTTTTCCATGCTCATGAACACGGTTTCGCCG
GAGAAGGGGAACAGGGTCAGGGTATCCTCGTACACCATCTTGTGCTTGAAGGTGTAGCCGCTGAAGAA
CACGCTCAGGAAGTCGGTCTGGGCGCCGATGCTCAGGATGTACCAGTAGGCCACCTCGTGCAGGCACA
CGCTCAGCTGCAGGCTGTCGAACACGTAGCCATTGATGGAGTGCATGATGTTGCTGGCCTGGAACTCGG
GATCTTCCAGCTGCACGCCGGCAGGGTTGGGCAGGAACCGCTGGATATTCTCGGTCAGATACCAGGACC
GATTCTCATCGAACACGCTGAACAGGATCACGTTCCGCTTGTCGCTCATGATCTGGTTGCCCCGCTGGTC
CACGCTTTCTTTGTAGCAGATCAGCAGAGGGCCGATCAGCCCGGAGGCCAGGTCCCGTTCCATGTTCAC
GAAGCTGC 
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